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Abs~aet-Protein chromatography is a very complex process based on a combination of thermodynmnic, kinetic 
and ma~ transport phenomen,t By virtue of their complicated and delicate surface structures, the behaviour of proteins 
on various chromatographic meda  is not easy to predict. Tog~her with the fact that the majority of the chromato- 
graphic media for proteins available today are not very wall characterized with regard to their detailed chenfical mid 
physical surface structures, protein chromatography still has to be regarded as a predontinantly empirical science. I.e. 
the optimization of separation condilions can only be perfoxmed by experiments in the laboratory. The scaling-up is 
then accomplished primarily by increasing the column dimaete~: This has been shown work well for column dimaeters 
up to at least 1,400 mm. The paper will also deal with the characteristics of  the mc~gt important protein separation media, 
silica based, polystyrene based and agamse based, and with how to best optimize the conditions fcr column productivity, 
both for adsorpti on types of chronlatography mid for gel filtrati on. 
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I N T R O D U C T I O N  

"There are no scale-up problems but mass ttml~polt problems", 
is an as conmlon as aplaX)priate statement for many chemical engi- 
neering processes and holds particularly 11~e for the scalhlg-up of 
chromatography of proteins at atime ",Maen it is no longer the col- 
umn flow resistance but the low" c~usivity of these macromolecules 
in the chromatographic gel media which is the most impotlant 
tht~oughtmt or productivity limiting factor (Fig. 1). 

The daromatographic productivity, is here defined as the anlount 
of adequately purified aid collected quantity of  protein product re- 
covered per unit chromatographic cycle time and unit column bed 
vohme.  The most impoilant productivity pmurnetei~ are: 

1. Protein molecular weight and diffusivity 

Fig. 1. Sclitmatic representation M the "bottom ltae" of cohmm 
productivity in preparative chromatography of proteias in 
standard industrial gel media. The predantinant rate limit- 
hlg factor is the slow diffusion of protehls in ~md out of file 
stagnant liquid hi the gel phase. 
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2. Protein binding kinetics and binding sites 
3. Protein solubifity 
4. Gel pmlicle size and size distribution 
5. Matrix porosity and pore distribution 
6. Matrix rigidity 
7. Column bed height/dianleter ratio 

The pmarneters at disposal for the biochemical engineer in his 
effot~ to improve the productivity of a particular chromatogFaphic 
process, we very few indeed becmse of the inherent chemical and 
physico-chemical chmactefis~ics of  proteins in general. For any de- 
freed ligand and any degree of substitution of that ligand, these pm'- 
anleters are prhnarily confnaed to the choice of matrix type, tn~'ix 
porosity and pmlicle size mid to the optimization of  colmml con- 
figmation, flow-rate and operating conditions in general. 

By virtue of their complicated and delicate, tht~ee-dimensional 
macromolecular structures, developed in ahydmphilic envkounlent, 
proteins are subject to a unmber of  conm'aints w~l  regard to the 
choice of chronlatographic colmun packing materials. An ideal me- 
dimn for all applications of protein chromatogIul0hy, would have to 
meet a formidable number of  denlands, some of which are contra- 
dictory both in theory and practical des~l. In addition to the fac- 
tors which govern the performance of protein diromatogr-aphy col- 
umns in general, such as selectivity and efficiency, there are some 
which are pa~icularly important in an industrial envkomnent, where 
the final economical balance of the entire process tends to govern 
the choice of  chromatographic medimn, with the cost~effonnance 
ratio being more impotlmlt than its pure chromatographic qualifies. 
Twx) factors that significantly influence throughput are the colutrm 
flow resistance aid the dynamic binding capacity of the chromato- 
graphic adsorbent, i~espectively. The column flow" t~esistance is de- 
pendent on the choice of  the chromatographic material mid its p~'- 
tMe size dimabution. The dynanic binding capacity, i.e,, the binding 
capacity of  the adsorbent for a particular solute under actual work- 
ing cotions, is a function of several p~urnetets some of which are 
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inherent with eitha'the some (protein) orthe da'omatogr~hic base 
matrix, some of which me independent, such as the flow-rote ap- 
plied to the column. 

