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A new biomimetic digestion and absorption system, including in vitro bionic digestion and biomimetic
membrane extraction, was used for the first time for the pretreatment of edible Laminaria japonica.
After bionic digestion, 11 species of trace metals (V, Cr, Mn, Fe, Ni, Cu, Zn, Se, As, Cd, and Pb) in
the resulting chyme were transformed into their final coordinated complexes and then absorbed by
the biomembrane. Similar to the biomembrane between gastrointestinal tract and blood vessels,
monolayer liposome was used for the first time as a biomembrane model. Affinity-monolayer
liposome metals (AMLMs) were separated, determined by ICP-MS, and then used for the metal
bioavailability assessment as the bioassimilated part. The action of gastrointestinal acidity and
components (including digestive enzymes) was assessed on the basis of the concentration of
AMLMSs; the safe dosage and tolerable upper intake level of L. japonica for adults were proposed as

33.3 and 230.8 g/day, respectively.
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INTRODUCTION

Edible marine algae are an important food source in several
East Asian countries. Consumption of seaweeds in Europe and
North America has steadily increased following the spread of
Japanese and Chinese cuisine and of health foods throughout the
world (7, 2). The beneficial nutrients are rich in seaweed species,
containing vitamins (3), amino acids (4), dihomo-y-linolenic
acid (4), polysaccharides essential (), dietary fiber (5), and trace
elements (6). Dietary Laminaria japonica is a important food
source in many parts of the world, has been reported to have
antioxidant and antitumor activities, and could reduce the risk of
intestinal or mammary cancer (7, §).

The elemental compositions of edible seaweed are now fre-
quently studied, but most of the research has been limited to the
determination of total content (9—12) or to the concentration of
inorganic/organic (/3), dissolved/particulate, or exchangeable/
nonexchangeable trace metals (/4). This resulted in inaccuracies
in guiding the proper use of edible seaweeds because the results do
not indicate whether or not such trace metals can be introduced
into the digestion system and be absorbed by the cells in the
intestine, thus influencing metal bioavailability. Because not all
species of trace metals in seaweeds are bioavailable, it is necessary
to understand exactly what species are present. Furthermore, the
influence of gastrointestinal digestion on the metal species must
be considered. With respect to potential toxicity, it is necessary
to plan the dose of seaweeds to avoid metal overload. All of
these problems should be given appropriate attention in the
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bioavailability and risk assessment of seaweeds. The design of
valid methods for speciation analysis and bioavailability assess-
ment of trace metals in seaweeds is key.

Bioavailability studies should ideally be determined in vivo.
Human in vivo studies, however, are costly and time-consuming,
are rather complicated to perform, and sometimes yield quite
variable results. Laboratory animal in vivo studies are less
expensive but limited by uncertainties with regard to the differ-
ences in metabolism between animals and man. As an alternative
to human and animal in vivo studies, bioavailability of trace
metals has also been estimated through simple, rapid, and
inexpensive in vitro enzymatic methods (/5—21). Metal bioavail-
ability was based on soluble metals extracted by in vitro bionic
digestion procedure. A Caco-2 cell monolayer model was used for
in vitro studies (/7), but this method is also time-consuming and
complicated.

The major obstacle to rapidly identifying metal bioavailability
and risk in foods is the lack of experimental model systems that
can replace costly and time-consuming animal studies. A new bio-
mimetic system, including in vitro bionic digestion (i.e., solubility
study) and biomimetic membrane extraction (i.e., absorption
study), was used in this paper for metal bioavailability in seaweeds.
After in vitro bionic digestion of the seaweeds, trace metals were
transformed into their final coordinated complexes and then
absorbed or excreted. Because a monolayer liposome is the basic
backbone of cell membranes and similar to the biomembrane
between the gastrointestinal tract and blood vessels, the content of
affinity-monolayer liposome metals (AMLMs) could be an im-
portant and accurate criterion to assess the metal bioavailability
in the chyme because they display higher bioavailability than
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Table 1. Components of Saliva, Gastric Juice, Duodenal, and Bile?
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saliva gastric juice

