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SUMMARY 

On the basis of studying the retention and band broadening of proteins on the 
TSK SW column, diffusion coefficients (OS) of solute in stationary phase were ob- 
tained which elucidate the hydrodynamic process of chromatographic resolution of 
proteins by hydrophilic size-exclusion chromatography (SEC). After calculating the 
correlation between D, and the molecular weight of the solute, the molecular dimen- 
sions of proteins in the process of chromatographic separation can be predicted. 
Deviations in diffusion coefficient of a protein from the calculated value reflect dif- 
ferences of measured molecular dimensions from molecular volumes predicted from 
the calibration curve of the SEC column. This study illustrates a convenient method 
for estimating the purity of proteins by SEC. Deviations from 2;1 dr (where dp is the 
particle diameter) in the intercept of the theoretical plate height (H> versus flow-rate 
(U) curve from the band broadening equation H = C,U + 21 d,, + f(a& {where 
C,U represents mass transfer resistance caused by solute diffusion in the stationary 
phase and f(a& an added term for polydisperse solutes as proposed by Knox and 
McLennan [Chromatographia, 10 (1977) 751) reflect impurities in the proteins. 

INTRODUCTION 

Size-exclusion chromatography (SEC) of water-soluble polymers is a rapidly 
growing area, especially with the introduction of high-performance liquid chromato- 
graphy (HPLC). HPLC provides high resolution, high speed and high sensitivity, 
important advantages over conventional analytical methods, such as SEC, for the 
separation and purification of water-soluble polymers, including proteins. Conven- 
tional size-exclusion columns, which are made of a cross-linked dextran (e.g., Se- 
phadex), polyacrylamide (e.g., Bio-Gel P), or agarose (e.g., Sepharose or Bio-Gel A), 
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do not have the mechanical rigidity to withstand the pressure required to achieve 
rapid separation under high pressure or sufficiently small particle size to give good 
efficiency in separation. With the development of the newer microparticulate pack- 
ings, many of these problems have been overcome. Sulfonated polystyrene (e.g., Ion- 
Pak), hydroxylated polyester (e.g., OHpak), hydrophilic monolayer bonded to po- 
rous silica (TSK Type SW), and hydroxylated polyether (TSK Type PW) are ex- 
amples of packings available for aqueous exclusion work. Recent developments in 
commercially available microparticulate packings and columns for steric-exclusion 
chromatography of water-soluble polymers have been reviewed’J. Since this is a very 
proprietary area, many manufacturers do not reveal the exact composition of their 
packing phase. Because of the tremendous growth of high-performance hydrophilic 
SEC in life science research, further study of separation mechanisms of proteins by 
SEC is important in order to understand the dynamic behavior of proteins during 
the chromatography process and to provide a basis for optimizing chromatographic 
resolution in the application of SEC. Recently, Ghrist et al3 studied the retention 
behavior of proteins in HPLC and developed a general model that predicts band 
widths in HPLC. 

At present, TSK Type SW and TSK Type PW systems are commonly used in 
protein separation and purification. In the current study, we examined the retention 
behavior and band broadening of proteins of different molecular weights on a TSK 
type SW column containing microspheres having a particle size (d,,) of 10 pm. Ex- 
perimental plate-height data were determined , and diffusion coeffients (OS) of solute 
into stationary phase were calculated. The experimental results were discussed in 
terms of the model of Ghrist et ~1.~. From these data and our previous experiments4s5, 
a method was developed for correlating molecular weight (MW) and hydrodynamic 
volume of standard proteins in the process of chromatographic resolution. With the 
aid of the experimental dependence of theoretical plate height (H> on flow-rate (U) 
and the band broadening equation6 in the HPLC, the purity of standard proteins 
and protein mixtures was evaluated from the intercept of the H-U curve. The inter- 
cept of the H-U curve is a constant for pure proteins, and the extent of the deviation 
from the intercept of the H-U curve reflects the level of impurity of a protein sample. 

EXPERIMENTAL 

HPLC experiments were performed with a Beckman 165 system [consisting of 
a Model 165 variable-wavelength detector (operated at 280 nm), a Model 112 solvent 
delivery module, a Model BD 41 recorder (Kipp and Zonen), and a Model 340 
injector (Rheodyne)]. A Bio-Sil TSK-250 HPLC gel filtration 300 x 7.5 mmm I.D. 
column (Bioanalytical Systems) was employed. Standard protein samples (gel filtra- 
tion standard) were obtained from Bio-Rad. These included: thyroglobulin (bovine), 
MW 670 000; y-globulin (bovine), MW 158 000; Ovalbumin (chicken), MW 44 000; 
myoglobin (horse), MW 17 000; vitamin B r2, MW 1350. The mobile phase consisted 
of 0.041 M disodium hydrogensulphate, 0.019 M sodium dihydrogenphosphate and 
0.15 M sodium sulphate, adjusted to pH 6.8. All measurements were conducted at 
ambient temperature (25°C). 

