Acta Poloniae Pharmaceutica - Drug Research, Vol. 75 No. 5 pp. 1187-1199, 2018

DOI: 10.32383/appdr/85111

ISSN 0001-6837
Polish Pharmaceutical Society

RELEASE OF BIOACTIVE SUBSTANCES FROM FORMULATIONS
CONTAINING ARTHROSPIRA PLATENSIS (SPIRULINA PLATENSIS)

BOZENA MUSZYNSKAZ®, JAN LAZURL AGATA KRAKOWSKA2 BARBARA JEKOT]
AGNIESZKA SZEWCZYKL1 KATARZYNA SULKOWSKA-ZIAJAL LtUKASZ ZIMMER3
EWA POLESZAK3and WLODZIMIERZ OPOKA?2

department of Pharmaceutical Botany, Department of Inorganic and Analytical Chemistry,
Faculty of Pharmacy, Jagiellonian University Medical College, Medyczna 9, 30-688 Krakéw, Poland

L hair and Department of Applied Pharmacy, Medical University of Lublin,
ChodzZki 1, Lublin 20-093, Poland

Abstract: Arthrospira platensis (Spirulina platensis) is a well-known microalga and has been utilized as a
medicinal agent and foodstuffby humans since at least 16thcentury. The aim of this study was to determine zinc
content as well as determine phenolic and indole compounds from commercial preparations containing
Arthrospira platensis (lyophilizate, tablets, and capsules) before and after extraction with methanol and incuba-
tion with artificial digestive juices. The secondary aim of this study was to evaluate the quality of these prepa-
rations. The samples were incubated in artificial stomach juice and in intestinal juice. The samples were min-
eralized and their zinc(Il) ions content was estimated using flame absorption atomic spectroscopy (F-AAS). The
maximum zinc(ll) ions content released into the digestive juices was found to be up to 1.6 mg/100 g of the
preparation. Phenolic compounds identified in the examined extracts are as follows: gallic acid; protocatechuic
acid; 3,4-dihydroxyphenylacetic acid; p-hydroxybenzoic acid; syringic acid; cinnamic acid; and quercetin.
Furthermore, indole compounds identified were 5-hydroxy-L-tryptophan, 5-methyl-L-tryptophan, L-trypto-
phan, tryptamine, and 5-methyltryptamine. Consequently, it was also found that the distributed Arthrospira
platensis in the form of tablets does not disintegrate in the artificial digestive juices. Among the examined

preparations, only hard capsules met the requirements of the European Pharmacopeia 8thed.
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Arthrospira platensis (Spirulina platensis) has
been used as a food by the Aztecs since the 16thcen-
tury in Mexico when it was fished from Lake
Texaco and then dried and sold in the form of bis-
cuits as described by Spanish soldiers. A. platensis is
currently cultivated and is used in many countries as
a dietary supplement because of its substantial nutri-
tional value (1-3). Arthrospira maxima and Arthro-
spiraplatensis are the species classified as Spirulina,
and most commonly these species are used in
dietary supplements. The protein content in A.
platensis is approximately 65-79% and is a com-
plete source of protein and amino acids. About 7%
of the weight of A. platensis contains lipids, mainly
comprising y-linolenic acid, a-linolenic acid, stearic
acid, eicosapentaenoic acid, docosahexaenoic acid,
and arachidonic acid. A. platensis also contains sig-
nificant amounts of y-linolenic acid (4, 5). A. platen-
sis is a good source of water-soluble vitamins such
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as C, PP (niacin) from group B (B1 B2 B5 B6, and
B12); fat-soluble vitamins, such as A, D, E, and K;
and eicosapentaenoic acid. It is also a good source of
macro and microelements, such as P, Ca, K, Na, Mg,
Fe and also contains inositol and dyes (phyco-
cyanins, carotenoids, and chlorophyll b) (6, 7, 8).
Phycocyanin, belonging to the water-soluble pig-
ments phycobilins (1% of A. platensis mass), is
mainly responsible for its ability to neutralize free
radicals. This blue dye gives A. platensis its charac-
teristic, dark-turquoise color. It also contains caro-
tenoids such as R-carotene and R-cryptoxanthin as
well as chlorophyll a and b. A. platensis is used in
the prevention and treatment of various diseases
such as obesity, anemia, hypertension, hyperlipi-
demia, diabetes, some cancers, neurodegenerative
diseases such as Alzheimer’s disease, and so on
(9-13). Due to the antioxidant, anti-inflammatory,
antidepressant, and immunostimulatory properties
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of A. platensis described earlier in the scientific lit-
erature, it was decided to determine its content of
zinc, phenolic, and indole compounds (14-16).

Zinc is essential for the proper development of
human body. This element is not only an activator
but is also a cofactor of about 300 enzymes. Zinc is
responsible for the metabolism of nucleic acids, pro-
teins, lipids, and carbohydrates (17). It affects the
expression of genes during the replication and tran-
scription of DNA and RNA (17). It is also responsi-
ble for the synthesis of red blood cells and affects
the functions of inter alia respiratory, reproductive,
and immune systems (18, 19) and also demonstrates
an anti-inflammatory, regenerating and antidepres-
sant activity.

Phenolic and indole compounds primarily
exhibit an antioxidant, anti-inflammatory, and
immunostimulant activity.

The aim of this study was to perform quantita-
tive analysis of zinc ions as well as phenolic and
indole compounds in preparations of commercial
origin containing A. platensis before and after an
extraction using artificial digestive juices. Flame
absorption atomic spectroscopy (F-AAS) was used
to analyze zinc, whereas phenolic and indole com-
pounds were determined using reverse phase-high
performance liquid chromatography (RP-HPLC).