duodenal bile

inorganic materials 10 mL of 189.6 g/L KCI

10 mL of KSCN 20 g/L

10 mL of NaH,PO, 88.8 g/L
10 mL of NagPO, 57 g/L
1.7 mL of NaCl 175.3 g/lL

1.8 mL of NaOH 40 g/L

9.2 mL of KCI 89.6 g

10 mL of NH,CI 30.6 g/L
8.3 mL of HCI 37% (g/g)

organic materials 8 mL of urea 25 g/L 10 mL of glucose 65 g/L

10 mL of glucuronic acid 2 g/L

3.4 mL of urea 25 g/L

15.7 mL of NaCl 175.3 g/L
3.0 mL of NaH,PO, 88.8 g/L

18 mL of CaCly-2H,0 22.2 g/L

40 mL of NaCl 175.3 g/L 30 mL of NaCl 175.3 g/L

40 mL of NaHCO, 84.7 g/L 68.3 mL of NaHCO3 4.7 g/L
10 mL of KH,PO, 8 g/L 4.2 mL of KCI 89.6 g/L

6.3 mL of KCI 89.6 g/L 0.2 mL of HCI 37%g/g

10 mL of MgCl, 5 g/L 10 mL of CaCl,-2H,0, 2.2 g/L
0.18 mL of HCI 37% (g/g)

9 mL of CaCl,.2H,0 22.2 g/L

4 mL of urea 25 g/L

10 mL of glucoseamine hydrochloride 33 g/L

bioenzymes 145 mg of a-amylase 1 g of bovine serum albumin
15 mg of uric acid 1 g of pepsin
50 mg of mucin 3 g of mucin

pH 6.5+0.2 1.30 £ 0.07

1 g of bovine serum albumin 1.8 g of bovine serum albumin

3 g of pancreatin 6 g of bile
0.5 g of lipase
78+02 8.0+02

4pH values of all the solutions were adjusted by HCI or NaOH, the total volume of the digest solution was diluted to 500 mL with ultrapure water and be stored at 4 °C.

About 4.0 g L. japonica powder
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Figure 1. Schematic diagram of in vitro bionic digestion of L. japonica powder. The pairs of My and My, Mz and My, and Ms and Mg are used for the simulation
of gastric or intestine acidity, gastrointestinal acidity with gastrointestinal inorganic and organic compositions (excluding the digestive enzymes), and
gastrointestinal acidity with gastrointestinal inorganic and organic compositions (including the digestive enzymes), respectively.

water-soluble metals (WSMs). The action of gastrointestinal acid-
ity, inorganic or organic components (including digestive enzymes)
was assessed on the basis of the concentration of AMLMs, the main
absorption site (stomach or intestine) for trace metals was studied,
and the safe dosage and tolerable upper intake level of L. japonica
per day were established.

MATERIALS AND METHODS

Apparatus. An RE-52 rotator evaporator (Ya Rong Biochemical
Instrument Factory, China), an SHA-B temperature-consistent oscillating
water bath (GuoHua Co., China), an MK-III microwave digestion system
(Sineo Microwave Chemistry Technology Co., China), and an Agilent
7500cx series inductively coupled plasma mass spectrometer (Agilent
Technologies Co., USA) was used for metal analytical determinations.
The pH values were measured using a Mettler Toledo 320-S pH-meter
(Mettler Toledo Co., China) with a combined electrode. Milli-Q purified
water was obtained from a Milli-Q purified water apparatus (Millipore
Co., USA). Other pieces of equipment were used, including an 86C ULT
ultra low temperature freezer (Thermo Electron Co., USA), a DM LB2
microscope (Leica Microwsystems Wetzlar GmbH, Germany), and an
agate mortar.

