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SEPARATION AND PURIFICATION METHODS, 26(2), 215-253 (1997) 

PROTEIN SEPARATION WITH FLOW-THROUGH 
CHROMATOGRAPHY 

William E. Collins, Department of Chemical Engineering, Howard 
University, Washington, DC 20059 USA 

INTRODUCTION 

Proteins are isolated in the chemical process industries for a wide variety of uses. 
Isolation and separation are often conducted with chromatography. Conventional 
chromatography of proteins is often tedious and can suffer from poor efficiency and 
resolution. There is a well-known tradeoff between resolution and speed', Newer 
methods of protein chromatography seek to diminish the shortcomings of conventional 
methods. New methods are presently being investigated for process, preparative, and 
analytical applications. 

decouples resolution and speed. Sought are enhanced resolution, diminished retention 
time, and on a preparative scale, the processing of larger samples. Recent techniques 
include variations of conventional chromatography such as displacement, expanded 
bed, radial, and flow-through configurations. These techniques also include capillary 
electrophoresis and hollow-fiber membranes. Capillary electrophoresis provides 
quick, efficient separation and resolution of multiprotein solutions, particularly in 
immunoassays isolating fiee antigen and antibody fiom the antigen-antibody 
complex2. Diffusion limitations on protein ion exchange have been eliminated using 
the popular diethylamine ligand immobiiied on tentacles attached to the pores of 
hollow-fiber membranes via graft polymerization3. The cylindrical geometry of 
hollow fibers increases resolution4 compared to conventional particles. 

New chromatographic separations of proteins take several forms. For instance, 
displacement chromatography' enhances effluent concentration in the desired 
proteinaceous solute by displacing it with a low molecular weight solute. Expanded 
bed chromatography accommodates highly contaminated, intractable feeds. The 
unclarified, unremediated feed is applied to the bed bottom to adsorb the desired 
protein solute and displace the bed. After application is finished, flow is reversed, the 
bed settled, and the protein solute eluted. Averting bed compression via quite low 
pressure drops, the configuration for radial chromato phy uses conventional media, 
increasing throughput and diminishing retention time . The technique is suited for 

Flow-through chromatography is a promising new method of protein separation that 
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216 COLLINS 

process applications displaying promise in immunoafinity use. Monolithic 
chromatography beds have found use in ion exchange applications7. Woven textile 
fabric can be rolled and inserted into a column to simulate a continuous phases-", that 
provides a separation advantage characteristic of flow-through columns. These results 
suggest that membrane chromatography, in which membranes are immobilized in 
columns, would display plate heights unaffected by column velocities. This trend is 
observed at high 

Flow-through chromatography', its principles", and applications'2 have all been 
recently reviewed. The primary characteristic of flow-through chromatography is 
intraparticle convection. The technique promises reduced retention and exposure 
times for both preparative and analytical applications. Flow-through, or perfhion, 
chromatography supplements the diffisivdadsorptive separation mechanism of 
traditional chromatography with intraparticle convection. Accordingly flow-through 
chromatography significantly reduces retention time, but maintains resolution and high 
throughputs. Proteins spend less time on flow-through columns and risk less exposure 
to denaturing conditions. Sample recovery and yield are increased while products can 
be analyzed with excellent resolution downstream. Suitable isolation protocols can be 
developed and perfected quickly, to facilitate scaleup. Many companies like Glaxo, 
Abbott Labs, Genentech, and Baxter Biotechnology already practice flow-through 
chromatography in their industrial protein separations. Flow-through chromatography 
fails to exhibit the tradeoff between resolution and speed displayed by other types of 
chromatography. This has many benefits for protein separations, which will be 
covered in this review. 

MEDIA COMPOSITION 

A pore geometry promoting intraparticle convection classifies flow-through media. 
Media appropriate for flow-through chromatography must possess outstanding 
chemical and mechanical stability (Table I). Suitable media can consist of alumina, 
silica, or even hydroxyapatite". Most often, these media are based upon beads of a 
poly(styrene-co-divinylbenzene) copolymer (PSDVB). A wider fractionation range is 
obtained with poly(vinylpheno1-co-divinylbenzene) cop~lymer'~, which has broader 
exclusion limits, but lower selectivity. PSDVB materials have been in use for over 40 
years though specific variations of the different pore properties and derivatization have 
changed over the yearsI2. 

PSDVB Flow-Through Chemistry 
The PSDVB particles comprising PerSeptive's POROS flow-through media are 

synthesized via staged templated suspension polymerizationI2. A crosslinked 
hydrophilic fimbriated phase is adsorbed to the PSDVB surface to decrease solvent 
equilibration time and particle shrinking or swelling. Moreover this phase can be 
readily finctionalized to support diverse types of chromatography. The POROS 
media are stable in 5 N NaOH, 1 N KOH, 1 N HCl, 1% phosphoric acid, 10-60% 
formic acid, and 100% polar organic solvents. POROS is stable for pH 2-12, unlike 
HPLC silicas, which degrade at pH > 9 and exhibit cation exchange effects from 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
9
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



PROTEIN SEPARATION 217 

TABLE I: COMMERCIAL LARGE-PORE HPLC PACKING MATERIALS 
MATRIX BRAND PORE DIAMETER ............................................. 
Polymeric 

............................................................................................... 
POROS, P-ve BioSystems 

PL4o00, Polymer Labs 
MaaoPrep, BioRad 

G6OoOPW, TosoHaas 
Fmctogel, E. Mer& 
SOURCE, Pharmacia 

HyperD, BioSepm 
Ni-NTA Superflow, Qngen 

......... . \ ,  ............................................... 
7000 
4Ooo 
1200 
6ooo 
2000 
8OOo 

unavailable 
ullifyailable 

2000 
4000 

Alumina Unisphm, Biotage 2500 

Hydroxppatite HA Type S, Koken Science Int'l 2000 

residual silanols. The particle diameter of these media dp can suit a given application. 
Available are 10 (analytical applications requiring the highest resolutions), 20, or 50 
(preparative applications with low pressure drop) pm. Furthermore PSDVB can be 
molded as a continuous stationary phase, or monolith. The polymerization mixture is 
thus cast into columns, and polymerized, to increase pore diameters and intramedia 
con~ection'~. 

Fimbriated stationary phases bound to PerSeptive's flow-through media endow 
them with higher capacity and diversify the available separation mechanism''. In the 
past, fimbriated phases were used to augment the capacity" of highly rigid silica 
particles of 10 pm dp for HPLC. Despite their high resolution and flowrates, the 
particles suffered from low capacity". Fimbriated phases increase the adsorbing 
surface area of PSDVB media. The typical fimbriated phase consists of select block 
copolymers that are adsorbed to the surfaces of PSDVB media and crosslinked". This 
phase is ordinarily not applied for reversed-phase applications because the PSDVB is 
already hydrophobic enough to cause enough separation". The thickness of the 
adsorbed phase is restricted to 80 A or less so that diffusion into the pores is not 
occluded. The copolymers consist of hydrophobic and hydrophilic blocks. The 
hydrophobic block possesses affinity for the PSDVB surface and adsorbs (Figure 1). 
The hydrophilic block possess affinity for the mobile phase, forms loops when the 
copolymer adsorbs, and consists of polyethylene oxide or glyceryl-based polymers. 
The hydrophilic block is functionalid to support ion exchange, attinity, or 
hydrophobic interaction chromatography. Functiodkation proceeds by reaCting 
epibromohydrin with glycidol and subsequently with sorbitol or boron trilhoride. 
Alternate finctionaliition chemistries are available. The epibromohydrin-glycidol- 
sorbitol product can be CNBr or aldehyde activated to immobilize ligands on the 
fimbriated phase. In particular, pore size-specific fbnctionalization can be achieved, in 
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SOLUTION 

COLLINS 

Figure 1. The copolymer coating adsorbed to the PSDVB in order to fUncti0naliz.e flow- 
through partwles. The loops, trains, and tails of the adsorbed Coating are shown. X = 
hydrophobic domains; 0 = hydmphilic domains. Reprinted with permission, J. Chromat., 
- 631,107 (1993). Copyright 1993, Elsevier Publ. 

which the diffusive pores are fbnctionalized one way and the throughpores 
fbnctionalized in an~ther’~. Thus more than one mode of separation can be realized in 
the same column, conditions typically unattainable combining media of different 
single chemistries. These techniques will likely be adapted to synthesize media for 
metal chelate or thiol exchange chromatography. 

