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Abstract Brown seaweeds have been used in phytotherapy since ancient times. A multitude of
medical effects have been reported for their ingredients which also cover anti-cancer activities.
Though being the most common brown seaweed in the Baltic Sea, nothing is known - apart from our
recent publication (Geisen et al. 2015) - about the anti-cancer potential of the Bladderwrack, Fucus
vesiculosus L., grown in this particular habitat with low salinity and non-tidal shores. The aim of the
present study was to investigate systematically the alga’s cytotoxic potential against human
pancreatic cancer cells and to develop a purification procedure for the active compounds by using a
bioassay-guided fractionation approach. Four out of six crude extracts showed considerable cytotoxic
activity against Panc89 cells, three of which were considerably active against PancTU1 cells, as well.
The most active crude extract revealed an effective half maximal concentration (EC50) of 72 µg mL-1
against Panc89 and of 77 µg mL-1 against PancTU1 cells after 72 h of treatment. The multistep
purification procedure established for this extract resulted in a fourfold reduction of the EC50.
Monitoring of each crude extract and fraction via 1H-NMR spectroscopy revealed a characteristic
fingerprint which was significantly correlated with the activity. Structural analysis of the most active
fractions revealed two similar molecules belonging to the group of polyphenols. Further separation is
needed to present the chemical structure in all molecular details. The results show that F. vesiculosus
from the Baltic Sea holds potent and novel anti-cancer substances.