Chemicals. Concentrated nitric acid, 69—70% (Merck KGaA,
Germany), and hydrogen peroxide, 30% (Merck KGaA), were used for
digestion of seaweed samples. Certified reference materials NIES-03
(green algae, Chlorella kessleri) and NIES-09 (Sargasso) were supplied
from the Japanese National Institute of Environmental Studies (Ibaraki,
Japan). Biological chemicals such as uric acid, mucin, albumin bovine,
pepsin, pancreatin, lipase, bile, and lecithin were all of analytical grade and
purchased from Sigma (St. Louis, MO). According to the literature (22,23),
the compositions and amounts of inorganic and organic compositions,
including digestive enzymes, were designed on the basis of human
physiology. The detailed components are listed in Table 1. Milli-Q purified
water (18.2 MQ) was used for all sample preparations. To avoid metal
contamination, all glassware and plastic ware were washed and kept for
48 hin 10% (v/v) nitric acid and then rinsed several times with ultrapure
water before use.

Edible Seaweed Samples. L. japonica was purchased from Zhongmin
Supermarket in Zhangzhou, Fujian, China, and it was identified by
Professor Chen Yulin. The L. japonica was rinsed rapidly with Milli-Q
purified water three times, was heated at 80 °C to constant weight, and
then powdered carefully in an agate mortar.

Experimental Design of in Vitro Bionic Digestion Procedure. The
gastrointestinal tract is simulated for the mouth, stomach, and small
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intestine, as these compartments are likely to determine the metal
bioavailability. A schematic representation of the in vitro digestion model
is presented in Figure 1. The pairs M; and M, M3 and My, and Msand Mg
are used for the simulation of gastric or intestinal acidity, gastrointestinal
acidity with gastrointestinal inorganic and organic compositions
(excluding digestive enzymes, i.e., semibionic digestion), and gastrointest-
inal acidity with gastrointestinal inorganic and organic compositions
(including digestive enzymes, i.e., whole bionic digestion), respectively.
With each set of digested samples, a blank sample (i.e., including digestion
juice and excluding L. japonica powder) was obtained by using the same
digestion procedure, and its metal contents were determined and then used
for correction of analytical signals.

Metal Species Distribution in the Chyme from L. japonica. The
liposome monolayer was prepared according to the following procedure:
0.25 mg of egg-derived lecithin was exactly weighed, dissolved in 5 mL of
chloroform, and then transferred to a rotatory evaporator to be evapo-
rated for 10 min to form a multilayer liposome. Twenty-five milliliters of

Figure 2. Morphologies of multilayer (left) and monolayer liposome (right)
after amplifying 4000 times.

Li et al.

chyme was mixed with multilayer liposome to a homogeneous liposome
suspension, which was vibrated at 37 °C in a N, atmosphere to make the
multilayer liposome totally enter into this filtrate. The filtrate from the
chyme with multilayer liposome was frozen at —71 °C in a superlow freezer
for 20 min and then thawed at 37 °C, which was repeated three times to
form monolayer liposome and to improve the metal species distribution in
the chyme in the monolayer liposome—water system. The magnified
morphology of the multilayer and monolayer liposome is shown in
Figure 2. Because the size of the monolayer liposome was 0.3—0.35 um,
AMLMs and WSMs can be separated using suction filtration with 0.45
and 0.22 um membranes, respectively.

Determination of Metal Concentration in L. japonica Powder and
Its Chyme and Metal Species Distribution in the Chyme. The
decomposition method of the L. japonica powder and the filtrates of the
chyme was: (a) the sample amount was about 300 mg for L. japonica
powder and 5 mL for the filtrates of the chyme and corresponding control
experiments, all AMLMs, and WSMs; (b) in a Teflon digestion vessel, the
sample was added to 4.0 mL of concentrated HNOs and 2.0 mL of H,O,
(30%) and was decomposed under microwaves for 7 min under a pressure
of 15 atm; and (c) after being cooled naturally to room temperature, the
decomposed solution was diluted to 25 mL for determination of the
concentration of trace metals in the sample by ICP-MS.