The analysis was performed to evaluate the
highest amounts of bioelements, phenolic, and
indole compounds and zinc (Il) ions released among
the preparations containing A. platensis (lyophi-
lizate, tablets, and capsules) after the extraction
using artificial digestive juices. The final product
will be abetter source of these substances for human
consumption. In addition, the next aim of the work
was to evaluate whether the formulation containing
A. platensis is suitable for the effective release of
zinc and phenolic and indole compounds and
whether it meets the pharmacopeia requirements.

EXPERIMENTAL

Reagents and standards

Standard zinc (Il) ions solution at a concentra-
tion of 1000 ppm was obtained from OUM (L6dz,
Poland); subsequent dilutions of 100, 10, and 1 ppm
concentrations were prepared from the above solu-
tion. MgCl2was obtained from Chempur (Krakéw,
Poland); NaCl, KCIl, and NaHCO3 were obtained
from PPH Golpharm (Krakéw, Poland); pepsin and
bile salts were obtained from BTL (Lédz, Poland);
CaCl2 was obtained from Pharma Zentrale GmbH
(Germany); pancreatic extract, HCI, KCI, concen-
trated HNO3 Suprapur®, and KNO3 Suprapur® were

obtained from Merck (Darmstadt, Germany);
C6H807, ZnSO4 KHCO3 Na2HPO4, K2HPO4 and
NaOH were purchased from Polish Company of
Chemistry (Gliwice, Poland). Water (quadruple-dis-
tilled) with the conductivity of less than 1 pS/cm
was obtained using an S2-97A2 distillation appara-
tus (ChemLand, Stargard Szczecin, Poland). The
following standard phenolic compounds of HPLC
grade were purchased from Fluka Chemie Gmbh
(Switzerland): p-coumaric acid; ferulic acid; p-
hydroxybenzoic acid; vanillic acid; and 3,4-dihy-
drophenylacetate acid. Caffeic acid, chlorogenic
acid, cinnamic acid, o-coumaric acid, protocate-
chuic acid, sinapic acid, gallic acid, and syringic
acid and quercetin and standards of indole com-
pounds, namely, L-tryptophan, 5-hydroxy-L-trypto-
phan, 6-methyl-L-tryptophan, serotonin, melatonin,
tryptamine, and 5-methyl-tryptamine were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA);
all were of HPLC grade. Methanol, acetic acid, and
petroleum ether were purchased from Merck
(Darmstadt, Germany) were also of HPLC grade.

Research material

The studies were conducted on the dietary sup-
plements containing Arthrospira platensis (microal-
gae from Microcoleaceae family), two preparations
in the powdered form and two in the tablet form, and
one in capsules were evaluated. Both, the methano-
lic extracts of these preparations and the extracts
obtained after incubation with artificial digestive
juices were objects of the experiment. The selected
preparations differed in preparation form and dosage
and were derived from different manufacturers
(Table 1).

Preparation of artificial digestive juices

Artificial saliva (pH = 6.8.) was prepared
according to the method of Arvidson (20). Briefly,
100 mL KH2PO4at a concentration of 25 mmol/L,
100 mL Na2HPO4 at a concentration of 24 mmol/L,
100 mL KHCO3at a concentration of 150 mmol/L,
100 mL MgCI2 at a concentration of 1.5 mmol/L,
6 mL citric acid at a concentration of 25 mmol/L,
100 mL CaCl2at a concentration of 15 mmol/L were
added to the flask and the volume was made up to
1000 mL with four-times distilled water.

Artificial stomach juice (pH = 2.0) was pre-
pared according to the method described in Polish
Pharmacopeia X. Briefly, 2.0 g NaCl and 3.2 g
pepsin were dissolved in four-times distilled water.
Then, 80 mL HCI at a concentration of 1 mol/L was
added, and the volume was made up to 1 L using
four-times distilled water (21).
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Artificial intestinal juice (pH = 8.0) was pre-
pared according to the method of Neumann (22).
Briefly, 20 mg pancreatic extract, 120 mg bile salt,
and 8.4 g NaHCO3were dissolved in four-times dis-
tilled water and the volume was made up to 1L
using four-times distilled water.

Sample preparation

Release studies were performed in the
Gastroel-2014 apparatus, which was constructed at
the Department of Inorganic and Analytical Chemis-
try at the Faculty of Pharmacy, Medical College,
Jagiellonian University. This apparatus allows the
study of substances released into the artificial diges-
tive juices, imitates gastrointestinal motions, and
also provides a constant temperature of 37QC (23).

Preparations containing A. platensis were
weighed (at 0.5 g) and after performing mineraliza-
tion three parts of the samples were made: one part
of the samples was used to determine zinc (Il) ions
content, the second for methanol extraction (pheno-
lic and indole compounds) while the other part was
subjected to in vitro digestion using Gastroel-2014.
The second part was used for three times extraction
by 100 mL of methanol using ultrasound at a fre-
quency of 49 kHz during 30 minutes (Sonic-2,
Polsonic, Poland). For the last part, the weighed
sample was transferred to 100 mL Erlenmeyer flasks
and then wetted with 2 mL of artificial saliva; sub-
sequently, 100 mL of stomach juice was added. The
flasks were closed with a stopper and placed in the
apparatus. The incubation process was continued for
15, 30, and 60 min. The resulting solutions were fil-
tered using a Buchner funnel and a vacuum set. The
residue was transferred to Erlenmeyer flasks togeth-
er with the filter paper and 100 mL of intestinal juice
was added (the extraction process lasted 150 min).
Then, the contents were filtered again. The samples
were divided into two lots, one of which was desig-
nated for zinc analysis and the other for the analysis
of organic compounds (phenolic and indole com-
pounds).
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Analysis of Zn content before and after incuba-
tion with artificial digestive juices using the F-
AAS method

The concentration of zinc (I) was determined
using the F-AAS method. Mineralization of the
preparations containing A. platensis was performed
in the Magnum Il microwave mineralizer ERTEC
(Poland). Mineralization was performed for 1 h in
three magnetron cycles: 15 min at 60% power, 15
min at 80% power, and 30 min at 100% power.
Mineralization of solutions after incubation with
artificial digestive juices using Gastroel-2014 was
performed in the UV R-8 Mineral Poland mineraliz-
er. This process was performed by UV irradiation of
the mineralized test solution in a quartz reaction ves-
sel in 5 cycles of 6-8 h.