Keywords Fucus vesiculosus, brown seaweeds, Baltic Sea, bioassay-guided fractionation, anti-cancer
activity, pancreatic cancer
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Introduction
Despite major progress in cancer research in recent years, there is still an important need for
effective treatment options for cancer patients (AACR 2014; Kaplan 2013; BMBF 2008). This is
especially true for pancreatic cancer whose 5-year survival rate is consistently less than 5 %
(Weinberg 2013; Stewart and Wild 2014). Besides promising developments in the field of targeted
therapies (Kaplan 2013; Stewart and Wild 2014), the search for classical therapeutics derived from
nature is still worth undertaking (Appari et al. 2014; Gupta et al. 2010).
Brown seaweeds (Phaeophyceae) have been used in phytotherapy since ancient times (Hoppe et al.
1979; Liu et al. 2012). For some years, they have been of great interest for natural product research
(Gupta and Abu-Ghannam 2011) as they hold several extraordinary metabolic pathways (Cock et al.
2010, 2011) with no equivalents in land plants (Teas et al. 2013). This is due to their evolutionary
history (Cock et al. 2011; Teas et al. 2013) as 1.5 billion years ago, brown algae evolved
independently from green algae (Yoon et al. 2004). The latter bore the land plants about 450 million
years ago (Niklas and Kutschera 2010). Hence, brown seaweeds are able to synthesize particular
biomolecules (Fitton 2003; Folmer et al. 2010; Gupta and Abu-Ghannam 2011) as for example the
fucoidans and phlorotannins (Fitton 2003; Ragan and Glombitza 1986), fucoxanthin (Lüning 1985) or
alginates (Draget et al. 2005). The medical effects that have been reported for brown seaweeds and
their substances are manifold and range from anti-viral (Damonte et al. 2004), anti-coagulant
(Chevolot et al. 1999; Cumashi et al. 2007), anti-inflammatory (Cumashi et al. 2007) and antioxidative activities (Shibata et al. 2008; Heo and Jeon 2009; Jimenez-Escrig et al. 2001) to cancer
preventive (Teas 1981; Teas et al. 1984), anti-proliferative or cytotoxic (Athukorala 2006; Kim et al.
2009), anti-tumor (Yamamoto et al. 1974; Noda et al. 1990; Maruyama et al. 2003), immunemodulating (Maruyama et al. 2003; Itoh et al. 1993) and anti-metastatic effects (Coombe et al. 1987;
Alekseyenko et al. 2007).
The Bladderwrack, Fucus vesiculosus L., is a representative species of brown seaweeds of the North
Atlantic (Lüning 1985) and the most common and most conspicuous brown seaweed of the Baltic Sea
(Kautsky et al. 1992). However, aside from our recently published study about cell death mechanisms
induced by a purified extract (Geisen et al. 2015), nothing is known about the anti-cancer potential of
F. vesiculosus from the Baltic Sea. Environmental factors like salinity (Ragan und Glombitza 1986),
temperature (Abdala-Díaz et al. 2006), UV radiation exposure (Pavia and Brock 2000) or grazers
(Pavia and Toth 2000) seem to play an important role in the synthesis of certain biomolecules in
seaweeds and variations can occur even within the same species (Koivikko et al. 2008; Tanniou et al.
2014). Hence, the Baltic Sea with its special habitat characteristics such as low salinity, non-tidal
shores and wide annual temperature fluctuations (Bäck et al. 1992; Reinheimer 1996) seems to be an
interesting collection site for the search of new active agents from F. vesiculosus.
In this study, we systematically examined the anti-cancer potential of F. vesiculosus, collected at the
Kiel Fjord, Western Baltic Sea. Our procedure comprised the preparation of different crude extracts
of the frozen F. vesiculosus and the comparison of their cytotoxic activity against two human
pancreatic adenocarcinoma (PDAC) cell lines. By using the approach of bioassay-guided fractionation,
we established a multistep fractionation and purification procedure for the extract that showed
strongest cytotoxic activity. In order to find as yet unknown compounds, the extraction and
fractionation procedure did not aim at any special group of compounds but allowed the isolation of a
multitude of compounds with different solubility properties. XTT viability assay and 1H-NMR
monitoring of each crude extract and fraction were the key-analytical techniques.
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Materials and methods
Algal material
Samples of the brown alga Fucus vesiculosus were collected from coastal regions of Bülk (Strande),
Kiel Fjord, western Baltic Sea, Germany, 54° 26' 53.3" N, 10° 11' 18.1" E, from a depth of 30 - 50 cm,
on the 3rd of June 2010 and on the 30th of May 2012. Only the freshest parts of the algae were
collected, i.e. the midsections of the thalli and the receptacles. The specimens were taken from
several individuals. The crop was washed twice in filtered sea water and cleaned from epiphytes by
carefully rubbing its surface with a paper towel. The receptacles (R) were cut off the remaining thallus
(T) and both parts of the algae were separately frozen and stored at -60 °C for later extraction. For
each crop and part of the alga, the dry weight (DW) was determined from 3 x 10 g of fresh algal
material which was dried at 40 °C in the drying oven (UM 200, Memmert). The specimens that were
used in this study were identiﬁed by M. Zenthoefer. A voucher specimen (KIEL-Fuca160501) has been
deposited at the herbarium of the Botanical Garden of the University of Kiel (CAU), Germany.
Extraction
Initial crude extracts For each initial crude extract, 30 g of frozen algal material (T or R) were thawed
for 2 h at room temperature, manually cut into small pieces of about 1 cm2 and laced at the rate of
1:2 (w/v (weight/volume)) with one of the extractants deionized water (DI water), ethanol (EtOH)
96 % (Ph. Eur., extra pure, Roth) or acetone ≥ 99.5 % (for synthesis, Roth). For optimal
homogenization, each batch was divided into small portions of 7.5 g algal material submerged in 15
mL of the extractant. These portions were homogenized in a narrow glass cylinder (handmade, 3 cm
of diameter) at room temperature and 11000 rpm for 35 s employing the Ultra Turrax T25 basic (Ika)
blender. After homogenization, the portions were reunited and the extraction was left for
completion for 19 h in a covered glass cylinder at 4 °C under stirring at 300 rpm using the Combimag
RCT (Ika) magnetic stirrer. The solid residues were removed by centrifugation for 30 min at 17000 x g
and 10 °C employing the Sigma 3K18 and by filtration using a glass fiber filter (MN85/70, MachereyNagel) and vacuum for the aqueous extracts. To obtain the dried crude extracts, the ethanol or
acetone were evaporated under reduced pressure at 40 °C using the Rotavapor RE121 (Büchi) and
the extracts were finally lyophilized employing the ALPHA 2-4 LSC (Christ). After determination of the
DW, the extracts were completely re-dissolved in the smallest possible volume of dimethyl
sulphoxide (DMSO) ≥ 99.8 % (p.a., ROTIPURAN®, Roth), separated into several aliquots and stored at
-60 °C. The concentration of each crude extract was determined on the basis of its DW and the
volume of DMSO used.
Crude extract of dried algal material To see if the state of the raw material has an influence on the
cytotoxic activity of the crude extract, an acetonic extract of dried T algal material was prepared as
well. The extraction procedure was the same as described above, but with the following preparations
before adding the extractant: 30 g of frozen algal material were thawed and dried for several days on
air, at room temperature and under the exclusion of sunlight. 22.1 mL of DI water were added to 60
mL of acetone in order to have the same water content in this extraction batch as in the batch of
frozen algal material.
Large-scale crude extracts For fractionation and for analytical experiments, large scale extracts were
prepared from T as described above, but by applying 160 g of frozen algal material and 320 mL of
acetone for each batch.
Multistep fractionation (precipitation, normal-phase HPLC on Pharmprep60CC SiO2, reversed-phase
HPLC on Amberlite® XAD7HP)
20 mL of the crude extract FvT_A, dissolved in DMSO and with a total DW of 2 g, were diluted with DI
water + 0.01 % acetic acid (AcOH) to a final volume of 200 mL and left at 4 °C for 12 h. Precipitated
substances were removed by centrifugation at 16000 x g in 2 mL caps (polypropylene) employing the
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Eppendorf 5810 R for 15 min. Further inactive substances were removed via normal-phase high
performance liquid chromatography (HPLC) using the PerSeptive Vision Workstation (Applied
Biosystems). The supernatants were collected and added to a Pharmprep60CC SiO2 column (250
mm* x 21 mm, equilibrated with H2O + 0.1 % AcOH, flow rate 5 mL min-1, 20 °C). From 7 to 64 min
the flow and a part of the following purging volume were collected and subsequently fractionated via
reversed-phase HPLC on an Amberlite® XAD7HP column (250 mm* x 21 mm, equilibrated with H2O +
0.1 % AcOH, 20 °C) using an ÄKTA Protein purification system (GE Healthcare). The column was
eluted via gradient elution (I: 0 % B up to 50 % B in 60 min, II: 50 % B up to 100 % B in 30 min,
isocratic for 12 min, III: 100 % B to 0 % B in 4 min, isocratic for 50 min) employing A) H2O + 0.1 %
AcOH and (B) acetonitrile (ACN) (HPLC gradient grade, J.T. Baker) + 0.1 % AcOH and a flow rate of 5
mL min-1. The reversed-phase HPLC yielded 67 fractions each collected after 108 s with a volume of 9
mL (start of fraction collection at 6 min, end of collection at 126 min). All 67 fractions were dried in a
rotational vacuum concentrator (Univapo ECH, UniEquip, Germany) at 50 °C. After determination of
the DW using the precision balance MC210, Sartorius, the fractions were re-dissolved in equal
volumes of deuterated DMSO (DMSO-d6, Roth), transferred into glass vials and stored at -60 °C.
Cell culture - maintenance and experimental setup
PancTu1 cells were a kind gift from Dr. M. von Bülow (Mainz, Germany) and Dr. T. Okabe (Tokyo,
Japan) donated the Panc89 cells. These human pancreatic ductal adenocarcinoma (PDAC) cell lines
were cultured in RPMI 1640 medium (Life Technologies, Darmstadt, Germany) supplemented with
10 % fetal bovine serum (PAN Biotech, Aidenbach, Germany), 1 % GlutaMAX™-I and 1 % sodium
pyruvate (both Life Technologies, Darmstadt, Germany). The cells were kept in a 5 % humidified
atmosphere with 5 % CO2 at 37 °C in the incubator.
Viability assay To evaluate the cytotoxic activity of the algal extracts and fractions, 72 h treatments
were carried out in 96-well plates (Sarstedt) at a volume of 100 µL per well. The cancer cells were
seeded at 5000 cells per well and were allowed to attach and to adapt to the environmental
conditions for 24 h in the incubator. The seeding number was chosen in a way that the cells of the
control wells did not reach the stationary phase during the whole assay period. The crude extracts or
fractions were thawed directly before use and were at first diluted in DMSO, then in supplemented
RPMI 1640 to yield a final DMSO concentration of 0.7 % in all dilutions. The following extract
concentrations were applied for the different test series:
a) Analysis of crude extract activities: 100 µg mL-1
b) Preparation of dose-response curves: crude extracts: 0.8, 4, 20, 100, 200, 300, 500 µg mL-1;
fractions: 0.16, 0.8, 4, 20, 100, 200 µg mL-1
c) Analysis of fraction activities: undiluted maximum and 1:3, 1:9 dilutions of the maximally
applicable fraction volume (0.7 %) in the assay
Control wells were treated with 0.7 % DMSO (negative control) or Gemcitabine (Gemzar®, Lilly)
(positive control).
Before use, the dilutions of a) and b) were sterile filtered using a syringe filter (Filtropur S, 0.2 µm,
Sarstedt). For c) the medium was additionally supplemented with 1 % penicillin/streptomycin (stock
concentration 10000 U Pen mL-1, 10 mg Strep mL-1, PAN Biotech, Aidenbach, Germany).
The treatments were performed in quintuplicate. They were started 24 h after cell seeding by
aspirating the medium from the cells and refilling the wells with 100 µL of extract dilutions or solvent
control. The microplates were left for 72 h in the incubator. After the treatments, cellular viability
was quantified by applying the tetrazolium salt XTT (Cell Proliferation Kit II, Roche Diagnostics,
Mannheim, Germany) according to the Roche Protocol (Version 17). Per well, 50 µL of XTT reagent
were added and the cells were incubated for further 4 h. Absorbance was determined by the Tecan
Sunrise microplate absorbance reader using 475 nm for the reading and 650 nm for the reference
wavelengths after initial 5 s of shaking.
In each assay run, the absorbance of a color control (all extract and fraction dilutions without any
cells which underwent the same procedure) was determined as well (in quadruplicate or triplicate).
4