CHROMATOGRAPHIC BASE MATRICES 

The chromatographic base matrix orgel, can be characterized as 
being either axemgd or an aeroget Xerogds shrink and s~veH in 
the absence and presence of the solvent used, whereas the volume 
of an acrogel is independent of the solvent Typical xerogels are 
cross-linked dexlran gels (Sephadex*) mid cross-linked polyaclyla- 
mide gds (e.g. BioGel P). Typical aemgds are porous glass, silica, 
mid most macroreticular gels based on organic polymers such as 
polystyrene end polymethacaylate ~hen used hi aqueous buffers. 
In addition to being hydrophilic, an ideal general m~ ix  for protein 
chromatography should not contain groups which spontaneously 
bind protein molecules. Rather it should contain neutral functional 
groups which allow controlled synthesis of a wide variety of se- 
lective adsorbents (ion exchangers, I-EC adsorbents, P_PC materi- 
al~ bio~-pecific affhity adsorbents, immuno affufity adsmbents eta) 
Furthemlore, the matrix should be chemically md physically sta- 
ble hi order to withstand extreme conditions ~-ing derivatizaion 
mid maintenance regeneration, CIP (deaning-in-place), stailization 
etc., and be rigid enough to allow high linear flow rotes (5 cmhnin 
or more) hi cohmms packed with partiles ofdianleta~ down to a 
few microns. Another important fe~ure of an ideal base ma~ix is 
that it should allow the production of gels with abroad range of 
conlrollable porosities. 

None of the materials mentioned above fulfils all the aitefia of 
an ideal m ~ i x  for protein ctu~omatogmphy, they m~e all compro- 
mises. A combination of hydrophilicity with chanical and physi- 
cal iner0mss seans best achieved using alcohol hydroxyls or ~nido 
~oups This is why the mo~t widely used standard ctuxlnatogiaphic 
media for proteins m~e based on neutral polysacchm-ides aid poly- 
aaylmnide. Of these, cross-linked agarose gels have largely roper- 
seeded cellulose as matrices for the synthesis of  ion exchangers for 
protein chronmtography. Agarose is also the most inlpottant cmrier 
for aft'mity chromatography ligands. Cmssqinked dextrin was in- 
troduced by Porath mid Flodin in 1959 [Pomth mid Flodin, 1959] 
mid is best known as agel filtration material (Saphadex*) still widely 
used hi industrial applications for desalting opa'ations using col- 
umns of  up to 2500 litres volume. 

Over the last couple of decades, tha'e has been a Irend towm'ds 
more rigid stationary phases for protein chromatography for two 
reasons. Firstly, the development of  HPLC and FPLC technology 
for protein separation using 5-10 Dan dimneter particles and, sec- 
ondly, the rapid growth ofindumial production ofrecombinmt la~O- 
teins which has given rise to an increased demand for media ml- 
enable to packing in industrial scale columns of up to several hund- 
red litem volume. 

To meet this demand, there has been a development along two 
different lines, hi the fa~ approach, one has chosen the most rigid 
mataial available with adequate porosity mid tried to make it com- 
patible with proteins by suM'ace modifications (most of  the chenlistiy 
of these modifications are proprietory), hi this way silica and syn- 
thetic organic polymer gds have been designed mainly for HPLC 
mid FPLC applications In the second approach, well known hy- 

drophilic standard laboratory scale media, e.g. agarose, have been 
modified by cross-linking procedures for increased rigidity. 

SILICA 

Porous silica (SiO2"H20~, [Ila; 1979] is one of the mo~t impor- 
tant base matrices for the synthesis ofHPLC mediafor protein chro- 
matogr--,hy. The advantages are the high rigidity and the m a a ~ o -  
rosily, respecti,~ely. In one production process, asol of sub-micron di- 
mleter silicapmticles is allowed to aggregate into alhree-dinmnsion- 
al network, a silicagel. I_f dried, this net~vrk will collapse (shrink) 
and give rise to a product of lh'tle use as a medium for chromatog- 
raphy. However, if the newly formed silica gd is subjected to apm- 
cess of heat aging, the silicam~xaial in the aggregates will slowly 
remrange, grow together, to the extent that silica'~orils" are fommd 
with a concomitant change in ~ of the silica surface fi-om 
positive to negative (Fig. 2). If  the aging process is allowed to pro- 
ceed further, the gel will eventually disintegrate. In another produc- 
tion process the submicron silica gel particles are mixed with an 
organic material md sphaical aggregmes are formed in an emulsi- 

Fig. 2. LiChros]aher Si 4000, dp 10 0m (Merck AG, Danns~adt, 
Germany). 

Fig. 3. Zorbax sph~-'ical ~ilit~ gel, 10 ~In (ManufaOm'ed by Du 
Pont mad R~kland Tedmolo~cs, Wilmington, Dda~lr~ 
USA). 
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Fig. 6. SEM of the s~rface of Sephacryl S-200. White bar is 500 
a m .  

