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Abstract  15 

For the first time, the uptake of chlorophyll pigments from the main edible seaweeds (Nori, 16 

Sea Lettuce and Wakame) has been investigated. During the micellarisation process, 17 

dephytylated chlorophylls were favoured over phytylated chlorophylls (a and c series were 18 
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favoured over b series and oxidised chlorophylls were preferentially micellarised). This is the 19 

first time chlorophyll b derivatives have been found to be resistant to the in vitro digestion of the 20 

food matrix, indicating they are also potentially absorbable by enterocytes during the ingestion of 21 

green vegetables and fruits. Nori chlorophylls stand out as the most bioaccessible, followed by 22 

those in Sea Lettuce and Kombu. During the Caco-2 cell absorption process, dephytylated 23 

chlorophyll derivatives were also favoured over phytylated ones, with pheophorbide c being the 24 

most absorbable chlorophyll pigment. It is also the first time that chlorophyll oxidation reactions 25 

have been observed during cell absorption. The uptake of chlorophyll derivatives from edible 26 

seaweeds resulted in Caco-2 cell lines with a chlorophyll profile dominated by dephytylated and 27 

oxidised derivatives.  28 

Keywords: seaweed, chlorophyll, bioavailability, micellarisation, absorption, Caco-2 cells. 29 

1. Introduction  30 

Chlorophyll pigments, the most abundant natural pigments in nature with over 10
9 

tonnes 31 

estimated to be biosynthesised and degraded every year on earth (Hendry, Houghton, & Brown, 32 

1987), are consumed in the human diet when ingested along with green vegetables and fruits. 33 

According to a nine-year follow-up investigation (Balder et al., 2006), it is estimated that 34 

26-86 mg of chlorophyll pigments are assimilated by the human body each day. In addition, 35 

chlorophyll pigments show many health benefits  (Ferruzzi & Blakeslee, 2007), such as good 36 

ability to chelate with some chemical carcinogens and mutagens (Tachino et al.,1994; 37 

Dashwood, Yamane, & Larsen, 1996; Breinholt, Schimerlik, Dashwood, & Bailey, 1995; Egner 38 

et al.,2001; Simonich et al.,2007; Jubert et al.,2009), reducing cancer risk, and potent antioxidant 39 

activity (Lanfer-Marquez, Barros, & Sinnecker, 2005; Hsu, Chao, Hu, & Yang, 2013; Cervantes-40 
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Paz et al., 2014), scavenging free radicals. Interestingly, chlorophyll derivatives incorporated in 41 

micelles are employed for intestinal imaging purposes (Zhang et al. 2016)  42 

Historically, it has been assumed that chlorophylls are not assimilated by animals, as they are 43 

found in faeces after ―green‖ diets rich in chlorophyll derivatives (Dashwood & Guo, 1995; 44 

Ashby et al., 2003; Lee et al., 2010; Barnes, Rasmussen, Petrich, & Rasmussen, 2012). For the 45 

first time, Egner et al. (2000) found copper chlorin e4 and copper chlorin e4 ethyl ester in the 46 

serum samples of a clinical trial of a copper chlorophyllin (mixture of modified water-soluble 47 

chlorophyll derivatives) study, indicating directly that chlorophyll derivatives can be absorbed by 48 

human bodies. In spite of this, there have been few investigations into in vivo chlorophyll 49 

assimilation in the gastro-intestinal system. The available data is limited to the  co-ingestion of 50 

chlorophyll compounds with potential carcinogens like haem (De Vogel, Jonker-Termont, Katan, 51 

& Van der Meer, 2005), aflatoxin and others (Blum et al., 2003; Simonich et al. 2007) in rat 52 

models where the main focus was on mechanisms to suppress the cancer occurrence. Therefore, 53 

it is necessary to carry out research into the uptake of chlorophyll pigments. In this aspect, data 54 

are limited to research on certain chlorophyll derivatives from spinach leaves (Ferruzzi, Failla, & 55 

Schwartz, 2001), peas (Gallardo-Guerrero, Gandul-Rojas, & Mínguez-Mosquera, 2008) and pure 56 

chlorophyll standards (Gandul-Rojas, Gallardo-Guerrero, & M nguez-Mosquera, 2009), 57 

indicating the importance of molecular structure in their uptake.  Like other lipophilic 58 

micronutrients, chlorophyll availability requires incorporation into micelles to form the aqueous 59 

phase for effective intestinal absorption. As for carotenoids, similar to chlorophyll in some 60 

physiochemical properties, it has been shown that the solubilisation of carotenoids in mixed 61 

micelles is mostly dependent on the physiochemical properties of the carotenoid structure, food 62 

matrix, micelle formation from bile salts and lipid hydrolysis (Garret, Failla, & Sarama, 1999; 63 
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Tyssandier, Lyan, & Borel, 2001; Sy et al., 2012). However, there has been little study into this 64 

area in relation to the micellarisation process of chlorophyll pigments. Only a few papers 65 

(Ferruzzi, Failla, & Schwartz, 2001; Gallardo-Guerrero, Gandul-Rojas, & Mínguez-Mosquera, 66 

2008) have analysed the micellarisation of specific chlorophyll derivatives in food matrices 67 

(spinach and peas). 68 

Caco-2 cells, a continuous cell line of heterogeneous human epithelial colorectal 69 

adenocarcinoma cells (Fogh & Trempe, 1975), are typical research tools for nutrient absorption. 70 

Ferruzzi, Failla, & Schwartz (2002) demonstrated the accumulation of copper chlorophyllin by 71 

Caco-2 human intestinal cells and its basolateral efflux by differentiated cells grown on inserts. 72 

In relation to natural chlorophyll pigments, micellar pheophytins from spinach puree (Ferruzzi, 73 

Failla, & Schwartz, 2001) and peas (Gallardo-Guerrero, Gandul-Rojas, & Mínguez-Mosquera, 74 

2008) were also found to be absorbable by Caco-2 cells. Chlorophyll derivatives tested in both 75 

food matrices for cell absorption were mainly pheophytins, while the green food ingested daily 76 

contains a rich profile of chlorophyll derivatives originated during chlorophyll metabolism, 77 

processing or storage (Van Breemen, Canjura & Schwartz, 1991; Ferruzzi & Blakeslee, 2007; 78 