Thermo Scientific AA Spectrometer iCE 3000
SERIES (USA) was used in all the measurements of
zinc.

Reverse-phase high performance liquid chro-
matography (RP-HPLC) of phenolic compounds

The extracts obtained from methanol and after
incubation with artificial digestive juices were ana-
lyzed for phenolic compounds using the method of
RP-HPLC, which was performed based on the pro-
cedure developed by Sulkowska-Ziaja (24). The
analysis was performed at 25QC, with a mobile
phase consisting of A - methanol and B - methanol:
0.5% acetic acid 1:4 (v/v). The following gradient
was applied: 100% B for 0-20 min; 100-80% B for
20-35 min; 80-60% B for 35-55 min; 60-0% B for
55-70 min; 0% B for 70-75 min; 0-100% B for
75-80 min; 100% B for 80-90 min at a flow rate 1
mL/min, X= 254 nm (phenolic acids), X = 370 nm
(flavonoids). Quantification was performed by the
measurement of peak area with reference to the stan-
dard curve derived from five concentrations
(0.03125-0.5 mg/mL). The quantitative analysis of
phenolic compounds was performed using a calibra-
tion curve with the assumption of the linear size of
the area under the peak and the concentration of the

Table 1. Dietary supplements containing Arthrospira platensis which were used for determination of zinc con-

tent after an extraction to artificial digestive juices.
Name of the preparation
Spirulina B
Spirulina P
Spirulina M
Spirulina N
Spirulina O

Form Expiry date
Powder 11.2016
Powder 07.2012
Capsules 10.2016
Tablets 08.2016
Tablets 03.2017
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reference standard. The results were expressed in
mg/100 g of dry weight (d.w.).

RP-HPLC analysis of indole compounds

The extracts obtained from methanol and after
incubation with digestive juices were evaporated to
dryness under pressure of 200 mBa at 400C (BUchi
evaporator, Germany). The concentrated analyte
was dissolved in methanol transferred through
Whatman No. 3 filter paper. The extracts were quan-
titatively dissolved in 1.5 mL of solvent system
(methanol : water : ammonium acetate at 15 : 14 : 1
v/v/v) and subjected to separation by RP-HPLC
using the Hitachi HPLC (Merck, Japan) equipped
with a pump type L-7100, the Purospher® RP-18 (4
X 200 mm, 5 pm) column kept at 25QC and UV
detector operated at X= 280 nm. The isocratic sepa-
ration was as follows: methanol/water/ammonium
acetate (15 : 14 : 1v/v/v) at a flow rate of 1 mL/min.
The quantitative analysis of indole compounds was
performed using a calibration curve with the
assumption of the linear size of the area under the
peak and the concentration of the reference stan-
dard. Quantification was performed by the measure-
ment of peak area with reference to the standard
curve derived from five concentrations (0.0625-1
mg/mL). The results were expressed in mg/100 g of
d.w.

Properties of tablets

The tablets were evaluated as per standard pro-
cedure according to European Pharmacopeia 8thed
for uniformity of weight, hardness, friability, and
disintegration time (25). Tablets were also tested for
variation in thickness to determine any variability
associated with the tablet press or the method of
preparation.

The average weight was obtained according to
pharmacopeia limits by weighing randomly selected
20 tablets on an analytical balance (OHAUS
Adventurer Pro). The hardness of the tablets was

determined for at least 10 tablets using the Erweka
TBH 20 hardness tester (Erweka GmbH), and adopt-
ing a minimum hardness of 40 N as the acceptance
criterion. For each formula, friability was evaluated
from the percentage weight loss of 20 tablets tum-
bled in Erweka TAR 120 friabilator (Erweka
GmbH, Hausenstamm, Germany) at 25 rpm for
4 min. The tablets were dedusted and the loss in
weight caused by fracture or abrasion was recorded
as the percentage weight loss. Friability < 1% was
considered acceptable. Respective disintegration
times of the prepared tablets were measured in 900
mL of purified water with disks at 370C using an
Erweka ZT 222 tester (Erweka GmbH, Hausen-
stamm, Germany). Six tablets were randomly select-
ed from each formulation and were put into basket-
rack. The disintegration time was recorded till all the
fragments of the disintegrated tablet passed through
the screen of the basket. For non-modified tablets,
the disintegration time should not be longer than 15
min. The thickness of the tablets was determined for
20 tablets using digimatic Vernier caliper (0-150
mm).

Statistical analysis

Statistical analysis of the data was performed
using one-way ANOVA with Tukey-Kramer post
hoc analysis of multiple comparisons. A value p <
0.05 was accepted as the level of statistical signifi-
cance.

RESULTS AND DISCUSSION

This is the first study where the content of zinc,
phenolic and indole compounds in commercial
preparations of A. platensis from different manufac-
turers were analyzed. Furthermore, the level of these
compounds release was investigated using Gastroel-
2014 apparatus which imitates conditions in the
human digestive tract. Selected commercially avail-
able preparations as dietary supplements differed in

Table 2. Zinc content in selected preparations containing Arthrospira platensis.

Preparation

Spirulina B
Spirulina P
Spirulina M
Spirulina N
Spirulina O

Zinc content in preparations containing spirulina

(mg/100 g £+ SD)
1.87 £ 0.05
0.38 £ 0.02
0.63 £ 0.03
1.17 £ 0.06
1.15 £ 0.07

The data presented was mean + SD (standard deviation); n = 6
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Table 3. The content of zinc released to artificial digestive juices from selected Arthrospira platensis - containing preparations.