Fig. 4. Industrial scale cohurms with axial compresaon used ~g. 
~a the purification of insulin (Courtesy Prochrom). 

ficafion process. The organic material is then removed by heating, 
a process simultaneously sintering the silica to form stable spheri- 
cal pm~dcles (Fig. 3). The ideal silica s~-face fi'onl a protein chm- 
matographer's point of view; is one containing ahigh concenlration 
of readily wettable, hydi~ed silanol groups. These can be func- 
tionalized with anmnber ofdi.fferent silane derivatives foUowed, if 
necessary, by ead-capping in order to block umeacted silanols which 
may act as non~pecific adsorption sites, or as sites of dissolution 
attack. The major disad-vantages of silica me the low stability in 
alkali and file tendency ofnon-q0ecific, often kreversible, binding 
of proteins. Nevettheles~ 10 Bm silicat:~rticles are used hi columns 
up to 50 l or larger for the final pm'ification ofiusulhl [Kroeffet al., 
1989] in the biophmmaceutical industry (Fig. 4). 

SYNTHETIC ORGANIC POLYMERS 

Synthetic organic polymer based media (resins) have been used 
for laboratory scale ctwomatogmphy ofpeptides and low molecu- 
lar weight proteins since the early 1950 : es (e.g. Ambeflite IR.C- 
50, amethacrylic acid di~lylbenzeue co-polynler), however, it was 
not until around 1980 that resins optimized for more general pro- 
tein chromatography were inlmduced. These were based on macro- 

Fi~  7. SEM of the 15 pin PS/DVB media Source 15 (Courtesy 
Amersham Pharmada Biotech). 

F i~  8. SEM of the 15 ~tm PS/DVB media Source 15 (Courtesy: 
Amersham Pharmada Biotech). 

Fig- 5. Schematic representation of the synthes~ of a PS/DVB gel 
pm'ticle. 

porous polystyrene/divinylbenzene (PS/DVB) mid various acrylic 
polymers (examples of  these are Sephacryl, MonoBeads [Ugelstad 
et al., 1983], Paros, Toyo Pearl Spheron and Trisacryl) Fig. 5 shows 
the schematics of the synthesis ofamacmporous PS/DVB gel pro._ 
ticle. Figs. 6, 7 and 8 show the surface morphologies of various syn- 
thetic macropomus organic polynler medi~ In Fig. 9 is shown an 
indus~d chromatography system designed for use with 15 pm or 
30 Bin dp Source TM PS/DVB media in large scale protein putgica- 
tion. 
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Fig, 9. Industrial scale ohromatography sys~iu designed for use 
with 15 pln or 30 ~tm Source TM PS/DVB medi~ The vol- 
ume of the 80 em diameter stainless steel cohmm is 50 L 
(Courtesy: Amersham Pha rmada  Biotech). 

Fig 10. Schematic drawing of a miwoporous gel type (cross- 
linked dextran or a'oss-linked polyacrylamide) to the left 
and a macrop~rous gel type (agwose) to the right. From 
Arnott et al. [Arnott et aL, 1974]. 

Fig, 11. 2]eanmdssion dectron microgmph of 4o/~ agarose. High 
~mlity agarose may form gels at dry weight concentra- 
tons as low a+s 0 .4o .  However, to be practical as a me- 
ditan for chromatography, the concentration should be at 
least 4 o .  A 4% agarose gel has an exclusion limit for 
globular proteins of approx. 40,000,000. From Amster- 
dam et al. [Amstwdam et al., 1975]. 

CROSS-LINKED AGAROSE 

Agarose is a spontaneously gel forming polysacch~Jde (galac- 
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Fig, 12. Scanulitg electron mio'ograph of a 2o/b agarose gel. The 
thin white bar  represents 500 imt (0.5 ~tm). 

tan) originating flora red sea weeds. Its neutral hydmphilicity and 
macropomus gel structure (Figs. 10, 11 and 12) ma~es it ideally 
suited for elec~aphoresis aid chrontatography ofev'en high molec- 
ular weigl~ proteins such as hmnunoglotmlins [Hjerten, 1962, 1964]. 
Modem agarose gel media for protein chronlatography are based 
on highly cross-linked [Pomth et al., 1971, 1975], bead-shaped pm'- 
ticles available in mainly three particle size ranges with average pm'- 
ticle dimneters of 12, 34 and 90 pro, respectively. The 34 ~tm me- 
dia are intended for cohmns vvJth vohmes up to a few liWes cap- 
able of high resolution purification of approximately one kilogram 
protein per year. Tim 90 ~an media am packed hi columns up to sev- 
eral hundred liters vohane intended for processing several hundred 
kilograms of  protein per year. 