Kohata, Hanada, Yamauchi, & Horie, 2014; Chen, Ríos, Pérez-Gálvez & Roca, 2017). Until now, 79 

the food reference material used to research the intestinal absorption of chlorophyll is the typical 80 

green plant (peas and spinach), which essentially means chlorophyll a and b. Consequently, this 81 

suggests the need to extend the investigation of cell absorption of chlorophyll pigments to 82 

include a wide range of chlorophyll derivative distribution. The edible seaweeds Nori (Porphyra 83 

umbilicales), Kombu (Laminaria ochroleuca) and Sea Lettuce (Ulva sp.) have been shown to be 84 

an excellent reference material to analyse chlorophyll stability during in vitro digestion (Chen & 85 

Roca, 2018) due to their rich chlorophyll profile (Chen, Ríos, Pérez-Gálvez & Roca, 2017). In 86 
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addition, it has been established elsewhere that the food matrix is a determining factor in the 87 

bioaccessibility of micronutrients (Holst and Williamson, 2008; Lemmens et al., 2014) or the cell 88 

absorption process (Gallardo-Guerrero, Gandul-Rojas, & Mínguez-Mosquera, 2008); 89 

consequently, edible seaweeds represent a novel research material due to their rich content in 90 

edible fibres (water-soluble or not) (Kumar, & Singh, 1979; Davis, Volesky, & Mucci, 2003) 91 

that are released in the digestion environment to impact the micellarisation and cell absorption 92 

process of chlorophyll pigments. 93 

In order to analyse the uptake of a diverse chlorophyll food matrix, chlorophyll pigments 94 

obtained from an in vitro digestion of edible seaweeds were subjected to the micellarisation 95 

process, followed by Caco-2 cell analyses to evaluate their properties to solubilise in mixed 96 

micelles and to be absorbed by human intestinal cell lines. Comparisons were made between 97 

different types of chlorophyll derivatives and between different kinds of edible seaweeds to learn 98 

more about the uptake of the chlorophyll pigments consumed daily. 99 

2. Materials and Methods 100 

   All the following procedures were carried out under green light to avoid the photooxidation of 101 

chlorophyll pigments. 102 

2.1 Raw materials 103 

   Sea Lettuce (Ulva sp.) was provided by Suralgae (Cádiz, Spain) while Nori (Porphyra 104 

umbilicales) and Kombu (Laminaria ochroleuca) were provided by Algamar (Pontevedra, 105 

Spain). The three macroalgae species were collected on the Atlantic littoral region on the south 106 

western part (Cádiz) and the north western part (Pontevedra) of Spain. The dried material (25-107 

45ºC for 30-45 hours) is supplied in vacuum-sealed bags.  108 

2.2 Chemicals and reagents  109 
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  N,N-dimethylformamide (DMF) PAR grade and LC/MS grade solvents and water were 110 

supplied by Panreac (Barcelona, Spain), while acetone HPLC grade was supplied by Merck. The 111 

deionised water used was obtained from a Milli-Q 50 system (Millipore Corp., Milford, MA, 112 

USA). Sodium chloride, α-amylase (porcine pancreas, VI-B), pepsin (porcine), bile extract 113 

(porcine), lipase pancreatic (porcine), tetrabutylammonium acetate, ammonium acetate (98%), 114 

N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES), butylated hydroxytoluene (BHT),  115 

sodium taurocholate, 2-Hexyl-1-cyclopentanone thiosemicarbazone (BLT1), trypsin (500 BAEE 116 

units porcine trypsin ), fetal bovine serum, penicillin, streptomycin, L-glutamine, nonessential 117 

amino acids, Dulbecco’s modified Eagle’s medium (DMEM) containing 4.5 g/L glucose and 118 

phosphate-buffered saline (PBS) were provided by Sigma-Aldrich Chemical Co. (Madrid, Spain).  119 

Pheophorbide a and chlorophyll a were purchased from Wako Chemicals (Tokyo, Japan). Other 120 

reagents (acetone, potassium chloride, analysis grade) were supplied by Teknokroma (Barcelona, 121 

Spain). 122 

2.3 In vitro digestion 123 

Three edible seaweeds including Nori, Sea Lettuce and Kombu were subjected to the in vitro 124 

digestion and the procedure is detailed in Chen & Roca (2018).   The protocol briefly consists on 125 

simulated oral, gastric and intestinal phase of the digestion process to reproduce the 126 

physiological conditions. For the first step, α-amylase (2041 U/g) in saline solution (140 mM 127 

NaCl, 5 mM KCl, pH 7.0) was incubated during 10 min at 37
o
C. After oral phase, the gastric 128 

phase was performed at pH 2.0 with a final concentration of 2.4 mg/mL pepsin during 1 h at 129 

37
o
C. Finally, the pH was readjusted to 6.0 to initiate the intestinal phase that required the 130 

incubation during 2 h with bile salts (2.4 mg/mL), pancreatin (0.4 mg/mL) and lipase (0.2 131 

http://www.sigmaaldrich.com/catalog/product/sigma/T4424
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mg/mL) dissolved in NaHCO3 (0.1 M) solution. Aliquots (2 × 5 mL) of digesta were collected, 132 

blanketed with nitrogen and placed in -20
o 
C until analysis. 133 

2.4 Obtaining aqueous micellar fraction (AMF) 134 

  Following the micellarisation at the intestinal phase of the in vitro digestion, the aqueous 135 

micellar fraction (AMF) was separated by ultracentrifugation. After aliquots of digesta (2 × 5 mL) 136 

were collected for chlorophyll analysis, AMF was obtained by centrifugation of the rest of the 137 

digesta at 50000 g at 4
o 

C for 90 min (Beckman model L7-65 Ultracentrifuge) to remove the 138 

solid compound and the upper oil droplets. AMF was collected carefully using a Pasteur pipette 139 

and filtrated (0.2 µm) to remove other interfering aggregates. Aliquots (2 × 5 mL) of AMF were 140 

used for the chlorophyll analysis. All the samples were blanketed with nitrogen and placed below 141 

