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Abstract

Bioseparation processes are dominated by chromatographic steps. Even primary recovery is sometimes accomplished by chromatographic
separation, using a fluidized bed instead of a fixed bed. In this review, the action principles, features of chromatography media regarding
physical and chemical properties will be described. An attempt will be made to establish categories of different media. Characteristics for
bioseparation are the large pores and particle sizes. To achieve sufficient capacity for ultralarge molecules, such as plasmids or nanoparticles
such as viruses monoliths are the media of choice. In these media, the mass transport is accomplished by convection, and thus, the low
diffusivity can be overcome. Common to all modern chromatography media is the fast operation. There are examples where a residence time
of less then 3 min, is sufficient to reach the full potential of the adsorbent.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction compounds, biochromatography is characterized by low effi-

ciency but high selectivity columns. The biomolecule is cap-
Bioseparation of high value products is mainly based on tured unbound material is washed out and then elution is
packed beds. An ideal process is composed of three stepseffected by change of mobile phase composition known as
the capture, the purification and the polishing step. In con- step gradient elution. For high-resolution applications, lin-
trast to analytical chromatography and separation of chiral ear gradient elution is also applied. Selection of a stationary
phase is still accomplished in an empirical way. If not, a
* Tel.: +43 1 36006 6226: fax: +43 1 3697615, generic stationary phase is available, such as in the case of
E-mail addressalois.jungbauer@boku.ac.at. antibody purification with staphylococcal Protein A media.
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Table 1
Action principles in protein chromatography
Name Action principle Separation by
Adsorption chromatography Surface binding Molecular structure
lon-exchange chromatography lonic binding Surface charge
Size-exclusion chromatography (molecular Size exclusion Molecular size and shape
sieve chromatograpRygel filtratior?)
Affinity chromatography Biospecific adsorption/desorption Molecular structure
Hydrophobic (interaction) chromatography Hydrophobic complex formation Hydrophobicity and hydrophobic patches
(Metal-) chelate chromatography Coordination complex Complex formation with transition metals
Normal-phase chromatography Hydrophobic complex formation Hydrophobicity
Reversed-phase chromatography Hydrophobic complex formation Hydrophobicity

@ Used in context with polymer chemistry.
b Name as originally used by the inventors of size-exclusion chromatography.