D|'ggst|ve Stomach juice
juice
Time 15 30 60
[min]

Intestinal juice (150 min)

after 15 in
stomach juice

after 60 in
stomach juice

after 30 in
stomach juice

Amount of Zn released (mg 100 g-lof preparation)

Spirulina B (powder)

0.60 £ 0.04a 1.56 + 0.50a 0.33 £ 0.02a 0.14 + 0.05a 0.14 + 0.05a 0.39 £ 0.03a
Spirulina P (powder)
0.91 + 0.07dc  1.14 £ 0.04abod  0.67 + 0.04Ad 0.16 + 0.01kd 0.20 £ 0.00acd  1.05 + 0.01a0Ad
Spirulina M (capsules)
0.50 + 0.17b 0.62 £ 0.04ab 0.35 £ 0.0630 0.24 £+ 0.08 0.16 + 0.02b 0.12 + 0.00a
Spirulina N (tablets)
0.26 + 0.03abe 0.27 + 0.02a¢ 0.403 + 0.08kc 0.13 + 0.00kc 0.15 + 0.02c 0.15 + 0.00ake
Spirulina O (tablets)
0.21 + 0.02ad  0.40 + 0.08cA1  0.22+0.028kd  0.27 £ 0.04acd  0.05 + 0.01e”d  0.09 + 0.02abAd

Data are presented as the mean + standard deviation (SD); n = 6 repetitions Tukey-Kramer test was used to reveal the differences between
paired groups of zinc in rows, the same letters (a, b, c, d, e) are marked for the content whose differences are statistically significant (for

p values < 0.05) (GraphPad InStat)

Spirulina species, preparation form (powdered
lyophilizates, capsules, and tablets), dosage, and
were derived from different manufacturers.

F-AAS was used to evaluate the content of zinc
(I1) ions in A. platensis-containing preparations that
were incubated with artificial digestive juices. The
elaborated conditions of lyophilized material miner-
alization and the analytical method allowed to deter-
mine the zinc(ll) ions concentration in preparations
and extracts of incubated preparations.

Zinc content in the examined preparations was
found to be in the range of 0.38-1.87 mg/100 g of
preparation (Table 2). The highest content of zinc
(1) ions was determined in the powder form of
preparation (1.87 mg/100 g of preparation). The
amount of zinc (Il) ions released for artificial diges-
tive juice varies within a narrow range of values and
it depends on the degree of powdering the raw mate-
rial in preparations. The content of zinc (Il) ions in
the dry matter of A. platensis according to previous
studies has been reported as 2 mg/100 g (26). But, in
this study, was found a considerably lower content of
zinc (I1) ions, 0.38 mg/100 g of preparation, in the
powdered A. platensis (cell lyophilizate). For tablets,
very similar amounts were determined, that is, in the
range of 1.15-1.17 mg/100 g of preparation.

Al-Dhabi (2013) determined zinc (Il) ions in A.
platensis-containing preparations and obtained the
results at a similar level (0.05-0.6 mg/100 g of
preparation) (27).

In order to estimate the actual quantities of this
element available to the human body, incubation of
preparations containing A. platensis with artificial
digestive juices (in Gastroel-2014 apparatus) was
performed under conditions imitating those in the
human body (temperature 37CC and movements
mimicking peristalsis of the human digestive tract).
On the basis of F-AAS analysis was found that zinc
(1) ions are better released from lyophilized A.
platensis than that from tablets or capsules. The
amount of zinc (Il) ions released into the artificial
digestive juices ranged from 0.05 to 1.56 mg/100 g
of the preparation (Figs. 1a, b). The highest amount
of zinc (Il) determined in artificial stomach juice
was in the range of 0.2 to 1.6 mg/100 g of the prepa-
ration, after 30 min of incubation (Table 3). In addi-
tion, these amounts in artificial intestinal juice were
significantly lower, regardless of the incubation
time in the stomach juice, which ranged from 0.1 to
0.4 mg/100 g of the preparation. The highest
amounts were determined for Spirulina B, that is,
preparation in the form of a cell lyophilizate (pow-
der), and 1.6 mg/100 g of preparation was released
into the stomach juice after 30 min of incubation
(Figs. 1a, b). This preparation proved to be the most
optimal due to the amount of zinc (1) ions found in
both types of artificial digestive juices (stomach and
intestinal) and in any time variant. Zinc (ll) ions
were more efficiently released from capsules than
that from tablets, despite the demonstrated lower
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content of this element in the product before incuba-
tion with the artificial digestive juices. The degree of
zinc (Il) ions released into the artificial stomach
juice was found to be lowest in stomach juice (in
case of 15 min incubation). The daily human
demand for this element is about 12 mg, that is, the
amount released from the preparation can constitute
zinc supplement to the human diet (28).

Phenolic and indole compounds were deter-
mined using RP-HPLC and the results of the calcu-
lations were converted to the amount of compounds
released from 100 g of the preparation.

Commercial preparations of A. platensis are a
good source of phenolic and indole compounds. In
this study, we identified seven phenolic compounds
(gallic acid; protocatechuic acid; 3,4-dihydroxy-
phenylacetic acid; p-hydroxybenzoic acid; syringic
acid; cinnamic acid; and quercetin) in almost all
commercial preparations (Table 4). Furthermore,
3,4-dihydroxy-phenylacetic acid and gallic acid
were found to be highest among the examined phe-
nolic compounds. It was best extracted from the
powder form of preparation released in the artificial
stomach juice, which was up to 38.1 mg/100 g of
preparation. In addition, gallic acid was found to be
released highest in the intestinal juice from capsules
(Spirulina M) containing lyophilized A. platensis, up
to a maximum of 7.3 mg/100 g of preparation. Other
phenolic compounds were determined in both stom-
ach and intestinal juices at a similar level of 0.01 to

BOZENA MUSZYNSKA et al.