C O L U M N  P R O D U C T M T Y  PA.R.AMETERS 

The basic phenonama which govern file behaviour of  proteins 
in chromatography columns a e  in principle independent of  the scale 
ofopermion (Fig. 13). The thermodynamics (equil~ia), the kinet- 
ics of  binding (sotption-desotption) and the mass tlatlSpOIt phe- 
nomena (convection, diffusion) should execute themselves in the 
same way hi a small column as in a large cohnm, irrespective of 
cohunn diameter (Fig. 14) provided they are packed to the same 
palticle homogeneity and density, atd that the column inlet mid out- 
let devices allow a honlogeneons application of the sample feed 
solution over the attile column a~oss section; i.e. that the axial pres- 
sure drop is radially honlogeneous in the column. This can only be 
achieved when there is practically no radial pressure drop hi the 

MASS TRANSPORT (CONVECTION, DIFFUSION) 

THERMODYNAMICS (EQUILIBRIUM) 

~ , K I N E T I C S  (SORPTION - DESORPTION) 
Fig, 13. Chromatography is a very complex process based on 

thwmodynandc, kinetic and mass tramport  pheaomen~ 



Large-Scale Chromatography 153 

d 2 

tD=- 2 D  

Fig, 14. Scaling-up in chromatography often means  increasing 
the cohmm diameter. 

sample distribution layet" of the column end pieces. Nor should the 
volume of this sample distribution layer be too lage to avoid ex- 
cessive dilution of the applied sample zones. Tile latter requirement, 
however, is more important for isoct~ic systems like gel filtration 
and some revet~ed phase applications. 

The naural frst step in any design of a purification process is 
the selection of a combination of Conlplenlentaty ctu~omatographic 
chemistries which, using as few steps as possible, gives file desired 
degree of purification. All optimization of the chemical and physi- 
cal conditions for each particular chrom~ographic step, by necessity, 
takes place in a laboratory scale environment with adequately sized 
colmmls, usually with diameters around 1-5 an. Not only shonld 
the dlromatographic steps be defined but also their order hi the pu- 
rification process. 

The chemical optimization parametet's are inherent to each sol- 
ute/adsorl~nt combination and thus cannot be discussed in this gen- 
eral context. The physical optimization parameters are, howevet; 
connnon to a wider range of applications and will be discussed in 
some detail. 

One of the most important physical parwae~'s hi du'omatogra- 
plly is file column length. This is usually opthnized in file labora- 
tory and, if the packing density and packing homogeneity, as dis- 
cussed above, is maintahled for file process scale column, then the 
only requited scaling-up factor is the column dianeter, l_fthis, for 
one reason or anothet; is not possible to achieve, then one might 
compensate for this by increasing file column length. 

Fig, 15. Ratio of diffusion of proteins in agar gels of ina'easing 
concentration (D) to the diffusion in free sohfllon (Do). 
SBMV =Southern bean mosaic  virus. 

For lgG, D,, = 4. I "10 ~ cruZ.see "l 

% Agarose 4% 6% 
Time (sec) to diffuse 45 Bm 82 247 

9 Bm 3.3 10 

Fig, 16. The "Einstein r Aver-age lime for a sointe with dif- 
fll~01l cor "D" to di~llSe a distance "d". The rela- 
tive diffusian of IgG in 4% and 6% agarose is approxL 
m a t d y  ~3Do and 0.1Do, respectively, as s h o ~ t  in F i ~  15. 

Fig, 17. SchematicaRy, eadt beaded pai~dcle can be thought of as 
built from a number  of concemric sheBs. The data show" 
% bead volume of each shell. 

As has already been metrtioned, the major rate limiting perame- 
tea" in protein du'omatogr-~hy is the m~icted pore diffusion hi the 
gel polymer network. In Fig. 13 is shown the relative gel pore dif- 
fusion of some proteins in agar gds of increasing concen/ration (de- 
creasing pore radii) [Ackets and Steere, 1962]. It is obvious that not 
only the molecular weight but also file shape of the protein mole- 
cule govetus the relative pore diffusion. It is also clearly illuslrated 
that file lower file molecular weight of the protein to be chromato- 
graphed, file higher the applied flow~ate can be with constant re- 
solution. 

The "Einstein equation" (Fig. 16) gives an estimate of the aver- 
age time it takes for a solute to diffuse a distance "d" in amedium 
with amolecular diffusion coefficient "13". Sho~n are also the va- 
lues calculated for IgG in 4% and 6% agm~e, respectively. Tile dis- 
tances given are related to aspherical agarose gel pagicle 90 ~tn in 
diameter. Tile value corresponding to a diffusion distance of 9 pan 
is relew, mt because it represents a bead penelration of 20% of the 
radius, a distance ,vilich for any p~'ticle covets almost 50~ of the 
pmticle volume andthus almost 50% of the pa-tide binding capac- 
ity (Fig. 17). This fact gives an explanation why, in spite of the dif- 
fusion remieti~l for Ixoteins in agarose gels, mtptisingly favoumble 
dynanic binding capacities are obtained also for 90 pm diameter 
patticles, even at high linear flow-trees (100-300 cm/h). 