Usually, the biomolecules are separated under such condition of proteins, such as histong§ or quantitative analysis
tions that biological activity is maintained. Normally, buffer and process monitoring of site-specific glycosilation micro-
with pH around 7 and moderate salt concentrations are usedheterogeneity in recombinant human interferon-garfha
For elution, some times chaotropic salts or extreme pH val-  When the first nomenclature of chromatography media
ues are applied. Resistance of media to NaOH is requestedvas established reversed phase chromatography was consid-
for industrial applications, since alkaline solutions are excel- ered as an exotic technique, and therefore named in contrast
lently suited for sanitization due to fast degradation of pro- to NPC reversed phase chromatography. Retention in RPC
teins, lipids and other biopolymers. The removal of viruses is is achieved through discrete interactions between these non-
also achieved by application of above-mentioned treatment of polar ligands and hydrophobic patches accessible on the sur-
chromatography materials. This review focuses on the phys-face of a protein or peptide. In RPC, the stationary phase
ical properties of the chromatography beds and the chem-is less polar than the NPC. Reversed phase chromatography
istry of the surface. We also try to categorize the different was originally introduced in 1950 by Howard and Martin
media designed for bioseparation. In the past 30 years, the[6] and for some time widely used in paper chromatography
properties of chromatographic media have been constantly[7]. It resurrected with the development of modern stationary
improved. This concerns flow properties, binding capacities phases for liquid chromatography. HIC is related to RPC but
and kinetics of adsorption. as eluent aqueous salt solutions are used as mobile phase.
In both cases, the proteins are bound at conditions of high
surface tension and eluted by lowering it.
2. The action principles IEX is indispensable for separation of proteins; in analyt-
ical as well as preparative and industrial scale. lon-exchange
Currently, eight different action principles are employed can also be performed in the presence of high concentrations
for chromatography of biomolecule$gble 1. These action ~ of urea or in the presence of non-charged detergents. Un-
principles are adsorption chromatography or mixed mode der such conditions, proteins are solubilized and aggregates
chromatography, ion-exchange chromatography (IEX), size- are dissociated. Affinity chromatography has been specifi-
exclusion chromatography (SEC) also called gel filtra- cally developed for protein chromatography. The beginning
tion, affinity chromatography (AFC), hydrophobic interac- of the technique can be related to the activities of Porath
tion chromatography (HIC), normal phase chromatography and co-worker$8,9] and of Cuatrecasas et §l0]. In affin-
(NPC), and reversed phase chromatography (RPC). ity chromatography, the high resolution is obtained through
The nature of the stationary phase also determines the nabiorecognition: the ability of proteins to specifically inter-
ture of the mobile phase. The optimization of both stationary act with another molecule (ligand). The formed complex can
and mobile phase is required to get optimal performance, be split under relative mild conditions, which is necessary
because they are interrelated. In addition, possibilities to op-to desorb the protein from the column without damaging its
timize protein chromatography are cut down by the stabil- native structure.
ity of proteins. At extreme pH, salt conditions or in certain Mixed mode separations have been also successfully ap-
organic solvents they are not stable. In NPC the stationary plied for separation of proteirf$1]. As already indicated by
phase is polar and the eluent consists of a mixture of waterthe name, several physical principles are responsible for the
and organic solvent. A certain variant of NPC is also used for interaction. It can be simultaneous cation and ion-exchange,
peptide and protein separation, the so-called hydrophilic in- or ion-exchange together with hydrophobic interaction, or
teraction chromatography (HILIG)]. A polar ligand, such  ion-exchange with a kind of biorecognition. A typical exam-
as diol or cyanogen is immobilized and elution is effected by ple for mixed mode adsorption is hydroxyapafit,13] An-
a mixture of water and organic solvent. HILIC has been used other example of a mixed mode column is the ABx-column
for separation of peptidel®,3] or for instance for separa-  [14].
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SEC in the past also hamed gel filtratif9), or gel per- umn is clogged. In order to improve pressure stability media
meation chromatography, is also widely used for proteins have been crosslinked. Introduction of crosslinkers leads to a
separation, mainly as the polishing step. The method is lim- more hydrophobic medium and generally unspecific adsorp-
ited by low productivity. For high-resolution application, the tion increases. The chromatography media with the lowest
feed volume must be lower than 5% of the column volume unspecific adsorption are cellulose media, such as DE52 from
[15]. The method is excellently suited for separation and de- Whatman or simply crosslinked Agarose or Sephadex media.
termination of di- and oligomers of proteifit6—20] With Ideal features of a medium for protein chromatography are:
the novel stationary phases, a run can be finished within less(i) high selectivity, (i) high binding capacity, (iii) high mass
than 1 h. The method has been also performed in continuoustransfer, (iv) low unspecific adsorption, (v) incompressibil-
mode as continuous annular chromatograftiy] or sim- ity, (vi) chemically stable and stable immobilization of lig-
ulated moving bed22,23] Size exclusion is also used for ands, (vii) non-toxic leachables, (viii) high number of cycles
refolding of protein§24—26] Refolding with SEC has been  (reusability), (ix) sanitation by alkaline conditions (only nec-
also performed in a continuous mof@y—29] essary for production of therapeutic proteins), and (x) inex-

pensive (cost effective).
Any chemical modification of the surface bears the risk
3. Requirements for media for protein of introduction of charged or hydrophobic moieties, which
chromatography will unspecifically interact with the protein. Sanitation by
NaOH is almost mandatory for media suited for industrial

The ideal features of a medium suited for protein chro- applications in the biopharmaceutical indug8¢]. Proteins
matography are summarizedTable 2 Itis often not possi-  are rapidly degradated by alkaline hydrolysis and lipid are
ble to reconcile all features, and therefore compromises haveefficiently dissolved in NaOH. Up to 1 M NaOH is used for
to be searched. The chemical nature of proteins determinecleaning and sanitization of chromatography columns. If has
the surface properties of the media, while the large size of to be noted that NaOH does not sterilize a packed bed. It re-
proteins determine its physical properties. First of all, a large duces the germ count but does not eliminate all viable germ
surface is requested to get a high binding capacity. [33]. For chemical sanitization an oxidizing agent, such as