-20
o 
C until analysis. 142 

2.5 Culture of Caco-2 cells  143 

   Caco-2 (Caucasian colon adenocarcinoma) cells were purchased from Sigma-Aldrich Chemical 144 

Co. (Madrid, Spain). Stocks were maintained in complete medium described by comprising high 145 

glucose DMEM (pH 7.4), containing 4.5 g/L glucose and supplemented with penicillin (100 146 

units/mL), streptomycin (100 μg/mL), L-glutamine (0.292 mg/mL), nonessential amino acids (10 147 

mL/L of a 100×stocksolution), HEPES buffer (10 mmol/L), and 10% (v/v) heat-inactivated fetal 148 

bovine serum. Cells were sub cultured at 70%-80% confluence with trypsin and seeded, in 75 149 

cm
2 

flasks with Nunclon-treated surface (Nunc A/S), at densities of 3 ×10
4
 cells/cm

2
, and 150 

incubated at 37 °C in a humidified atmosphere of air/carbon dioxide (95:5, v/v). All the 151 

experiments used highly differentiated monolayers at passages 44-54, 11-14 days after reaching 152 

confluency. Medium was replaced every 2-3 days. Prior to the chlorophyll absorption 153 

experiments, the last medium changes were carried out using serum-free medium. 154 
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2.6 Uptake of micellar chlorophyll derivatives by Caco-2 monolayers 155 

   Assays for absorption of micellar chlorophyll derivatives by Caco-2 cell monolayers were 156 

performed with the analytical conditions described by Garret, Failla, & Sarama (1999) and 157 

Gallardo-Guerrero, Gandul-Rojas, & Mínguez-Mosquera (2008). Prior to examining the uptake 158 

of micellar chlorophyll derived from the in vitro digestion, the potential cytotoxicity of the 159 

micellar fractions on cultures was evaluated in pilot studies. More specifically, obtained AMF 160 

from in vitro digestion of Nori, Sea Lettuce and Kombu in different preparations were diluted 161 

with saline solution in a ratio of 1:2 or 1:5, or not diluted. Then diluted or not AMF were mixed 162 

with basal DMEM in a 1:3 (v/v) ratio and 25 mL was added to the monolayer. Gross 163 

morphologic appearance, the number of domes per microscopic field, and the protein content per 164 

flask were monitored during 6 h. No significant differences were found in differentiated cultures 165 

incubated with medium of dilution 1:2 or 1:5. Finally, the dilution of 1:2 was used for the cell 166 

absorption of chlorophyll derivative from seaweed digestion, which means each 25 mL medium 167 

used for each flask test contained 2.08 mL of AMF. Absorption cultures were incubated at 37 °C 168 

for 5 h. Eventually, the medium was removed and the monolayers were washed two times with 2 169 

mL of PBS containing 5 mmol/L sodium taurocholate to remove pigments adhering to the cell 170 

surfaces. After all, cells were scraped into 4 mL of ice-cold phosphate-buffered saline containing 171 

10% (v/v) ethanol. Samples were blanketed with nitrogen and stored at -20 °C. 172 

2.7 Pigment extraction 173 

   For the pigment extraction from digesta and AMF, samples were also lyophilized dry after 12h 174 

at -63
o
C (Virtis, Benchtop K). Then, 200 µL distilled water was added to soften the 175 

porous residue and the mixture was shaken for 5 min. Another 200 µL of DMF was transferred 176 

to the fluid and tubes were shaken for 5 min. Next, 1600 µL acetone (0.2% BHT) was added and 177 
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ultrasonicated (10 min, 720 W). The solvent layer after filtration was directly analyzed by HPLC. 178 

  The protocol for chlorophyll extraction from Caco-2 cells was referred to Gallardo-Guerrero, 179 

Gandul-Rojas, & Mínguez-Mosquera (2008). One milliliter of ethanol (0.1% BHT) and 2 mL of 180 

acetone (0.2% BHT) were added to the samples. Then the cell homogenates were sonicated for 5 181 

min on ice. After this, 2 mL of diethyl ether and 2 mL of 10% NaCl were added and vortexed to 182 

obtain chlorophyll pigments. Extraction process was repeated for at least three times as above. 183 

The dried residue after evaporation was dissolved in 0.25 mL of acetone and filtrated for HPLC 184 

analysis.  185 

2.8 Pigment identification and quantification by HPLC-UV-Visible 186 

   The pigments were separated by reversed-phase HPLC using a Hewlett-Packard HP 1100 187 

liquid chromatograph. A Mediterranea Sea18 column (200×4.6 mm, 3 μm particle size) was used 188 

(Teknokroma, Barcelona, Spain) protected by a guard column (10×4.6 mm) packed with the 189 

same material. Separation was performed using the elution gradient described by Roca, Gandul-190 

Rojas, & Minguez-Mosquera (2007). The on-line UV-Visible spectra were recorded from 350 to 191 

800 nm with the photodiode-array detector and sequential detection was performed at 410, 430, 192 

450 and 666 nm. Data were collected and processed with a LC HP ChemStation (Rev.A.05.04). 193 

Identification of chlorophyll derivatives was made based on co-chromatography with authentic 194 

samples and from their spectral characteristics (with standards previously identified by MS/MS, 195 

Chen, R os, Pérez-Gálvez, & Roca, 2015 a; Chen, R os, Roca, & Pérez-Gálvez, 2015 b), except 196 

for oxidized pheophorbide c whose identification is tentative only based in spectral and polarity 197 

characteristics (Jeffrey and Wright, 1987; Garrido, Otero, Maestro, & Zapata, 2000). 198 

Quantification of pigments was performed with the corresponding calibration curves (amount 199 

versus integrated peak area). The calibration equations were obtained by least-squares linear 200 