There are a number of sources and formulations of PSDVB-based media. Some of 
these media sizes perhaps possess flow-through capabilities”. For example, the media 
available from Polymer Labs have narrow size distributions of 10, 15, or 25 pm d, and 
possess 100,300, 1000, or 4000 A pore diameters. The media are suited for ion 
exchange, reversed phase, and gel filtration chromatography. Media with 1000 or 
4000 A pore diameters suit flow-through applications and exhibit a linear 
relationship” between flowrate and pressure drop up to 3000 psi (21,000 @a) (Figure 
2). 

There are alternate configurations of PSDVB media. For example, Pharmacia’s 
SOURCE media”, though constituted of PSDVB, exhibit a poresize distribution of 
200-10,000 A, wider than that ofthe bimodally distributed media of PerSeptive 
BioSystems. SOURCE media have excellent separation characteristics based upon 

A. Proper pore size distribution. 
B. Very high pore connectivity of the porous network. 
C. Both a very high accessible surface area of the pore network that possesses a 
high concentration of active sites per unit surface area of the pores. 

Thus pore geomet# benefits SOURCE2* and other media (see “Transport Theory”) 
though they are may not flow-through media. Vydac has fabricated VHP particles in 5 
or 8 pm dp from PSDVB for HF’LC ion exchangeD. The HyperD pmicles of 
BioSeprawz7 are available in 10,20,35, 60, or 70 m d, for ion exchange, affinity, 
and gel filtration chromatography. These mediaz5, ’ consist of large-pore, highly rigid 
polystyrene/porous silica matrix permeated by a highly hydrophilic, small-pore 
hydrogel of modified TrisAcryl. 

y. 
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Pressure 
(psi) 

6000 . 

5000 * 

1000 - 

3000 - 

2000 . 

1000 * 

I 
1 

1 2 3 4 5 6 

Flow-Rate (ml/mln) 

Figure 2. Column pressure vs. flowrate for chromatography at ambient temperature using 
an eluent of ethanol-water (70: 30, v: v). A 4.6 mm ID x 150 mm column was used with 4 
8 pn. 0 = 1000 A pore diameter; X = 4000 A pore diameter. Reprinted with permission, J. 
Chromat., 512,365 (1990). Copyright 1990, Elsevier Publ. 
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Superporous 'r----- 
COLLINS 

0 1 2 3 

Linear flow (cdmin) 

Figure 3. H vs. linear flowrate for sizeexclusion chromatography of bovine serum albumin 
on agarose. A 1.6 mm ID x 150 mm column was used with 4 400 pm. Reprinted with 
permission, J. Chromat. A, m,23 1 (1996). Copyright 1996, Elsevier Publ. 

Other Flow-Through Chemistries 
Flow-through capability is manifested with chemistries other than PSDVB. BioRad 

has developed its Macro-Prep ceramic hydroxyapatite (M-P CHT) media2* to facilitate 
process chromatography. Available in 10, 20, 40, or 80 pm dpparticle sizes, these 
media are claimed to possess pore diameters of 500-1000 A, separating proteins via 
mixed ion exchange. They evince characteristics typical of flow-through 
chromatography. They display excellent resolution of a number of proteins at the 
elevated superficial velocity vo characteristic of flow-through chromatography. For 
example, a vo of 640 cm/h resolves proteins well for M-P CHT; an upper limit of 1000 
cm/h is claimed for VO. A high column pressure drop AP is claimed to leave the 
resolution of flow-through applications undiminished. A maximum AP of 7000 kPa is 
claimed for M-P CHT particles. These are formed sintering conventional crystals of 
ceramic hydroxyapatite and are stable in many solvents, including 1% SDS, 2 M 
NaOe 8 M urea, acetonitrile, and 100% ethanol. 

Qiagen's Ni-NTA SuperflowTM media utilize flow-through properties to optimize 
the chromatography of histidine-tagged proteins29. These medii consist of 6% agarose 
heavily cross-linked to withstand hp exceeding 1000 kPa plus various corrosive 
solvents. Particle diameters are 60-160 pm. An upper limit of 3000 cm/h is claimed 
for VO. 

Recently characterized were agarose particles with a bimodal pore di~tribution~~. 
Synthesized with a double emulsification procedure, these particles possess dp of 300- 
500 pm. Moreover they exhibit outstanding promise as flow-through media because 
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0’ srOerporous 
025 mchnin 
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Elution vdumo (ml ) Elution wbne ( ml ) 

1 A mVmin 

0 

Figure 4. Ionexchange of homogeneous w. superporous poly&yla~kagamse beads 
at two elution rates. Chroma@raphy of a 1 ml mixaue of bovine sew albumin, 
ovalbumin, ov lac to globulin A, and p-lactoglobulin B used a gradrent startiag with 20 mM 
Tris-HCI, 0.02 M NaCI, pH 7.0 and endq  with 20 mM Tris-HCl, 0.60 M NaCl, pH 7.0 in 

pennission, J. Chromat. A, m,23 1 (1996). Copyright 1996, Elsevier Publ. 
100 min. A 5 mm ID x 30 NIRI column w a ~  used With & 75-106 w. Repnided With 

their throughpores possess a diameter of 25-75 pm. For example, water applied to 
them will pass through without a Muxulm. At intermediate and high velocities, His 
independent of vo, unlike agar- particles with homogenous pores, as compared in 
Figure 3. Polyethyleneimine can coat the superporous agarose particles, adapting 
them to ion exchange. A standard test of resolution is to apply P-lactoglobulin A 
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222 COLLINS 

and P-lactoglobulin B, which differ in amino acid composition at only two positions, 
to candidate media. As shown in Figure 4, the superporous particles resolve the types 
of P-lactoglobulin, but the homogeneous particles clearly do not. 

It is easier to tailor these formulations than some of the very first flow-through 
formulations. These nonetheless displayed advantageous separation. For example, 
cabbage alumina was developed in the 1980s, cast into 10 microspheres, and 
coated with polyethyleneimine to be used as chromatography media'. The 
microspheres possessed a leaf strumre with 1000-10,000 fi  between leaves. Columns 
of the media were used to separate bovine serum albumin and immunoglobulin G. For 
superficial velocities of 1-1 5 cdmin, the height of a theoretical plate was independent 
of v ~ ,  exhibiting the major attribute of flow-through media, resolution unaffected by 
speed. 

PROPERTIES OF FLOW-THROUGH PARTICLES 

Transport efficiency between the mobile and stationary phases governs resolution 
in chromatographic separations. Transport in the mobile phase occurs primarily by 
convection, and in the stationary phase, primarily by diffision. Differential protein 
adsorption essentially causes chromatographic protein separations'. Bead properties 
such as particle diameter, pore diameter, and porosity, thus influence separation 
efficiency because they influence the surface area to volume ratio SN in the stationary 
phase. Recent innovations in chromatographic separations change SN and the 
balance between convective and diffisive transport. For example, nonporous particles 
reduce SN and eliminate diffision. These media diminish both retention time and 
throughput. In general, separation increases with SN, and capacity is inversely 
proportional to diffision in the column. Also different particle geometries can change 
SN. Cylindrical particles thus enhance throughput without sacrificing resolution, 
compared to spherical particles4. Hollow-fiber media accordingly offer enhanced 
mass transfer without the increased pressure drops and typical disadvantages like bed 
compression. 