Means of the values of the color control wells were subtracted from the means of the corresponding
treatment wells.
If not indicated otherwise the experiments were performed three times. On the basis of the created
dose-response curves, the effective half maximal concentrations (EC50) were calculated using the
software Prism (GraphPad Software, Inc., La Jolla, CA 92037 USA).
Analytical methods
Nuclear magnetic resonance (NMR) spectra were recorded in DMSO-d6 (Roth) on a Bruker 600 MHz
Avance II+ spectrometer operating at 600 MHz (1H) and 150 MHz (13C), respectively. Spectra were
referenced to DMSO-d6 with resonances at the proton chemical shift δH/C 2.50/39.52 ppm. NMR data
were processed using Bruker TopSpin 2.1.
UV/Vis spectra were obtained using a Hitachi U-2001 spectrophotometer recording the absorbance
in the range of 200 to 840 nm. The fractions F15/F16 were measured in the original HPLC eluent
(F15: 74 % H2O/26 % ACN, F16: 72.5 % H2O/27.5 % ACN). For the measurements in the UV range the
fractions were diluted 1:200 with DI water. Phloroglucinol ≥ 99.0 % HPLC (Aldrich, Catalogue-No.
79330) and two fucoidan preparations ( 1) Sigma, Catalogue-No. F5631, from F. vesiculosus, 2) Kiel
Fucoidan, from Fucus evanescence (Bernhard et al. 2012, unpublished data)), all resolved in DI water,
were measured for reference.
IR spectra were recorded on a Jasco FT/IR-4100typeA spectrometer using a minimal amount of the
dried fraction.
The total phenolic content (TPC) of crude extract and fraction was determined using the modified
Folin-Ciocalteu (FC) assay (Singleton and Rossy 1965) which was further modified in our lab (using the
manual of the Waterhouse Lab (Waterhouse 2013) and Zhang et al. 2006) in order to reduce the
volume of reagents and solvents. The assay was performed in plastic cuvettes with a total assay
volume of 1.5 mL. Ready for use Folin & Ciocalteu′s phenol reagent (FC reagent) was purchased from
Sigma-Aldrich (Catalogue-No. F9252) and a 7.5 % sodium carbonate solution was prepared using
sodium carbonate anhydrous from Friedel de Haen.
Crude extract and fraction (in DMSO) were thawed directly before use and adjusted with DMSO and
DI water to a final concentration of 100 µg mL-1 in 0.7 % DMSO. Phloroglucinol ≥ 99.0 % HPLC
(Aldrich, Catalogue-No. 79330) was used as standard (according to Zhang et al. 2006). Serial dilutions
of phloroglucinol in DI water at the concentration of 250, 125, 62.5, 31.25 µg mL-1 were prepared for
a calibration curve. DI water was used as blank.
To start the assay, 20 µL of extract dilution, standard dilution or blank, 1.08 mL of DI water and 100
µL of FC reagent were inserted into the cuvette. The mixture was mixed well with a plastic stirrer and
incubated for 5 min at room temperature. 300 µL of the 7.5 % sodium carbonate solution were
added, subsequently. The mixture was again mixed well and incubated for 2 h at room temperature.
The absorbance was measured at 750 nm (according to Zhang et al. 2006) against the blank using the
spectrophotometer U-2001 (Hitachi). The assay was performed in duplicates and three times with
freshly prepared dilutions of extract and fraction. The TPC of the crude extract FvT_A and the fraction
F16 was determined by means of the phloroglucinol calibration curve and was expressed as
equivalents of phloroglucinol (PGE) in % related to the applied extract and fraction concentration
(100 µg mL-1). In addition, the TPC of F16, and derived thereof the TPC of F15 was expressed as PGE
(%) related to the DW of the algal material which was originally applied for extraction. From this
value, the quantity of active compounds in the originally applied 43 g of frozen T algal material or the
DW thereof (11.32 g) was estimated (semi-quantitative approach).
Liquid chromatography (LC) followed by electrospray ionization mass spectrometry (ESI-MS) was
performed using a QTRAP® 5500 system (AB SCIEX). For the LC, a NUCLEODUR® Sphinx RP column
(250 mm* x 2 mm, 3 µm) and the following gradient were applied at a flow rate of 0.3 mL min-1 and
5

40 °C: I: 0 % B up to 100 % B in 10.6 min, isocratic for 2 min, II: 100 % B up to 0 % B in 0 min, isocratic
for 2.5 min) employing A) H2O + 1 % methanol (MeOH, Roth) + 0.1 % formic acid (HCOOH, Roth) + 10
mM ammonium formiate (HCOONH4, Roth) and (B) MeOH + 0.1 % HCOOH + 10 mM HCOONH4.
MS spectra were recorded in the negative ion mode from m/z = 100 - 500 and m/z = 500 - 1250
applying the measuring mode Q1 (survey scan). Electrospray ionization was performed at 5500 V and
150 °C (N2 flow: 10 L min-1, declustering potential (DP) = 90 V, entrance potential (EP) = 10 V).
Statistical analysis
Viability assay Data were derived from three independent experiments (n = 3) unless indicated
otherwise. Values were presented as means ± standard deviation (SD). Statistical analyses were
performed using the software Prism (GraphPad Software, Inc., La Jolla, CA 92037 USA). Significance
of inhibitory activity of the treatments related to the control was tested by a paired t-test.
Differences in activity between the algal extracts were tested for significance by one-way analysis of
variance (ANOVA) for repeated measures, followed by the Tukey post hoc comparison test.
Differences with p-values < 0.05 were considered as significant and were are indicated with asterisks
(p < 0.05 (*); p < 0.01 (**)).
1

H-NMR monitoring Spectra were normalized based on the total intensities and binned from -1 to 11
ppm. Bin width was 0.04 ppm with 50 % overlap of neighboring bins. After logarithmic scaling a t-test
against the metadata from the viability assays was performed to confirm the results from visual
comparison of the spectra using Bruker Top Spin 2.1.