10 
 

regression analysis over a concentration range according to the observed levels of these pigments 201 

in the analysed samples. Injections in duplicate were made for five different volumes at each 202 

standard solution. 203 

2.9 Statistical analysis 204 

   For investigations connecting the micellarisation procedure, a minimum of 4 independent 205 

digestions were employed for each sample, and each digesta or AMF sample was analyzed in 206 

duplicate. 207 

  Percentage of micellarisation was calculated as nanograms of chlorophylls in aqueous micellar 208 

fractions (AMF) ×100/ nanograms of chlorophylls in digesta and this gives information of which 209 

proportion of those pigments present in the digesta are ready for the enterocyte absorption. The 210 

bioaccessibility index was calculated as nanograms of chlorophylls in AMF ×100/ nanograms of 211 

chlorophylls in the starting dried material and this index gives information of which proportion 212 

of those pigments present in the initial material are ready for the enterocyte absorption. 213 

  Each cell absorption experiment was repeated for at least three times and the percentage of 214 

absorption from seaweed chlorophylls with Caco-2 monolayers was calculated as nanograms of 215 

chlorophyll derivatives in harvested monolayers × 100/ nanograms in the provided medium for 216 

cell absorption. 217 

  One-way analysis of variance (ANOVA, StatSoft, Inc., 2001) was performed and comparison 218 

of data for significant differences (p< 0.05) was made with the Tukey test.  219 

3. Results and Discussion 220 

3.1 Micellarisation of chlorophyll pigment in seaweeds digestion 221 

After the in vitro digestion (Chen & Roca, 2018), the digesta obtained were collected, 222 

ultracentrifuged and filtered to separate the AMF. The percentage of micellarisation is an 223 
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estimation of the proportion of chlorophyll derivatives from the digesta which are theoretically 224 

ready for the enterocyte in the form of micelles (size < 40 nm) and unilamellar vesicles (size 225 

from 200 to 600 nm) in the aqueous emulsion (Hernell, Staggers, & Carey, 1990). 226 

Figure 1 shows the structures of the chlorophyll derivatives analysed in this study, while 227 

Figure 2 compares the micellarisation of chlorophyll pigments in the three seaweeds: Nori, Sea 228 

Lettuce and Kombu. The total chlorophyll micellarisation grades shown by the three seaweeds 229 

are consistent with those of the other two food matrices studied, around 35% in spinach puree 230 

(Ferruzzi, Failla, & Schwartz, 2001) and around 20% in fresh peas (Gallardo-Guerrero, Gandul-231 

Rojas, & Mínguez-Mosquera, 2008). However, each seaweed showed a different behaviour, with 232 

Kombu having the highest rates of micellarisation (27%), followed by Nori (22%), with Sea 233 

Lettuce being the seaweed with the lowest rates of chlorophyll micellarisation (12%). This result 234 

is in part determined by the micellarisation behaviour of the different chlorophyll compounds in 235 

seaweeds.  236 

Comparison of chlorophyll micellarisation within the three different seaweeds enables the 237 

analysis of the micellarisation behaviour of different chlorophyll structures. In the three 238 

seaweeds, pheophorbide a shows the highest level of micellarisation, in accordance with 239 

previous results (Gallardo-Guerrero, Gandul-Rojas, & Mínguez-Mosquera, 2008; Gandul-Rojas, 240 

Gallardo-Guerrero, & M nguez-Mosquera, 2009). It is reasonable to assume that the higher 241 

polarity of pheophorbide a increases its solubility in an aqueous environment. In addition, the 242 

lack of phytol in the pheophorbide a molecule means the molecular size decreases, facilitating 243 

micellarisation. In fact, research has also revealed that fatty acyl chain length significantly 244 

influences the physiochemical characteristics of triacylglycerol micelles, and that the rate of 245 

micellarisation can be greatly improved by lipolysis (Christensen, Schultz, Mollgaard, 246 
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Kristensen, & Mullertz, 2004). In conclusion, the presence of phytol seems to be a determining 247 

factor in the micellarisation process, as micellarisation rates are consistently higher for 248 

pheophorbide a than for pheophytin a, independently of the seaweed structure (Nori or Kombu). 249 

In contrast, the presence or absence of central magnesium does not seem to have any impact on 250 

incorporation into micelles. Chlorophyll c shows a similar micellarisation rate to pheophorbide c 251 

in Kombu; likewise with chlorophyll b and pheophytin b in Sea Lettuce samples. This 252 

comparison has only previously been made with chlorophyll standards for the a and b series 253 

(Gandul-Rojas, Gallardo-Guerrero, & M nguez-Mosquera, 2009). The present results confirm 254 

that this pattern is generalised, including the c series, and that this behaviour is not superimposed 255 

by the food matrix effect. Finally, between different series, the a series is favoured in 256 

micellarisation over the b series, but at the same level as the c series. In general, previous results 257 

have also shown that micellarisation of chlorophyll a derivatives is higher than for b derivatives 258 

(Ferruzzi, Failla, & Schwartz, 2001; Gandul-Rojas, Gallardo-Guerrero, & M nguez-Mosquera, 259 

2009), although contradictory results have been also reported (Gallardo-Guerrero, Gandul-Rojas, 260 

& Mínguez-Mosquera, 2008).  261 

The results obtained demonstrate that although the micellarisation rate of the three seaweeds 262 

is primarily determined by the different chlorophyll composition, the same chlorophyll structure 263 

(for example, pheophorbide a) shows different micellarisation percentages depending on the 264 

seaweed species. In conclusion, the food matrix is a determinant factor in the micellarisation of 265 

chlorophylls and for other phytochemicals (Parada and Aguilera, 2007; Fernández-García, 266 

Carvajal-Lérida, & Pérez-Gálvez, 2009). 267 

3.2 Chlorophyll characterisation in aqueous micellar fractions of seaweeds after in vitro 268 

digestion 269 
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In general, the chlorophyll profile of AMF of seaweeds after in vitro digestion is greatly 270 

modified due to the different micellarisation behaviour of the different chlorophyll derivatives 271 

(table 1). The main modification that micellarisation process causes in the chlorophyll profile is 272 

the obvious increase in the percentage of pheophorbide in every AMF of seaweeds, as against the 273 

composition of digesta (Chen and Roca, 2018), due to the higher micellarisation rate of 274 

pheophorbide compared to pheophytin (figure 2). The highest percentage of pheophorbides in 275 