Flow-through chromatography also enhances mass transfer for a given pressure 
drop but without altering particle, or bed, geometry, compared to conventional media. 
Conventional media are typically xerogels, fiagile and requiring care in handling. The 
d, of a typical xerogel is on the order of 10 pm with a pore diameter d,, on the order 
of 100 A. Proteinaceous solutes enter the pores predominantly by diffusion. 
Separation is largely effected by adsorption. Smaller protein molecules exhibit greater 
diffision into the pores, have more intraparticle surface area available to them for 
adsorption, and are retarded by the chromatographic column, thus separating them 
from larger proteins3'. 

to bed compression due to their low stiffness'*. Bed particles move, deform, break, 
and are jammed into the column fi-it in this compression process3*. Such 
chromatographic media consist of polysaccharide beads or particles, typically agarose, 
dextran, or cellulose, which are uncharged, hydrophilic, and as desired, fail to induce 
significant solute denaturation. Increasing volume, but decreasing rigidity 

Particles of conventional chromatographic media are highly porous and susceptible 
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PROTEIN SEPARATION 223 

considerably, hydration expands xerogels. They withstand pressure drops < 30 psi 
without substantial compression. Excessive pressure drops reduce the interstitial and 
pore volumes and can severely compromise throughput. Numerous strategies have 
been attempted to improve the separation efficiency of xerogels, with slight success. 
Heavily internally crosslinked xerogels are stiffer and can withstand pressure drops of 
300 psi, but are too hydrophobic. These are susceptible to dead spaces, interfere with 
protein difision in the stationary phase, and fail to separate proteins effectively. 
Larger column diameters, rather than high pressure drops, remain preferable to process 
larger sample sizes. Also resolution suffers from residual protein denaturation and 
considerable adsorption, intrinsic to the technique. Recycling chromatography has 
been simulated with the equilibrium-dispersive model of chromatography. The 
technique displays the same limitations of prolonged retention though resolution is 
improved and solutes in largex sampies can occasionally be resolved33. 

Analytical chromatography of protein solutions has been traditionally conducted 
using high-pdormance liquid chromatography (HPLC). HPLC media, or aerogels, 
consist of silica gels. These are rigid, macroreticular particles that can withstand the 
elevated pressure drops of the technique. Accordingly HPLC enhances resolution and 
decreases resolution time. However the high pressures utilized in turn demand exotic, 
high modulus columns and fittings. These include stainless steel columns, and suitably 
rigid fittings and often disfavor preparative applications. HF'LC separations are also 
performed primarily as solute diffusion into pores followed by adsorption. Fast 
Protein Liquid Chromatography (FPLCO) is intermediate between HPLC and 
preparative protein chromatography with intermediate resolution and pressure drops. 

HPLC particles are limited by flow conditions to diameters of typically 3-5 pm, 
with 2 pm as a lower limit below which little firther speed and resolution are 
obtained. The small enhancements in separation obtained with smaller particle sizes 
also introduce prohibitively high back pressures and difficulties in column packing34. 
If porous, dVe is also on the order of 100 2% Unfortunately, often proteins coalesce 
around porous HPLC particles, form an impenetrable shell, and prevent diffusion into 
particles'. Increasing d,, to 1000 fr, intraparticle transport can still be diffusion- 
limited and inadequate. Thus the diffisivity of ovalbumin, labelled with '%, in 30 pm 
diameter silica gel-filtration particles with such pores is diminished. Pulsed-field 
gradient NMR reveals that cross-sectional average difisivity in the pores Dp is but 
about 40% ofthat in fiee 
experience bed compression. At moderate packing pressures, compression reduces the 
interstitial porosity and enhances column esciency for crosslinked agarose particles32. 
These results were interpreted using a relationship between column resolution and the 
ratio of intraparticle to interstitial porosity. 

~ e r o g e l ~ ~ ,  which possessed a dp of 2 pm, separated small organics using reversed- 
phase chromatography. Monolithic silica columns have been formulated that exhibit 
bimodal pore distributions. 

It has been demonstrated that HPLC media also 

Continuous HPLC columns have also been developed. A monolithic silica 

The pores in flow-through particles are averred to be bimodally distributed in 
This is often a primary characteristic of flow-through 

chromatography, which thus hypothetically benefit both from the high surface area of 
conventional media and from the high resolution of HPLC. However this is neither a 
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necessary nor sufficient condition for flow-through behavior which arises when there 
is sufficient intraparticle convection (see ‘‘Transport Theory”). In PerSeptive 
BioSystems media, one pore group, the dffisive pores, elicits diffision though pores 
500-1500 A in diameter. Diffusion-limited, none of these dimsive pores is more than 
10,000 A from a throughpore. Convective transport occurs in larger “throughpes,” 
with dP 6000-8000 A and a length of 1000 A. Scanning and transmission electron 
micrographs of various POROS media confirm these dimensions for bimodally 
distributed  pore^'^. Excessive diffision is prevented, but can be tailored for specific 
applications. Macroporosity will diminish the modulus and rigidity of larger particles 
less than those of smaller particles, and flow-through particles have a diameter of 10, 
20, or 50 p, ten times that of HPLC particles. By design particle diameters 
correspond to: 

dp z 10 throughpore diameter - 100 diffusive pore diameter. (1) 

Of course, it is more difficult to demonstrate the intraparticle convection claimed 
for flow-through media. Rodngues et al. conducted experiments that implied 
intraparticle convection. Bovine serum albumin was accordingly chromat~graphed~~ 
on an ion-exchanger of MROS QM media suspended in 20 mM TrisHCl, pH 8.6. 
The albumin was applied to the column as a pulse and eluted with a gradient of 0.5 M 
NaCI. Breakthrough and elution curves were plotted as eluted protein concentration 
normalized with respect to feed protein concentration vs. feed mass. The curves 
converge for volumetric flowrates of 2, 5, and 7 mumin, implying intraparticle 
convection. 

It is easier to show the often exceptional permeability of flow-through particles or 
conditions promoting intraparticle convection (see “Transport Theory”). The two 
approaches can be combined to calculate the permeability of flow-through media ‘,I9, 
which is substantially greater than that of conventional media. PfieiRer, Chen, and Hsu 
measured the permeability of PSDVB flow-through media directlq9. They 
determined a permeability about ten times higher than that previously determined for 
these media, implying intraparticle convection. 

Typical flow-through media withstand highly elevated pressures. Often these 
media3’ experience little degeneration for pressures below 41,000 kPa. Higher 
pressures decrease the permeability of the chromamgraphic bed so that column 
efficiency sufks.  It should be noted that flow-through media can also experience bed 
compression that enhances column efficiency. In particular, it has been demonstrated 
that packing pressures below 18,000 kPa increase the efficiency of flow-through 
columns by decreasing the interparticle porosit$2. It was surmised that thus more 
flow is diverted through the particles increasing intraparticle convection. Polymer 
Labs flow-through media were used to demonstrate these relationships using urea or 
nitromethane as a molecular probe in a solvent of acetonitrile and trifluoroacetic acid 
in water. These were predicted by substituing the Carmen-Kozeny relationship into a 
relationship expressing the dependence of interparticle porosity on the pressure 
exerted on particles in the column. Pressures above 41,000 kpa fail to alter the bed 
porosity of Polymer Labs flow-through media”, but compress the bed at the 
downstream end of the column. Suitable operating D is related to the column 
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PROTEIN SEPARATION 225 

diameter &I-. In flow-through chromatography, the relationship between AP and vo 
is linear if for a &- of 4.6 mm, AP I2900 psi (20,000 P a )  using P W - S  1000 or 
4000 A (Figure 2). Bed compression is averted expanding &I- to 2 cm if AP I 2000 
psi (14,000 kPa). Particles with dp I 5200 Wa, or even 700 kPa, can be selected to 
conduct benchscale experiments ine~pensively~~. 

flow-throu h media. HyperD sustains high flow rates, increasing chromatographic 
eficiencfl . These media can process larger samples than typical HPLC media, and 
HyperD is viable for AP I 14,000 Ha. However HyperD is compressible. The 
hydrogel phase in HyperD possesses high adsorption capacity for solutes, but entirely 
collapses when unsupported. Solutes undergo high diffision and u n d e t e e d  
convection into the viscoelastic acryl-based hydrogel. High flowrates, capacity, 
resolution, and recovery are obtained with moderate pressure drops. 

The HyperD matrix possesses some of the transport characteristics associated with 

!? 