2.2 mg/100 g of preparation. It is estimated that 0.1
to 1.0 g daily dose of phenolic compounds is
required in the human diet. This range is broad and
depends largely on the diet, including the amount of
consumed fruits, vegetables, coffee, or tea (29, 30).
All the analyzed preparations were found to be a
source of phenolic compounds. After conversion of
the recommended daily dosage by manufacturers for
the product, the total amount of phenolic com-
pounds was determined, and on this basis, was
demonstrated that the preparations may be a source
of phenolic compounds up to 60.7 mg/day for
Spirulina P (lyophilizate).

The indole compounds determined in the pre-
parations include 5-hydroxy-L-tryptophan, trypta-
mine, 5-methyltryptamine, 6-methyl-tryptophan,
and L-tryptophan. They were determined in a sig-
nificantly lower number of experimental variants
than phenolic compounds. Compared to methanolic
extracts, indole compounds were determined at
higher concentrations in artificial digestive juices
(Table 5). In addition, 5-hydroxy-L-tryptophan was
indole compound found in the highest amounts in
the digestive juices, up to 156.2 mg/100 g of prepa-
ration. Due to their numerous health benefits
(antioxidant, anti-inflammatory, antidepressive
etc.), indole compounds should be supplemented.
The daily doses of indole compounds supplied from
A. platensis - containing preparations (converted to
the doses recommended by manufacturers) were the

Figure 1. a) Total zinc content (mg/100 g of preparation) after extraction to stomach juice over the time of 15, 30, and 60 min. b) Total
zinc content (mg/100 g of preparation) after extraction to intestinal juice over the time of 15, 30, and 60 min incubation in stomach juice



Release of bioactive substances from formulations containing...

1193

Table 4. The content of phenolic compounds released to artificial digestive juices from selected Arthrospira p/atensis-containing prepara-

tions.

Artificial juice

A"UTime [min]
Preparation'"..

Extract to artificial
digestive juice

SpirulinaB
Spirulina P
SpirulinaM
SpirulinaN

SpirulinaO

SpirulinaB
Spirulina P
SpirulinaM
SpirulinaN

SpirulinaO

SpirulinaB
Spirulina P
SpirulinaM
SpirulinaN

SpirulinaO

SpirulinaB
Spirulina P
SpirulinaM
SpirulinaN

SpirulinaO

SpirulinaB
Spirulina P
SpirulinaM
SpirulinaN

SpirulinaO

SpirulinaB
Spirulina P
SpirulinaM
SpirulinaN

SpirulinaO

Artificial stomach juice
(mg/100 g of preparation)

15

30

60

(after 1 min incubation in artificial saliva)

0.12 + 0.05a
0.18 £ 0.00b
0.33+0.03*
0.01 £0.00*

0.10 + 0.00

1.46 + 0.14a
1.44 £ 0.14b
0.40 + 0.033¢
0.20 + 0.0028d

1.25+ 0.27cd

26.47 + 8.94a
38.14 £ 2.25d
5.27 + 0.89a
2.05 + 0.008

6.62 + 1.30ab

0.16 £ 0.01a

0.45 + 0.07&b
0.11 + 0.01kx

0.09 + 0.01kd
0.30 + 0.04axd

0.37 £ 0.03a
0.40 £ 0.02b
0.04 + 0.0ab
0.02 + 0.00a

0.04 + 0.00ab

0.11 £ 0.01a
0.04 £ 0.005&
0.07 +0.003*
0.09 £ 0.002*
0.04 + 0.005ad

0.14 + 0.00a
0.38 + 0.008b
0.69 +0.04*
0.02+0.03*

0.15 + 0.00

0.28 + 0.05a
0.01 + 0.008b
0.39 + 0.05kc
0.25 + 0.06kd

0.79+0.13*d

Gallic acid

0.13 + 0.00a
0.07 £ 0.2a
0.10+0.01*

0.01 +0.00

Artificial intestinal juice
(mg/100 g of preparation)

150 150 150

(after incubation in artificial stomach juice)

0.66 +0.00a  0.12+0.00a 0.33 £ 0.00a
213+033b 0.89+0.09b 1.38+0.00a

722+ 111dr 456+ 1.784c 1.41+0.30a
0.62 £ 0.58 0.59 £+ 0.61 0.42 £ 0.40

731+0.81* 232+038x 2.09+0.74d

Protocatechuic acid

1.97 + 0.05a
0.71 + 0.058¢
2.22 + 0.60kc
0.64 + 0.04x

0.93 £ 0.0&

093 +0.10a  0.03 £ 0.00a 0.16 = 0.06a
0.01 +0.00a 0.30+0.02b 0.50 + 0.05a
0.04 £0.005 0.01+£0.001 0.01 £0.01

0.05 + 0.001a 0.05+ 0.003kc 0.01 + 0.00&

0.02+0.002a 0.06 +0.001* 0.01 +0.00a

3,4-Dihydroxyphenylacetic acid

20.27 + 6.01a
1.83 £ 0.00a
6.55 + 1.27a
3.15 £0.77a

8.60 + 1.72a

0.12 + 0.06a
0.22 + 0.03b
0.13 + 0.05c
0.08 + 0.00kd

0.44+0.01*d

0.21 +0.02a
0.38 + 0.028
0.21 +0.06*
0.02£0.00*
0.05 + 0.0a¢

0.01 +0.00a
0.07 £ 0.00
0.04 = 0.001c
0.12 £ 0.005c

0.12 + 0.06&c

20.90 + 2.66a
7.05 + 0.13a
25.15 £ 2.12kc
7.96 + 0.24x

7.64 = 1.24x

205+0.08a 229+025 4.49+0.20a
227+019 2.80+0.30b 948 +2.11d
3.86+0.21* 239+0.2 1.95 + 0.04dd
2.16 £ 0.00cd 2.00+0.16b 2.14 +0.28dd