On the basis of a plot of plate height equivalent to H versus U, diffusion 
coefficients (OS) of solute in the stationary phase were determined. 
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RESULTS AND DISCUSSION 

In HPLC, band broadening effects can be expressed as follows: 

H = B/U + C, U + (3 Ad, + D,/d;u) - ’ (1) 

The term B/U represents molecular diffusion in the longitudinal direction in the mo- 
bile phase. The C,U term represents mass transfer resistance caused by solute dif- 
fusion in the stationary phase. The last term (+ Ad, + D,,,/d&) (where D, is the 
solute diffusion coefficient and u is the flow-rate of the mobile phase) is the coupling 
of Eddy diffusion and mobile phase terms for solute dispersion in the mobile phase. 
The diffusion coefficient of protein solutes in water is cu. lo-’ cm2/s, and usually the 
flow-rate used is of the order of mm/s and the particle size dp is ca. 10 pm, so the 
contribution of the last term is mainly due to and,,. Since D, is cu. lo5 times smaller 
in liquids than in gases, this longitudinal term does not make an important contri- 
bution to band broadening in liquid chromatography. Thus, the column efficiency 
of the non-permeable protein thyroglobulin (MW 670 000) is constant throughout 
the flow-rate range shown in Fig. 1. This phenomenon is consistent with the results 
of Dawkins and Yeadon’ on hydrophobic gel permeation chromatography (GPC) 
using silica microspheres. Thus, eqn. 1 can be simplified as follows: 

H = C,U + 2Ad, (2) 

In general, C, is a function of the diffusion coefficient (DJ of the solute in the sta- 
tionary phase, the relative migration rate of the solute in the mobile phase, and 
particle size and pore structure parameters. C, can be computed from the equation 
of Damkins and Yeadon’ 

C, = R(l - R)d;/30Ds (3) 

where R is the retention ratio, defined here for each solute by VO/VR, and V0 is the 
interstitial (or void) volume of the column. Thus, D, values for proteins of different 
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Fig. 1. H-U dependence of proteins on TSK-250 gel. Eluent: 0.041 M Na2HP04, 0.019 M NaH2P04 
and 0.15 M Na2S04 (pH 6.8). Key to symbols: 0 = y-globulin; l = ovalbumin; A = myoglobin; 
A = vitamin VIZ; 0 = thyroglobulin. 
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TABLE I 

DIFFUSION COEFFICIENTS OF PROTEINS ON TSK-250 GEL 

Protein MW D, (x lo-’ cw?js) 

y-Globulin 158 000 48.00 
Ovalbumin 44 000 20.05 
Myoglobin 17 000 4.92 
Vitamin B 1 z 1350 1.67 

molecular weights can be obtained from eqns. 2 and 3 and the H-U curves in Fig. 
1, as listed in Table I. In SEC, the interpretation of chromatograms requires a valid 
correlation between elution volume ( VR) and a stable molecular dimension. Devia- 
tions from this correlation occur when molar volume or size in solution does not 
correlate with molecular weight. The D, value exactly describes the relative migration 
rate of solute in the stationary phase and then reveals the correlation between the 
molecular weight and the true molecular dimensions of protein in the process of 
chromatographic resolution. From our previous studies4,5 and the data of Dawkins 
and Yeadon the MW VS. D, plot is linear for either the standard polystyrene in the 
hydrophobic GPC or for standard dextrans in hydrophilic GPC. These results pro- 
vide information about ascertaining the correlation between MW and the hydrody- 
namic volume of solute in SEC. In our current study, the diffusion coefficients of 
proteins shown in Table I were obtained from the slopes of H-U curves and eqn. 3. 
The flow-rate was defined here by L/V,,, where L is the length of the SEC column, 
and the retention volume of thyroglobulin (MW = 670 000) is equal to the void 
volume of the column. 

