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Abstract: Phlorotannins are polyphenolic metabolites of marine brown algae that have been shown
to possess health-beneficial biological activities. An efficient approach using a combination of
high-speed counter-current chromatography (HSCCC) and size exclusion chromatography with a
Sephadex LH-20 has been successfully developed for the isolation and purification of a neuroprotective
phlorotannin, eckmaxol, from leaves of the marine brown algae, Ecklonia maxima. The phlorotannin
of interest, eckmaxol, was isolated with purity >95% by HSCCC using an optimized solvent system
composed of n-hexane–ethyl acetate–methanol–water (2:8:3:7, v/v/v/v) after Sephadex LH-20 size
exclusion chromatography. This compound was successfully purified in the quantity of 5.2 mg from
0.3 kg of the E. maxima crude organic extract. The structure of eckmaxol was identified and assigned
by NMR spectroscopic and mass spectrometric analyses. The purification method developed for
eckmaxol will facilitate the further investigation and development of this neuroprotective agent as a
drug lead or pharmacological probe. Furthermore, it is suggested that the combination of HSCCC
and size exclusion chromatography could be more widely applied for the isolation and purification
of phlorotannins from marine algae.

Keywords: phlorotannin; eckmaxol; high-speed counter-current chromatography; NMR spectroscopy;
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1. Introduction

Phlorotannins are the major phloroglucinol-derived polyphenols of wide occurrence among
marine brown algae, and these have been extensively investigated for various biological activities
such as antioxidant, anticancer, anti-inflammatory, anti-allergic, antidiabetic, antihypertensive, and
neuroprotective effects [1–4]. Ecklonia maxima is a brown seaweed that is distributed along the west
coast of South Africa [5]. The leaves of E. maxima are frequently used as source materials for producing
alginate, animal feed, nutritional supplements, fertilizers, and for preparation of different medications,
including alpha-glucosidase inhibitors applied for the treatment of diabetes mellitus [5,6]. Eckmaxol
(1; Figure 1) is a recently reported phlorotannin obtained from the ethyl acetate extract of E. maxima as
described in our previous study. This phlorotannin possesses many beneficial properties, including
protection against Aβ oligomer induced neurotoxicity in SH-SY5Y cells in vitro [7]. Additional material
is required to further investigate the functions of 1 in mammalian systems for the development of this
compound as a new pharmacological probe or potential drug lead for treating Alzheimer’s disease.
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Unfortunately, the reported purification of phlorotannins has typically included repeated column
chromatography steps and preparative HPLC, which is time-consuming, leads to the loss of target
phlorotannins due to oxidization during the long process, and is not industrially viable due to the
cost of solid supports (e.g., resin or gel) for separation. Accordingly, these techniques are not typically
suitable for purification of large quantities of material unless no other methods can complete the
task [8,9]. Alternatively, high-speed counter-current chromatography (HSCCC) is a liquid-liquid
separation chromatography that can reduce the separation time and cost, and offers effectively total
sample recovery due to the lack of a solid support matrix that can degrade or permanently retain
target molecules [10]. HSCCC has recently been applied to the isolation of various natural products,
most typically coming from plants [11–13]. However, no previous report has disclosed the use
of HSCCC for the isolation and purification of phlorotannins. The purpose of this study was to
develop an efficient method for the preparative isolation and purification of eckmaxol (1) using the
combined methods HSCCC and Sephadex LH-20, which are both nondestructive and nonabsorptive
(e.g., lossless) techniques.
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Figure 1. Chemical structure of eckmaxol (1).

2. Results and Discussion

2.1. Enrichment of Eckmaxol by Sephadex LH-20 Size Exclusion Chromatography

Due to the large amounts of pigments and other unknown polyphenols contained in the crude
ethanolic extract of E. maxima, it is difficult to separate and isolate 1 with high purity by HSCCC in
one step. In order to effectively enrich the targeted compound, the crude extract was first subjected
to size exclusion chromatography on a Sephadex LH-20 gravity column. The LH-20 column was
eluted with an isocratic solvent system of dichloromethane–methanol (1:1). A total of six fractions
(250 mL each) were successively collected, named Fractions A–F. Fr. C was determined to contain 1 in
high quantity, and this sample was concentrated to dryness and stored in a refrigerator (4 ◦C) for later
HSCCC separation.