TRANSPORT THEORY 

Flow-through chromatography shares a primary characteristic of membrane 
chromatography’, continuous-phase chromatography, and “hydrodynamic 
chromatography”: namely, to reduce the mass transfer resistance caused by diffusion 
in the pores of the chromatographic medium. Hydrodynamic chromatography uses 
nonporous, or pellicular, media, thus eliminating diffision in pores. Pellicular media 
decrease retention time and preserve acceptable resolution. For instance, BioChrom 
Labs has developed nonporous PSDVB media with an enhanced, “fuzzy“ surface area 
for these applications40. Biotage has developed nonporous polybutadiene-coated 
particles of alumina. Thus resolution can be enhanced, compared to many porous 
media 

Flow-through chromatography nevertheless possesses explicit advantages 
compared to chromatography using nonporous media, a distinction4’ made over 
twenty-five years ago. The mass-transfer effects between the two media were 
compared simulating chromatography with a continuum modelling interstices between 
beads and bead pores into respectively large and small pores throughout the column 
modelled (Figure 5). The distribution of solute molecules between the two pore types 
is then modelled stochastically to reveal two large advantages of tlow-through 
chmatography: larger dynamic l d n g  capacity and less band-broadening. Shifting 
the transport balance from solute diffision to convection as found in flow-through 
media enhances these advantages. In a series of polymer solutes with different 
molecular weights, the largest solutes seldom enter bead pores. A separation 
mechanism results in which the larger solutes elute from the column first. These 
relationships are revealed examining VO, which is given by 

vo = QIAO (2) 

where Q is volumetric flowate and A0 is the cross-sectional area of the empty column. 
The height of a theoretical plate H c8n be nearly constant with respect to increasing vo 
at high VO, similar4’” to flow-through chromatography, 
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Figure 5.  The bank model of a sizeexclusion column. The large tubes in a given bank (on 
right) represent the totality of interstices at that level in the column (on left). The small 
tubes in this bank represent the totality of pores w i t h  the beads at this level. The space 
between banks serves as a mixing region and has no volume. The available volume in each 
bead is viewed as consisbng of a labryinth of fine capillaries through which fluid can both 
diffuse and flow (from ref 36). Reprinted with permission, Macromol., 3,681 (1970). 
Copyright 1970, the American Chemical Society. 

Models of flow-through chromatography often solve the equation of continuity for 
eluite mass transfer in the column. Momentum and mass transfer both occur in flow- 
through particles due to intraparticle convection. The apparent diffusivity Dapp 
compared to the molecular diasivity of the eluite D is enhanced. Solution reveals 
that in the van Deemter" equation, 

intraparticle convection in addition to diffusion reduces H. bsp is the contribution to 
H due to eddy dispersion of the eluite in the chromatographic column, Hi,,t is the 
contribution due to intra- and interparticle axial eluite molecular diffusion, € L ~  is the 
contribution due to eluite mass transfer from the bulk phase to the particle surface. 
bsp represents the influence of column backtlow on eluite transport and equals a 
constant, typically 1 at appreciable flowrates'. The interstitial velocity Vb differs from 
vo : 
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t 

Height Equivalent 
of a Theoretical Plate 

II 

Figure 6. An illustration of the contributions to H vs. vb. Reprinted with permission, Sep 
Purif. Meth., 25,47 (1996). Copyright 1996, Marcel Dekker, Inc. 

where L is longitudinal bed length and tr is the retention time of a molecular probe 
completely excluded from the chromatographic medium. The difference is observed 
in the interparticulate porosity &b: 

Eb = VdVb (5 )  

Hd and Hext depend on vb so that H does” (Figure 6). Typically 

Hint = B/Vb (6) 

where B is8 often 0.8. Excellent reviews are available discussing the physical 
significances of h, B, and other constants in the Hi expressions834. 

Expressions for flow-through H vary, primarily in the form of %,. H for 
conventional and flow-through packings is compared in Figure 3. Figure 6 illustrates 
that eliminating Hext would decrease H. Pellicular packings accordingly display the 
advantages of lower H. Experiments with nonporous packings show that H fails to 
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eliminate the vb dependence of 
variation on equation (3): 

entirely, but conforms to the &OX equation, a 

h = A"'" +B/v + Cv (7) 

Hd,* for the Knox equation depends on v and hence Vb taken to the one-third power. 
Accordingly h depends on v at low to intermediate v, as shown in Figure 7. H(Vb) can 
be expressed in dimensionless form as h(v), where h is the reduced plate height: 

h = Wd, (8) 

and v is the reduced eluite velocity: 

For flow-through packings, is also velocity-dependent. Decreasing dp also 
decreases Next. Models of flow-through chromatography show H is decreased because 
intraparticle convection dramatically decreases Hint, which is proportional to Vb -' 
Moreover HA has a form in which I&* decreases with d,. Ordinarily Hext also depends 
on particle geometry and mode of mass transfer": 

C(geometry) depends on the bed and particle porosities, respectively &b and E,, as well 
as the adsorption equilibrium parameter b for a linear isotherm with slope m: 

where E~ is the intraparticulate void fraction and &b the interparticulate void fraction. 
In equation (1 I), these results can easily be generalized to spherical particles by 
replacing 2/3 with 2/15. Zd is the time constant for intraparticle diffusion and for a slab 
t thick, is expressed: 

using V'k as the eluite diffusivity in diffusive pores. 
Different assumptions and solution techniques can be applied to solve the equation 

of continuity for the eluite for flow-through chromatography. The model of Rodrigues 
et al. '1,45,46 developed equations (10) and (1 l), which assume film mass transfer for 
solute transport from the bulk phase to the d a c e  of chromatographic particles. The 
model includes a linear adsorption isotherm exhibiting finite sorption kinetics, 
simulating Langmuir behavior at low solute cb. Accordingly the influences of 
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1 1 1 I 
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Reduced Velocily (v )  4 

Reduced Velocity ( v )  -t 

Figure 7. The dependence h an v forthe Knox equabrn with (a)plOtting v onalogatithmic 
scale and (b) on a linear scale. At high v, h becomes con5tant. Reprinted with permissicq 
Sep. Purif. Meth., 25,47 (19%). Copyright 1996, Marcel Dekker, Inc. 
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1 l o  h 100 
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Figure 8. Linear and (inset) logarithmic plots of flh). Reprinted from Chem. Eng. Sci., 46, 
2765, copyright 1991, with permission from Elsevier Science Ltd., The Boulevard, 
Langford Lane, Kidlington OX5 IGB, UK. 

diffusion and sorption on flow-through separation can be compared. The model was 
developed for large-pore particles with a slab geometry. Without considering eluite 
sorption kinetics, Rodriques derived a modified van Deemter equation for slab-like 
particles, 

H = €Lp + Him + C(geometry)f(h)vb (13) 

In equation (13), f(h), as show# in Figure 8, represents the relative predominance 
between diffusive or convective intraparticle transport. h is” the intraparticle Peclet 
number, at a given vb’ and t , ,  the half-thickness of slab particle: 

vb’ is the intraparticle superficial velocity. f(h) relates the permeability, tortuosity, 
particle diameters (flow-through >> subsidiary), and effective eluite diffisivity of the 
diffusive pores to those of the throughpores: 

f(h) = 3/h(l/tanh h -1/ h) (15) 

f(h) also depicts eluite adsorption and contains the eluite equilibrium constant between 
the bulk and adsorbed phases. If diffusion predominates, h -+ 0 and f (h)  + 1. If 
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n i - 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 

Figure 9. The dependence of H on vb for adsorptioddesorption. separations uskg 
intraparticle convection depend on +d. Conventional media = - - -; flow-through media 

Elsevier Science Ltd., The Boulevard, Langford Lane, Kidlington OX5 lGB, UK. 
_- - Reprinted from Chem. Eng. Sci., 47,4405, copyright 1992, with permission &om 

convection predominates, I. becomes large and fTh) -+ 31 h. At high Vb, the term for 
Hext in equation (13) behaves so that H becomes nearly constant. Rodrigues adapts his 
model to spherical particles as indicated above". His model can also depict 
adsorption kinetics, whether slow or infinitely fast. For adsorption, Hext contains 
additional terms depicting film mass transfer and the ratelimiting step for mass 
transfer: 

He, = C(geometry) [qh) + 3/Bi, + 3(b - l)/b2$:]vb (16) 

where Bi, is the Biot number, accounting for film mass transfer 

and $d is the Thiele modulus, based upon desorption 

The film mass-transfer d c i e n t  is kf and the desorption rate constant kd. Figure 9 
shows the influence of $d on H for conventional and flow-through media. For flow- 
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through media, an increase in ($d decreases the dependence of H on Vb. Rodrigues 
originally used many of the concepts above to depict the transport in catalyst particles 
with exceptionally large pores". Such studies illuminate study of flow-through 
chromatography as will be seen below47. 