Results
Inhibition of pancreatic cancer cell viability by crude extracts of frozen F. vesiculosus
Cytotoxic activity was evaluated by 72 h treatments (n = 3) of two PDAC cell lines with 100 µg mL-1 of
the initial crude extracts made from the frozen Baltic Sea brown seaweed F. vesiculosus and
subsequent detection of cell viability by XTT assay. In that concentration four out of six crude
extracts showed considerable (> 20 %) and statistically significant inhibitory activity on the viability of
Panc89 cells. Three crude extracts were considerably active against PancTu1 cells, with only one
activity of statistical significance. The acetonic crude extract of the thallus of F. vesiculosus (FvT_A)
exhibited the strongest activity, with an inhibitory rate of 80.3 % ± 9.4 (p = 0.0045) against Panc89
and of 82.6 % ± 10.0 (p = 0.0049) against PancTu1 cells (Table 1, Fig. 1b). The EC50 of FvT_A,
calculated from dose-response curves which were produced by the use of serial dilutions of FvT_A in
the same assay, were 71.47 µg mL-1 against Panc89 and 76.96 µg mL-1 against PancTu1 cells (n = 3),
(Fig. 1a).
The crude extracts, applied in the concentration of 100 µg mL-1, were ranked according to their
inhibitory activity on Panc89 cells: FvT_A >* FvT_W ≥ FvT_E ≥ FvR_A (≥ FvR_E ≥ FvR_W), (*) for p <
0.05. For PancTU1 cells a tendency for a comparable ranking was observed. Extracts of the thallus
were more active than extracts of the receptacles. The ethanolic extract of the receptacles (FvR_E)
showed only a minor activity against Panc89 cells and no activity against PancTu1 cells. No inhibitory
activity was observed for the aqueous extract of the receptacles (FvR_W).
Furthermore, an acetonic crude extract made of the dried algal material (FvTt_AW), tested in
comparison to the acetonic crude extract of the frozen algal material (FvT_A), did not show any
inhibitory activity on the viability of Panc89 and PancTU1 cells. Furthermore, the extraction yield of
the dried algae was considerably lower than that of the frozen algae: 7.33 %dried algae versus 17.85
%frozen algae (Table 2).
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Establishment of a purification scheme for the active compounds of FvT_A via bioassay-guided
fractionation
For the active compounds of the most active crude extract FvT_A a multistep purification scheme
with successive precipitation of lipophilic compounds through dilution in 0.01 % AcOH, further
purification via normal-phase HPLC on a Pharmprep60CC SiO2 column (250 mm* x 21 mm) and
fractionation via reversed-phase HPLC on an Amberlite® XAD7HP column (250 mm* x 21 mm) with
gradient elution (H2O + 0.1 % AcOH/ACN + 0.1 % AcOH) was established (Fig. 2). According to the
principles of bioassay-guided fractionation, the anti-cancer activity was monitored in each
fractionation step with the help of the XTT assay (data not shown).
The established purification scheme yielded 67 fractions with different solubility features and each
with the same volume of 9 mL (Online Resource Fig. 1). The fractions were dried, each re-dissolved in
the same volume of DMSO-d6 and every other fraction and accordingly every fifth fraction was
analyzed for its cytotoxic activity. By applying uniform dilutions of the fractions in the XTT assay, two
activity peaks could be observed both on Panc89 cells (Fig. 3) and on PancTU1 cells (data not shown):
the first was visible at fraction F16 and eluted at 72.5 % H2O/ 27.5 % ACN, the second was visible at
fraction F36 and eluted at 35 % H2O/ 65 % ACN.
The purification scheme was established by means of a variety of solid phase extraction experiments
representing all kinds of chromatographic methods and subsequent testing of the obtained fractions
for their anti-cancer activity in the standard assay (data not shown).
Dose-response curves revealed for the fractions F15/F16 a more than fourfold reduction of the EC50
of the corresponding crude extract against Panc89 and against PancTU1 cells and for the fractions
F36/F37 a minor reduction (Table 3, Fig. 4).
Discovery of a characteristic fingerprint for F15/F16 and monitoring of reproducibility by
1
H-NMR spectroscopy
Each crude extract and fraction was analyzed via 1H-NMR spectroscopy with the objective of
identifying a characteristic fingerprint that is correlated with the anti-cancer activity and allows for a
close monitoring of reproducibility for every batch. Evaluation of all 1H-NMR spectra provided four
signals (δ) that are significantly correlated with the anti-cancer activity both in fraction F15 and in
fraction F16 (Fig. 5): 1) 8.99 ppm (s), 2) 7.89 ppm (s), 3) 6.64 ppm (s), 4) 5.83 ppm (s). Significance
was confirmed in t-tests. The respective p-values were < 0.05. Because of their comparable 1H-NMR
fingerprints and their similar EC50 against Panc89 and PancTU1 cells the fractions F15 and F16 were
defined as equal. Further signals of lower intensity that were not responsible for the anti-cancer
activity were observed in the 1H-NMR spectra of F15/F16 as well (Online Resource Fig. 2).
For the active fractions F36/F37 no highly resolved 1H-NMR signals were obtained. However, for
these fractions also, signals in the range of aromatic bound protons were detected (Fig. 5).
The established purification scheme for the isolation of anti-cancer compounds of the Baltic Sea F.
vesiculosus was highly reproducible. For the biological replicates F15reproduced/F16reproduced produced
from a second seaweed collection which was carried out two years after the first collection (June
2012 vs. May 2010), the same 1H-NMR fingerprint (Fig. 6) and a comparable EC50 (Table 3) were
observed as for F15/F16. Several technical replicates confirmed the reproducibility of the crude
extraction and fractionation procedure (data not shown).
Structural analysis reveals two active compounds belonging to the group of polyphenols
The two fractions F15/F16 were chosen for further structural investigation due to their pronounced
inhibitory activity on the viability of Panc89 and PancTU1 cells in combination with a sufficient purity,
as estimated from NMR spectra. The four characteristic 1H-NMR signals (Fig. 5, 6) were not directly
correlated to each other. However, two each showed constant integral ratios. This led to the
assumption that the four signals derived from two compounds, each resulting in two signals. These
findings were confirmed by diffusion ordered spectroscopy (DOSY) which revealed the molecular
weight of the two compounds: 1331 g mol-1 (± 5 %) for compound 1 (δ1H NMR 7.89, 5.83 ppm) and
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1173 g mol-1 (± 5 %) for compound 2 (δ1H NMR 8.99, 6.64 ppm) (n = 2, data not shown). As they eluted
at the same time (within the same fractions) from the Amberlite® XAD7HP column during
fractionation both compounds seem to be structurally related and of similar physico-chemical
characteristics.
UV/Vis spectra of F15/F16 (in original eluent H2O/ACN) showed a pronounced absorption peak at 213
nm with shoulders at 227 and 275 nm (Fig. 7) and a smaller peak at 348 nm with a shoulder at 440
nm (Online Resource Fig. 3). The UV maxima were characteristic for phenolic compounds (Robbins
2003). Phloroglucinol (Sigma, 79330, ≥ 99.0 % (HPLC)), the monomer of brown algal phlorotannins,
and two fucoidan preparations (Sigma, F5631, crude and Kiel Fucoidan) (all resolved in DI water)
were measured for reference. The UV spectra of the fractions showed similarity to the spectrum of
phloroglucinol, but not to the spectra of the fucoidans (Fig. 7).
The assumption of the phenolic character of the active compounds was further strengthened by the
results of the Folin-Ciocalteu assay. In addition to the exclusion of the existence of interfering
glycosides, peptides and ascorbic acid by 1H-NMR (missing signals within δ 1-5 ppm, Online Resource
Fig. 2), an accumulation of the TPC in F16 in comparison to the crude extract was observed (Fig. 8).
The TPC of F16 related to the DW of the T algal material that was applied for extraction was 0.167 %
± 0.008 (n = 3). Because of the equality of F15 with F16, the TPC of F15 was assumed being the same
(0.167 %). The summarized TPC of both fractions F15 and F16 represents an approximated value for
the quantity of the described two active compounds in the extracted algal material. It was calculated
being 37.8 µg in the applied 43 g of fresh T algal material or its DW of 11.32 g.
Further structural investigation was performed by means of 1D and 2D NMR techniques (13C-NMR,
COSY, TOCSY, NOESY, HSQC) and IR spectroscopy (Online Resource Fig. 4 - 9). Based on 1H-NMR data
both substances are likely to be highly symmetrical and highly substituted aromatic compounds. Alkyl
substituents on the aromatic ring can be ruled out. Furthermore, a quick hydrogen/deuterium (H/D)
exchange was observed for the signals at 7.89 ppm, 6.64 ppm and 8.99 ppm, and to a smaller extent
for the signal at 5.83 ppm, suggesting phenolic protons (data not shown). These results are
confirmed by 13C and 2D NMR measurements. Only quarternary carbons and no carbon bound
protons could be detected. In summary, the data corroborate the assumption that both main
ingredients belong to the group of phlorotannins.
First results from high resolution LC-MS analysis (Online Resource Fig. 10 - 11) show that the
compounds in F15/F16 have a tendency to fragmentize, regularly releasing a fragment of m/z = 62
starting at m/z = 1240. Further MS experiments and further purification of F15/F16 is needed for a
reliable and final data interpretation.

