Professor Jan-Christer Janson 
email: jan-christer.janson@ytbioteknik.uu.se
  
Tian-Wei Tan 
  
Zhi-Guo Su 
  
Ming Gu 
  
Jun Xu 
  
  
  
  
  
Cross-linked agarose, a new media for hydrophilic interaction liquid chromatography of low molecular weight natural products

Keywords: Bioseparation hydrophilic interaction liquid chromatography, cross-linked agarose, mixed-mode separation, green tea catechin, hydrogen bond, polyphenol separation Cross-linked agarose / Green tea catechin / Hydrophilic interaction liquid chromatography / Mixed-mode separation / Polyphenol separation DMA, dimethyl acetamide, EGCG, epigallocatechin gallate, Hydrophilic interaction liquid chromatography, Deleted:, Polyphenol separation, Green tea catechin, Hydrogen bond formation DMF, dimethyl formamide, DMSO, dimethyl sulphoxide

   

Cross-linked agarose, a new media for hydrophilic interaction liquid chromatography (HILIC) of low molecular weight natural products

compounds such as polyphenols including active components of traditional Chinese medicinal herbs and green tea. The review also contains a discussion of the structural features of the cross-linked agarose that likely cause the adsorption effects observed.

These are identified as being primarily ether bonds acting as strong hydrogen bond acceptors as well as hydrophobic residues originating from the cross-linking reagents.

Introduction

The term hydrophilic interaction liquid chromatography (HILIC) was coined by Andrew Alpert in 1990 [START_REF] Alpert | Hydrophilic interaction chromatography for the separation of peptides, nucleic acids and other polar compounds[END_REF]. The technique was introduced as a complement to reversed phase liquid chromatography for the separation and purification of polar low molecular weight compounds, primarily natural products including peptides [START_REF] Yoshida | Peptide separation by hydrophilic-interaction chromatography[END_REF].

The area has been subject to an increased interest among chromatographers, in recent years exemplified by a special issue of the Journal of Separation Science [3] published in May 2008. Characteristic of HILIC is the use of highly hydrophilic column packing materials combined with organic solvent-rich mobile phases, i.e., an approach opposite to that of reversed phase liquid chromatography.

Most HILIC applications so far have been based on porous silica derivatized with hydrophilic ligands, primarily amido groups such as hydroxyethyl aspartamide [START_REF] Ikegami | Separation efficiencies in hydrophilic interaction chromatography[END_REF].

Agarose is a neutral, hydrophilic polymer derived from red seaweeds, widely recognized as a base matrix for chromatography media used for protein separations. media. Thus, it shows strong retardation of hydrophilic low molecular weight compounds, such as polyphenols, in the presence of mobile phases containing high concentrations of organic solvents. The adsorption mechanism has been shown to be of mixed-mode type with hydrogen bond formation (where the cross-linked agarose acts as a hydrogen bond acceptor, HBA) as well as hydrophobic interaction as dominating factors (see below). Besides its HILIC characteristics, a major advantage of cross-linked agarose over silica-based media is its very high stability under extreme pH conditions. Thus, the chromatographic function is unaffected after storage for 2 weeks at 40°C in 0.1 M HCl or 0.1 M NaOH [START_REF] Andersson | Agarose-based media for high-resolution gel filtration of biopolymers[END_REF] and after 1000 sample injections at pH 8.4 [START_REF] Johansson | Column lifetime of a new agarose medium for high-performance gel filtration chromatography at basic pH[END_REF].

Chemical structure of Superose 12

Ideal agarose is a linear polymer composed of alternating units of α-1,3-linked D- galactose and β-1,4-linked 3,6-anhydro-L-galactose. Agarose is polydisperse with an average molecular mass of 120 kDa [START_REF] Rochas | Average molecular weight and molecular weight distribution of agarose and agarose-type polysaccharides[END_REF]. Commercially available high-quality bulk agarose intended for the manufacturing of chromatographic gel media contains small amounts of sulfate (<0.3%) and carboxyl (<0.05%) originating from the agar used as raw material. The residual amount of sulfate in the agarose is further reduced as a consequence of the strongly alkaline conditions used during the gel manufacturing process.