Most conditions in process scale adsorption clltxmlatogmphy are 
based on file assumption of step kinetics, i.e. the i~e of protein bind- 
ing to the ligand, innnobilized to file gel malrix back bone, is much 
faster than the radial diffusion in file p~ticle. This allows the ap- 
plication of the stwinking coxe model for protein adsolption which 
is illuslrated in Fig. 18. An important resWiclion hi the use of this 
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Fig. 18. The shrinking core model, derived from the Einstein 
equation. T=total loading time, R=partide radius, Q,,== 
maxmumt loa0iag capacity, r=core r~a0ius, Co=product 
concentration ta feed, D=dilIusion coefficient of pro~hlct 
in the aga~se gel. 

llaien of single adsorbent particles at different times during file batch 
uptake could be observed visually. Intensity profiles of the protein 
disl1?oution within a single particle were obtained by horizontal scan- 
ning. By integration of  the profiles a relative protein concentration 
within a bead could be calculated. By relating file relative profiles 
to file intensity dis~-~oution at equilibritan, the degi~ of equiltbrimn 
vemus time could be conslmcted. Thus, file batch uptake profile 
was available fixxn a direct measaa~ment within an adsorbent, and 
the detemlination of a tran~10oit pm'ameter (effective particle side 
diffusion coetticient) became possible. These datawei~e compared 
with uptake profiles obtained by measurements of the protein con- 
centlmion in the supematant. The results show that the internal up- 
tfl~e can be measured by confocal microscopy and that the data ob- 
tained nicely fit the data firm concenlrafion measurenlents in the 
supelllatant". The data obtained rapport file concept of  the shrink- 
ing core model as shown in Fig. 19. 

The mthot~ of this paper have continued their studies of tiffs tech- 
nique and more papers have been published [LjunglOf and Th6m- 
rues, 1998; Linden et al., 1999; Ljungl6f, 1999], not only on pro- 
tein adsorption but also on file detamination ofligand distribution 
in affinity chromatography medi~ 

simple model is that it requires a constant solute concentration, a 
condition which is only prevalent at the inlet of  the colmnn during 
sample application. 

Recently, using confocal scorning laser mia~copy, protein bind- 
ing to agarose gel based ion exchangas during batch experiments 
in afalite bath has been studied by Ljungl6f and Th6xrnnes [1998]. 
"By coupling ofafluo1~cent dye to the protein molecules the pene- 

Fig. 19. Con_focal images of samples from Finite bath uptake of 
hIgG to SP Sephm'ose Fast How. The limes h3dicate the 
~ t ra f i~  ot the inmbafion [Cmtrtesy Ljungl~ and Th~m- 
mcs, 1998]. 

A GENERAL STRATEGY FOR THE OPTIMIZATION 
OF P R O D U C T M T Y  IN ADSORPTION 
CHROMATOGRAPHY OF PROTEINS 

There are in principle two different modes of eperation with re- 
spect to utilizing the binding capacity of an Msolbent packed to a 
fr~ed bed column. One is to allow the feed stock solution to re- 
cycle through the bed at file highest possible flow-t~e until the col- 
unto is satmated and then wash away non-adsoPoed proteins, elate 
the adsorbed proteins in one or several steps (the last for regenaa- 
tion if required) and finally reequil~'ate the column with starting 
buffet" to prepare it for file next sample application cycle. The other 
mode is to define a maximum tolerated leakage or break-tht~ough 
point, e.g. 1, 5 or 10% of the concentration of the taget protein in 
the feed stock, at which point the sample application is intenupted 
and the above mentioned washing, elution and reequililxation cycles 
are initiated. There are two principal differences between these two 
modes. In file fast, file binding capacity of the adsorbent is utilized 
to its maximum, however, the recimulation of the feed stock makes 
both file concentration and the composition of file different pro- 
teins in the sample change with time and thus not easy to define 
firm one batch cycle to the next. F_,g. if the protein content of  the 
feed stock c~lesponds to 10 times file binding capacity of the col- 
umn at disposal, then the last cycle will be significantly different in 
both composition and concentration. In the second mode, file bind- 
ing capacity of the cohmn is utilized only to aft'action of its maxi- 
mum, how much depends on the flow-rate used during sample ap- 
plication. On the other hand, as no recycling of feed stock solution 
ta~es place, the latter will remain constant with regard to both com- 
position and concentration fi~om one chromatographic cycle to the 
next. 