Discussion
Numerous ecological studies are dedicated to the Baltic Sea F. vesiculosus (Kautsky et al. 1986, 1992;
Vogt and Schramm 1991; Wikström and Kautsky 2007; Fürhaupter et al. 2008; Schagerström et al.
2014), illustrating the importance of this brown seaweed for the Baltic Sea. On the other hand, only a
limited number of studies have examined, so far, the Baltic Sea F. vesiculosus’ potential for active
compounds. Available studies were dedicated to anti-viral (Béress et al. 1993) and anti-coagulant
(Dürig et al. 1997) compounds or to compounds influencing the alga’s surface colonization by
bacteria (Saha et al. 2011, 2012; Lachnit et al. 2013). Others deal with the chemical defense against
grazers (Flöthe et al. 2014; Rohde et al. 2004; Koivikko et al. 2005) and epiphytes (Rönnberg and
Ruokolahti 1986) or with the potential anti-bacterial activity of the alga’s biofilm (Goecke et al. 2012).
With this paper, we provide the first study which examines the cytotoxic potential of the Baltic Sea F.
vesiculosus against human cancer cells systematically from different crude extracts to the point of
purified fractions. Our results demonstrate that this alga collected from coastal regions of the Kiel
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Fjord, western Baltic Sea, at late springtime, holds significant anti-cancer activity. Structural
investigation revealed that this activity derives from polyphenolic compounds.
Crude extract activities
Four out of six initial crude extracts prepared by cold extraction of the frozen algal material showed
considerable (> 20 %) and statistically significant (p < 0.05, n = 3) cytotoxic activity against the human
PDAC cell line Panc89 when applied in the concentration of 100 µg mL-1 for 72 h. Three crude extracts
were considerably active against PancTu1 cells, with only one activity of statistical significance. For
our standard in vitro test system we chose human PDAC cell lines due to the need for effective
treatment options for pancreatic cancer (Ghaneh et al. 2007). In addition, pancreatic cancer cell lines
are underrepresented in studies examining the anti-cancer potential of brown algal ingredients (as
reviewed by Hussain et al. 2016; Murphy et al. 2014; Zorofchian Moghadamtousi et al. 2014).
Seaweeds produce bioactive chemicals in response to environmental pressures (Murphy et al. 2014).
Especially polyphenols are known to be synthesized by brown seaweeds as protection against grazers
(Geiselmann and McConnell 1981; Rohde and Wahl 2008), UV-radiation (Pavia et al. 1997) or
pathogens (Sieburth and Conover 1965). From the following observations we derive the assumption
that any kind of defense mechanism was active in the collected algal material which could eventually
explain the origin of the determined anti-cancer activity. The collection of the algal material was
performed at late springtime, from a rather sheltered bay of the outer Kiel Fjord and at a depth of 30
- 50 cm where F. vesiculosus formed a larger carpet. Fresh and dark green sprouts have been taken
from several individuals. In contrast to individuals that were growing in greater depths or in
neighboring bays, those of the collection site had hardly any epiphytic algae on their surface. The
invasive species Fucus evanescens occurred only sporadically in the carpet. Some individuals of the
grazer Idotea baltica were found on the collected algal material. However, these observations only
rudimentarily explain the origin of the determined anti-cancer activity because ecological
interrelations influencing polyphenol contents in brown seaweeds seem to be very complex (as
reviewed by Ragan and Glombitza 1986).
In order to find as yet unknown compounds, our initial extraction procedure did not aim at any
special group of compounds. For this reason, we either applied acetone ≥ 99.5 %, EtOH 96 % or DI
water as extracting agent. These solvents cover a wide range of solubility and allow the isolation of a
multitude of compounds. 1H-NMR fingerprints of the crude extracts revealed that, indeed,
compounds from several chemical substance classes have been extracted with the applied
procedure, e.g. carbohydrates, amino acids, aromatic compounds and the pigments fucoxanthin and
chlorophyll (data not shown).
At the time of collection, the receptacles of F. vesiculosus were mature. In accordance to Moss
(1950), we noticed that the receptacles were - in contrast to the remaining thallus - swelled and
strongly filled with mucilage. Hence, we expected differences in the distribution of possible active
substances within the algal material. Intra-thallus variation in the content of active compounds like
polyphenols has already been observed for F. vesiculosus and other brown seaweed species (Tuomi
et al. 1989; Connan et al. 2006). Accordingly, we prepared separate crude extracts on the one hand
of the receptacles and on the other hand of the remaining thallus. Our assumption was confirmed.
While considerable (> 20 %) cytotoxic activity could be found in all extracts of the thallus (FvT_A,
FvT_E, FvT_W), it could only be found in the acetonic extract of the receptacles (FvR_A). The other
extracts of the receptacles did not show any activity or only minimal activity.
The acetonic extract of the remaining thallus (FvT_A) revealed the strongest effect on cell viability,
with an inhibitory rate of 80.3 % ± 9.4 (p = 0.0045, n = 3) against Panc89 and of 82.6 % ± 10.0 (p =
0.0049, n = 3) against PancTU1 cells when applied in the concentration of 100 µg mL-1 for 72 h. As
mentioned above, we have discovered that the anti-cancer activity derives from polyphenols. Typical
brown algal polyphenols are phlorotannins (Ragan and Glombitza 1986). To extract these compounds
the application of fresh or frozen algal material and aqueous alcohols or aqueous acetone in a final
concentration of 50 to 80 % by volume is recommended (Ragan and Glombitza 1986). In our study,
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we applied frozen algal material in order to extract little-modified raw material, at the same time
enabling us to perform several extraction runs with the same collection batch. The frozen thallus
material contributed by itself a water content of about 37 % to the extraction batch. Hence, the
applied state of raw material and the final concentration of the extractant for the preparation of our
most active crude extract were in accordance with the above mentioned recommendations,
supporting our assumption that the discovered anti-cancer activity found in that extract derives from
phlorotannins.
FvT_A >* FvT_W ≥ FvT_E ≥ FvR_A (≥ FvR_E ≥ FvR_W) was the determined order of the inhibitory
activity of the crude extracts on the viability of Panc89 cells. The comparison of the corresponding
1
H-NMR fingerprints revealed that the applied acetonic extraction of the remaining thallus was the
most efficient procedure in order to extract polyphenols with anti-cancer activity from the Baltic Sea
F. vesiculosus (data not shown). Koivikko (2008) presented similar findings for freeze-dried Baltic Sea
F. vesiculosus but the investigation was focused on phlorotannin isolation only, without linking the
extracted compounds to anti-cancer activity.
Furthermore, the determined sequence of intensity - together with the observed mucilage in the
receptacles - implies that the content of polyphenols with anti-cancer activity was significantly lower
in the receptacles than in the remaining thallus as the same extraction procedures were applied for
both receptacles and remaining thallus. Similar findings were presented by Tuomi et al. (1989).
For FvT_A we determined an EC50 of 72 µg mL-1 against Panc89 cells and of 77 µg mL-1 against
PancTU1 cells after 72 h treatments. Comparable studies applying brown seaweed crude extracts on
human pancreatic cancer cell lines are missing, so far. But the activity of FvT_A seems to be in a
normal range when compared to studies performed with other cell lines. Slightly lower EC50 against
Hep-2, HeLa and KB cells have been determined for crude extracts of several brown seaweed species
from coasts of Yucatán, Mexico (Moo-Puc et al. 2009). A crude extract of the brown seaweed
Ecklonia cava from Jeju Island, Korea, showed a slightly lower EC50 against U-937 cells, but a much
higher EC50 against THP-1 cells (Athukorala et al. 2006). For crude extracts of several brown seaweed
species from the Persian Gulf much higher values have been determined against HT-29, Caco-2,
T47D, MDA-MB468 and NIH 3T3 cells (Khanavi et al. 2010).
As described, FvT_A was prepared from frozen algal material. Our results show that the use of frozen
(or fresh) algal material is a prerequisite in order to determine the anti-cancer activity. Both FvTt_A,
an extract prepared according to the same procedure but from air dried algal material by applying
exclusively acetone ≥ 99.5 % (data not shown), and FvTt_AW, equally prepared from air dried algal
material, but by applying acetone ≥ 99.5 % and the same volume of water as it was by nature in the
extraction batch of freshly frozen algal material, did not show any activity. Our results are in line with
the conclusion of Ragan und Glombitza (1986) who stated that air- or oven-dried material of
members of Fucales is always unsuitable for the extraction of phlorotannins. This further supports
our assumption that the discovered anti-cancer activity found in FvT_A derives from phlorotannins.
Purification scheme
With this publication we provide a multistep purification scheme for the anti-cancer activity of
FvT_A. The purification scheme was established via bioassay-guided fractionation and comprises the
three techniques precipitation, normal-phase and reversed-phase HPLC. Within the resulting 67
fractions the activity was retrieved at two areas. One activity peak was rather hydrophilic and eluted