2.2. Optimization of UPLC Analysis for Eckmaxol

A ultra-performance liquid chromatography (UPLC) method was developed to ensure the baseline
separation of the target compound and impurities, and evaluate the size exclusion chromatography
fraction C. Different flow rates, elution modes, detection wavelengths and column temperatures were
screened. The result indicated that the target compound was baseline separated with methanol-water
(methanol: 0–10 min, 10%–90%) as the solvent system, when the flow rate, column temperature and
detection wavelength were set at 0.4 mL/min, 25 ◦C and 254 nm. Preliminary assignment of 1 in the
chromatogram was made by comparison of peak retention time and UV spectrum against a previously
derived authentic standard. The UPLC chromatogram of fraction C showed the major, but not only
peak, as being 1 (Figure 2A).
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Figure 2. Representative ultra-performance liquid chromatography (UPLC) chromatograms (254 nm) of
samples prepared from E. maxima (A). Fraction C from the size exclusion chromatography of the crude
ethyl acetate extract; (B) Subfraction of C that contains 1 after preparative separation by high-speed
counter-current chromatography (HSCCC).

2.3. Selection of the HSCCC Two-Phase Solvent System

Since HSCCC relies on two immiscible liquids to function as stationary and mobile phases, the
selection of a suitable biphasic solvent system plays a vital role in successful separations. It has been
suggested that the partition coefficient (K) is the most important parameter in solvent system selection,
which should be 0.5 ≤ K ≤ 2 (close to 1, best) to get a good separation for HSCCC in a suitable run
time [13,14]. As previously reported in the literature [15,16], the two-phase solvent system “HEMWat”,
comprising n-hexane–ethyl acetate–methanol–water, has been widely applied in the separation of
natural products by HSCCC. Five sets of different proportional two-phase HEMWat solvent systems
were carried out to determine the partition value, K, of the target compound at various volume ratios of
n-hexane/ethyl acetate/methanol/water (3:10:3:10, 1:3:1:3, 2:7:3:7, 2:8:3:7, all v/v/v/v) by UPLC analysis
of each partition. The results, shown in Table 1, indicated that the two-phase solvent system of 2:8:3:7
n-hexane/ethyl acetate/methanol/water, v/v/v/v, provided a suitable partition value for eckmaxol of
K = 1.15 with good resolution and short elution time.

Table 1. K values of target compound 1 in different ratios of the HEMWat solvent system.

Solvent System Ratio (v/v/v/v) K

n-hexane/ethyl acetate/methanol/water 3:10:3:10 0.32
n-hexane/ethyl acetate/methanol/water 1:3:1:3 0.75
n-hexane/ethyl acetate/methanol/water 2:7:3:7 1.78
n-hexane/ethyl acetate/methanol/water 2:8:3:7 1.15

2.4. HSCCC Separation

The selected fraction C from the size exclusion chromatography of the ethanol extract from
E. maxima (300 mg) was applied for HSCCC separation with the chosen two-phase solvent system,
n-hexane-ethyl acetate–methanol–water (2:8:3:7). In order to optimize the resolution and reduce the
separation time, different flow rates and rotation speeds were evaluated. It was found that when the
flow rate was 2 mL/min and rotation speed was 850 rpm, a good separation was achieved for elution
of 1 with a good stationary phase retention of 65.7%. The HSCCC peak fraction corresponding to 1
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(5.2 mg) was collected and determined to have purity of 95.83% by UPLC analysis (Figure 2B). The
resulting HSCC chromatogram is shown in Figure 3, demonstrating the good resolution and peak
shape of compound 1 at tR = 140 min.
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Figure 3. HSCCC chromatogram of the fraction C of the ethanol extract from E. maxima using the
two-phase solvent system composed of n-hexane–EtOAc–MeOH–water (2:8:3:7, v/v/v/v); stationary
phase: upper phase of solvent system; mobile phase: lower aqueous phase of solvent system; column
capacity 320 mL; rotation speed 850 rpm; column temperature 25 ◦C; flow rate 2.0 mL/min; detection,
254 nm; sample injected, 300 mg in 6 mL biphasic solution; retention of the stationary phase, 65.7%;
peak identification: eckmaxol (1).