In Fig 20 are shown file conditions for twv adsorption columns 
subject to expa~nents in one-cycle feed mode. For file upper col- 
unto the f low-~e is high and the t~'get protein in the sample starts 
leaking out of the column long before file pmMes of the colmral 
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Fig. 20. Sample feeding in one-cycie mode at two different flow- 
rates. 

Fig. 22. The effect of flow-rate and column dimension on the dy- 
namic binding capacity (left) and throughput (right) of 
human IgG to Protein A Sepharose 4 Fast Flow packed 
in three columns with identical volumes but with different 
height diameter ratios. Column dimensions same as in 
Fig. 21. 

Fig. 21. Three columns of equal volume but different height/di- 
ameter ratios used in column productivity studies. 

packing are sattwated. For the colunm below, the flow-rate is lowel, 
the resident thne of the target molecule is longer and most of the 
particles in the colunm will be fully t~lized for binding The ques- 
tion now arises: Which condition will give the highest colunm pro- 
ductivity? High flow-rate and many cycles or a low flow-rate with 
few cycles but a higher degree of utilization of the binding capac- 
ity of the adsorbent'? The answer is that it depends on the ratio of 
the diameter to the height of the colunul To illusb-ate that this is 
the case, a series of experhnents were made in which the dynamic 
binding capacity (column loadkg) and th-oughput (prcxtuctivity) 
for Protein A Sepharose | 4 Fast Flow packed in thi-ee columns of 
equal volmne but with different height/diameter ratios (Fig. 21). The 
sample (1 mg/ml human IgG) was continuously fed to each col- 
urml at different flow-rates urN1 a break-through of 1% of the inlet 
concenbation was obtained. Then the column was washed, eluted, 
and reequilibmted and a new sample was applied All steps of this 
chi-omatographic cycle were optimized for each column sepat'ately 
with regard to volume required and flow-rate. The amount of IgG 
recovered was deteirnined for each column and each flow-rate. The 
results are shown in Fig. 22. 

The longer colunm (1.6 • 11.7 cm) shows a higher dynamic bind- 
ing capacity due to the longer residence time for the IgG in the col- 
unto. The shortest coltnnn (5.0 • 1.2 cm) shows the highest through- 
put due to the more efficient mass ~nsfer  prerequisites in a col- 
unto with larger diameter This is so because at any moment, a much 

larger proportion of the total bed volume is in contact with the sam- 
ple oi- the wasting/equilibration buffer. Even a maximum in the col- 
umn throngl~ut can be observed at a particular linear flow-rate. This 
insxiniuni thi-oughput becomes smaller with larger height/diameter 
latios. Thus, for any protein sample/adsorbent combination there is 
an optimum flow-rate for every column diameter/height ratio at con- 
stant colmnn volume. 

Another important issue to take into account in adsorption chro- 
matogl-aphy of proteins is the well known effect of residence time 
on the recovery of active protein. The longer time a txotein mole- 
cule is bound to a ligmad attached to a solid surface, the more dlance 
it gets to change its tertiary slructnre to fit the chemical topogt-aphy 
not only of the ligand, but also of the sunounding mabix surface, 
mad the more poil~ of almct~ne~at of different nature fl~at are gen- 
erated (charge-charge, chmge-dipole, hydrogen bonds and bonds 
based on hy&ophobic ffltemction) the more difficult it will Ice to 
elute. The recoveries of both protein and biological activity will de- 
crease and the adsorbent will require more harsher conditions for 
regeneratio~l Tim speaks for shortest possible residence time mad 
thus for the second, one cycle, mode of  column operation. 

In any induslrial purification process there is probably a maxi- 
mum tolerated cycle time for each chromatographic step mad there 
is often very little to gain, other than the ones discussed above, by 
reducing this cycle time. This means that the first optimization step 
in adsorption chromatography of proteins is to adjust the bed height 
such that ff allows a flow-rate, wiffin the pressure iatffg of the pro- 
duction scale column, that gives the desired cycle time (for bind- 
ing, washing, elution, regeneration and ieequilibration). The desired 
productivity is then achieved by adjusting (increasing) the column 
diameter. Remember that at constant cokrnn volume, the larger the 
column cross section, the larger is the proportion of the cokrnn pack- 
ing material that is simultaneously in direct contact with the feed 
stock solution and thus the better will be the utilization of the chro- 
matographic adsorbent_ Also, the shorter the cokunn the higher the 
linear flow-rate will be at a particular pressure drop applied to this 
column. And, the higher the linear flow-rate, the shorter time will 
be required for the implementation of a chromatographic cycle and 
thus the higher the chromatographic prcvluctivity. However, the high- 
er the linear flow-rote and the smaller the column bed height, the 
lower will the dynamic binding capacity of the column be for apar- 
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Schematic structures of modem ion exchangers 

Fig. 23. Schematic drawing of a standard type agarose ion ex- 
changer and a polymer grafted ditto. 