at 72.5 % H2O/ 27.5 % ACN from the Amberlite® XAD7HP column, the other was rather hydrophopic
and eluted at 35 % H2O/ 65 % ACN. From these results we derive the existence of several compounds
with anti-cancer activity in FvT_A.
The multistep purification scheme was established by means of a variety of solid phase extraction
experiments and subsequent testing of the obtained fractions for their anti-cancer activity in the
standard assay (data not shown). With the solid phase extraction experiments all kinds of
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chromatographic methods were considered, e.g. normal-phase, affinity, ion-exchange, reversedphase and reversed-phase like chromatography. In addition, different eluents have been examined.
No activity, but a significant DW was detected for a fraction eluted by MeOH from the normal-phase
material Pharmprep60CC SiO2 (data not shown). Therefore, we included this step into the purification
scheme for depletion of inactive material. Strongest activities and highest dry weights were detected
in fractions eluted by ACN from the reversed-phase like materials Amberlite® XAD7HP and XAD1180,
of which XAD7HP revealed the best results (data not shown). Therefore, we included a reversedphase HPLC on XAD7HP with an H2O/ACN gradient elution into the purification scheme for
fractionation and enrichment of active material. Previously, we observed that through diluting the
crude extract with H2O much inactive material was precipitated (data not shown). Consequently, this
step was implemented as an introductory purification step.
For F15/F16, the fractions of the first activity peak, a more than fourfold reduction of the EC50
compared to the value of the crude extract was achieved through the implemented purification
scheme. The activity of F15/F16 originates from two compounds as calculated from the 1H-NMRspectra of all crude extracts and fractions. The 1H-NMR fingerprints of F15/F16 showed four distinct
peaks which were significantly correlated with the anti-cancer activity. Some background signals
were observed reflecting some minor impurities. Because of the reduction of the EC50 and the distinct
1
H-NMR peaks, the purification scheme established for F15/F16 was effective, even if not resulting in
two separated pure compounds. Therefore, we further investigated these fractions in terms of the
cellular mechanisms they induce in cancer cells (Geisen et al. 2015) and the chemical structure of the
active compounds. For F36/F37, the fractions of the second activity peak, only a minor reduction of
the EC50 compared to the value of the crude extract was achieved through the implemented
purification scheme. Furthermore, the corresponding 1H-NMR fingerprints did not reveal any clear
peaks. These findings may indicate a more complex composition of fractions F36/F37, a less effective
purification or in general a lower activity. Thus, further experiments focusing on F36/F37 were
deferred.
With an EC50 between 15.2 µg mL-1 and 18.3 µg mL-1 against Panc89 and PancTU1 cells after 72 h of
treatment, the activity of F15/F16 originating from two compounds was in the range of activities of
known pure brown seaweed compounds. However, one should be aware of possible synergistic
effects between the two active compounds that cannot be excluded at this stage of the study.
For the phlorotannin dioxinodehydroeckol isolated from Ecklonia cava (JeJu Island, Korea), for
example, an EC50 of about 18.5 µg mL-1 against MDA-MB-231 cells and < 3.7 µg mL-1 against MCF-7
cells after 48 h of treatment can be deduced from published data (Kong et al. 2009). For the five
phlorotannins fucodiphloroethol G, dieckol, 1-(3′, 5′-dihydroxyphenoxy)-7-(2″,4″,6trihydroxyphenoxy)-2,4,9-trihydroxy-dibenzo-1,4-dioxin, eckol and phlorofucofurofuroeckol A,
isolated from the same algal material, an EC50 between 112 and 182 µg mL-1 against HeLa, HT1080,
A549 and HT-29 cells after 24 h of treatment was determined (Li et al. 2011). Shi et al. (2009)
determined for several bromophenol derivatives from Leathesia nana (China) an EC50 of 1.01 to > 10
µg mL-1 against A549, BGC-823, MCF-7, B16-BL6, HT-1080, A2780, Bel7402 and HCT-8 cells after 96 h
of treatment. For fucoxanthin isolated from Undaria pinnatifida (Japan) an EC50 of about 10.1 µg mL-1
against HT-29 cells, < 5 µg mL-1 against Caco-2 cells (Hosokawa et al. 2004) and of about 6.59 µg mL-1
against PC-3 cells, between 6.59 and 13.18 µg mL-1 against DU 145 cells and between 3.29 and 6.59
µg mL-1 against LNCaP cells (Kotake-Nara et al. 2001) after 72 h of treatment can be derived from
published data. Our own experiments with commercially available fucoxanthin (Sigma, F6932, ≥ 95 %
(HPLC)) revealed an EC50 of 12.52 µg mL-1 against Panc89 cells and of 24.37 µg mL-1 against PancTU1
cells (n = 1) after 72 h of treatment (data not shown). The activity found in F15/F16 is for obvious
reasons still far away from the EC50 of Gemcitabine, used as standard adjuvant chemotherapeutic for
pancreatic cancer (Seufferlein et al. 2013). We determined for Gemcitabine an EC50 of 3.5 ng mL-1
against Panc89 and of 14 ng mL-1 against PancTU1 cells after 72 h treatment (data not shown).
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One of the main challenges facing pharmaceutical discovery from marine bioresources is the
replication of the implemented technology (DG Mare 2013). Our results show that the established
extraction and purification procedure for the isolation of anti-cancer compounds from the Baltic Sea
F. vesiculosus is highly reproducible. For F15reproduced/F16reproduced, the replicates of F15/F16 which
were produced from algal material of a second collection (beginning of June 2012) carried out two
years after the first collection (end of May 2010), comparable 1H-NMR fingerprints and EC50 values
were observed. Added to this, several technical replicates confirmed the reproducibility of the crude
extraction and fractionation procedure (data not shown). The quantitative seasonal variation of the
active compounds in the Baltic Sea F. vesiculosus has not yet been studied but it would be interesting
to learn more about the maximum possible yield, especially for future medical or industrial use of the
compounds.
Structural analysis
Structural investigation by means of 1D and 2D NMR techniques, DOSY, UV and IR spectroscopy
revealed that the anti-cancer activity of F15/F16 derives from two structurally related compounds
which belong to the group of polyphenols. The phenolic character of the active compounds of
F15/F16 has first been derived from obtained UV spectroscopy data and from results of the FolinCiocalteu assay. In a second step, the existence of phenolic groups was confirmed via different NMR
techniques and IR spectroscopy. Based on NMR data both substances are likely to be highly
symmetrical and highly substituted aromatic compounds without the existence of any alkyl
substituents on the aromatic ring. In summary, the obtained structural data together with the above
mentioned similarities to literature lead to the conclusion that both main ingredients belong to the
group of phlorotannins. However, a final proof is not achieved at this stage of the study.
Phlorotannins are polymers of phloroglucinol. Depending on the type of linkage of the sub-units, they
are grouped into fucols, phlorethols and fucophlorethols (Ragan and Glombitza 1986). As
recommended by Ragan and Glombitza (1986), meaningful mass spectrometry data is are needed in
order to confirm, with certainty, that the active compounds of F15/F16 are phlorotannins. However,
analysis of the compounds of F15/F16 by mass spectrometry is very challenging because they have a
high tendency to fragmentize during ionization. In addition, a variety of background signals was
observed in high resolution LC-MS spectra. Hence, final data interpretation has not been achieved at
this stage of the study and we conclude that further purification of the active compounds of F15/F16
is a prerequisite for their final structural elucidation. A reversed-phase chromatography on carbonbased material seems to be an appropriate step to be added to the established purification scheme.
This procedure is recommended by the results of the previous solid phase extraction experiments,
because fractions that were eluted by MeOH and ACN from different carbon-based materials showed
average activities (data not shown). However, further experiments with this purification step added
to the implemented scheme revealed that it is difficult to retrieve the activity after this additional
purification step (data not shown). Hence, optimization of this additional step is still needed.
Nevertheless, a first careful de-replication by means of the obtained structural data, in detail by
means of the determined molecular weights of compound 1 (1331 g mol-1 (± 5 %)) and compound 2
(1173 g mol-1 (± 5 %)) was performed. Assuming that these compounds are phlorotannins, we
estimated the number of sub-units based on the molecular weight of phloroglucinol (126.11 g mol-1).
Thus, compound 1 should consist of at least ten and compound 2 of at least eight sub-units. A variety
of phlorotannins has have been isolated from F. vesiculosus, so far, most of them from Glombitza et
al. at the Institute for Pharmaceutical Biology, University of Bonn, who has dominated research in the
field of phlorotannins since the 1970s (Isaza Martínez and Torres Castañeda 2013). Most of the
phlorotannins isolated from F. vesiculosus consist of less than eight sub-units or have a smaller
molecular weight than the active compounds of F15/F16 (Ragan and Glombitza 1986; Parys et al.
2010; Geiselman and McConnell 1981; Wang et al. 2012; Koivikko et al. 2007; Liu and Gu 2012;
Heffernan et al. 2015). Others are high-molecular-weight phlorotannins for which a significantly
12