3.26 +0.15* 223+£015 1.99+0.34dd

p-Hydroxybenzoic acid

0.11 + 0.05a 0.09 +0.01a 0.09+0.01a 0.11 +0.04a
0.29+ 002  0.09+0.0lb 0.12+003 0.22+0.058¢
0.14+0.02b 0.22+0.03* 0.11 + 0.03c  0.08 + 0.00db
0.18 +0.06 034+0.02*d 0.20+0.19 0.07 £ 0.01b
0.25 +0.06a 0.08 £0.0led 0.10+0.05d 0.09 + 0.01b
Syringic acid

0.28 + 0.07a 0.10 £0.01a  0.08 £ 0.01a 0.07 +0.005a
0.29+0.05b  0.07+0.02b 0.17 £0.01ab 0.21 £ 0.01d
045 +0.06* 0.29+0.001* 0.14+0.01& 0.05 £ 0.005kc
0.05+0.01* 0.19+0.02*d 0.09+0.01* 0.05 0.01k
0.05+0.0ldaxr 0.31+0.01* 0.15 +0.03ad 0.13 + 0.04dxd

Cinnamic acid

0.07 + 0.01a
0.05 + 0.00b
0.11 +0.02*
0.07 + 0.00cd

0.03 +0.00a 0.08 +£0.005a 0.10 +0.01a
0.11 + 0.003a 0.06 + 0.01a 0.06 + 0.001ab

0.11 + 0.0l1& 0.07 £ 0.005¢ 0.07 + 0.00&

Methanolic
extract (control)

0.79 + 0.02a
0.67 + 0.04b
244 +0.17*
1.06 + 0.06
0.81 + 0.02cd

0.01 = 0.001a
0.01 + 0.00b
0.01 +0.01

0.05 + 0.003c

0.01 £ 0.002d

113 +0.11a
0.71 £ 0.07b

1.61 +0.13c
5.77 £ 0.38ad

0.71 + 0.01ixd

0.03 +0.01a

0.05 + 0.01b
0.09 £ 0.0lax
0.37 + 0.01a%d

0.05 + 0.01cd

0.02 + 0.001a
0.03 £ 0.00d
0.05 £ 0.0lax
0.07 + 0.01a%d
0.01 + 0.00kxd

0.01 + 0.00a
0.01 + 0.00b

0.04 + 0.002ax

0.01 + 0.00axd 0.01 + 0.00a0d 0.05 + 0.001ad 0.08 + 0.005ak0d

0.03 +0.003ad 0.04 + 0.005* 0.05 +0.005a0d 0.07 + 0.00cd 0.02 + 0.00*d
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Table 4. Continued.

Artificial stomach juice

Artificial juice

A'\Time [min]

Preparation™ """

Extract to artificial
digestive juice

(mg/100 g of preparation)

15

30

60

(after 1 min incubation in artificial saliva)

BOZENA MUSZYNSKA et al.

Artificial intestinal juice
(mg/100 g of preparation)

150 150 150
(after incubation in artificial stomach juice)

Methanolic
extract (control)

Quercetin
SpirulinaB 0.06 £ 0.01a 0.03 = 0.00a 0.04 + 0.00a 0.01 £0.00a 0.02+0.00a 0.01+0.00a 0.01 +0.00a
Spirulina P 0.04 + 0.01ab 0.21 + 0.02tb 0.11 +0.04b  0.01 £ 0.00b 0.03 = 0.005& 0.18 + 0.001éb 0.03 + 0.00a
Spirulina M 0.02 + 0.00ab 0.03 + 0.002b 0.11 £ 0.02&c 0.02+ 0.002kc 0.01 +0.00kb 0.01 + 0.00b  0.03 + 0.02a
SpirulinaN 0.01 + 0.00&b 0.01 + 0.00b 0.01 £0.00kc  0.01 £0.00c  0.01 +0.00kb 0.01 +0.00b 0.11 + 0.00*c
Spirulina O 0.01 + 0.00ab 0.01 + 0.00b 0.02 +0.00kc  0.01 +£0.000c 0.01 +0.00kb 0.01 +0.00b 0.02+ 0.00*ad

Data are presented as the mean + standard deviation (SD); n = 6 repetitions Tukey-Kramer test was used to reveal the differences between
paired groups of phenolic compounds in rows, the same letters (a, b, c, d) are marked for the content whose differences are statistically sig-

nificant (for p values < 0.05) (GraphPad InStat)

highest for capsules (up to 6.8 mg/day) and the low-
est for lyophilizate (up to 2.6 mg/day).

In summary, the release of zinc and organic
compounds from preparations containing A. platen-
sis depended on the time of incubation and the
degree of degradation in artificial digestive juices.
Artificial digestive juices did not break down A.
platensis-containing tablets even after a maximum
incubation period of 60 min in artificial stomach
juice and 150 min in artificial intestinal juice.
During extractions was observed the formation of a
gelatinous layer on the surface to prevent liquid pen-
etration into the interior and further disintegration of
the tablet mass. After the tablet was cut into two
parts, the completely dry core was clearly visible
inside.

Thereby, was decided to study the physical
properties of tablets containing A. platensis accord-
ing to European Pharmacopeia 8thed (25). The phys-
ical properties of prepared tablets are shown in
Table 6.

The controlled tablets were elegant in appear-
ance. The thickness of the tablets ranged from 4.74
to 4.99 mm. For formulation Spirulina O percent
deviations of thickness exceeded 5% (acceptable
range of thickness is £ 5%). Average weight, hard-
ness, and friability were within pharmacopeia
specification. The variation in weight ranged from
255.3 to 401.5 mg (acceptable range of weight vari-
ation is = 5%). The hardness of tablets ranged from
62.4 to 64.3 N (acceptable range of hardness is > 40
N) and friability ranged from 0.15 to 0.22% (accept-
able range of friability is < 1%). The disintegration
times of investigated tablets exceed 15 min. Tablet

formulations had excessively long disintegration
times which amounted from 72.3 to 81.2 min. The
average disintegration time of investigated tablets
was found to be up to 76.7 min. According to
European Pharmacopeia 8th ed., the disintegration
times for these preparations should be less than 15
min. Hence, on the basis of the conducted studies,
was found that A. platensis in the form of tablets
cannot be a good source of zinc and organic com-
pounds in the human diet. Of the three preparations
containing A. platensis tested in accordance with the
pharmacopeia regulations, only capsule form com-
plied with the pharmacopeia standards. The devia-
tions of weight in capsule ranged from 0.2 to 3.6%
and the disintegration time was found to be 11.5
min.