RESULTS AND DISCUSSION

Accuracy of This Method. Analysis of the proposed methods
was evaluated by analyzing certified reference materials (CRMs)
NIES-03 (green algae, Chlorella kessleri) and NIES-09
(Sargasso). Results of these analyses are shown in Table 2, and
good agreement with certified concentration in both CRMs was

Table 2. Analysis of Certified Reference Materials after Using the Microwave-Assisted Acid Digestion with HNO4/H,0, (n = 3)

NIES-CRM-03 (Chlorella) NIES-CRM-09 (Sargasso)
certified value («g/g) found value (ug/g) certified value («g/g) found value (ug/g)

Vv - <0.50 1.0+ 0.1 0.7+0.1

Cr -2 —b 0.20 +0.01 0.2140.01

Mn 69+5 70 £1 21.2+1.1 20.6+0.8

Fe 1850 + 92 1824 +23 187 +6 18143

Ni -2 054+0.1 - 0.65+0.02

Cu 35+03 34+0.2 49+0.2 48+0.1

Zn 205+1.0 20.1+£05 15.6+1.2 149+ 04

Se 0.014 0.015 4 0.002 -2 —b

As -2 6.3+04 115+9 11243

Cd 0.026 0.027 £ 0.002 0.1540.02 0.15+0.01

Pb 0.6 05+0.1 1.354+0.05 1.28 £0.05

@No certified values. °<LOQ.
Table 3. Metal Contents in L. japonica Powder or Its Chyme and the Metal Solubility Ratio (Percent) (n = 3)
chyme?
M1 M2 M3 M4 M5 Me

metal MTs® (ug/g) uglg % uglg % uglg % uglg % uglg % uglg %
vV 0.82 0.27 32.93 0.35 42.68 0.22 26.83 0.75 91.46 0.74 90.24 0.76 92.68
Cr 0.47 0.24 51.06 0.28 59.57 0.29 61.70 0.30 63.83 0.23 48.94 0.38 80.85
Mn 4.03 0.85 21.09 1.03 25.56 3.12 77.42 1.30 32.26 3.44 85.36 3.73 92.55
Fe 75.47 14.32 18.97 16.09 21.32 12.75 16.89 16.97 22.49 14.69 19.46 28.76 38.11
Ni 0.32 0.19 59.38 0.14 43.75 0.27 84.38 0.24 75.00 0.21 65.63 0.23 71.88
Cu 1.18 0.90 76.27 0.83 70.34 0.37 31.36 0.68 57.63 0.48 40.68 0.95 80.51
Zn 14.65 12.31 84.03 12.27 83.75 12.91 88.12 10.22 69.76 13.20 90.10 13.60 92.83
Se 0.28 0.18 64.29 0.09 32.14 0.20 71.43 0.19 67.86 0.15 53.57 0.14 50.00
As 3.18 1.57 49.37 1.60 50.31 0.97 30.50 1.38 43.40 0.68 21.38 0.86 27.04
Cd 0.23 0.12 52.17 0.21 91.30 0.22 95.65 0.19 82.61 0.20 86.96 0.18 78.26
Pb 0.36 017 47.22 0.34 94.44 0.13 36.11 0.16 44.44 0.06 16.67 0.18 50.00

@M, simulation of gastric acidity; My, simulation of intestinal acidity; Ma, My plus organic and inorganic compositions in stomach (semibionic digestion); M,, My plus organic and
inorganic compositions in intestine (semi-bionic digestion); Ms, M3 plus digestive enzymes in stomach (whole-bionic digestion); Mg, M4 plus digestive enzymes in intestine (whole-
bionic digestion). bMTs, metal total content in L. japonica powder.
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Table 4. Contents of Affinity-Monolayer Liposome Metals (AMLMs) and
Water-Soluble (WSMs) Metals in the Filtrate of the Chyme from the Digestion
of L. japonica in the Stomach or Intestine on Gastric Acidity, Intestinal Acidity,
Semibionic or Whole Bionic Conditions, and the Detailed D,,, Values (n = 3)