A large surface can be obtained with a highly porous mate- peracetic acid would be very usef8@]. The compound effi-
rial, containing numerous small pores, but small pores would ciently destroys bacteria and breaks down into acetic acid and
prevent diffusion into the pores. Thus, a compromise must water. Interestingly, NaOCI (a compound with the same oxi-
be found between surface area and pore size. Media for pro-dizing capacity as peracetic acid) is less efficientin sterilizing
tein chromatography have a pore size of 30 nm. Hindered bacteria. Ithas been assumed that peracetic acid can more eas-
transport can be neglected when the pore diamekgrig ily penetrate into bacteria than NaOCI. In addition, NaOCI
10 times the protein diameter. Most proteins have a diameterforms dioxins upon reaction with organic material containing
below 3nm[30]. In order to allow a reversible adsorption, ~cyclic hydrocarbons. A lot of chromatography materials are
the chromatography material must be very hydrophilic. Nat- not resistant to oxidizing chemicals, and thus, the method is
ural polymers, such as cellulose, agarose and dextran havéut of question. Chemical sterilization also requires a certain
been frequently used. Their high substitution with hydroxyl design of a chromatography column. If itis necessary to ster-
groups make them hydroph|||c and enough groups are ava"-ilize columns, it can be done by heat sterilization at 10@r
able to introduce ligands to specifically modify the surface above. To our knowledge, in situ sterilization of packed beds
according to its intended use. For protein chromatography, ais not done, but packed columns are put, as a whole, into an
ligand density below 10@M is usually sufficient. A draw- autoclave. It is assumed that conditions applied for sanitiza-
back of the hydrophilic natural polymer is their soft structure. tion of media contaminated with bacteria will also inactivate
Uponincreasing flow, the medium will compress and pressure Viruses.

drop will increasg31]. Above the critical velocity, the col- The chemical modifications, as well as the immobilized
ligand, should result in a chemically stable matrix. The lig-

and should not be released during decomposition. An ab-
solute stability is not possible and also not desirable. The
controlled leakage of ligand has been accepted. For instance,

Table 2
Features of media suited for protein chromatography

Feature Dimension |eaked Protein A in the range of 4 ppm and above can be

Surface area (ficrr) 10-400 detected in lgG-eluates of Protein A columns. It is impor-

Functional groupmol/cn¥) 1-100 tant that the leaked material is not toxic. This requirement

Porosity ¢p) excludes a variety of chemistries for manufacturing of me-
Non-porous 0 dia for production of therapeutic proteins. The ligand itself
Porous 0.25-0.75

_ should also not be toxic. Dye-ligands have been suspected
Pore size (nm) of being toxic[34], but recent studies showed that they are
Conventional 10-100 lativel fe. Ch ist f th li ds h b :
Monolith 1000-5000 relatively safe. Chemistry of these ligands have been im-
proved and currently a big variety of such ligands meeting
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Fig. 2. SEM of a chromatography packing made of glass used (Prosep from
Millipore) for industrial affinity chromatography.

Fig. 1. SEM of monobeds produced by Amersham Biosciences. Reproducedspace the protein of interest is eluted. For such application,
by courtesy of Amersham Biosciences. large particle diameter (>50m) are advantageous, since the
pressure drop is lower, they are easier to pack and they are
the requirements of manufacturing of therapeutic proteins areaSier to manufacture, and therefore, less expensive than me-
available. dia with small particle size and narrow size distribution. The
pressure dropAP) for beds packed with rigid media is given

3.1. Particle size and particle size distribution by the Kozeny-Karman equation:

AP uu(l—¢)?
The particle size for protein chromatography ranges from T - 2 8
2 to 300wm. The size distribution varies from monodispers P
media Fig. 1) up to 30% standard deviation of the size distri- wherelL is the column lengthdp the particle diamete
bution. The feature depends on application. Media character-the chromatographic velocity and the dynamic viscosity,
ized by small particles and narrow particle size distributions ande the porosity. Several manufacturers offer chromatog-
are used for analytical applications. raphy media with the same surface chemistry, similar pore
In these applications high resolutioRs] is obtained by structure but different particle size. This provides more free-
high efficiency. Efficiency is measured as number of plates dom to optimize a chromatographic separation process. A

x 150 (3

(N): lot of chromatographic media are almost spherical. Spherical
media produce a lower back pressure in a column than non-