Using the Blaze-Kozeny equation for momentum transport in a packed bed, Afeyan 
et al.' demonstrate that the pore velocity vWe can display appreciable intraparticle 
convection and reach 5% of vo. This justifies claims that flowthrough configurations 
increase v,, and separation efficiency dramatically. A vpe that is 1% vo suffices to 
increase the particle Peclet number Pe to 10 or more so that flow-through effects are 
manifested2*. The Blaze-Kozeny equation relates the bed permeability K to its void 
fraction &b: 

K is also related to dp VO, and the mobile phase viscosity p: 

K = pv,Jd:(AP/L) (20) 

Rearranged, equation (20) firnishes an expression for vo. Analogous relationships 
depict fluid flow in the throughpores so that 

where Kp is the particle permeability and depends on E,,. Using a large vo of 1000 
cmih, conventional estimates of the diamdexs, peimeabilities, and porosities in 
equation (21) predict a v,, of 50 cm/h for a 7000 A pore diameter and a 10 pm dp. 
This v,, is similar to the vo typical of soft gel media. The flow-through regime of 
mass transport occurs when Pe >> 1 : 

Pe represents the ratio of mass transport by convection to that by diffision. Pe >> 1 
means convection dominates mass transport across the particle, which can be taken to 
signify nonneglible intraparticle convection. The model shows that the apparent pore 
diffisivity Dw is proportional to the bed velocity for flow-through behavior: 

For a 7000 A pore diameter and a 10 pm & the P6 is 57 and flow-through 
enhancement of intraparticle mass transport occurs. This model provides a convenient 
relationship between particle characteristics and the iikelihood that intraparticle 
convection will occur. However it has been claimed that calculations for intraparticle 
convection based on the Blaze-Kozeny equation overestimate the effect of intraparticle 
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Pe.  This model, called the Frey-Scheinheim-Horvath or FSH model, predicts for H: 

H = 1 /( 1&, + 1 / EVO) + B/v~  + F (24) 

where E and F are empirical constants with different significances than the 
aforementioned €&,, B, and C. 

The model of Frey et al. uses assumptions, perhaps closer to actual eluite transport 
in chromatography”. Many relationships for h(Pe) in this model resemble those in 
the Rodrigues model. For instance, the Frey et al. model assumes a linear mass 
transfer driving force proportional to the difference between the eluite concentration in 
the bulk phase and as an average, in the throughpores. Adsorption is assumed 
instantaneous and fits a linear isotherm. Each flow-through particle (denoted by a 
prime) is divided into “subsidiary particles,” (denoted by double prime), between 
which intraparticle convection OCCUTS. For example, the effective diffisivity of the 
eluite in a throughpore is V: and in a diffusive pore is again V“e; both are proportional 
to V .  Consequently ‘‘hindered diffision” is depicted within a flow-through particle. 
Slab and spherical geometries are considered, as well as diffusive transport of the 
eluite. For a spherical geometry, the apparent effective intraparticle diffisivity of the 
eluite Dw 

predicts a dependence on f and the throughpore Peclet number P6’: 

Vfe depends on the intraparticle tortuosity 8’ and intraparticle hindrance parameter x’: 

Equation (25) replaces the 1/2 in the approach of Afeyan et al. in equation (23) with 
2/45. The dependence of Vw on PC’ in equation (25) is significantly lower than the 
preceding models described. For a slab geometry, the apparent intraparticle diffisivity 
of the eluite Vapp 

predicts similar dependences. The Rodriques model has a flh) tha! differs h m  g in 
form 

-1 

(1-&‘)&”2(1+K,)2 
(~‘+(l- E ” ) E ’ ( ~  + Keq)) 
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1 2  10 20 100 200 

Pe‘ 

Figure 10. Normalized apparent intraparticle diffusivity vs. Pe’ for a different models of 
intraparticle convection. Reprinted with permission, Biotech. Prog., 39,273 (1993). 
Copyright 1993, the American Chemical Society, Inc. 

though the physical meanings are similar. The volume fraction of gigapores is E’ and 
the diameter of a subsidiary particle dP” in the notation in equation (29). For an eluite 
distributed between the mobile and stationary phases, Kq is the Henry’s law 
equilibrium constant. Figure 10 illustrates the dependence o f D a P e  on Pe’ for the 
Frey et al. model compared to those of Afeyan et al. or Rodriques. For various ratios 
of flow-through and subsidiary particle diameters, the Frey et ul. model illustrates that 
intraparticle convection significantly diminishes h as a fhction of Pe. The model fits 
experiments well for separations of numerous proteins in a gel-filtration mode, 
debatable for flow-through chromatography. Moreover data collected for a number of 
pore diameters demonstrated that resolution strongly depends on available surface area 
for adsorption, as expected. The model demonstrated that the resolution obtained in 
short elution times was even greater for nonporous, peliicular media than for the flow- 
through media evaluated, in contrast to a stochastic model4’ and others. This 
superiority is shown in Figure 11, illustrating h vs. P e .  Moreover this approach 
exhibited fine conformity for the flow-through chromatography of small proteins using 
commercial packings (Figure 12). The smaller the protein, the better the model fits as 
shown in Figure 13, which gives plate height in tryptophan chromatography. The 
assumption of a linear driving force for mass transfer has been claimed to be 
inappropriate to depict intraparticle convection. Any inadequacies in the Frey model 
would perhaps be induced by this assumption. 
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wilhoul intrapar t i de  ,, 
convection (u’=O). . * 

h 

J 
“ 0  200 400 600 800 1000 

Pe 

Figure 11. A comparison of h vs. Pe for various column packmgs, but with dimensionless 
retention time k’ of 2. Furthermore 8’ = 4, x’ = 1, and E’ = 0.4. Reprinted with permission, 
Biotech. Prog., 3 , 2 7 3  (1993). Copyright 1993, the American Chemical Society, Inc. 

500 

4 00 

300 

h 

200 

100 

A 

“0 500 1000 1500 2000 
Pe 

Figure 12. Reduced plate height as a function of Pb for a mtio of subsidiary particle 
diameter to particle diameter of 7.7 x lo”. Theoretical lines were calculated for no 
intrapaRicle convection, but with A = 2.5, B = 1.48 = 8, a = E = 0.4, k’ = 0, and various 
values of 1 as indicated. E x p e r h W  data were obtained on Polymer Labs PLRP 300 A 
media for lysozyme (O), carbonic anhydrase (O), and amylase (V) under conditions of no 
retention. Reprinted with permission, Biotech. hog., 39,273 (1993). Copyright 1993, the 
American Chemical Society, hc.  
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d;/d,’ = 7.7 x i 

h 

0 
0 50 100 150 

Pe 

Figure 13. Reduced plate height as a function of Pe for a ratio of subsidmy parhcle 
diameter to particle diameter of 7.7 x 10’. Theoretical lines were calculated for no 
intmparhcle convection, but with A = 2.5, B = 1.6, €I = 8, a = E = 0.4, k’ = 0, and u’ = 0. 
Experimental data were obtained on Polymer Labs PLRP 300 A media for tryptophan under 
conditions of no retention. Reprinted with permission, Biotech. Prog., 39,273 (1993). 
Copyright 1993, the American Chemical Society, Inc. 

Other models of flow-through chromatography emphasize transport contributions 
and effects. For instance, the Frey et al. model qualitatively predicts enhanced frontal 
analysis for flow-through chromatography, similar to the predictions obtained from the 
model of Liapis and McCoy4*. The latter model analyzes the effect of intraparticle 
convection on the percent adsorptivity as a function of time and breakthrough rather 
than analyze the effect on H. Thus the column feed need not simulate the Dim delta 
function used by other models49 and resembles real chromatographic systems more 
closely. A number of additional assumptions different from the other models are used. 
For instance, nonlinear adsorption is assumed, according to the Langmuir isotherm. 
Slow, relatively &st, and infinitely fast adsorption rates are analyzed as we11 as 
multieluite solutions. The remaining models in the literature often assume infinitely 
fast adsorption rates and fail to depict numerous real chromatographic systems. 
Furthermore these models are often restricted to use of a linear adsorption isotherm. 
Liapis and McCoy confined their analysis to the intraparticle mas transfer resistances. 
They had shown earlier that for purely diffusive particles extraparticle mass transfer 
resistance was negligible compared to the intraparticle mass transfer resistances0. A 
slab geometry is assumed. Orthogonal collocation is used to solve for the eluite bulk, 
pore, and surface concentration profiles numerically. As expected, intraparticle 
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MicroGhere 

Figure 14. Spherical perfusive. adsodmt pticle with a bidispem porous structure. & = 
radius of a perfusive particle, r, = radius of a microsphere. Reprinted with permissioq J. 
Chmat .  A, N,45 (1995). Copyright 1995, Elsevier Publ. 

convection increases the eluite pore concentration, in turn, increasing the eluite surface 
concentration. Flow-through increases the percent adsorptivity as a fknction of 
percent breakthrough or time, particularly at short times. The respective antibodies of 
lysozyme and p-galactosidase were immobilized on a n i t y  columns and used to 
confirm this model. This provides well-chacterized, exemplary affinity media to 
examine the charaderistics of flow-through chromatography and fits the data well. 