Section A

digestion on gastric acidity digestion on intestinal acidity

metal AMLMs (u«g/g) WSMs (ug/g) D, AMLMs (ug/g) WSMSs («g/g) Day

\ 0.09 0.18 0.50 0.30 0.05 6.00
Cr 0.11 0.13 0.85 0.07 0.21 0.33
Mn 0.36 0.49 0.73 0.82 0.21 3.90
Fe 9.72 4.60 2.1 12.42 3.67 3.38
Ni 0.08 0.11 0.73 0.04 0.10 0.40
Cu 0.62 0.28 2.21 0.60 0.23 2.61
Zn 712 519 1.37 4.34 7.93 0.55
Se 0.05 0.13 0.38 0.02 0.07 0.29
As 0.58 0.99 0.59 1.44 0.16 9.00
Cd 0.03 0.09 0.33 0.17 0.04 4.25
Pb 0.05 0.12 0.42 0.20 0.14 1.43
Section B

semibionic digestion in stomach semibionic digestion in intestine

metal AMLMs (ug/g) WSMs (ug/lg) D, AMLMs (ug/g) WSMs (1g/g) Day

\ 0.11 0.11 1.00 0.59 0.16 3.69
Cr 0.12 0.17 0.71 0.11 0.19 0.58
Mn 2.07 1.05 1.97 1.14 0.16 713
Fe 7.85 4.90 1.60 8.38 8.59 0.98
Ni 0.09 0.18 0.50 0.08 0.15 0.53
Cu 0.13 0.24 0.54 0.54 0.14 3.86
Zn 8.19 4.72 3.47 8.70 1.52 5.72
Se 0.11 0.09 1.22 0.04 0.15 0.27
As 0.30 0.67 0.45 1.14 0.24 475
Cd 0.04 0.18 0.223 0.12 0.07 1.71
Pb 0.04 0.09 0.44 0.04 0.12 0.33
Section C

whole bionic digestion in stomach  whole bionic digestion in intestine

metal AMLMs (ug/g) WSMs (ug/g) D., AMLMSs (ug/g) WSMs (1g/g) Daw

v 0.24 0.50 0.48 0.30 0.46 0.65
Cr 0.07 0.16 0.44 0.26 0.12 2.17
Mn 1.74 1.70 1.02 1.10 2.63 0.42
Fe 10.17 4.52 2.25 20.51 8.25 2.49
Ni 0.05 0.16 0.31 0.10 0.13 0.77
Cu 0.11 0.37 0.30 0.44 0.51 0.86
n 5.69 7.51 0.76 9.97 3.63 2.75
Se 0.07 0.08 0.88 0.12 0.02 6.00
As 0.52 0.16 3.25 0.26 0.60 0.43
Cd 0.11 0.09 1.22 0.03 0.15 0.20
Pb 0.03 0.03 1.00 0.16 0.02 8.00

found. The method described was applicable for the determina-
tion of low levels (ng/g) of trace metals (V, Cr, Mn, Fe, Ni, Cu,
Zn, Se, As, Cd, and Pb) in L. japonica powder and its chyme from
bionic digestion and metal distribution of AMLMs and WSMs in
the chyme.

Metal Total Concentrationin L. japonica Powder and Its Chyme.
Eight essential elements (V, Cr, Mn, Fe, Ni, Cu, Zn, and Se) and
three toxic elements (As, Cd, and Pb) in the L. japonica powder
and its chyme could be found, and the results are shown in
Table 3. In L. japonica powder, the essential trace elements (Mn,
Fe, Cu, and Zn) and toxic As are rich at the level of micrograms
per gram and the concentrations of V, Cr, Ni, Se, Cd, and Pb are
0.23—0.82 ug/g. The arsenical concentration was low in the
seawater but was high in L. japonica; that is, arsenic could be
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accumulated by L. japonica. This result is similar to those of
previous studies (24—26). Dimethylarsinoylribosides (arseno-
sugars) are a dominant species in marine algae. Although
arsenosugars are not acutely toxic and small amounts of arsenic
are essential to the human body, there is a possibility of arseno-
sugars having slight chronic toxicity (26).

By the digestion of L. japonica powder with six different types
of in vitro digestive juice, most metals could be dissolved into the
chyme. The metal solubility was different for different metal
species and the type of digestive juice. When L. japonica was
digested by the same types of digestive juice, the total organic and
inorganic compositions in its chyme were the same, but the metal
ligands were different for different metal species due to the
difference of metal ion potential and coordination capacity.
When L. japonica was digested by different types of digestive
juice, the organic and inorganic substances in its chyme were
different and then the metal coordinated complexes were differ-
ent, too. Therefore, the metal concentration in chyme was
dependent on the species of metal coordinated complexes.