AMF is in Nori (increases from 52% in digesta to 75% in AMF), followed by Kombu (36% in 276 

digesta to 52% in AMF) and Sea Lettuce (6% in digesta to 28% in AMF).  277 

Notably, high percentage of oxidative chlorophyll derivatives was observed in the AMF of all 278 

three seaweeds, due to the micellarisation process. For Nori, the percentage of 13
2
-hydroxy 279 

derivatives (around 16%) increases slightly against that in digesta (around 12%), followed by 280 

Kombu, whose level of 13
2
-hydroxy derivatives increases from 21% in digesta to 30% in AMF. 281 

The highest increase for AMF was observed in Sea Lettuce, reaching 48% (24% in digesta), 282 

signalling large quantities of 13
2
-hydroxy pheophorbide a, 13

2
-hydroxy pheophytin a, 13

2
-283 

hydroxy chlorophyll b and 13
2
-hydroxy pheophytin b in the AMF. In fact, it is remarkable for 284 

this seaweed that the AMF contains higher percentages of oxidative chlorophylls (13
2
-hydroxy 285 

pheophytin a and b) than native ones (pheophytin a and b). In general, the oxidation process 286 

during micellarisation has a greater effect on the pheophytin derivative, as can be observed by 287 

comparing the ratio between 13
2
-hydroxy derivatives and native pheophytin for the three 288 

seaweeds with that from digesta. In addition, the proportion of 15
1
-hydroxy-lactone series also 289 

increases greatly in the Kombu (2% in digesta to 3.8% in AMF) and Sea Lettuce (from 2% in 290 

digesta to 8% in AMF) seaweeds. This oxidation reaction mainly results in an increase of 15
1
-291 

hydroxy-lactone pheophorbide a, 15
1
-hydroxy-lactone pheophytin a and 15

1
-hydroxy-lactone 292 
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chlorophyll b (only in Sea Lettuce).  293 

The consistent increasing proportion of oxidised derivatives (including 13
2
-hydroxy and 15

1
-294 

hydroxy-lactone derivatives) in AMF of three seaweeds indicates two possibilities. One is that 295 

the oxidation reactions occur during the micellarisation process, while this process was achieved 296 

by ultracentrifuge at 4
o
C for 90 min in sealed tubes where oxidation was depressed by low 297 

temperatures and limited oxygen access (Aparicio-Ruiz, Mínguez-Mosquera, & Gandul-Rojas, 298 

2010). The alternative hypothesis is that oxidised chlorophyll derivatives could have higher 299 

micellarisation rates than native chlorophyll pigments, especially for phytylated chlorophyll such 300 

as 13
2
-hydroxy pheophytin a. The addition of a hydroxyl group to the hydrophobic pheophytin 301 

makes the molecule more polar and more affinitive with bile salts, thus helping to improve 302 

solubility in micelles (Ninomiya, Matsuoka, & Moroi, 2003). In Sea Lettuce AMF, where 303 

pheophytins occupy more than 63% of the chlorophyll profile, this effect is more obvious, with 304 

13
2
-hydroxy pheophytin a and 13

2
-hydroxy pheophytin b being more abundant than their native 305 

pheophytin a and pheophytin b. The micellarisation improvement by oxidation reactions is not as 306 

evident for pheophorbide as for pheophytin, possibly due to the nature of the hydrophilic 307 

property of pheophorbide. The effect of an additional hydroxyl group is limited. In the AMF of 308 

Nori, where pheophorbides occupy more than 75% of the chlorophyll profile, the increase in the 309 

ratio of 13
2
-hydroxy pheophorbide a to pheophorbide a is also significant, but the final content 310 

of 13
2
-hydroxy pheophorbide a is still far lower than that of native pheophorbide a. This is the 311 

first time the micellarisation of oxidised chlorophyll derivatives has been studied, with the 312 

findings showing the facility with which they are incorporated into micelles. 313 

For Kombu, interestingly, the ratio of series a/c is similar in digesta and AMF fractions: as is 314 

shown in figure 2, the relative micellarisation percentages are similar for both series. For Sea 315 
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Lettuce, however, the higher ratio of series a/b in all AMF fractions (from 1.87 in the digesta to 316 

4.18 in the AMF) is noteworthy. This result is the consequence of the lower micellarisation of the 317 

b series (figure 2) in comparison with the a series. It is important to highlight that this is the first 318 

time that chlorophyll b derivatives including chlorophyll b, 13
2
-hydroxy chlorophyll b and 15

1
-319 

hydroxy-lactone chlorophyll b have been found in AMF fractions after in vitro digestion of a 320 

food matrix, which shows that magnesium-containing chlorophyll b derivatives may also 321 

potentially be absorbable by enterocytes in the daily consumption of green vegetables and fruits. 322 

3.3 Bioaccessibility index of chlorophyll pigments in different seaweed preparations 323 

A bioaccessibility index is introduced for chlorophyll pigments in edible seaweeds, with the 324 

purpose of providing information about the exact amounts of chlorophyll pigments that are 325 

potentially absorbed in the human intestine. This index is a comprehensive evaluation of the 326 

bioaccessibility of chlorophyll pigments from the seaweed tested and takes into account pigment 327 

stability during the digestion process and the ability to be incorporated into micelles. Figure 3 328 

shows the distribution of the bioaccessibility index of total chlorophyll in the three edible 329 

seaweeds. Of the three, Nori presents the highest value, at 17%, followed by Sea Lettuce and 330 

Kombu, with similar levels (around 4%) for each of them. 331 

The bioaccessibility of micronutrients is affected by many factors (Reboul et al., 2006), such 332 

as microconstituent species, the food matrix and food processing. In our study, all three edible 333 

seaweeds were obtained by the same fresh dried process. During both processes (in vitro 334 

digestion (Chen and Roca, 2018) and micellarisation (figure 2)), the main factors affecting the 335 

chlorophyll profile are the extracellular structure of the seaweeds and the chemical stability of 336 

the different chlorophyll structures. Nori stands out as the most bioaccessible seaweed in terms 337 

of chlorophyll pigments, due to the relatively higher proportion of dephytylated chlorophyll 338 
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(pheophorbide a type) in the seaweed and the less rigid structure of its cells (Domozych et al., 339 