Liapis and his colleagues recently applied orthogonal collocation to depict flow- 
through in spherical particles5””. These consist of microparticles in which only 
diffision occurs (Figure 14) as they do for the Frey et al. model. Intraparticle 
convection occurs between microparticles, the location of throughpores. Thus there 
are three transport regimes: bulkliquid, throughpores, and diffusive pores. 
Concentration profiles are provided in each of these for simple Langmuir kinetics5’. 
Flow-through particles with a 4 15 pm and the eluite, bovine serum albumin, were 
used for these simulations. The mechanisms of e x t d  film mass transport around 
the adsorbent particles and of axial dispersion on the column were considered to have 
negligible connibutions to the overall mass transprt resistance for reasons given in the 
literature. Of particular interest are the eluite concentration C, and average adsorbed 
concentration C,. For convenience, C, is normalized with respect to the eluite 
concentration in the bulk phase Cqin and C, is normalized with respect to the eluite 
concentration indicative of maximum adsorption capacity CT as shown in Figure 15 
with respective intraparticle Pt5 of 2,lO, and 50. As Pt5’ is increased, the profiles for 
dimensionless C, and C, display an asymmetry displacing ConCentration streamlines 
toward the downstream half of the spherical particles. The asymmetry signifies that as 
intraparticle Pt5 is increased, more of the total adsorption capacity of the particles is 
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- 

Pi? = 2  

Flow Direction Row Direction 

(a1 f b l  

Figure 15. Isoconcentration contours ofthe concentration of the adsorbate in the pore fluid 
of the macroporous region and in the adsorbed phase of the porous adsorbent particle when 
d, = 7.13 x at x = 0.125L and t = 60 min. (a) CdC&,, (b) CJC, for Ph = 2, 10, or 50. 
Reprinted with permission, J. Cbromat. A, m,45 (1995). Copyright 1995, Elsevier Publ. 
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Flow Direction - 
( a )  

Flow Direction - 
( b )  

- Adsorbed phase 

$0 Row Direction I 

( c )  

Figure 16. Isoconcenhtion contours of the concentridion of the adsorbate in the pore fluid 
of the macroporous region and in the adsorbed phase of the porous adsorbent parhcle when 
d,,, = 7.00 x lo-’ at x = 0.2Land t = (a) 0.1, (b) 0.3, and (c) 0.4 min for eluent flow 
countercurrent to adsorbate flow. Pb = 10 for the adsorbent, but 0.476 for the eluent. 
Reprinted with permission, I. Chmat. A, 724, 13 (19%). Copynght 1996, Elsevier h b l .  

utilized, improving separation. More of this capacity is also utilized, decreasing 
particle diameter or increasing dF. Potential separation advantages emerge if the 
eluent is applied to the downstream end of a flow-through columns3, a configuration 
inverse to displacement chromatography. For given values of transport properties, 
isoconcentration contours for dimensionless C, and C, were compared. The contours 
are highly skewed to the downstream end of the column in the inverted ConQyration 
(Figure 16), but display symmetry when both adsorbate and eluent are applied to the 
same end of the column. Again asymmetry indicates improved separation, due to 
anistropic distribution of eluite in the particles. The macropore distribution depends 
on eluite transport properties%, 8s shown in Figure 17, where flow-through separation 
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Component 1 

Flow Direction 

M . 0  min 

(a) 

Flow Direction - 

Component 2 

Flow Direction d 

Figure 17. Isoconcentraton contours ofthe concentration of components 1 or 2 in the pore 
fluid of the macroporous region of the porous adsorbent particle for vo = 1000 cm/h at 
different times and x = 0.25L. Throughpore void fraction is 0.45,4 is 1.4 x lo-’ m. 
Equilibrium adsorbed concentrations of 1 and 2 are respectively 2.186 and 8.892 x 

Publ. 
Reprinted with pennission, J. Chomat. A, 734, 105 (1996). Copyright 1996, Elsevier 

of two components is simulated. The effective pore diffisivity for component 1 is 
nearly one-third of that of component 2; the equilibrium constant for the adsorption of 
component 1 to the particle surface is nearly 250 times that for component 2. Figure 
18 shows that the anisotropic distribution of the different components in the 
macropores is amplified as eluites enter the diffusive pores and adsorb. Revealed are 
excellent separation characteristics. 
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Component 1 

flow Directlon - 
t=l .O min 

Component 2 

Flow Direction - flow Dimtion - 
t=i .5 min e2.0 min 

Figure 18. I s o c o n d n  contours ofthe mcentration of components 1 or 2 in the 
adsorbed phase ofthe porous adsorbent particle for vo = lo00 cm/h atdit3mnttime-s and x 
= 0.2% Thmu$qxm void fraction is 0.45,dpis 1.4 x 10’’ m. Equilibrium adsomed 
mmtratim of 1 and 2 are respectively 2.186 and 8.892 x 

Publ. 
10”. ~eprinted with permission, J. chmt. A, m i 0 5  ( 1 ~ ) .  copyright im, E I S W ~ ~  

Liapis extended his analyses of particle characteristics. For example, he and Heeter 
compared separation chanrcteristics of spherical particles which were either perfusive 
or purely diffusive2’. The criteria used to compare the performance of the two media 
were the breakthough the, the mass of adsorbate in the adsorbed phase at 
breakthough, and the percentage utilization of the adsorptive capacity of the column. 
A Langmuir adsorption isotherm was again used in extending his numerical simulation 
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of anion exchange chromatography under perfusive or purely diffusive conditions. 
The parameter F is the amount of column convection diverted through particles: 

F = BID3 - l Q 5 A / ~ 5  (30) 

where 

A = 1/J[6p3 + p5- tanh p/p(6p3 + 3p5)] (34) 

The intraparticle radial coordinate is r,. The radial and tangential components of the 
intraparticle velocity are approximately proportional to vo and F. Accordingly, F 2 0 
and for intraparticle convection, F equals zero. F depends on &b, ~ p ,  4, and the 
microparticle diameter d,. Performance given no intraparticle convection was 
enhanced by decreasing dp increasing ep, and to a lesser degree, decreasing d,. 
Increases in the adsorption rate constant enhance separation when this constant is 
relatively small. 

and increasing E,,, but required an increase in d,. Furthermore a decrease in 4 
enhanced performance. Equal to 150 in equation (1 9), which depicts bed 
permeability, the parameter 4 determines the macropore permeability 

For flow-through chromatography, performance was again enhanced decreasing dp 

KP = &P3/W- &P)2 (36) 

but here zp refers to the intraparticle porosity of the macropores in equation (36). Low 
4’s correspond to higher pore connectivity in the particles due to processing. 
Experiment supports these results. For example, the permeability measured for 
PSDVB flow-through particles3’ is significantly greater than conventional media or 
previous prediction. Presumably low 4 would correspond to increased intraparticle 
convection. 

This result is supported by a previous study4’, Therein Stephanopoulos and 
Tsiveriotis demonstrated that flow-through characteristics enhance separation 
dependent on an intraparticle Peclet number proportional to K. Their study simulated 
biological catalysis using a zero-order nutrient uptake rate. A regular perturbation 
method was incorporated to depict the flow field inside a porous spherical particle 
subject to external free fluid flow conditions. The model was solved analytically. It 
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was determined that intraparticle flow fails to influence extraparticle transport. Flow- 
through characteristics enhance biocatalysis by inducing anisotropy in the intraparticle 
concentration of nutrients in a manner similar to Figures 15 and 16. Regarding mass- 
transport, the results of Liapis2’ supplement this study and determine that the 
separation advantage of flow-through to purely difhsive media depends on d,. There 
is no advantage of flow-through compared to purely diffusive media when d, is 700 A, 
but a definite advantage emerges for d, 2 7000 f i  

H&er and Lia is extended their modelling to compare flow-through and purely 
diffusive particles . Monodisperse pore distributions were compared to bidisperse 
distributions in the modelled particles. A linear adsorption isotherm was selected so 
that Laplace transforms solved the equation of continuity analytically for the adsorbate 
concentration in three transport regimes. These regimes depicted the bulk liquid, 
diffusive pores, and in the case of bimodal pore distributions, throughpores. 
Expressions for the Laplace transforms of the adsorbate concentration nonetheless 
could not be inverted. Accordingly expressions of the adsorbate concentrations were 
simulated numerically using the LSODES component of the ODEPACK software 
package. Experimental breakthrough behavior was simulated and compared to the 
model. The many parameters of the model provided the best fit when given the most 
plausible values. 