Agarose was introduced as a medium for protein chromatography by Hjertén [START_REF] Hjertén | Chromatographic separation according to size of macromolecules and cell particles on columns of agarose suspensions[END_REF][START_REF] Hjertén | The preparation of agarose spheres for chromatography of molecules and particles[END_REF] and is currently marketed under trade names such as Sepharose TM and Superose TM presence of suitable emulsifiers [START_REF] Hjertén | The preparation of agarose spheres for chromatography of molecules and particles[END_REF]. The agarose gel structure is an open 3-D network of fibers composed of spontaneously aggregated galactan helices held together by hydrogen bonds [START_REF] Arnott | The agarose double helix and its function in agarose gel structure[END_REF] (Fig. 1). By covalent cross-linking [START_REF] Porath | Agar derivatives for chromatography, electrophoresis and gel-bound enzymes. 1. Desulphated and reduced crosslinked agar and agarose in spherical bead form[END_REF] of the spontaneously aggregated galactan polymers the fiber structure is preserved and the chemical and physical properties significantly improved.

((Fig. 1))

Bead-formed cross-linked agarose chromatography media of 4% and 6% concentrations are important as protein separation tools in the biopharmaceutical industry because of their inherent neutral hydrophilicity, macroporosity, derivatizability and adequate rigidity. Agarose gel media used for large-scale preparative applications are manufactured with particle sizes in the range 50-200 µm. Agarose particles as small as 10 µm for analytical and small-scale preparative applications require higher gel rigidity, which is achieved by increasing the agarose concentration to 12% and by using modified cross-linking procedures.

Thus, a new cross-linking process was developed for the 10-µm average diameter Superose 12, which was introduced by Pharmacia Fine Chemicals AB, Uppsala, Sweden, in 1982. The cross-linking reactions are based on a combination of longand short-chain bisepoxides followed by extensive substitution with epichlorohydrin [START_REF] Andersson | Agarose-based media for high-resolution gel filtration of biopolymers[END_REF].

When epichlorohydrin reacts with the agarose gel matrix under alkaline conditions, 2,3-epoxypropyl ethers are first formed by reaction with the hydroxyl groups in the galactosyl residues. The immobilized monoepoxides thus formed then react with water or with an adjacent hydroxyl group either belonging to the same galactosyl residue or to an epichlorohydrin substituent in the same residue. Alternatively, the reaction may occur with a hydroxyl group belonging to a galactosyl residue in another galactan chain in the agarose gel fiber or to an epichlorohydrin substituent in that residue. These last reactions lead to the formation of an interchain cross-link. Subsequently, added epichlorohydrin molecules will react with hydroxyl groups formed by water hydrolysis of already coupled epoxides creating polymeric side chains of different lengths. The cross-linking and substitution procedures for agarose gels using bisepoxides and epichlorohydrin would thus lead to a very large number of different structural elements, both cyclic and non-cyclic, and introduce a variety of polar groups, such as ether bonds, as well as hemiacetals and primary and secondary hydroxyl groups, e.g., in glyceryl residues. These groups are exposed at a high concentration on the surface to the extent that they totally cover the agarose fiber skeleton, thus efficiently shielding the underlying polysaccharide structure. This is probably the reason why Superose 12 is extremely stable in both strong acid and strong alkali [START_REF] Andersson | Agarose-based media for high-resolution gel filtration of biopolymers[END_REF].