2012; Synytsya, Čop ková, Kim, & Yong, 2015). On the contrary, the similar lower 340 

bioaccessibility in Sea Lettuce and Kombu is due to different reasons. While Sea Lettuce 341 

contains a high amounts of phytylated derivatives (chlorophyll a and b type) which may limit the 342 

bioaccessibility of chlorophyll pigments, Kombu has a rigid cell structure (Kumar, 2009; Zhao, 343 

Jiao, Wu, Zhang, & Yu, 2015)which  hinders the bioaccessibility.  344 

3.4 Caco-2 cell uptake of micellar chlorophyll derivatives from edible seaweeds 345 

In the past, study of the intestinal absorption of chlorophylls has considered only general 346 

aspects (Ferruzzi, Failla, & Schwartz, 2001; Gallardo-Guerrero, Gandul-Rojas, & Mínguez-347 

Mosquera, 2008; Gandul-Rojas, Gallardo-Guerrero, & M nguez-Mosquera, 2009). In order to 348 

evaluate chlorophyll absorption from edible seaweeds, AMF from in vitro digestion was diluted 349 

and mixed with DMEM and sequentially subjected to Caco-2 cell uptake. Finally, chlorophyll 350 

pigments were measured in the Caco-2 cells and the absorption percentage was calculated for the 351 

different types of chlorophyll derivatives. Figure 4 shows the absorption rate of chlorophyll 352 

derivatives from different AMF of Nori, Sea Lettuce and Kombu seaweeds.  353 

Nori only has a series, pheophorbide a and pheophytin a; both of these are absorbed by 354 

Caco-2 cells, with a statistically higher absorption rate for pheophorbide a than for pheophytin a 355 

type. For Sea Lettuce, pheophorbide a type was also observed to have a higher absorption rate 356 

than pheophytin a type. Differences in the absorption rate between pheophytin a and pheophytin 357 

b are not evident, and the total chlorophyll absorption rate is mainly decided by that of the a 358 

series. Notably for Kombu, the absorption rate for pheophorbide c is statistically much higher, 359 

outweighing pheophorbide a type. Pheophorbide absorption is favoured as compared to the 360 

absorption of pheophytin derivatives. Due to the proportion of a series and c series, total 361 
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chlorophyll absorption is mainly decided by that of the a series, around 3%.  362 

Thus, with the available data for cell absorption, the highest absorption rate for total 363 

chlorophyll is found in Nori (8%), followed by Kombu and Sea Lettuce. When compared with 364 

related research, the overall chlorophyll absorption in this investigation is around 3%-8%, similar 365 

to that for other food materials: 5%–10% in spinach puree (Ferruzzi, Failla, & Schwartz, 2001) 366 

and 2%–5% in peas (Gallardo-Guerrero, Gandul-Rojas, & Mínguez-Mosquera, 2008). Ferruzzi, 367 

Failla, & Schwartz (2001) found that cellular uptake was proportional to the micellar content of 368 

chlorophyll compounds when AMF of spinach puree was directly mixed with DMEM without 369 

concentration normalisation. After an investigation of normalised concentrations of micellar 370 

chlorophyll pigment from peas, Gallardo-Guerrero, Gandul-Rojas, & Mínguez-Mosquera (2008) 371 

argue that besides the degree of micellarisation, there are other factors associated with the food 372 

matrix modified by processing that can mediate chlorophyll absorption. Related with different 373 

seaweed species, the results obtained in the present study seem to support the findings of 374 

Ferruzzi, Failla, & Schwartz (2001) in terms of the amount of chlorophyll pigments. Effectively, 375 

the Nori matter used for cell absorption has the highest chlorophyll pigment content, followed by 376 

Sea Lettuce and Kombu; this is also reflected by their sequence in terms of cellular absorption 377 

rate. However, the food matrix should also influence the absorption process, as the same 378 

chlorophyll derivative (pheophorbide) exhibits different absorption rates depending on the 379 

seaweed species. 380 

In general, with respect to the absorption rate of chlorophyll derivatives for Caco-2 cell 381 

uptake, the total chlorophyll absorption rate in the Nori, Sea Lettuce and Kombu tested is mainly 382 

decided by that of a series chlorophyll, due to its greater presence in the AMF profile, however c 383 

series are clearly favoured over other series during the absorption process. This is the first time 384 
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that c series of chlorophyll derivatives have been assayed as substrates for intestinal cell 385 

absorption and stood out as the most absorbable. During the cell absorption metabolism, many 386 

parameters, such as hydrophobicity, ionisation and molecular size, are involved in intestinal 387 

absorption (Chan and Stewart, 1996). However, another factor should facilitate the higher 388 

absorption of pheophorbide c, as the polarity and molecular size are at the same level as 389 

pheophorbide a. Regarding a/b series, while Ferruzzi, Failla, & Schwartz (2001) found 390 

absorption for the a series to be clearly higher, Gallardo-Guerrero Gandul-Rojas, & Mínguez-391 

Mosquera (2008) found similar levels between the two series. The results obtained in this 392 

investigation agree with the latter, with similar values for pheophytin a and b in Sea Lettuce.  393 

Dephytylated chlorophyll, including pheophorbide a type and pheophorbide c type, has a 394 

higher absorption rate than phytylated chlorophyll, including pheophytin a type and pheophytin 395 

b type. These results conform with previous findings (Gallardo-Guerrero Gandul-Rojas, & 396 

Mínguez-Mosquera, 2008; Gandul-Rojas, Gallardo-Guerrero, & Mínguez-Mosquera, 2009). It 397 

has been hypothesised that pheophorbides could be absorbed partially by a facilitated transporter 398 

and pheophytin by a diffusion process. Although there is no definitive proof for this and more 399 

assays are needed, this hypothesis could explain the difference between the absorption of 400 

pheophorbides and pheophytins.  401 

3.5 Chlorophyll profile extracted from Caco-2 cells after uptake of micellar chlorophyll 402 

derivatives from dried seaweeds 403 

The absorption process introduces modifications to the profiles of chlorophyll derivatives; this 404 

is the first time a detailed analysis has been shown of chlorophyll composition in the Caco-2 cell 405 

after the absorption process (table 2). For all three seaweeds, all the chlorophyll a derivatives 406 

present in the AMF (table 1) were absorbed, with the exception of pyropheophytin a. However, 407 
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of all the chlorophyll b derivatives present in the AMF of Sea Lettuce (table 1), only 13
2
-hydroxy 408 

pheophytin b is finally in the cell’s interior. A similar trend was observed for the chlorophyll c 409 

derivatives present in the Kombu AMF: only oxidised pheophorbide c was identified in Caco-2 410 

cells. 411 

The final chlorophyll derivatives absorbed by cells from Nori AMF are composed of 90% 412 

pheophorbide a and only 10% pheophytin a. Caco-2 cells after AMF absorption from Kombu 413 

contain almost 60% pheophorbide and 40% pheophytin, while the cells that were used to absorb 414 