larger range of molecular weight (2.7 to 6.5 *105 g mol-1) was determined (McInnes et al. 1984).
Heffernan et al. (2015) have detected a low percentage of phlorotannins with nine to thirtheen subunits in F. vesiulocus extracts through the application of ultra performance liquid chromatography
with triple quadrupole tandem mass spectrometry (UPLC-QQQ-MS). However, detailed structural
data has not yet been published for these compounds. Wang et al. (2012) isolated 21 phlorotannins
from F. vesiculosus, three of them were tentatively identified as nonamers and one as a decamer.
However, equality with the active compounds of F15/F16 is rather unlikely as the molecular weights
(1118 g mol-1 for the nonamers and 1242 g mol-1 for the decamer) are different, though the
uncertainty of 5 % for compound 2 of F15/F16 would barely include the molecular weight of the
nonamers. But, together with the proposed high symmetry for the compounds of F15/F16 as well as
the differing collection sites and seasons of the extracted algal material, equality seems to be
unlikely. In summary, we conclude a high probability that the active compounds found in F15/F16 are
unknown. However, final structural elucidation is needed to confirm this assumption.
On the basis of the calculation of the TPC in F15/F16, representing the amount of active compounds
in F15/F16, a first quantification of the active compounds of F15/F16 was tried, being 37.8 µg in the
applied 43 g of fresh T algal material or its DW of 11.32 g. This value is only a rough estimation as it
was calculated on the basis of equivalents of phloroglucinol and without any correction in terms of
phenolic impurities or smaller amounts of active compounds in the neighboring fractions of F15 and
F16. However, this value helps to give an idea about the potential of the Baltic Sea F. vesiculosus to
deliver anti-cancer compounds. For example, when compared with Kong et al. (2009) who isolated
88.0 mg of the active phlorotannin dioxinodehydroeckol from 4.0 kg of lyophilized Ecklonia cava
from JeJu Island, Korea, the Baltic Sea F. vesiculosus holds with calculated 13.4 mg (representing the
amount of two active compounds) in 4 kg of dried T algal material a smaller amount of active
compounds.
Perspectives
As a further step in the development of the detected active compounds from F. vesiculosus for
medical use, our group has elucidated the cellular mechanisms induced in pancreatic cancer cells
(Geisen et al. 2015). In that study, F15, F16 and F17 have been pooled to Fv1 and the impact of this
pooled fraction has been characterized as being comparable to clinically used chemotherapeutic
drugs. Fv1 inhibited proliferating cells by the induction of a cell cycle dependent cell death but did
not affect resting cells like contact-inhibited, quiescent PDAC cells and non-malignant peripheral
blood mononuclear cells (PBMCs).
Acute cytotoxicity of Fv1 has also been tested both by measurements of hemoglobin release of
treated fresh red blood cells from healthy donors and of lactate dehydrogenase (LDH) release of
treated Panc89 cells. In both assays, Fv1 did not show any acute cytotoxicity (Geisen et al. 2015).
Further developmental steps should include the final purification of the active compounds for their
final structural elucidation followed by in vivo activity and toxicology tests as well as the elucidation
of in vivo uptake and bioavailability. Because of the decline of F. vesiculosus in the Western Baltic Sea
(Vogt and Schramm 1991) strategies for an ecologically acceptable supply with the algal material
have to be developed. First attempts to cultivate F. vesiculosus by means of fertile material collected
from individuals of a neighboring bay of the Kiel Fjord are promising (Maczassek 2014). Re-synthesis
of the active agents by microbes or by chemical means could also be an appropriate solution.
An interesting further study, independent from the development for medical use, would be the
examination of differences in the occurrence of the detected active compounds in Baltic and North
Sea populations of F. vesiculosus. In this way, the questions of whether the detected compounds are
characteristic for the Baltic F. vesiculosus and whether their synthesis is in fact an adaption to the
special habitat characteristics of the Baltic Sea, could be clarified. Indeed, differences between F.
vesiculosus populations from the Baltic and the North Sea have already been observed in other
thematic fields (Pearson et al. 2000; Tatarenkov et al. 2007; Nygård and Dring 2008).
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Conclusion
Our paper presents the first study that has systematically examined - from crude extracts to the point
of purified fractions - the anti-cancer potential of the Baltic Sea F. vesiculosus, proving that this
seaweed holds significant cytotoxic activity against human pancreatic cancer cells. Thus, our results
possibly support the development of a new therapeutic option for pancreatic cancer. Besides having
created basic medical knowledge for the most common and most conspicuous brown seaweed
species of the Baltic Sea, our study makes a contribution to a better perception of this unique
ecosystem which is rather known for its poorness in species due to low salinity and its eutrophication
due to intensive input of pollutants from agriculture and industry (Reinheimer 1996).
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Table 1 Overview of crude extracts of the frozen Baltic Sea brown seaweed F. vesiculosus and their inhibitory
activity on the viability of the pancreatic adenocarcinoma cell lines Panc89 and PancTU1. The crude extracts
were obtained via 19 h extraction at 4 °C by the use of 30 g freshly frozen F. vesiculosus and 60 mL of either DI
water, EtOH 96 % or acetone ≥ 99.5 %. All extracts were re-dissolved in DMSO before they have been applied in
the cell assay. The cells were treated for 72 h with the crude extracts at a concentration of 100 µg mL-1 and a
final volume of 0.7 % of DMSO in the assay. Cell viability was detected via XTT staining. Values are presented as
% of the solvent control and as means ± standard deviation (SD) of three independent experiments. Signiﬁcant
differences compared with the control are indicated with asterisks, p-values < 0.05 (*) or < 0.01 (**)
Name