2.5. Identification of Chemical Structure

Compound 1 was identified by HR-ESI-MS, 1H-NMR, and 13C-NMR after purification by HSCCC,
and its detailed data are shown in Table 2. Its molecular formula C36H24O18 was deduced by HR-ESI-MS
data at m/z 743.0896 [M – H]–. Compound 1 was identified as a phlorotannin, eckmaxol, with the
chemical structure as shown in Figure 1. The structure of eckmaxol was first disclosed in a Japanese
patent application (JP 2013-49639), but the assignment of its spectroscopic data was never reported.

Table 2. 1H (500 MHz) and 13C-NMR (125 MHz) spectroscopic data of eckmaxol (1) in CDOD3.

Pos. δH δC Pos. δH δC

1 124.8 19 157.1
2 151.3 20 5.93 (1H, d, J = 2.4 Hz, H-20) 94.2
3 6.11 (1H, d, J = 2.4 Hz, H-3) 97.6 21 159.2
4 156.4 22 6.32 (1H, d, J = 2.4 Hz, H-22) 98.7
5 5.86 (1H, d, J = 2.4 Hz, H-5) 94.7 23 143.3
6 154.4 24 102.0
7 123.5 25 101.8
8 137.7 26 156.1
9 143.5 27 6.20 (1H, d, J = 2.0 Hz, H-27) 95.2

10 6.20 (1H, s, H-10) 98.9 28 159.3
11 146.3 29 6.28 (1H, d, J = 2.0 Hz, H-29) 98.3
12 124.7 30 158.5
13 153.4 31 124.0
14 6.01 (1H, d, J = 2.4 Hz, H-14) 99.3 32 151.6
15 158.7 33 6.03 (1H, s, H-33) 96.1
16 5.94 (1H, d, J = 2.4 Hz, H-16) 95.2 34 156.1
17 146.7 35 6.03 (1H, s, H-35) 96.1
18 123.8 36 151.6
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3. Materials and Methods

3.1. Reagents and Materials

All solvents used for HSCCC were of analytical grade (Huadong Chemicals, Hangzhou, China).
Reverse osmosis Milli-Q water (18 M) (Millipore, Bedford, MA, USA) was used for all solutions and
dilutions. Methanol used for UPLC analyses was of chromatographic grade and purchased from Anpel
Laboratory Technologies (Shanghai, China). The CD3OD used for NMR analyses was purchased from
Tenglong Weibo Technology (Qingdao, China). The sample of E. maxima (no. 801) was kindly provided
by Shandong Jiejing Group Co., Ltd. in China, collected from the seashore of South Africa.

3.2. Apparatus

HSCCC was carried out using a model TBE-300C high-speed countercurrent chromatograph
(Tauto Biotech Co. Ltd., Shanghai, China), containing a self-balancing three-coil centrifuge rotor
equipped with three preparative multilayer coils and a total capacity of 320 mL. The internal diameter
of PTFE (Polytetrafluoroethylene) tubing was 1.9 mm. The apparatus maximum rotational speed is
1000 rpm and has a 20 mL manual sample loop. The revolution radius was 5 cm and the value of the
multilayer coil varied from 0.5 at the internal terminal to 0.8 at the external terminal. An integrated
TBP 5002 (Tauto Biotech Co. Ltd.) was used to pump the two-phase HSCCC solvent system, and
the UV absorbance of the effluent was measured at 254 nm by a UV 1001 detector (Shanghai Sanotac
Scientific Instruments Co. Ltd., Shanghai, China). A DC-0506 constant temperature regulator (Tauto
Biotech Co. Ltd.) was used to control the temperature during HSCCC. An N2000 data analysis
system (Institute of Automation Engineering, Zhejiang University, Hangzhou, China) was employed
for HSCCC data collection and analysis. The UPLC equipment was using a Waters Acquity a UPLC
BEH C18 column (100 mm × 2.1 mm, 1.7 µm particle size) equipped with a model 2998 diode array
detector and Empower System (Waters Co., Milford, MA, USA). NMR experiments including 1H, 13C,
DEPT, 1H-1H COSY, HSQC, and HMBC were carried out using a Varian 500 MHz NMR spectrometer
(Palo Alto, CA, USA) spectrometer. HR-ESI-MS data was measured using a Waters Q-TOF Premier
LC/MS spectrometer (Waters Co., Milford, MA, USA). Column chromatography (CC) was carried out
with Sephadex LH-20 (Amersham Biosciences, Piscataway, NJ, USA).