AMF from Sea Lettuce seaweed are composed of almost 50% pheophorbide and 50% 415 

pheophytin. Comparing the distribution of chlorophyll derivatives in AMF (table 1) and Caco-2 416 

cells (table 2), the relative higher absorption of pheophorbide (figure 3) for all three seaweeds 417 

implies an outstanding uptake of this compound in the Caco-2 cells. 418 

In addition, the chlorophyll fraction of Caco-2 cells incubated with Nori AMF is composed of 419 

39% oxidised derivatives. In Caco-2 cells incubated with Kombu AMF, the proportion of 420 

oxidised chlorophylls is around 72%, and when the incubation uses Sea Lettuce AMF, the 421 

proportion increases almost to 77%. Notably, the absorption process seems to promote oxidation 422 

reactions, with a great increase in oxidised derivatives (mainly 13
2
-hydroxy pheophorbide a) 423 

showing consistently in all three seaweeds after absorption. This phenomenon has never before 424 

been studied, although the results obtained are reasonable for chlorophyll derivatives due to their 425 

strong antioxidant properties (Lanfer-Marquez, Barros, & Sinnecker, 2005) to scavenge free 426 

radicals in human intestinal environment (Fang, Yang, & Wu, 2002; Orozco, Arriaga, Solomons, 427 

& Schümann, 2012; Mutlu et al., 2011). 428 

The relative content of a series in Caco-2 cells incubated with Sea Lettuce AMF increased 429 

with respect to the micellar fraction (ratio a/b 4.2, table 1). Although, as commented before, the 430 
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absorption rate for pheophytin a and b is similar (figure 4), the exclusive presence of 431 

pheophorbide a but not pheophorbide b in AMF favoured the absorption of chlorophyll 432 

derivatives from the a series. Conversely, in Caco-2 cells incubated with Kombu AMF, the a/c 433 

ratio decreased, clearly due to the rapid absorption of pheophorbide c (figure 4).   434 

In conclusion, edible seaweeds are ideal resources for research into the uptake of chlorophyll 435 

pigments. The rich chlorophyll profile (including chlorophyll c) and the different extracellular 436 

matrix make it possible to analyse the impact of the two main factors that limit chlorophyll 437 

bioaccessibility or bioavailability: chlorophyll structure and the food matrix. In relation with the 438 

chlorophyll configuration, two general rules are obtained: polar chlorophylls (pheophorbides) are 439 

preferentially micellarised and absorbed with respect to nonpolar compounds (pheophytins); and 440 

oxidation is a common transformation during chlorophyll assimilation. Consequently, the 441 

absorbed chlorophyll in intestinal cells is dominated by a large proportion of dephytylated and 442 

oxidised chlorophyll derivatives. The implications of the preferential absorption of specific 443 

chlorophyll derivatives are at the moment an open question. Limited information is available 444 

regarding the beneficial properties or the biological function of each chlorophyll derivative. The 445 

data obtained in the present research will be the explanation for future findings. However, the 446 

influence of the food matrix and probably the competition between different chlorophyll 447 

derivatives is unavoidable, as the same chlorophyll compound showed different rates of 448 

micellarisation and absorption depending on the seaweed species. Definitively, chlorophyll 449 

pigments from Nori seaweed stand out significantly as the most bioaccessible, followed by those 450 

from Sea Lettuce and Kombu, which are at a similar level. Chlorophylls are clearly bioavailable 451 

for animal metabolism with functions into which research to date has been scarce. Analysis of 452 
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the mechanisms governing the assimilation of food chlorophylls will help to understand the 453 

research dealing with the animal metabolism of chlorophyll compounds.   454 
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Table 1: Distribution (percentage) of chlorophyll derivatives in fresh seaweed and in their 706 

aqueous micellar fractions (AMF) and comparison of oxidized derivatives with digesta obtained 707 

from in vitro digestion of Nori, Sea Lettuce and Kombu seaweeds (mean ±SE; n=8). 708 

 Nori  Sea Lettuce  Kombu 

  Seaweed
a
 AMF   Seaweed

a
 AMF   Seaweed

a
 AMF 

Chlorophyll a 1.81±0.15   43.41±0.33   7.21±0.22  

13
2
-hydroxy chlorophyll a    5.14±0.38     

15
1
-hydroxy-lactone chlorophyll a       2.41±0.11  

Pheophorbide a 35.70±4.04 63.51±3.74 

 

4.57±0.10 17.92±1.49 

 

4.63±0.46 37.36±1.81 

13
2
-hydroxy pheophorbide a 1.60±0.24 10.24±1.52 

 

2.10±0.01 8.72±0.51 

 

0.44±0.17 2.82±0.44 

15
1
-hydroxy-lactone pheophorbide a  1.98±0.85 

 

0.29±0.01 1.12±0.19 

 

 1.14±0.35 

         

Pheophytin a 44.85±2.58 14.99±1.63 

 

11.35±0.03 17.42±0.80 

 

54.98±0.02 22.84±1.13 

13
2
-hydroxy pheophytin a 8.24±1.30 5.42±0.62 

 

6.64±0.52 30.09±1.40 

 

11.80±0.25 20.57±1.06 

15
1
-hydroxy-lactone pheophytin a 1.24±0.11 2.01±0.37 

 

1.16±0.37 5.40±0.73 

 

1.19±0.01 2.69±0.31 

Pyropheophytin a 5.81±0.37 1.84±0.56 

 