Separation of model polyphenolic compounds

Studies on the isocratic elution of a variety of polyphenolic compounds [START_REF] Gu | The separation of polyphenols by isocratic hydrogen bond adsorption chromatography on a cross-linked 12% agarose gel[END_REF] in the presence of mobile phases composed of water solutions of ethanol and acetic acid at different concentration, indicate that the retardation observed is primarily based on hydrogen bond interactions between the surface structure elements of the Superose 12 described above and the phenol groups on the investigated solutes. Figure 2 shows the isocratic separation of benzoic acid, 4-hydroxybenzoic acid, 3,5dihydroxybenzoic acid and 3,4,5-trihydroxybenzoic acid (gallic acid) in a solvent mixture containing 5% acetic acid and 5% ethanol. As expected, benzoic acid is less retarded than 4-hydroxy benzoic acid and the two higher polyphenols. However, gallic acid is less retarded than 3,5-dihydroxybenzoic acid. The explanation for this observation can be that the gallic acid molecule forms intramolecular hydrogen bonds involving a pair of the hydroxyl groups, thus reducing its intermolecular binding strength to the gel surface. Figure 3 shows the isocratic separation of the flavonol aglycons fisetin, kaempferol, quercetin and myricetin in a water solution containing 30% acetic acid and 30% ethanol.

((Figs. 2,3))

Apparently the number of phenolic hydroxyls and their position in the molecule govern the elution order. Thus, the non-phenolic flavone elutes without any retardation (aromatic adsorption is totally quenched in this solvent mixture). In both these examples, the elution order of the same sample mixture from C18 reversed phase chromatography columns is strictly based on the solute hydrophobicity, and is essentially the opposite of that from Superose 12 columns, without any influence of the position of the phenol groups in the aromatic rings [START_REF] Gu | The separation of polyphenols by isocratic hydrogen bond adsorption chromatography on a cross-linked 12% agarose gel[END_REF].

An example of polyphenolic retardation of mixed mode character on Superose 12 is the elution behavior of the major green tea component epigallocatechin gallate (EGCG) using mobile phases composed of increasing concentrations of acetonitrile in water [START_REF] Xu | Mixed mode retention mechanism for (-)epigallocatechin gallate (EGCG) on a 12% cross-linked agarose gel media[END_REF]. The EGCG molecule contains three aromatic rings together carrying eight phenol groups. This molecule is totally retarded in distilled water and in 100% acetonitrile. Its elution behavior in the presence of increasing concentrations of acetonitrile is shown in Fig. 4. At low acetonitrile concentrations the EGCG retardation is most likely caused by hydrophobic interaction with the butandiol moieties of the long-chain bisepoxide cross-linker residues. At high acetonitrile concentrations the retardation is most likely caused by hydrogen bond interactions between the many phenol groups, known to be strong hydrogen bond donors (HBD), ((Fig. 4)) Supporting evidence for the existence of hydrogen bond interactions was obtained by studying the retardation of EGCG in acetonitrile in the presence of a variety of cosolvents known to be strong HBDs or HBAs, respectively. The result is shown in Fig. 5 and their relative HBD properties and HBA properties according to Abraham [START_REF] Abraham | Scales of solute hydrogen-bonding: their construction and application to physicochemical and biochemical processes[END_REF] are listed in Table 1. For all the co-solvents used, the higher the concentration, the smaller the retention factor. Also, the higher the HBA value of the co-solvent, the weaker the retardation, indicating a hydrogen bond contribution to the retardation of EGCG on the 12% cross-linked agarose gel.

((Fig. 5))((Table 1))

The co-solvents tested can be grouped into two categories depending on their HBA and HBD values, respectively. The first group includes dimethyl acetamide (DMA), DMSO, DMF, tri-n-butyl phosphate (TBP) and tri-methyl phosphate (TMP), i.e., molecules that are typical HBAs, exhibit stronger eluting power compared to the cosolvents in the second group that possess both accepting and donating properties.

Ethanol, propanol and butanol, having identical HBA values, behave similarly in mixtures with acetonitrile.