3.3. Preparation of Crude Sample from E. maxima for HSCCC

The leaves of E. maxima were cut into pieces. The fresh pieces (~0.3 kg, wet) were extracted
three times with 1 L of 80% ethanol (EtOH/H2O) for 1.5 h by sonication at room temperature (25 ◦C).
The crude extract was concentrated in a rotary vacuum evaporator and partitioned. Then the dried
EtOAc extract (1 g) was subjected to column chromatography with Sephadex LH-20 gel for fractionation
to furnish fractions A–F, each eluted with a mixed solvent system of dichloromethane–methanol (1:1).
Fr. C was concentrated to dryness and stored in a refrigerator (4 ◦C) for later HSCCC separation.

3.4. Preparation of Two-Phase Solvent System and Sample Solution

The HSCCC experiments were performed using a two-phase solvent system comprising
n-hexane/ethyl acetate/methanol/water (2:8:3:7, v/v/v/v) solvent. The two phases were separated
after thoroughly equilibrating the mixture in a separating funnel at 25 ◦C. The upper organic phase
was used as the stationary phase, and the lower aqueous phase was employed as the mobile phase.

3.5. HSCCC Separation

The HSCCC column was initially filled with the organic stationary phase and rotated at 850 rpm;
the mobile phase was pumped into the column in the descending mode at the same flow rate used
for separation (2 mL/min). When the mobile phase emerged from the column, it indicated that
hydrodynamic equilibrium had been achieved. The concentrated fraction C (300 mg) obtained from
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the 80% EtOH extract of E. maxima was dissolved in 6 mL of a 1:1 (v/v) mixture of the two HSCCC
solvent system phases and injected to the sample port. The effluent from the HSCCC was monitored
by UV at 254 nm, and 6 mL fractions were collected in 8 mL tubes by a fraction collector.

3.6. Analysis and Identification of the Target Compound

The fraction generated by preparative HSCCC was evaluated by UPLC. The sample was separated
with a CH3OH/H2O gradient (flow 0.4 mL/min, 10%–90% CH3OH from 0–10 min). The effluent was
continuously monitored by a UV detector at 254 nm. The fraction that showed only one peak in the
chromatogram was respectively pooled together to yield the compound (5.2 mg, tR 3.3 min).

4. Conclusions

In conclusion, an efficient method relying on HSCCC after size exclusion chromatography on
Sephadex LH-20 was used to preparative separation of eckmaxol (1) from the leaves of E. maxima in a
lossless two chromatic step procedure. It was important to preliminarily fractionate the crude extract
for HSCCC separation to improve the resolution and efficiency. The solvent system of n-hexane/ethyl
acetate/methanol/water (2:8:3:7, v/v/v/v) was used to isolate eckmaxol (1). The separation condition was
selected as follow: flow rate 2.0 mL/min, rotary speed 850 rpm, column temperature 25 ◦C. Under
the optimized HSCCC condition, 5.2 mg eckmaxol with the high purity of 95.83% was isolated from
300 mg of fraction C of E. maxima. This is the first report of the isolation of eckmaxol (1) by integrating
HSCCC and size exclusion chromatography, and this method could be used for the effective isolation
of different phlorotannins. This convenient and economical approach will be applicable for scale-up
production of eckmaxol to increase the yield. The purification method developed for eckmaxol will
also facilitate the further investigation and development of this neuroprotective agent as a drug lead or
pharmacological probe, ideally through future in vivo studies.
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