The action of gastrointestinal components and digestive en-
zymes on the metal solubility could be assessed by the contrast of
metal contents in the chyme between M; and M3, between M ,
and M 4, between M 53 and M 5, and between M 4, and M ¢. The
influence of the addition of inorganic and organic components on
the metal solubility in the stomach and in the intestine was the
same for Cr, Mn, Ni, Cu, Se, As, and Pb and was different for V,
Fe, Zn, and Cd; in the stomach, the solubility was increased for six
metals (Cr, Mn, Ni, Zn, Se, and Cd) and was decreased for five
metals (V, Fe, Cu, As, and Pb); in the intestine, the solubility of six
metals (V, Cr, Mn, Fe, Ni, and Se) was enhanced, and the metal
solubility of Cu, Zn, As, Cd, and Pb was inhibited. The action of
digestive enzymes on metal solubility was different for the
different metal species and the gastrointestinal tract; the metal
solubility was enhanced for V, Fe, Cu, and Zn in the stomach and
for V, Cr, Mn, Fe, Cu, Zn, As, and Pb in the intestine and was
inhibited by the other situation; the influence of the addition of
digestive enzymes was obvious for the solubility of V and Pb in
the stomach and for the solubility of Mn in the intestine. When L.
Japonica was whole-bionic digested from the stomach to the
intestine, most of the metal solubilities, except for two metals
(Se and Cd), were increased. According to the results in Table 3,
the metal solubility in the chyme was controlled by (a) gastro-
intestinal components, including acidity, inorganic/organic com-
ponents, and digestive enzymes, and (b) the metal species.

Metal Species Distribution and Bioavailability in L. japonica.
After being digested in the stomach or intestine, the metals in the
filtrate of the chyme from L. japonica powder (i.e., released metal
complexes) were transformed into their final coordinated com-
plexes before absorption by the gastrointestinal biomembrane.
However, only the biomembrane-affinity metal species in the
released metal complexes could be used as the final criterion for
the assessment of metal bioavailability. For this reason, the
affinities of the released metal complexes were studied using the
monolayer liposome and the parameter, which could accurately
show the metal distribution in the stomach and intestine, and
need to be defined. This parameter was defined as D,,,, given by
the ratio of the concentrations of AMLMs to WSMs. A higher
D, that is, the higher proportion of AMLM, could indicate
higher bioavailability because it means that much more metal
could be absorbed by the biomembrane. After digestion of the L.
Japonica powder by gastrointestinal acidity and semibionic or
whole bionic digestion, the amounts of AMLMs and WSMs, that
is, the metal species distribution in the chyme in a monolayer
liposome—water system, and the detailed metal D, values are
shown in Table 4, sections A, B, and C, respectively. The effects of
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Table 5. Ratio of Affinity-Monolayer Liposome Metals in the Total Metal from the L. japonica Powder (Rry, %) and in the Released Metal Complexes from the Filtrate

of the Chyme (Rsy, %)

chyme?
My My Ms My Ms Mg
metal R Rsm R Rsm R Rsm R Rsm R Rsm R Rsm
v 10.98 33.33 36.59 50.00 13.41 85.71 71.95 78.67 29.27 3243 36.59 39.47
Cr 23.40 45.83 14.89 41.38 25.53 25.00 23.40 36.67 14.89 30.43 55.32 68.42
Mn 8.93 42.35 20.35 66.35 51.36 79.61 28.29 87.69 43.18 50.58 27.30 29.49
Fe 12.88 67.88 16.46 61.57 10.40 7719 11.10 49.38 13.48 69.23 27.18 71.31
Ni 25.00 42.10 12.50 33.33 28.13 28.57 25.00 33.33 15.63 23.81 31.25 43.48
Cu 52.54 68.89 50.85 35.14 11.02 72.28 45.76 79.41 9.32 22.92 37.29 46.31
Zn 48.60 57.84 29.62 63.44 55.90 35.37 59.39 85.13 38.84 43.11 68.05 73.31
Se 17.86 27.78 714 55.00 39.29 22.22 14.29 21.05 25.00 46.67 42.86 85.71
As 18.24 36.94 45.28 30.93 9.43 90.00 35.85 82.61 16.35 76.47 8.18 30.23
Cd 13.04 25.00 73.91 18.18 17.39 80.95 52.17 63.16 47.83 55.00 13.04 16.67
Pb 13.89 29.41 55.56 30.77 11.11 58.82 11.11 25.00 8.33 50.00 44.44 88.88