Further investigations by Heeter and Liapis show that SOURCE media are probably 
purely diffusive media22. To do so, the breakthrough characteristics of bovine serum 
albumin (BSA) chromatographed on SOURCE anion exchange media were compared 
to dynamic adsorption models of the process. The models used either linear or 
Langmuir adsorption isotherms. Furthermore the SOURCE particles were assumed to 
contain monodisperse pores. Numerical techniques were used to simulate 
breakthrough curves in this model when adsorption conformed to the Langmuir 
isotherm, but Laplace transforms were used for simulation when adsorption was 
linear. The Langmuir isotherm superbly fit the data for the adsorption of BSA to the 
SOURCE anion exchange media. For a number of prospective breakthrough 
conditions, the dynamic Langmuir adsorption model fit the experimental data well. 
Moreover this model fit the data best when Dp was less than the free difhsivity of 
BSA in solution, circumstances that are plausible because diffusion is expected to be 
restricted in porous particles. There was little difference in fit for flow-through as 
compared to purely diffusive particles, implying that the particles need not exhibit 
flow-through behavior to possess good separation characteristics. In contrast, the 
dynamic linear adsorption model was somewhat less plausible. It fit the data well 
when the adsorbate concentration at the column inlet Cd,h was 0.03 and 0.05 kglm3. 
However, when Cc, was 0.01 kg/m3, this model fit the data best when D, exceeded 
the free diffusivity of BSA, which is unlikely. In summary, Liapis’s efforts 
demonstrate that purely diffusive particles can provide superior performance to flow- 
through particles if the diffusive particles possess high pore wnndvity,  surface area, 
and active sites per unit surface area as mentioned in “PSDVB Flow-Through 
Chemistry”. 
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TABLE 11: SPLIT RATIOS FOR 0-5000 CMM (recast from ref. 57) 

POROS 20 R1 8.9 0.7 1 
POROS 20 R2 5.2 0.19 

Oligo R3 4.2 0 
POROS 50 R1 5.4 0.34 
POROS 50 R2 5.4 0.1 1 

MEDIUM x 10’’ (m’/s) ax 100 ........................................................................................................................................................................ 

PROTEIN SEPARATIONS 

Flow-through chromatography possesses highly desireable separation properties 
empirically. For example, bandspreading is diminished with increasing amounts of 
flow diverted to the throughporess6. So is the percent breakthrough capacity. An 
increase in the “split ratio” a, the ratio of the amount of feed entering throughpores to 
that entering diffisive pores, decreases the sensitivity of bandwidth to flowrate. For 
PerSeptive BioSystem’s Oligo R3, dF averages 500 4 maximizing particle surface 
area. Table 11 shows that the split ratio falls to zero for this mediums7 unlike typical 
reversed-phase flow-through media such as POROS. The effective pore difisivity Vp 
averages Vh and P”, and was determined along with a using nonlinear regression to fit 
data for the chromatography of three proteins. Implicitly intraparticle convection 
needs large pores or a bimodal pore distribution. At zero split ratio, bandspreading 
increases linearly with flowrate, but at increased split ratios, bandspreading becomes 
constant at higher flowates. Protein diffisivities are typically of the order lo-” m2/s, 
the same order of magnitude as those calculated in Table IT. Diffision into the particle 
will be hindered as reflected in diminished Vp; little hindrance is implied by Table 11 
and is perhaps unlikely. It would also be preferable to determine split ratios directly 
with tracer experiments. 
An increase in diffusive pore size increases flow-through, augmenting trends based on 
Table II. Resolution, bandwidth or dynamic loading capacity do not deteriorate for Vb 

of 10-10’ cm/h in HPLC or preparative chromatography, but do not deteriorate in 
flow-through columns until Vb is nearly lo4 cm/h. The characteristics of flow-through 
applications fail to deteriorate and attest to the strong coupling between solute mass 
transport and Vb. Frontal analysis shows that breakthrough curves are not dependent on 
Vb for flow-through chromatography. Its dynamic loading capacity for bovine serum 
albumin decreases with increasing Vb, but much less steeply than for preparative media 
(Figure 19). 

Ion Exchange Chromatography 

efficient with higher redution. The technique possesses advantages that suit the 
technique for a wide variety of applications. The enhanced mass transfer of flow- 
through media makes them unsuitable for most instances of gel-filtration 

Flow-through configurations render traditional chromatographic applications more 
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elution volume 

Figure 19. Solute breakthrough curve for the chromatography of bovine serum albumin on 
a 2.1 mm ID x 30 mm column of Mono Q (10 mm 4and 600 &) in 20 mM Tris-HC1, 
pH 8.0 with detection at 280 nm: a,) 50 cm/h, b.) 1000 Cmm, c.) 2500 d. Reprinted with 
permission, J. Chnnnat., 5l2,l (1990). Copyright 1990, EIsevier Publ. 

~hromatography’~. Insufficient “sieving” thus is typical. However media, such as 
HyperD, which diminish mass transfer to augment the surface area for adsorption 
during separation succeed in gel-filtration applications. Also ion exchange proceeds 
admirably. Human t r a n s f d  is acutely separated from bovine senim albumin with” 
an POROS Q/H flow-through anion exchanger in much less than 5 min. 

Flow-through ion exchange separation can be even more discerning. To facilitate 
ion exchange fractionation5*, negatively charged tails were added to the footprint of 
retention for P-galactosidase. The tails consisted of polyasptate fusions. Wild type 
P-galactosidase (BGWT) and four of its fusion variants (incorporating respedively 
one, five, eleven, and sixteen additional aspartate residues) (respectively BGCD 1, 
BGCD 5,  BGCD 11, and BGCD 16). These were fractionated at high resolution u h g  
POROS Q/M anion exchange in 10 min. Resolution is thus not sacr i f iced 
fractionating protein molecules that differ on& by a few charges. Retention time 
depends on ionic strength and similarly on pH (Figure 20). Recise results were 
provided for the dependence of retention on the number of displaced species and of 
ion exchange sites. Flow-through Separations improve yield and purity, decrease 
process time, and process very large loading volumes. Strong cation exchange, 
combined with reversed-phase, flow-through chromatography of tick a$koaguht 
peptide (TAP) produced 12 g of TAP fiom 200 1 of fermentation broth . Moreover 
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Figure 20. Protein retention (measured as the NaCl concentration required to elute the 
protein blue) vs. pH for BGWT and BGCD fhsions in 25 m M  bis-Tris at 1 d m i n  and 2 lo 
C. Each data point represents at least 3 replicates. Reprinted with permission, J. Chromat. 
A, 689,227 (1995). Copyright 1995, Elsevier Publ. 

TAP yield improved from 32 to 47%, process time was halved, and low-temperature 
processing was eliminated. 

Flow-through cation exchange chromatography exploits the cationic character of 
some antibodies to isolate them. For example, the technique separatesm three Fab 
isoforms in about 20 min. Mouse anticortisol monoclonal antibody (IgGzb subclass) 
was raised and digested with papain to yield Fab and Fc fragments. The Fab 
fragments possessed PI'S of 5.4, 5.5, or 5.8. A mixture of Fab fragments was applied 
to a POROS strong cation exchange column to which a pH gradient was applied to 
elute the fiagments (Figure 2 1). Capillary electrophoresis demonstrated that each 
fragment was thus isolated with greater than 90% purity. Moreover the gentle elution 
conditions of a pH gradient ensured that each Fab fragment exhibited fi l l  biological 
activity after purification. Cation exchange chromatography can thus be used as an 
alternative to Protein A affinity chromatography. Monoclonal antibody MAb 414 was 
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Figure 21. A2n vs. eldon time separating Fab hgments on a strong cation exchange 
column (4.6 mm ID x 100 mm) of POROS (4 20 pn). Separat~on was achieved with a pH 
gradient. Reprinted with permission, J. Chromat. A, 707,225 (1995). Copyright 1995, 
Elsevier Publ. 

isolated tiom ascites fluid using two cation exchangers6', columns of respectively 
Macroprep high S and ceramic hydroxyapatite. Excellent resolution resulted fiom 
applying a shallow NaCl gradient, providing an alternative to Protein A 
chromatography able to fractionate different IgG's and separate solutes under more 
gentle conditions. 