Tissue type

Extractant

Ratio
(wfrozen
alga/v)

DW of
extract (g)

DW of
30 g algal
tissue (g)

Yield of
extraction
(%)

FvR_W

receptacles
(R)

DI water
(W)
EtOH (E)
96 %
acetone (A)
≥ 99.5 %
DI water

1:2

0.63

3.6

17.50

FvR_E
FvR_A
FvT_W

thallus (T)
(midsection)

FvT_E

21.39

0.57

15.83

1.14

EtOH
96 %
acetone
≥ 99.5 %

FvT_A

0.77

7.9

14.43

1.47

18.61

1.41

17.85

Inhibition of viability (%)
± SD (n = 3)
Panc89
1.8
± 6.6
8.3
± 1.0 **
21.0
± 8.3 *
50.7
± 15.9 *
38.1
± 12.2 *
80.3
± 9.4 **

PancTU1
7.6
± 12.8
-5.8
± 13.2
27.9
± 28.0
59.7
± 26.1
51.4
± 20.7
82.6
± 10.0 **

Table 2 Inhibition of viability of Panc89 and PancTU1 cells after 72h treatment with 100 µg mL-1 of the
acetonic crude extract (FvT_A) of frozen thallus or the acetonic crude extract of air dried thallus and extraction
with H2O/ acetone (FvTt_AW). aFor the acetonic extraction of the dried thallus the same H2O volume as
determined for the fresh thallus was added to the extractant. The cells were treated for 72 h with the crude
extracts at a concentration of 100 µg mL-1 or with the solvent control. Cell viability was detected via XTT
staining. Values are presented as % of the solvent control and as means ± SD of three independent
experiments. Signiﬁcant differences compared with the control are indicated with asterisks, p < 0.05 (*)
Name

Tissue type

Extractant

Ratio
(wfresh
frozen

FvTt_AW

FvT_A

thallus
(midsection)

acetone
99.5 %/ H2O
(AW)
acetone (A)
99.5 %

alga/v)
a

Dry weight
of extract
(g)

1:2

0.58

1:2

1.41

Dry
weight of
30 g algal
tissue (g)

Yield of
extraction
(%)

Inhibition of viability
(%) ± SD (n = 3)
Panc89

PancTU1

7.33

1.42
± 5.0

11.41
± 14.7

17.85

73.66
± 14.9 *

67.08
± 23.68 *

7.9
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Table 3 Effects of selected HPLC fractions on the viability of PDAC cells, determined by XTT staining. The EC50
of the fractions F15, F16, F36, F37 and the independent replicates F15reproduced and F16reproduced are listed in
comparison to the EC50 of the acetonic crude extract FvT_A the fractions are derived from. Values were
determined from dose-response curves calculated after 72 h treatments of Panc89 and PancTU1 cells with
serial dilutions of the fractions/ crude extract
Crude
extract/
fractions
FvT_A

EC50 (µg mL-1)
Panc89

PancTU1

71.74 (n = 3)

76.96 (n = 3)

F15

15.23 (n = 3)

18.29 (n = 3)

F16

16.35 (n = 2)

16.92 (n = 2)

F36

45.72 (n = 2)

78.95 (n = 2)

F37

49.40 (n = 1)

81.10 (n = 1)

F15reproduced

22.81 (n = 1)

20.38 (n = 1)

F16reproduced

19.93 (n = 1)

18.34 (n = 1)
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Figures

Fig. 1 a) Dose-response curves of the acetonic crude extract FvT_A on Panc89 and PancTU1 cells. The cells
were treated for 72 h with serial dilutions of FvT_A. Cell viability was detected via XTT staining. The assay was
performed three times. Values are presented as % of the solvent control and as means ± standard deviation
(SD) of the three independent experiments (n = 3). The determined EC50 of FvT_A was 71.47 µg mL-1 on Panc89
and 76.96 µg mL-1 on PancTu1 cells. b) Panc89 cells after 72 h treatment with 100 µg mL-1 of the crude extract
FvT_A or the solvent control. Phase contrast microscopy, two magnifications are shown

Fig. 2

Purification scheme for anti-cancer compounds from the Baltic Sea brown seaweed F. vesiculosus

Fig. 3 Viability of Panc89 cells after 72 h treatment with equal volumes of HPLC fractions prepared from the
crude extract FvT_A. Two activity peaks were observed: at fraction F16 and at fraction F36. The design of the
assay allowed the discovery of the distribution of the anti-cancer activity across the fractions. Every other and
every fifth fraction, respectively, of the 67 fractions that were obtained by the implemented multistep
purification scheme, was analyzed for its cytotoxic activity. Three different dilutions of the fractions and a final
volume of 0.7 % DMSO were applied in the cell assay. Cell viability was detected via XTT staining. Gemcitabine
(Gem, 2.13 ng mL-1, approx. EC50) and the crude extract FvT_A (dilution appropriate to fraction dilution) were
applied as positive control. One representative out of seven experiments is shown. Values are presented as %
of the control and as means ± SD of five technical replicates (n = 1)

Fig. 4 Dose-response curves of the fractions F16 (n = 2) and F36 (n = 2) in comparison to the crude extract
FvT_A (n = 3) on Panc89 cells. The cells were treated for 72 h with serial dilutions of the fractions or crude
extract. Cell viability was detected via XTT staining. Values are presented as % of the control and as means ± SD
of the two or three independent experiments

Fig. 5 Selected details of the 1H-NMR spectra (measured in DMSO-d6) of the crude extract FvT_A, the highly
purified fractions F15, F16 and the less purified fractions F36, F37. For F15 and F16 the detail shows four signals
(δ) which were significantly correlated with the anti-cancer activity of the fractions: 1) 8.99 ppm (s), 2) 7.89
ppm (s), 3) 6.64 ppm (s), 4) 5.83 ppm (s)

Fig. 6 Selected details of the 1H-NMR spectra (measured in DMSO-d6) of the fractions F15, F16 and of the
reproduced fractions. The reproduced fractions were prepared from a completely new seaweed collection
which was realized two years after the first collection. The four characteristic signals were clearly retrieved in
the new charge of fractions revealing an excellent reproducibility of the implemented purification method
associated with a good reproduction of the active compounds in the alga itself

Fig. 7 UV absorbance spectra of F15/F16 (in original eluent H2O/ACN, F15: 74 %/26 %, F16: 72.5 %/27.5 %)
and of phloroglucinol (Sigma) and two fucoidan preparations (Sigma and Kiel Fucoidan) (all resolved in DI
water). The UV spectra of the fractions (λmax: 213, 227sh, 275sh nm) showed similarity to the spectrum of
phloroglucinol but not to the spectra of the fucoidan preparations

Fig. 8 Rise of total phenolic content from crude extract FvT_A to fraction F16 as determined by FolinCiocalteu assay. The results are expressed as equivalents of phloroglucinol (PGE) in % of analyzed concentration
of crude extract or fraction (both 100 µg mL-1) and as means ± SD of three independent experiments (n = 3)
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1

Online Resource Fig. 1 Chromatogram of reversed-phase HPLC of pre-purified FvT_A on an Amberlite®
XAD7HP column (250 mm*21 mm) and gradient elution (I: 0 % B up to 50 % B in 60 min, II: 50 % B up to 100 %
B in 30 min, isocratic for 12 min, III: 100 % B to 0 % B in 4 min, isocratic for 50 min; A: H2O + 0.1 % AcOH, B: ACN
+ 0.1% AcOH). 67 fractions were collected and subsequently tested for their cytotoxic activity on Panc89 and
PancTU1 cells. Two activity peaks have been observed (see Fig. 4 of the main body): at the fractions F16 and
F36. The activity peaks correlate with the detected maxima at 280 nm

Online Resource Fig. 2

1

H-NMR spectrum of F15/F16

2

Online Resource Fig. 3 Vis absorbance spectra of F15/F16 (in original eluent H2O/ACN, F15: 74 %/26 %, F16:
72.5 %/27.5 %) and of phloroglucinol (Sigma) and two fucoidan preparations (Sigma and Kiel Fucoidan) (all
resolved in DI water). λmaxF15/F16 (nm): 348, 440sh

Online Resource Fig. 4

13

C-NMR spectrum of F15/F16
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Online Resource Fig. 5

1

H-1H COSY spectrum of F15/F16

Online Resource Fig. 6

1

H-1H TOCSY spectrum of F15/F16
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Online Resource Fig. 7

1

H-1H NOESY spectrum of F15/F16

Online Resource Fig. 8

1

H-13C HSQC spectrum of F15/F16
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Online Resource Fig. 9

IR spectrum of F15/F16

Online Resource Fig. 10 LC-MS spectrum of one candidate peak (RT 3.1 min) of F15/F16, negative ion mode,
m/z: 500 - 1200
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Online Resource Fig. 11 LC-MS spectrum of one candidate peak (RT 4.1 min) of F15/F16, negative ion mode,
m/z: 100 - 500
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