Fig. 24. Break-flu'ough curves for lysozyme on a standard agar- 
ose gel cation exchanger and on one grafted with a poly- 
mer (d ex~'an). 

liters load volume per hour will correspond to [Hagel and Janson, 
1992]. 

where V.~: is the aliquote volume, K,~: is related to the shape of the 
applied sample plttg. The optimal value is equal to 12 (the variance 
of a square-wave dislribution) and is approached at larger sample 
volumes, such as those in desalting operations, but for small sam- 
ple volumes values around 5 are more common. V~ and Vp are de- 
fined as above. D,, is the solute diffusion coefficient in the gel par- 
ticle and dp is the avel'age particle diametei: The corresponding lin- 
ear flow-rate, u, is given by 

u~ v:oo: uv,~ 

where L is the colunn bed lengttz The linear flow-rate is obtained 
by the volumetric flow-rate divided by the column cross-sectional 
area These equations are useful for selecting opmnum conditions 
and for scaling-up separation schemes. 

Governed by requirements of protein purity and column pro- 
ductivity, it is possible to find an optimum balance between flow- 
rate and sample volume. One way is to use simulations, correlated 
with data h-ore expe~ler~,  to preclict the opfilnum conditions. Such 
a study was performed by Arve [Arve] for the sel:aration of lgG 
and li-ansfen-in on Superdex 200. The recovery of IgG at different 
levels of final purity was determined as a function of flow-iate and 
sample volume at varying levels of lransfetrin contamination. Cot-- 

ticular protein. Obviously one has to compromise adsorbent utili- 
zation to gain high productivity. 

Binding capacity is a crucial parameter in optilnization of pro- 
ductivity in adsoiption chromatography of proteins. In cases where 
the binding capacity of standard gel media is insufficient, e.g. for 
low molecular weight proteins or large peptides, there is now a re- 
medy available. By itmToducing a polymer ~ or"tentacle" coat- 
ing into normal agarose gel media by covalent surface grafting of a 
try&ophilic, linear polymer such as dex•-an, two-fold higher bind- 
ing capacities have been achieved In Fig. 23 is shown a schematic 
representation of such a grafted gel meditm~, in this case an ion ex- 
changer. 

In Fig. 24 is shown the result of break-through experiment on a 
standard ion exchanger and a polymer grafted ditto. 

C H R O M A T O G R A P H I C  P R O D U C T M T Y  I N  T H E  
S I Z E  E X C L U S I O N  C H R O M A T O G R A P H Y  (SEC)  

The ct~-omatographic productivity m SEC is defined as the 
amount of ad~uately purified protein recovered per column cress- 
sectional area and chromatographic cycle time. The critical t:aram- 
eters in the optunization of SEC productivity are the sample size 
and flow-rate, respectively. 

The sample volume restriction in SEC, as discussed above, makes 
it mandatoxy to divide the feed stock into consecutively processed 
aliquots. The smaller the aliquots, the faster the possible flow-rate 
at constant resolution. The optmmm conditions for processing V ~  
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Fig. 25. Computer simulation of productivity and recovery of IgG 
in GFC on Superdex e 200 prep grade as a function of 
linear flow-rate and relative sample load (expressed as % 
of total bed volume). Simulations performed for an initial 
and final concentration of transferrin of  16.7% and 
0.01%, respectively. In order to be able to increase file re- 
covery at m a x ~ u m  productivity, bolh flow-rate and sam- 
ple load will  have to be decreased. Correlations from ex- 
perimental work  on a 2.6 cm• cm column (Courtesy 
B. Arve ). 
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relations with experimental data were made by computer simula- 
tion. The result of one set of  conditions with initial and final IgG 
purities of 83.3% and 99.9%, respectively, are shown in Fig. 25. 
Ofpmticula- interest is the fact that the recovery curves go through 
amaximum in this operation range A line dtavm through the maxi- 
ma  of these curves should give the combination of  sample volume 
mid flow-rate at which one should operate to achieve the desired 
recovery at maximum productivity. When the optimal conditions 
for maximum productivity have been established, the cycle capac- 
ity is increased by proportionally increasing the column diameter 
mid the sample vohme.  