Rs = ﬂ“__li (1) spherical ones, but manufacturing of spherical media is com-
2 a+1lk+1 plicated and expensive. For preparative purposes with large

wherekis the average relative retention of two solutes,and ~ Particles, the increase of pressure drop due to deviation from
the selectivity defined de/ki. For such applications, narrow  SPherical form is negligibleHig. 2). Modern chromatogra-
small particles are required, since efficiency is directly related Phy media do not contain fries or debris. These small particles

to the particle diameter. may be washed down and clog the column over a certain time
of operation. Fine material can also cause problems during
2ep DL 2u ¥o1? rp rl% packing. When a column is often repacked such fine material

HETP= — 1— ey [1 n k/} 3% | 15epDp may be generated.
) The latest generation of chromatography media, the mono-

liths are stationary phases, which do not require packing of

whereegy, is the bed porosity’ the relative retention factor, a bed. Either a continuous stationary phase is cast, which is
rp the particle radiusgp the porosity of the particlds; the intersected with channe[86,37] or a chromatography ma-
film mass transfer coefficierDp the particle diffusivity and terial is packed and then the bed is compreg88e40] In
D, the axial dispersion coefficient. An alternative comprises case of capillary LC, the wall acts as stationary phase. Both
monoliths, because they exhibit a high mass transfer propertystationary phases, monoliths and capillaries are characterized
[35]. by high mass transfer efficieng$5].

For preparative applications, resolution is often obtained
by selectivity and chromatography is performed in an on/off 3.2. Pore size and pore size distribution
mode. Conditions are searched where the protein of inter-
est is captured, while the impurities are passing the column.  Media for protein chromatography are characterized by
After washing out the unbound material from the interstitial large pore size and compressibility. Thus, the pore size de-
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termination is not possible by conventional methods used in Table 3
classical adsorption science. A classical adsorbent, such a&omparison of pore size of a selection of chromatography media determined
activated carbon contains micro meso and macro péres FO'by inverse size-exclusion chromatography and data from manufacturers

protein chromatography micropores are not of interest, be- Stationary phase Mean pore diameter (nm)
cause they are not available for proteins. The surface area ISEC calculated  As given by supplier
of a rigid medium can be determined by nitrogen adsorption amersham Biosciences
(BET-isotherm) or mercury intrusion. The soft natural and  sp Sepharose FF 40 -
synthetic polymers must be dewatered before analysis and CM Sepharose FF oa -
then the structure will noticeably change. The material will TosoH Biosep
shrink and the obtained data are meaningless. Chromatogra- HwW 65 F 1322 100
phy media from polymethacrylate, such as Toyopearls, CIM SP650M 152 100
monoliths, or silica beads and glass can be characterized by E\'\,"V?)SSOFM 1‘3‘;2 138
above-mentioned methods. SP 550 C 1% 30
Recently, the pore size of soft chromatography media has _
been measured by inverse SEQ]. Dextran molecules with E'\é,'\;'gussa‘isM 330 100
defined size serve as reference material. These molecules are gyp so,~ M (1M Nacl) 593 100
inert enough and do not interact with the chromatography EMD coo M 1610 100
surface. The molecular size of the dextrans is given by the BioSepra
viscosity radius: Silica 1360 100
SP Spherodex M 68 100

3 1/3 SP Spherodex M (1M NaCl) 43 100
R— ( M ) @ CM Spherodex M 2® 100

107 Na Data from DePhillips et a[41].
where [j] is the intrinsic viscosity in cr¥fg, M is the molec-  and a fairly good pore size distribution is obtained:
ular mass andNp is Avagadro’s number. The viscosity ra-
dius has been proposed as a universal calibration parameteg, — M (5)
for SEC as it captures the dependence of SEC elution vol- Vr=Vo