Reversed-Phase Chromatography 

separations convenient. For instance, the Act, BP and y chains of human fibrinogen 
were resolved well in 3 minutes via reversed-phase chromatography6* (Figure 22). 
SDS-PAGE confirmed the excellent purity of the separated chains. The simplicity of 
such distinguished separation is noteworthy. This technique was ultimately used to 
cultivate monoclonal antibodies specific for various fibrinogen epitopes. The 
efficiency of flow-through reversed-phase chromatography has been exploited in the 

The high resolution and short elution time of flow-through chromatography makes 
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Figure 22. A278 vs. elution time separating the chains of reduced Scarboxymethylated 
human fibrinogen on POROS 20-R2. A linear @ent of 34.4-47.2% acetonitrile at a 
flowrate of 10 d m i n  over 2.5 min was used in reversed-phase chromatography. Reprinted 
fiom Thromb. Res., B, 405, copyright 1995, with permission from Elsevier Science Ltd., 
The Boulevard, Langford Lane, Kidlington OX5 lGB, UK. 

dairy industry56. Quality control of milk products analyzes whey proteins 
chromatographically. The resolution of P-lactoglobulin A and (3-lactoglobulin B 
suffered using conventional methods. Previous analysis used reversed-phase HPLC, 
which is limited by long analysis times and fouling. In merely 1.5 min, analysis of 
raw bovine milk with a reversed-phase column of POROS 1 1 OR resolved in 1.5 min 
the major whey proteins serum albumin, a-lactalbumin, (3-lactoglobulin A, and (3- 
lactoglobulin 3. Excellent separation between these proteins was obtained, which was 
reproduced in the separation of ovine and caprine whey proteins. This study separated 
(3-lactoglobulin types as well as species differences between a-ladbumin. A flow- 
through configuration enhances the efficiency of reversed-phase chromatography, 
which is sensitive to fine differences in primary structure. 

chromatography accordingly displays negligible difference over a 170-7000 cm/h 
Frontal analysis of the reversed-phase separation of five proteins by flow-through 
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3 

i 
Figure 23. 
reversed-phase chromatography. A linear &ent of (A) 1555% acetonitrile in 0.1% 
t r i f l u e c  acid at a flowrate of 1 d m i n  was used on PLRPS 300 A (4 5 pn) or (B) 
1 860% acetonitrile in 0.1 % trifluomtCetic acid at a flowrate of 4 d m i n  was used on 
PLRPS 4000 A (4 8 p). 1= ribonuclease A, 2 = cytochrome c, 3 = lysozyme, 4 = bovine 
serum albunun, 5 = myoglobin, 6 = ovaltnunin. Reprinted witb permission, J. Chromat., 
512,365 (1990). Copyright 1990, Elsevier Publ. 

vs. elution time separating six proteins on a 4.6 mm ID x 50 mm column in 

range of superficial velocities3 ’. Sharp breakthrough w e s  were displayed 
throughout this range. Reversed-phase chromatogaphy via parallel column gradient 
elution was conducted in one of the first flow-through configurations’*. Thus, in a 
single gradient cycle, chromatography of six globular proteins on Polymer Labs 
PLRP-S 1000 f i  media separates them in 60 s (Figure 23). Ion exchange 
chromatography of adenosine 5’-monoposphate, myoglobin, and fenitin on Polymer 
Labs PLRP-S 4OOO f i  media demonstrates that speed does not reduce resolution at 
high flowrates. Figure 24 shows that H is independent of linear velocity above 3.5 
mds.  
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1 .o 2.0 3.0 4.0 5.0 6.0 

Figure 24. H vs. v,, for a 4.6 mm ID x 250 mm column of PL-SAX 4000 (4 8 p) media 
IWI under no retention. The eluent is 0.01 M TrisNC1,0.5 M NaC1, pH 8.0 for adenosine 
5’-monophosphate (0) myoglobin (O), and fenitin (X). Reprinted with permission, J. 
Chromat., 512,365 (1990). Copyright 1990, Elsevier F’ubl. 

The combination of high resolution and speed characteristic of flow-through 
chromatography has also found use in LCMS analyses. For instance, reversed-phase 
flow-through chromatography can be used as a second chromatographic mode in two- 
dimensional heart-cutting systems. This combination was recently used to separate the 
components in Eschericia coli lysate- and characterize their molecular weight with 
MS. Analytically characterization was comparable to current methods such as SDS- 
PAGE. Flow-through separation preceding MALDI constitutes a powerful and 
efficient method of analysiss6. 

Affinity Chroma tograph y 
The high efficiency and capacity of HyperD separation of biochemicals is very 

promising. Globular proteins are separated with higher throughputs though 
undiminished recovery compared2’ to media with the same dp. The high capacity of 
these media are applied to advantage on an industrial scale, separating antithrombin I11 
from Cohn Fraction IV-I paste2’ using heparin-HyperD. These media exhibit promise 
removing solvent-detergents inactivating viruses in biological fluidsz4. Detergent 
removal also responds to the matrixhydrogel ratio in the media formulation. The 
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advantages of HyperD suit the separation of rDNA products such as murine and 
human monoclonal Ab's as well as cytokines and cell growth factors%. The resistance 
of these media to oxidizing agents during washing suits industrial applications. 
Furthermore the media, typically implemented as ion exchangers, are nontoxic to cell 
cultures. 

NOVEL APPLICATIONS 

Flow-through media can used to separate biomolecules other than proteins. 
Chromatography need not be used as the means of separation. The macroporous 
nature of such media suits them for important batch separations. For example, the 
liposaccharide endotoxin of Haemophilus intuenzae type b (Hib) was separated65 
from the Hib vaccine, a polyribosylribitol phosphate capsular polysaccharide (PRF'). 
The vaccine for Hib is developed from cultures grown in a fmentor. The endotoxin 
is removed from the vaccine to reduce the pyrogenic response. One ultimately wants 
high vaccine yields. PRP separated from its endotoxin using HP 20, the hydrophobic 
PSDVB resin of Mitsubishi Kasei. Sodium deoxycholate is added to the suspension of 
PRP and endotoxin to break up endotoxin aggregates. The lipid endotoxin has access 
to the hydrophobic resin surface due to the large pore sue of 400 fi  and preferentially 
binds to the surface. 99.99% of the endotoxin was removed from the PRP, and its 
yield was nearly tripled, to about 90%. 

flow-through chromatography. Prevalent in both techniques are larger particle pores 
to enhance intraparticle mass transport, augmenting separation. IOLA particles have 
been developed by LigoChem6 possessing diameters of 0.2 to 3 mm, 4-40 times the 
dp of flow-through media and 50-500 times the dp of conventional media. Accordingly 
these cellulose-based hydrogels display large dwe, comparable to flow-through 
supports. Resolution is enhanced hrther because affinity, ion exchange, and antibody 
ligands are bound to the porous surfaces of IOLA media, increasing the binding 
capacity for solutes. 

Inside-out ligand attachment (IOLA) exploits principles similar those highlighted in 

CONCLUSIONS 

Flow-through chromatography displays excellent potential in protein separations. The 
versatility of the technique suit widespread analytical and preparative applications. 
The intraparticle convection chcterist ic of flow-through chromatography M s h e s  
excellent chromatographic properties and occurs when particle pore diameters are on 
the order of 1000 i$ better yet 10,000 h The effective intraparticle difisivity of 
solutes is enhanced, and the height of a theoretical plate is diminished. A bimodal 
pore distribution can increase particle surface area. Modeling of transport phenomena 
in flow-through particles and columns demonstrates that intraparticle convection 
enhances resolution. Breakthrough behavior is also enhanced although this depends 
more on the particular particle and chromatography properties. The characteristics of 
flow-through particles result in both excellent resolution in separations demanding 
short elution times and the ability to process large sample volumes if flow-through 
particles possess large surface areas. 
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