@M, simulation of gastric acidity; M, simulation of intestinal acidity; Ms, M plus organic and inorganic compositions in stomach (semibionic digestion); My, Mplus organic and
inorganic compositions in intestine (semibionic digestion); Ms, M5 plus digestive enzymes in stomach (whole bionic digestion); Mg, M, plus digestive enzymes in intestine (whole

bionic digestion).

gastrointestinal acidity, and inorganic and organic components
(including digestive enzymes), on the metal bioavailability are
discussed.

After digestion of the L. japonica powder on gastric acidity,
eight metal AMLMs (V, Cr, Mn, Ni, Se, As, Cd, and Pb) in the
chyme were less than their WSMs, their D,,, values were <1.0.
Only three metal D,,, values (Fe, Cu, and Zn) were > 1.0; that is,
these three metal AMLMs were grteater than their WSMs. When
L. japonica powder was digested on intestinal acidity, the metal
bioavailability was varied; seven metal D, values (V, Mn, Fe,
Cu, As, Cd, and Pb) were > 1.0, suggesting that their AMLMs
were far greater than their WSMs, and the other four metal D,
values (Cr, Ni, Zn, and Se) were < 1.0; the toxic metal D, values
for As, Cd, and Pb were 9.00, 4.25, and 1.43, respectively.

When L. japonica powder was digested by semibionic digestion
juice in the stomach, the amounts of AMLMs (Cr, Ni, Cu, As,
Cd, and Pb) were less than the concentration of WSMs, except for
V, Mn, Fe, Zn, and Se. After digestion of L. japonica powder by
semibionic digestion juice in the intestine, the D,,, values of V,
Mn, Cu, Zn, As, and Cd were far greater than 1.0 and the
situations of Cr, Fe, Ni, Se, and Pb were the opposite.

The main factors of the human digestive system were simulated
with in vitro whole bionic digestion, including normal human
body temperature, the addition of saliva, the acidity, and inor-
ganic and organic materials (including digestive enzymes) in the
stomach or intestine. The content of AMLM s in the stomach and
intestine could be a more accurate criterion to assess metal
bioavailability in L. japonica powder. After being digested by
whole bionic digestion in the stomach, the D, values of V, Cr, Ni,
Cu, Zn, and Se were all <1.0, and the contents of AMLMs were
less than those of WSMs, indicating lower bioavailability, but the
essential metals Mn and Fe and toxic metals As, Cd, and Pb
mainly existed in the species of AMLMs in stomach. When the
chyme was digested continually into the intestine, species of Cr,
Fe, Zn, Se, and Pb mainly existed as AMLM species; their
detailed D,,, values were 2.06, 2.49, 2.74, 4.14, and 7.40, respec-
tively.

The metal AMLMs were the metal bioavailable species. The
ratios of AMLM in the total metal from the L. japonica powder
(Rtwm) and in the released metal complexes from the filtrate of the
chyme (Rgy) were calculated and are shown in Table 5. The metal
Rryv and Rgy values were in the range of 8.18—68.05 and
16.67—88.88%, respectively, so the total metal from the L.
Jjaponica powder or the released metal complexes from the filtrate

of its chyme could not be used for the metal bioavailability and
risk assessment directly. The influence of the addition of inor-
ganic and organic components on the 11 species of metal
bioavailability in the stomach and in the intestine was same; six
species of metal Ry and Rgy (V, Cr, M, Ni, Zn, and Se) were
enhanced and the other five species of metal Ry and Rgy (Fe,
Cu, As, Cd, and Pb) were inhibited. When the digestive enzymes
were added into the digestive juice, only three species of metal
Ryyv and Rgy (V, Fe, and As) in the stomach and four species of
metal Rty and Rsy (Cr, Fe, Ni, and Zn) in the intestine were
increased and the inhibition effect was seen in the other situations.
When the L. japonica powder was digested by whole bionic
digestion from the stomach into the intestine, only three metal
bioavailabilities (Fe, As, and Cd) were decreased and the other
eight metal bioavailabilities were increased.