ume on both the molecular mass and the molecular shape, agyhere g is the elution volume of the respective dextran
reflected in the intrinsic viscosity. This size description has mglecule V, the void volume, and/r the total column vol-
proven usefulin SEC as it permits comparison and calibration yme, Because of the finite radiug of the probe molecule,
between macromolecules of very different shapes (€.g., Pro-the part of the pore immediately adjacent to the wall is inac-
teins, polysaccharides, nucleic acids and viral particles) andcessible to the center of the probe, so the fractional accessible
is independent on pore geometry and mobile phase flow rateyglyme is (1— (rm/r))2. Thus, for a given probe size:
[41].
A mixture of dextran molecules with defined size is in- S fa - (rm/r)?) dr
jected and they are eluted according to their skig.(3). Kp = T f(r) dr (6)
From the distribution coefficient of the retained dextran 0
molecules Kp) the fractional pore volume can be calculated where the denominator serves for normalization. This relation
showsKp to be calculated as the ratio of the pore volume
accessible to a probe of radiyg to the total pore volume,
consistent with the experimental definition. The method has
100§ been also compared with the classical methods for measuring
] pore size distribution and good agreement has been observed
for some media, for others a much smaller pore diameter has
been foundTable 3.
Interestingly, enough has been observed for the grafted
o media, such as FractodgdR]. Under certain conditions, such
o as low ionic strength, the grafted layer may behave as hydro-
o gel and large uncharged molecules cannot penetrate into the
pores. When saltis added then the hydrogel shrinks and pores
0A+———Tr are opened.
01 01 03 05 07 09 11 For separation of plasmids and viruses, an extreme pore
geometry is required. This may lead to a very soft bead.

Fig. 3. Relationship between radius of gyration and distribution coefficient AnOth?r way t_o deS|gr_1_a medmm with _a hlgh_ f:apaCIt_y for
of dextran samples according to DePhillips ef4d]. plasmid DNA is the utilization of plasmid partitioning into

_
o
1l

_
1

Dextran Viscosity Radius (nm)
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‘ Chromatographic medium ‘ lulose, chitoson, synthetic polymers, such as polymethacry-

late, polyacrylamide, trisacryl and polystyrene, inorganic ma-

terial, such as silica, zirconium oxide, glass, hydroxyapatite
Beads ‘ ’ Monoliths

Spherical Macropores

and composite materials where a gel has beenfilled into beads
with gigaporeg49,50].

The basic beads are often further modified in order to
coat the surface (silica, polystyrene) or to graft an additional
od uls Nonl_ — 'Sond s layer onto the surface (Fractogel, Sepharose XL). Classifying

| | i ‘ media into preparative and analytical ones, makes a priori no
sense. The only difference between analytical and preparative
Fig. 4. Classification of chromatography media according to the shape of separation is the result. In analytical chromatography, we are
the bead. interested in the information, while in preparative separation
interestlies in purified product. For industrial scale operation,
a hydrogel. Chromatography beads particularly designed for material with a particle diameter >30n is commonly used.
plasmid separation are not yet commercially available.

Macropore &

Non-spherical Mesopres

4.2. Beads
4. Categories of media 4.2.1. Natural polymers
The first application of a natural polymer was reported by
4.1. General classification Peterson and Sober in 1988L]. They derivatized cellulose

to cellulose beads with ion-exchange functionalities. Three

Itis not easy to classify media. They can be categorized ac-years later, the first dextran-based media Sephadex G-25 and
cording to the basic material, according to the transport mech-G-50 were commercially available. The first paper on gelfil-
anisms or according to manufacturing processes. Classificatration describing Sephadex was published by Porath and
tion according to the transport mechanism is not reasonable,Flodin [52]. Common to all natural polymers, such as cel-
since upon chromatography conditions and composition of lulose, agarose, dextran and chitosan used for protein chro-
feed, the transport mechanism may change as demonstratethatography is their low unspecific adsorption. These poly-
by experiments with laser confocal microscqgg]. mers are extremely hydrophilic and proteins do not adhere.