As previously shown in an investigation of the purification of the isoflavonoid puerarin by isocratic elution on Superose 12 in the presence of varying concentrations of acetic acid, high concentrations of acetic acid totally suppressed the retardation of the polyphenolic compounds tested [START_REF] He | Purification of the isoflavonoid puerarin by adsorption chromatography on cross-linked 12% agarose[END_REF]. A tentative explanation of the quenching effect of high concentrations of acetic acid would then be that the solvent molecules compete with the cross-linking residues for interaction with the was applied on a Superose 12 HR 10/30 column equilibrated in the same solvent mixture. Separation was achieved by step-wise isocratic elution with increasing concentration of ethanol and acetic acid (Fig. 6). At a sample load of 40 mg crude extract in 0.5 mL and with a mobile phase containing 20% ethanol and 20% acetic acid, a resveratrol purity of about 96% and a recovery of about 61% was achieved after appropriate peak cutting [17].

((Fig. 6))

The traditional Chinese medicinal herb Salvia miltiorrhiza (Bunge), contains three major water soluble active components: 3,4-dihydroxyphenyllactic acid, salvianolic acid B, and protocatechualdehyde. All three could be separated and purified from a crude extract in one step by adsorption chromatography on Superose 12 HR 10/30 (Fig. 7). Separation was achieved by stepwise isocratic elution with the following mobile phases: 0-50 mL, 5% ethanol and 5% acetic acid; 50-100 mL, 20% ethanol and 20% acetic acid; 100-200 mL, 30% ethanol and 30% acetic acid. The 3,4dihydroxyphenyllactic acid was obtained with a purity of around 97% and with a recovery of about 88%. Protocatechualdehyde purity was close to 99% with a recovery of about 90%, and for salvianolic acid B the purity was around 90% with a recovery of approximately 50%. With 40 mg crude extract dissolved in 0.5 mL mobile phase a purity of about 94% with a recovery of around 80% was achieved for 3,4-dihydroxyphenyllactic acid [18].

((Fig. 7))

Data from the systematic study of the elution behavior of the major green tea catechin, EGCG, on Superose 12 in the presence of increasing concentrations of acetonitrile in distilled water [START_REF] Gu | The separation of polyphenols by isocratic hydrogen bond adsorption chromatography on a cross-linked 12% agarose gel[END_REF] were used for the design of a preparative purification process for EGCG directly from crude green tea polyphenol (GTP) extract [19]. The mobile phase chosen to achieve maximum EGCG purity, recovery and adequate separation time, contained 78% acetonitrile in water. Loading of 100 mg GTP (corresponding to 4.2 mg/mL Superose 12 gel) resulted in an EGCG purity of 99% and a recovery of approximately 60%, in one step directly from the crude GTP extract (Fig. 8).

((Fig. 8))

Conclusion
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  10]. Bead-shaped particles suitable for chromatography are formed by cooling 2-15% aqueous solutions of agarose dispersed in a non-polar organic solvent in the
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  the HBA ether oxygens on the surface of the fiber structure of the cross-linked agarose.
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 4 rings. A contributing effect would be that the delocalized electrons present in the acetate ions compete with the aromatic π-electrons for binding to the gel surface. Application examples Many active components in herbal medicine are polyphenols. These are known to be strong HBDs. Thus, it was near at hand to try HILIC on Superose 12 for their separation and purification. Root extracts of the traditional Chinese herb Polygonum cuspidatum (Sieb. & Zucc.), are rich in polyphenols such as resveratrol (3,4,5-trihydrohydroxystilbene) and polydatin (3,4,5-trihydrohydroxystilbene-3-β-mono-D-glucoside). A crude extract powder dissolved in a solution containing 10% ethanol and 10% acetic acid in water
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Figure 1 .

 1 Figure 1. Scanning electron micrograph of a 2% agarose gel. The white bar represents 500 nm. Preparation and photo: Dr. Anders Medin [20].

Figure 2 .

 2 Figure 2. Isocratic adsorption chromatography of a mixture of benzoic acid, gallic acid, 4-hydroxybenzoic acid and 3,5-dihydroxybenzoic acid on a Superose 12 HR10/30 column[START_REF] Gu | The separation of polyphenols by isocratic hydrogen bond adsorption chromatography on a cross-linked 12% agarose gel[END_REF]. Mobile phase: 5% ethanol, 5% acetic acid. Flow rate: 1 mL/min. Sample: 0.5 mL containing 1 mg/mL of each solute. The effluent was monitored at 260 nm.