As discussed above, metal bioavailability in L. japonica was
affected by the metal species, the gastrointestinal acidity, and the
compositions in the stomach and intestine, including inorganic
and organic components, and digestive enzymes.

Safe Dosage and Risk Assessment Based on the Level of AMLMs
of Trace Metals. Risk assessment of trace metals has examined
two ends of the toxicity spectrum: (1) that associated with intakes
that are too high and the resulting toxicity and (2) that associated
with intakes that are too low and the resulting nutritional
problems (27—30).

After whole bionic digestion of L. japonica powder, the level of
metal AMLMs in the intestine could form the basis of dosage
design to avoid metal overload. Several metal safety baseline
levels for human consumption have been drawn as follows
(31—36): Recommended Dietary Allowances (RDA) are set to
meet the needs of almost all (97—98%) individuals in a group;
Adequate Daily Dietary Intake (ADDI) is believed to cover the
needs of all individuals in a group, but lack of data prevents
specification, with confidence, of the percentage of individuals
covered by this intake; Tolerable Upper Intake Level (UL) and
Maximum Level of Daily Intake without Detriment to Health
(ML) are likely to pose no risk of adverse effect.

Safe dosage values of L. japonica used as powder could be
calculated by the ratio of AMLMs to metal RDA or ADDI
values, and the maximum values of L. japonica were calculated by
the ratio of AMLMs in the intestine to metal UL or ML values.
The results are shown in Table 6. Because trace metals coexist in
L. japonica, the minimum metal RDA and ADDI values should
be adopted to avoid the overload of each metal. Therefore, the
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Table 6. Reference Data of Trace Metals for Adults Acquired from the Literature, Safe Dosage, and Maximum Values of Laminaria japonica Compared to
Recommended Values®

metal RDA/ADDI metal UL/ML

metal AMLMs in intestine after whole bionic

safe dosage values of maximum values of

metal values (ug/day) values (mg/day) digestion of L. japonica (1g/g) L. japonica (g/day) L. japonica (g/day)

\ 10—100 1.8 0.30 33.3 6000.0
Cr 20—35 0.06 0.26 76.9 230.8
Mn 1800—2300 11.0 1.10 1636.4 10000.0
Fe 8000—18000 45.0 20.51 390.0 21941
Ni 50—799 1.0 0.10 500.0 10000.0
Cu 900 10.0 0.44 2045.4 22727.3
Zn 8000—11000 40.0 9.97 802.4 4012.0
Se 40-70 04 0.12 333.3 3333.3
As 0.26

Cd 0.3 0.03 10000.0
Pb 34—440 0.3 0.16 2125 1875.0

#RDA, Recommended Dietary Allowance value; ADDI, Adequate Daily Dietary Intake; UL, Tolerable Upper Intake Level; ML, Maximum Level of Daily Intake without Detriment

to Health.

safe dosage of L. japonica for adults should be below 33.3 g/day.
Metal risk assessment can be examined through the comparison
of the level of metal AMLMs in the intestine and the metal UL
or ML values. According to a similar method as for the RDA
values, the UL value of L. japonica used as powder for adults was
230.8 g/day.

ABBREVIATIONS USED

AMLMSs, monolayer liposome-bond metals; WSMs, water-
soluble metals; NIST, National Institute of Standards and
Technology; RDA, Recommended Dietary Allowance; ADDI,
Adequate Daily Dietary Intake; UL, tolerable upper intake level;
ML, Maximum Level of Daily Intake with Detriment to Health.
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