Here, we try to classify the media according to basic ma- This is explained by the high degree of hydroxy groups in the
terial and shape of the beHi¢. 4). Chromatography material ~ polymer chain. It seems that chitosan is the most hydropho-
not suited for protein chromatography will not be considered bic one. An overview of most common media made out of
here. natural polymers can be found Tiable 4

We can distinguish between packed beds by particlesand The big success stories in protein chromatography
continuous stationary phases the so-called monoliths. Theare dextran- and agarose-based chromatography beads,
beads can be porous or non-porous, but a monolith has toSephadex and Sepharose, respectij&B}. The success is
be porous, otherwise it would be useless as chromatographyclosely linked to the company Pharmacia now General Elec-
medium. Chromatography material with a solid cdfey(5) tric Health Care. Without these materials, the big advances in
surrounded by a shell of sintered small particles are also protein separation would not be possible. In 1959, Sephadex
available[44]. The monoliths are either solely composed of G-25 and G-50 were introduced, and 1960 and 1962 saw
macropores, such as the CIM disg6,37] or both macro the introduction of ion-exchangers based on Sephadex block
and mesopores, such as the chrom@4&-48] Initially, the polymerizates.
chromolith has not been designed for protein chromatogra- Advantages of dextran and agarose beads over cellulose
phy. They have been also successfully applied for peptide are better flow properties. Fibrous cellulose is extremely hy-
separation and test have been made with larger proteins.  drophilic but also difficult to pack. Bed height is usually be-

Classification according to basic material is straight for- low 20 cm. Cellulose beads are also commercially available,
ward: we have natural polymers, such as agarose, dextran, celsuch as Cellufine from Millipore or the cellulose based ion

exchangers from Whatmgb4]. To enforce the soft struc-
POROUS . ture, agarose has been crosslinked. This material is known as
SHELL "\ 4§ e Sepharose CL 2B (4B, 6B). Crosslinked agarose beads have
- been further modified by covalent binding of dextran to it.
The medium has been commercialized as Superdex.

To exploit their excellent binding properties, these soft
chromatography media are often used in batch contactors.
This operation principle is very popular in blood plasma frac-
Fig. 5. Schematic drawing of a chromatography bead with a porous shell tionation. The medium in the form of a dry powder or swollen
and a solid core. According to Kirkland et §&4]. in an appropriate buffer is mixed with the plasma in a tank
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Table 4
Examples of chromatography media made from natural polymers
Basic material Physical shape Example Manufacturer
Cellulose Fibrous DE 32 Whatman
Micropellicular DE 52 Whatman
Pellicular Express-lon D Whatman
Express-lon Q
Pellicular Sephacel Amersham Bioscienes
Pellicular Cellufine Millipore
Dextran Pellicular Sephadex G Amersham Biosciences
Sephadex G
DEAE
Agarose Pellicular DEAE-Sepharose 4B Amersham Biosciences

Pellicular crosslinked DEAE-Sepharose FF

Agarose-dextran composite Pellicular Superdex 30 Amersham Biosciences
Superdex 200
DEAE-Sepharose XL

then the medium swells and adsorbs proteins. After that, thewithout further modification of the surface for RPC. For

loaded material is removed by a nutsch filter and the proteins other modes of chromatography, the surface must be coated

are desorbed. In such processes, the chromatography matewith a hydrophilic polymer. A derivative of polyacrylamide

rial can only be used one time. Another way to handle theseis Trisacryl[56]. An overview of common polymeric media

soft materials is via suspended bed chromatography intro-for protein chromatography can be foundTiable 5

duced by Levisonf55]. This is a hybrid technology between Common to all synthetic polymers is their relative hy-

chromatography and batch contactor. The equilibrated chro-drophobicity. Therefore, for a lot of applications they must be

matography medium is suspended together with the proteincoated into order to prevent low recovery. A plethora of other

solution as a slurry and then pumped in the chromatographymaterials have been described, but they are not commercially

column where the residual steps are performed. The timeavailable, and therefore of less interest for industrial applica-

consuming loading phase is cut short by this technology.  tions. An advantage of the synthetic polymer-based media is

their resistance to extreme chemical conditions, such as pH

4.2.2. Synthetic polymers or an oxidizing environment presumably the coating is stable.
Synthetic polymers are also frequently used as basic ma-Some of these media can be also sterilized in an autoclave.

terial for protein chromatography. Three polymers are of im- In situ sterilization is not possible due to lack of appropriate

portance: hydrophobic vinyl polymers, polyacrylamide poly- columns.

mers and polyvinylstyrene. Polyacrylamide polymers have

been introduced by Hjerthen and polymethacrylate by the 4.2.3. Inorganic media

group of Kalal in Prague, CI54]. Later material is known The first chromatography material was CaC@sed by

as Spheron, but it never really penetrated the market. An- Tswett. This material is not suitable for protein chromatog-

other synthetic polymer is polystyrene, which can be used raphy. Arne Tiselius introduced hydroxyapatite for protein