 

  

0.32±0.01 

 Phytil purpurin-18 a 0.56±0.05   0.15±0.00   0.34±0.05  

 

 

  

 

  

 

 Chlorophyll b  

  

23.37±0.61 4.63±0.62 

 

 

 13
2
-hydroxy chlorophyll b  

  

1.23±0.21 2.81±0.24 

 

 

 15
1
-hydroxy-lactone chlorophyll b  

  

0.30±0.12 1.80±0.27 

 

 

 Pheophytin b  

  

 3.21±0.57 

 

 

 13
2
-hydroxy pheophytin b  

  

 6.89±0.94 

 

 

 

 

 

  

 

  

 

 Chlorophyll c  

  

 

  

16.68±0.92 1.83±0.62 

Pheophorbide c  

  

 

  

 3.99±1.12 

Oxidised pheophorbide c            6.76±0.40 

Pheophytin a series  60.14±3.94 24.26±2.33 

 

19.15±0.12 52.91±1.46 

 

68.29±0.23 46.10±1.89 

Pheophytin b series   

  

 10.10±0.68 

 

 

 Total pheophytins  60.14±3.94 24.26±2.33 

 

19.15±0.12 63.00±1.69 

 

68.29±0.23 46.10±1.89 

Pheophorbide a series  37.31±4.27 75.74±2.33 

 

6.96±0.10 27.77±2.04 

 

5.07±0.63 41.32±1.77 

Pheophorbide c series   

  

 

  

 10.75±1.40 

Total pheophorbides  37.31±4.27 75.74±2.33 

 

6.96±0.10 27.77±2.04 

 

5.07±0.63 52.07±1.77 

Chlorophyll a series 1.81±0.33   48.55±0.71   9.62±0.11  

Chlorophyll b series   

  

25.20±0.94 9.23±0.74 

 

 

 Chlorophyll c series   

  

 

  

16.68±0.92 1.83±0.62 

Total chlorophylls 1.81±0.33 

  

73.75±0.23 9.23±0.74 

 

26.31±0.81 1.83±0.62 

a series  100.00±0.00 

  

74.65±0.94 80.67±0.89 

 

83.32±0.92 87.41±1.89 

b series   

  

25.20±0.94 19.33±0.89 

 

 

 c series   

  

 

  

16.68±0.92 12.59±1.89 

Ratio a/b
a
  

  

2.97±0.15 4.18±0.24 
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Ratio a/c
a
  

  

 

  

5.00±0.33 7.07±1.03 

13
2
-hydroxy derivatives  9.84±1.12 15.66±2.05 

 

15.11±0.70 48.51±1.36 

 

12.24±0.42 30.15±0.92 

Ratio 13
2
-hydroxy pheophytin a / 

pheophytin a
a
 

 
0.36±0.04 

 

 
1.73±0.13 

 

 
0.90±0.06 

15
1
-hydroxy-lactone derivatives  1.24±0.11 3.99±0.74 

 

1.75±0.49 8.32±0.92 

 

3.60±0.10 3.82±0.47 

Pyro derivatives  5.81±0.37 1.84±0.56        0.32±0.01   

   digesta    digesta    digesta 

13
2
-hydroxy derivatives   11.62±0.26 

 

 23.87±0.23 

 

 20.70±1.21 

Ratio 13
2
-hydroxy pheophytin a / 

pheophytin 
b
 

 
0.24±0.03 

 

 
0.35±0.01 

 

 
0.30±0.04 

15
1
-hydroxy-lactone derivatives   3.27±1.06 

 

 2.05±0.14 

 

 2.06±0.38 

Ratio a/b
b
  

  

 1.87±0.03 

 

 

 Ratio a/c
b
            6.29±1.75 

a
, Data published previously in Chen & Roca, 2018. b

, Ratios are expressed in numbers. The data of digesta come 709 

from Chen & Roca, 2018. 710 

  711 
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Table 2: Distribution (percentage) of chlorophyll derivatives in Caco-2 cell after aqueous 712 

micellar fractions (AMF) absorption from Nori, Sea Lettuce and Kombu seaweeds (means ±SE; 713 

n=6). 714 

 715 

  Nori    Sea Lettuce   Kombu  

Pheophorbide a 58.87±3.82 

 

18.55±2.05 

 

18.55±0.39 

13
2
-hydroxy pheophorbide a 27.71±1.51 

 

24.94±4.34 

 

21.87±1.99 

15
1
-hydroxy-lactone pheophorbide a 4.23±3.71 

 

5.70±1.60 

 

6.82±0.50 

Pheophytin a 1.81±0.57 

 

4.55±0.84 

 

8.91±1.45 

13
2
-hydroxy pheophytin a 6.12±1.65 

 

27.10±3.51 

 

21.64±1.69 

15
1
-hydroxy-lactone pheophytin a 1.26±0.25 

 

6.63±1.81 

 

7.67±1.10 

      13
2
-hydroxy pheophytin b 

  

12.53±1.55 

  

      Oxidised pheophorbide c         14.53±0.46 

Pheophytin a series  9.19±1.38 

 

38.28±5.37 

 

38.22±1.86 

Pheophytin b series  

  

12.53±1.55 

  Total pheophytins  9.19±1.38 
 

50.81±6.93 

 

38.22±1.86 

Pheophorbide a series  90.81±1.38 

 

49.19±6.93 

 

47.25±1.75 

Pheophorbide c series  

    

14.53±0.46 

Total pheophorbides 90.81±1.38 
 

49.19±6.93 

 

61.78±1.86 

a series  

  

87.47±1.55 

 

85.47±0.46 

b series  

  

12.53±1.55 

  c series  

    

14.53±0.46 

Ratio a/b
a
 

  

7.07±1.04 

  Ratio a/c
a
 

    

5.89±0.22 

13
2
-hydroxy derivatives 33.84±0.31 

 

64.57±1.58 

 

58.05±0.38 

15
1
-hydroxy-lactone derivatives 5.49±3.55   12.33±1.26   14.49±1.05 

a
, Ratios are expressed in numbers. 716 
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Figure 2 718 

 719 

  720 



38 
 

Figure 3 721 
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Figure 4 724 
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