Chemometric analysis

Chemometric tools were used to obtain deeper
information of the obtained dataset (results of indo-
le and phenolic compounds performed for prepara-
tions containing A. platensis). The analysis was
based on Table 4. and 5. The objects of analysis
were preparations containing A. platensis in various
forms (powder, tablets, and capsules), described by
parameters - analyzed indole and phenolic com-
pounds. Chemometric analysis for such a dataset,
characterized by a wide range of variability, allowed
the extraction of additional information on the cor-
relations that occur between the analyzed objects
preparations containing A. platensis. Two methods
for chemometric analysis were used in the study:
cluster analysis (CA) and principal component
analysis (PCA). CA method indicated the similarity
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Table 5. The content of indole compounds released to artificial digestive juices from selected Arthrospira platensis - containing preparations.

Artificial juice

*\T im e [min]

Preparation

Extract
Spirulina B
Spirulina P
SpirulinaM
SpirulinaN

Spirulina O

Extract
Spirulina B
Spirulina P
SpirulinaM
Spirulina N

Spirulina O

Extract
Spirulina B
Spirulina P
SpirulinaM
Spirulina N

Spirulina O

Extract
Spirulina B
Spirulina P
Spirulina M
Spirulina N

Spirulina O

Extract
Spirulina B
Spirulina P
Spirulina M
Spirulina N

Spirulina O

Artificial stomach juice
(mg/100 g of preparation)

15

(after 1 min incubation in artificial saliva)

124.14 + 10.3d
117.35 + 2.41c
27.17 £ 2.98d
22.07 £ 1.93d

27.19 * 1.02d

1.66 = 0.01

1.57 + 0.08"
3.71 + 0.18d
3.06 £0.21*
244+0.11*d

1.00+0.08*d

2.39 +0.78-
2.61 + 0.25b
9.60+0.78*

0.76 £ 0.06*

30

18.10 £ 0.81*
80.28 + 1.60*
3.47 +£0.04*

4223 £3.62*

2.37 £0.00

1.68 + 0.15

1.03 + 0.00-
3.92+0.21%
10.23 + 1.74*

1.88 £ 0.83c

27.7+0.32
12.03 + 0.46'b
18.45 + 1.75*

1.09 + 0.40tb

60 150

5-Hydroxy-L-tryptophan

88.73 £ 12.0- 4574+ 1.79°

2502+ 1.21d 33.81 +5.67b 29.07 +4.31b 21.25 + 1.41d

150

35.56 £ 4.21°

Artificial intestinal juice
(mg/100 g of preparation)

150

(after incubation in artificial stomach juice)

50.02 + 8.78-

- 156.20 + 17.2b 96.69 + 11.06-1c28.70 + 1.71a

46.46 + 3.96* 1 33.02+3.97c 60.51 +£5.84*

27.71 + 243"a  42.03 + 2.24c

Tryptamine

- 1.54 + 0.00-

- 1.57 + 0.00b

- 3.66 £0.38*
1.36 + 0.01 -

3456 + 343°-d 33.29 + 2.92db

1.57 + 0.01-
1.83 £ 0.03b

2.94 + 0.38db

- 3.18+0.08*d 2.37 +0.37d

5-Methyltryptamine

3.27 +0.00 3.43 +0.01

6-Methyl-L-tryptophan

1.40 + 0.10- 1.12+0.01

141 +£0.22b 1.92+0.33cb

491 £ 0.08b -
R 0.26 + 0.01tb
1.13 + 0.20°d -
L-Tryptophan

1.69+0.42 1.50 +0.10

0.46 £ 0.00cb -

126 £0.05* 2.92 +0.00

0.83 £0.04* -

0.75+0.03* -

3.21 £ 0.01

0.92 + 0.08-
2.94 £ 0.111b

0.74 £ 0.09d

0.74 + 0.043x 0.58 + 0.04kdw

0.50 + 0.01

1.08 £0.10

23.39 + 1.18°

5.37 + 0.80a
1.71 £ 0.20b
4.23 +0.170d

249+ 0.09*

3.21 £0.01

5.00 £ 0.26*b

1.04 + 0.01db

Control

Control

1147 £ 0.71°

9.54 + 0.15b

29.49 + 1.61dd

Control

Control

0.69 = 0.01

Control

0.76 + 0.04b

1.38 £ 0.01b

Control

Data are presented as the mean + standard deviation (SD); n = 6 repetitions Tukey-Kramer test was used to reveal the differences between

paired groups of phenolic compounds in rows, the same letters (a, b, ¢, d) are marked for the content whose differences are statistically sig-
nificant (for p values < 0.05) (GraphPad InStat)
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between the examined objects (preparations contain-
ing A. platensis). In case of this analysis, the simi-
larity of objects is demonstrated by their close rela-
tive position in multidimensional space. The graph-
ical image of the CA analysis is the dendrogram
(Fig. 2), in which the objects characterized by con-
siderable similarity form the clusters. In this
instance, the x and y-axes do not correspond to the
Cartesian numerical axes (31, 32). The analyzed
objects (A. platensis preparations) were marked on
the x-axis, whereas the distance between the exam-
ined objects calculated on the basis of Ward’s
agglomeration method on the y-axis. Three major
clusters were observed based on the similarity
analysis (CA - Fig. 2). The first cluster formed
preparations in the form of capsules, while the
remaining clusters were formed from preparations in

the form of tablets or powders. Their membership in
particular clusters indicates their similarity within
particular clusters. This similarity may be related to
the composition of the examined preparations (con-
tent of indole and phenolic compounds) as well as
the degree of release of the examined metabolites
into the digestive juices.