Table 5
Example of basic material for protein chromatography
Basic materidl Trade name Manufacturer
Polyacrylamide derivate Trisacryl BioSepra

Hyper D BioSepra, hydrogel filled into the porous shell
Hydrophilic crosslinked vinyl polymer Toyopearl TosoH Biosep
Polyacrylamide Bio-Gel Bio-Rad
Styrene divenyl benzene copolymers Aberlit, Leweht Merck, not optimal suited for protein chromatography
Polystyrene divenyl benzene Source, Resource Amersham Biosciences
Polystyrene divenyl benzene Polymer labs, coated highly porous material available
Polystyrene divenyl benzene Porous Erseptive Biosystems. Similar material as polymer labs
Polymethacrylate CIM BIA separations, available as monolithic column

The surface has been further modified to functionalize it for IEX, AFC, HIC, RPC or SEC.
a Exact chemical composition is not available and often not disclosed by the manufacturer.
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separation. The original microcrystalline hydroxyapatite had could be only operated under extreme flow rates. Therefore,
extremely poor flow properties, although selectivity was ex- the gel has been polymerized into a porous shell originally
cellent. A breakthrough was accomplished by the ceramic made of silica and later of zirconium. The medium is also
hydroxyapatitg57]. The small hydroxyapatite particles are called gel in a shell. It can be operated at extremely high ve-
sintered to a spherical particle with large pores. The material locity without loosing binding capacity. The sorption mecha-
has excellent flow properties, good selectivity and high bind- nism was found to be dominated by solid diffusion. This was
ing capacity. It is used for large industrial processes, such asalso confirmed by experiments where a gel was polymerized
recombinant antibody production. The prime inorganic sup- into a slab and the mixing protein front was observed in a
port material is silicd58—60] The OH group can interact microscope. The solid diffusion model was able to describe
with proteins especially at high pH. Therefore, it is a neces- the moving concentration profile best. The high capacity of
sity to react the residual Si-OH groups in order to inactivate the composite medium allows direct capture of proteins out
them. Such a medium is called bonded silica. Peaks with of a culture supernatant without prior conditionifrd].

good symmetry are only obtained in RPC with fully capped

supports. On the other hand, with partially capped SUppPOrts, 4 3 Monoliths

the peak symmetry can be greatly improved by the addition
of amines or quaternary ammonium compounds to the mo-
bile phase. This is also known under reversed phase ion-pairC
chromatography. Silica has been also grafted with dextran
[61] or polyvinylpyrrolidong[62] by interaction of a copoly-
mer of vinylmethyldiethoxysilane and vinylpyrrolidone with
Lichrospher Si 300 and Lichrospher Si 500. The coating
procedure retained the wide-pore structure and the material
showed good selectivity for proteins in the HIC mode. Sili-
cas have been also coated with hydrophilic lay&83, cellu-
lose[64], polystyrol[65], dextran[66,67] agaros€67] and

Monoliths are a relatively new class of stationary phases,
ompletely different when compared to conventional station-
ary phases. The material is cast into a chromatography col-
umn as a continuous block interlaced with chanrj@B).

The ramified channels do not have dead ends. Owing to this
structure, the transport of the solute to the surface is solely by
convection instead of diffusion as observed in conventional
media[35,73] Monolithic media are characterized by excel-
lent mass transfer properties and a low-pressure drop. The
. . large channel diameter make monoliths as excellent station-
poly(alkylaspart-amidej1]. Another approach to stabilize ary phase for protein chromatography. The first monoliths