Figure 3 .

 3 Figure 3. Isocratic adsorption chromatography of a mixture of flavon (crystalline synthetic), fisetin, kaempferol, quercetin and myricetin on a Superose 12 HR 10/30column[START_REF] Gu | The separation of polyphenols by isocratic hydrogen bond adsorption chromatography on a cross-linked 12% agarose gel[END_REF]. Mobile phase: 30% ethanol, 30% acetic acid. Flow rate: 0.5 mL/min.

Figure 4 .

 4 Figure 4. Retardation (log k) of the major green tea catechin EGCG on Superose 12HR 10/30 as a function of the acetonitrile concentration in water[START_REF] Xu | Mixed mode retention mechanism for (-)epigallocatechin gallate (EGCG) on a 12% cross-linked agarose gel media[END_REF].

Figure 5 .

 5 Figure 5. Retention factor log k for the major green tea catechin EGCG as a function of increasing molar concentrations of different co-solvents in acetonitrile on Superose 12 HR 10/30 [14]. DMA, dimethyl acetamide; DMF, dimethyl formamide; DMSO, dimethyl sulfoxide; TBP, tri-n-butyl phosphate; TMP, tri-methyl phosphate.

Figure 6 .

 6 Figure 6. Isocratic step-wise elution of a sample of a crude root extract of Polygonum cuspidatum on a Superose 12 HR 10/30 column [17]. Sample: 0.5 mL crude extract (2 mg/mL); mobile phase and flow rate: 0-75 mL: 10% ethanol, 10%

Figure 7 .

 7 Figure 7. Isocratic step-wise elution of a water extract of the root of Salvia miltiorrhiza (Bunge) on a Superose 12 HR 10/30 column [18]. Sample: 0.5 mL crude extract (16 mg/mL). Mobile phase: 0-50 mL: 5% ethanol, 5% acetic acid; 50-100 mL: 20% ethanol, 20% acetic acid; 100-200 mL: 30% ethanol, 30% acetic acid. Flow rate: 0.9 mL/min. Detector: UV 280 nm. 3,4-dihydroxyphenyllactic acid (A), protocatechualdehyde (B), salvianolic acid B (C).

Figure 8 .

 8 Figure 8. Isocratic adsorption chromatography of a green tea polyphenolic (GTP) extract on Superose 12 HR 10/30 with 78% acetonitrile in distilled water as mobile phase [19]. The samples contained 10 mg and 100 mg crude GTP extract in 2 mL mobile phase, respectively. Flow rate 0.7 mL/min. UV signal recorded at 280 nm.Fractions between vertical lines A and B were pooled and analyzed for the purity and recovery of EGCG.
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 1 Figure 1

Table 1 .

 1 Hydrogen bond acceptor (HBA) and hydrogen bond donor (HBD) values of the co-solvents studied according to Abraham[START_REF] Abraham | Scales of solute hydrogen-bonding: their construction and application to physicochemical and biochemical processes[END_REF].
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Table 1 .

 1 HBA (hydrogen bond acceptor) and HBD (hydrogen bond donor) values of the cosolvents studied according to Abraham[START_REF] Abraham | Scales of solute hydrogen-bonding: their construction and application to physicochemical and biochemical processes[END_REF]. DMA (dimethyl acetamide), DMF (dimethyl formamide), DMSO (dimethyl sulfoxide), TBP (tri-n-butyl phosphate), TMP (tri-methyl phosphate).
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	Co-solvent	HBA	HBD
	Water	0.35	0.82
	Methanol	0.47	0.43
	Ethanol	0.48	0.37
	Propanol	0.48	0.37
	Butanol	0.48	0.37
	Dioxan	0.64	0
	DMF	0.74	0
	DMSO	0.78	0
	DMA	0.78	0
	TMP	1	0
	TBP	1.21	0
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