Short dendrogram arms in case of preparations
in the form of tablets show the highest correlation
similarity within these preparations (31, 33). In
addition, the differences between the preparations
(capsules and tablets and powdered form) belonging
to other clusters may result from unequal conditions
of A. platensis culture and depend on the type of A.
platensis used in the preparations; therefore, there
are discrepancies for metabolites released into the
digestive juices.

Figure 2. Dendrogram presenting similarity between the objects (preparations containing Arthrospira platensis) depending on the form of
preparation (City-Block, Ward’s algorithm). The analysis was performed in Statgraphics Centurion XV1I program

Figure 3. Scatterplot - similarity of the analyzed preparation with Arthrospira platensis with respect to the site of release phenolic and
indole compounds (s.j - stomach juice, i.j - intestinal juice). The analysis was performed in Statgraphics Centurion XV Il program
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Figure 4. Biplot diagram presenting the correlation between the analyzed organic compound present in the preparations containing
Arthrospira platensis and the site of their release in human digestive tract (s. j - stomachjuice, i. j - intestinal juice). The analysis was per-

formed in Statgraphics Centurion XV 11 program

Table 6. Evaluation of physical properties of prepared tablets (mean * standard deviation).

Formulation Weight variation Thickness
(mg) (mm)
Spirulina M 443.0 + 4.62 75+ 1.10
Spirulina N 401.45 +4.21 4.74 £ 0.03
Spirulina O 255.3 + 5.09 499 +0.12

Friability Breaking force Disintegration time
(%) (N) (min)
- . 115+ 1.05
0.219 62.4 +7.06 81.17 + 5.56
0.15 64.3 £ 6.38 72.33 £4.59

Table 7. Factor loads for three first main principal components (PC1, PC2, and PC3).

Compounds PC2 PC3
3,4-Dihydroxyphenylacetic acid 0.450 0.217 -0.170
5-Hydroxy-L-tryptophan 0.061 0.581 -0.090
6-methyl-D,L-Tryptophan 0.314 -0.070 0.415
Cinnamic acid -0.038 0.226 -0.173
Gallic acid -0.242 0.495 0.249
L-Tryptophan 0.186 -0.137 0.528
p-Hydroxybenzoic acid 0.279 0.047 -0.277
Protocatechuic acid 0.422 0.084 -0.355
Quercetin 0.326 -0.061 0.333
Syringic acid 0.381 0.352 0.240
Tryptamine -0.303 0.397 0.216

The second method complementary to the CA
used in this study is PCA. PCA allows the reduction
of the measurement data space to the minimum nec-
essary to characterize the interactions between them.
A large number of parameters (measured content of
indole and phenolic compounds) describing ana-

lyzed objects (preparations with A. platensis) made
the direct visualization of multidimensional data
space complicated. In order to facilitate it, the num-
ber of data was reduced by correlating them. Output
parameters were replaced by new variables - pri-
mary components. PCA analysis demonstrated that
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61.92% of the variations in the examined data set can
be described by the three primary components (PC1,
PC2, and PC3). Consequently, the remaining compo-
nents were not considered for further analysis. The
three primary components (PC1, PC2, and PC3) are a
linear combination of primary variables multiplied by
corresponding charges. The values of the charges that
correspond to the correlation coefficient with the pri-
mary variables are summarized in Table 7. For the
PC1 component, its magnitude is considerably affect-
ed by the measured value ofthe phenolic compound,
that is, 3,4-dihydroxyphenylacetic acid. The other
main components, PC2 and PC3, can be interpreted in
the same way. Consequently, the reduction of the
input data area to the three primary components
allowed for analysis in two-dimensional space (Fig.
3) (34, 35). Two distinct clusters were distinguished
analyzing the examined objects (preparations with A.
platensis) in relation to the site in the digestive sys-
tem, where phenolic and indole compounds were
released (Fig. 3). These compounds are to a various
degree released into an artificial stomach and intes-
tinal juices, as evidenced by their belonging to dis-
tinct groups. Such division indicates that the exami-
ned organic components are released into the diges-
tive juices to varying degrees, which in turn, depends
on the release site in the condition imitated human
digestive tract. In addition, considering the Biplot dia-
gram (Fig. 4) based on the two primary components
(PC1 and PC3), the preference of components to the
site where they were released into the artificial diges-
tive tract was analyzed. On this basis, was found that
the release of indole and phenolic compounds from
preparations containing A. platensis into artificial
digestive juices depended on the type of artificial
digestive juice. The organic compounds from the
preparations were to the highest degree released into
stomach juices, which confirms the direction of the
arms in the Biplot diagram (Fig. 4). Only sparse phe-
nolic compounds (gallic acid and cinnamic acid) and
indole ones (tryptamine) were released from the
preparations mostly to intestinal juice.

CONCLUSIONS

The experiment presented that the active sub-
stances in the commercial preparations are not com-
pletely released into the artificial digestive juices
and hence may not be potentially available to
human. The quantities of released zinc (Il) ions
from preparations containing A. platensis are insuf-
ficient for human body according to the daily
requirement for this element. In the case of pheno-
lic compounds, their amounts were found to be

higher in the extracts of artificial digestive juices
than that of methanolic extracts of the tested prepa-
rations. In this way, it has been adequately shown
that the content of active substance in medicinal
preparations is not the same as its amount released
into digestive juices which suggest the need for
such analyzes. The experiment further showed that
only hard capsules met the European Pharmacopeia
8thed standards whereas tablets did not. Due to this
fact, an important element of research on dietary
supplements is the evaluation of their formulations’
quality and the definition of a form that allows the
release of biologically active compounds in the
most effective manner.
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