There seems to be only one way to further increase the column 
productivity in SEC, mid that is to make maximum use of the av- 
ailable separation vohme in the operating column, i.e. not allow- 
hag any "empty" spaces in the chromatogi~m. The processing time 
of an optimized procedure may thus be reduced by 33% by utiliz- 
ing the dead time during elution of the void fraction to applying a 
new sample atter only 2/3 of  the total cohmn volume is eluted. In 
this wW, it is possible hi favoulable cases to apply three sample 
cycles per column bed volume. However, this can only be accom- 
plished when file protein of  interest mid its accompanying impm'i- 
ties me eluted within a mher  nmrow volume witldow. Bergl6f et 
al. [1987] descr~oed such a favourable situation for the final step in 
the process purification of human serunl albumin. The peaks to be 
separated were spaced hi such a way that three cycles were per- 
formed per eluted column volume (Fig. 26) which means that the 
cohnm productivity could be increased three fold as compared to 
the lraditional way ofopea'ating SEC columns. Also, the cycle time 
can be further minimized my maximizing file flow-rate once the 
protein of  interest has been ehted to rapidly rinse the column be- 
fore the next sample is applied. 

There is a linem" t~elationship baween productivity aid smnple 
concentration in SEC. However, the restriction is related to the ef- 
fect ofinereasing protein concentration on file viscosity of  the sam- 
pie, relative to the eluent, rather than the dry weight content as such. 
A relatively viscous sample zone is hydrodynmnically unstable and 
viscous fingering soon develops with catastrophic effects on the 
resolution. As amle of thumb, the concentration of aglobular pro- 
tein in SEC sanples should not exceed 70 mg/ml or arelative vis- 
cosity of 1.5. 

The most favourable type of SEC f i .m a productivity point of 
view is desalting or bullet" exchange using column packing materi- 
als such as Sephadex G-25 which totally excludes proteins but in- 
cludes low molecular weight impurities and salts. Hei~e sample vol- 
umes of approximately 20% of the colunm vohme are routinely 
used mid the flow-rates applied do not have to be adjusted to com- 
pensate for the slow diffusion rates of  proteins in gels. One way to 
luther increase the productivity of  desalting cttromatogr-aphy unit 
operations would be to t~evetse the flow through the column once 
the target protein has been eluted. In this way slowly moving low- 
moleculm" solutes WIU require a shorter elution distance hi order to 
be removed fi'onl the column. At the sane time possible particu- 
late material accunmlated on the top of the cohnm nctaptor filter 
will be washed out. 

S T R A T E G Y  F O R  SCALING-UP OF SEC 

It is know11 that resolution, R,, in SEC is more affected by in- 
creasing the sample zone width than increasing file operating flow- 
rate This is illustimed by a set of experiments where the effect of 
sample volume md  flow-rate on P~ w~s studied for the separation 

Fig, 27. SF_~ of IgG ~md HSA on Sephacryl S-200 HR. Bergl~f et 
al. [1989]. 

Fig, 26. Optinuml ulilizafion of the separation volume in a pre- 
parative gel Inlralion cohmm for the final purification of 
lutman sennn a~mnha on Seph~Tr S-200 HIL The sam- 
ple applications are spaced inch that three smnple cycles 
are achieved in one COlllRm volume, ~ marked Bergl6f et 
al. [1987]. 

Fig, 28. Effect of flow-rate and sample vohmte on resolution for 
the separation of IgG and HSA by S%C on Sephacryl S- 
200 HR. Bergl6f et ai. [1989]. 
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of IgG and HSA (see Fig. 27.). The result is shown in Fig. 28. The 
resolution is obviously much more affected by an increase in sam- 
ple volume than in flow-rote. This illuslration can be used for sug- 
gesting a simple slrategy for the scaling up and opNmzation of the 
column productivity in SEC. Thus, in the first optimization step, 
one adjusts the column length and flow-rate to obtain a reasonable 
resolution, but pm-narily satisfying the desired chromatographic cy- 
cle time. In the next step, the desired resolution is obtained by ad- 
justing the relative san:ple volume. Finally, the desired column pro - 
ductivity is achieved by adjusting the diameter of the gel filtration 
column keeping the linear flow-rate and the relative san:ple vol- 
ume (i.e. the sample zone width) constant. This apparendy simple 
sb'ategy requires that the colunuts are packed to the same density 
mad homogeneity inespective of the colunm diameter. There are 
many examples in industry that this is possible, but it requires ex- 
perience a :d  skill in pac!d:g large diameter columns. In cases when 
this is not possible to achieve, one may compensate for less than 
optimal colunm pacldng quality by increasing the column length 
as discussed by Naveh [1990]. 
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