silica supports was obtained by a zirconium salt treatment were developed by Hjerthen et {88—40]and Tennikova et
and then covalently bonded with a hydrophilic organo-silone al. [74]. Hjerthen et al[38—40]compressed polyacrylamide
(Zorbax Bioseries). The zirconium treated surface presentsgeIS and observed excellent resolution. The polymethacry-
no unusual restraints in operating conditions and even P€|ate monoliths the most widely used for protein chromatog-
".“ts short—term use of buffered eluents at pH 8. Full raphy are produced as follows. When the polymer chain is
Zirconium beads are “Se‘?' for small _molec_ules F’“‘ not _for Pr0- growing the solubility is decreasing and at a certain polymer
tems_[6$_)]. It W(_)UId be Qf interest, since zirconium oxide is length defined particles precipitate and agglomerate to a ho-
stahile in alkaline solutions. mogenous porous networkif. 6). Silica monoliths grown
Glass h_as been also used a support. The most commqnlyas a single block by the gel-sol process have been devel-
used one is the controlled porous glass (CPG). It exhibits oped for separation of small moleculd$—47} These types
excellent flow properties, although the material is not spheri- ¢ o 210 contain mesopores. Numerous concepts
cally shapedkig. 2). The surface has reactive hydroxy groups of monoliths have been published and it seems that these
which can be used forfurther_modification. Arevival ofgla;s_ configurations of a chromatographic bed comprises a great
has been made by the Protein A adsorbent ProSep A (Mill- future for bioseparation. They are already widely used for

pore). This adsorbent is successfully applied for large scale ;5\ tica| purposes. Scale up was difficult in the past, but
therapeutic antibody purification. A proprietary chemistry is

used to attach the staphylococcus Protein A ligand. The ma-
terial has both excellent flow properties (back pressure) and
excellent mass transfer propert[@§)].

4.2.4. Composite materials

To some extent the coated silica could be also regarded
as a composite material, but in this review media made an
inorganic and organic phase are considered. The HyperD ma-
terial is a typical representative of such a composite material
[49,50] The manufacturers used a soft hydrogel similar to
Trisacryl with a low degree of crosslinking and a high degree
of functional groups. This leads to an extremely high binding
capacity for proteins. But the material as such is not suited for
chromatography in a packed bed. The material is too softand  Fig. 6. SEM of a monolith made of polymethacrylate (CIM disks).
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Fig. 7. Breakthrough curves of IgG on CIM §@onoliths. [16] K. Ahrer, A. Buchacher, G. Iberer, D. Josic, A. Jungbauer, J. Chro-
matogr. A 1009 (2003) 89.
[17] K. Ahrer, A. Buchacher, G. Iberer, A. Jungbauer, J. Chromatogr. A
recently was successfully performgtb]. Polymethacrylate (2004) in press.
monoliths were scaled to 8000 ml. The conventional axial [18] J. Gysler, M. Mazereeuw, B. Helk, M. Heitzmann, U. Jaehde, W.
flow was replaced by a radial flow. The high mass transfer Schunack, U.R. Tjaden, J. van der Greef, J. Chromatogr. A 841
efficiency is demonstrated by the shape of the breakthrough __ (1999) 63. .  Bioch
curves Fig. 7). Breakthrough curves have been performed ¥ ;'W' Patapoff, R.J. Mrsny, W.A. Lee, Anal. Biochem. 212 (1993)
at various velocities and superimposed. Breakthrough doesp>q) j.A.p.p. van Dijk, J.A.M. Smit, J. Chromatogr. A 867 (2000) 105.
not change with velocity and feed concentration. This is an [21] G. Iberer, H. Schwinn, D. Josic, A. Jungbauer, A. Buchacher, J.
indication that the adsorption is not mass transfer limited. Chromatogr. A 921 (2001) 15.
Monoliths have been also used as a support for solid phase[ZZ] J. Houwing, H.A.H. Billiet, L.A.M. van der Wielen, AIChE J. 49

s_ynthesi$7§]. An interesting a_pplication isthe direct synthe-. [23] goai)n’li?iie, N.-H.L. Wang, AIChE J. 49 (2003) 2039.

sis of peptides onto monolithic columns. Since the synthesis|24] m. Fridman, M.I. Aguilar, M.T.W. Hearn, J. Chromatogr. 512 (1990)
has been performed on polymethacrylate monoliths, the di-  57.

rectly grown peptide can be used as an affinity ligand without [25] Z. Gu, Z. Su, J.-C. Janson, J. Chromatogr. A 918 (2001) 311.
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aration. Monoliths are also interesting supports for enzyme nol. Bioeng., submitted for publication.

reactors. The link to protein chromatography is in fusion pro- [29] R- Schlegl, G. Iberer, C. Machold, R. Necina, A. Jungbauer, J. Chro-
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