Walters8 showed that bandwidths (values of N) in SEC agree (approximately) 
with experimental values when (Dp/Dm) is calculated by: 

D,lD, = 1 - 2.10r,, + 2.09& - 0.955, (4) 

where D, is the solute diffusion coefficient in the stagnant mobile phase within the 
packing material, D, is the solution diffusion coefficient in the bulk mobile phase, 
and rs,, is the ratio of solute Stokes’ diameter to the pore diameter of the column 
packing. Knox and McLennan9 also found a decrease in D,/D, for large polystyrenes 
separated by SEC, as a result of the hindered diffusion of large molecules in small 
pores. Eqn. 4 has been used to estimate the restricted diffusion of proteins in other 
HPLC systems lo The calculated data of D,/D, and Y,,, in our experiments are 

TABLE II 

D,l& AND rsp OF PROTEINS ON TSK-250 GEL 

Prot&z D,lDm hp 

~-Globulin 0.265 0.416 
Ovalbumin 0.563 0.218 
Myoglobin 0.692 0.150 
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Fig. 2. Dependence of experimental diffusion coefficient (OS) on molecular weight (MW). Key to symbols: 
0 = proteins eluted from TSK-250 gel, n = albumin; A = dextrans eluted from EGPM (polar polymeric 
gel of ethyleneglycol dimethacrylate-glycidylmethacrylate) gel; 0 = polystyrene eluted from silica gel; 
0 = polystyrene eluted from ethylstyrenedivinylbenzene copolymer gel. 

summarized in Table II. The values of D,/D, increase with decreasing molecular 
weight of proteins, consistent with the results of Knox and McLennan as described 
below. 

Fig. 1 shows that the slopes increase with the molecular weights of the solute 
molecule, the larger the mass transfer resistance of the solute in the stationary phase 
will be. In the SEC of proteins, the size-exclusion mechanism has been considered’ l, 
so the correlation between the MW and the D, should be reasonably straightforward. 
In our experiment, only in the case of ovalbumin was there a lack of correlation 
between MW and D,. The D, of ovalbumin was much smaller than predicted by eqn. 
3, as indicated in Fig. 2. If the molecular dimension of ovalbumin were consistent 
with the correlation line of the MW and D,, the molecular radius of ovalbumin would 
be 25.2 A, significantly smaller than the value of 27.3 8, calculated by Ackerslz from 
data obtained from analytical gel chromatography. The larger molecular dimension 
caused the large mass transfer resistance, which, of course, led to the smaller D,. 
Therefore, the D, values obtained by this method indicate that the true molecular 
dimensions of some proteins are not consistent with the calibration curve of the SEC 
column during protein separation by SEC. 

The simplified eqn. 2 described previously applies to a monodiosperse solute. 
For polydisperse solutes, it is necessary to add the term f(a&, as proposed by Knox 
and McLennan’ 3. Thus: 

H = C,U + 2& + f(u& (5) 

As f(@& is flow-rate independent, sample deviation %, from the intercept of the 
H-U curve can be evaluated. Fig. 1 is a set of H-U plates of standard protein samples 
of different molecular weights. For ovalbumin, myoglobin and vitamin B12, the value 
of the intercept of each curve was exactly equal to the value of 214,. These data 
indicate that of the intercept of the H-U curve is close to the value of 24, the 
protein is highly pure. In contrast, for y-globulin, the value of the intercept was much 
larger than the constant 24, which is discussed below. Thus, the closer to 24, 
intercept of the H-U curve is, the more pure the protein will be. These results illustrate 
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a convenient method to evaluate the purification of biomacromolecules, including 
proteins. 

Knox and McLennan9 have shown for the SEC separation of polystyrenes 
that bandwidths are predictable from the theory developed for small molecules (so- 
called Knox equation). 

h = Av”~ + B/v + Cv (6) 

Here h is the reduced plate height, v is the reduced mobile phase velocity, and A, B 
and C are constants that can be calculated for a given solute and set of conditions. 
The plate number N for the separation of a given solute is given by the following 
standard relationships: 

N = L/H (7) 

h = H/d,, (8) 

V = ud,/D, (9) 

D, can be calculated from the following eqn. 3: 

D, = 9 . 10~6(T/298)7(2.5M-“3 + 62/M)lr],, (10) 

Here A4 is the molecular weight and q 25 is mobile phase viscosity in centipoise at 
25°C. 

Values of A are independent of separation conditions and vary only with how 
well the column has been packed. Typically, 0.5 d A < 1 .O for well packed columns. 

In SEC the parameter B is given14 as 

B = 2y (11) 

where y is an obstructive factor. 
Ghrist et a1.3 give an expression for C3: 

C = &{ l/L& + x/(1 - 41}*x/30y( 1 - x) (DJD,,,) 

C = Z&x/19.2{&, + [x/(1 - x)1)(1 - x)(DJD,,,) (12) 

They can relate C to the SEC distribution constant K, defined as 

KD = (VR - vo)/f”-o (13) 

Here VR is the retention volume of the solute in an SEC system, V. is the volume of 
mobile phase in the column that is outside the pores. The quantity of k” is given as9. 

k” = KD(V~/VO) (14) 
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Fig. 3. Characteristic gel permeation chromatogram of TSKH-250 gel. Eluent same as in Fig. 1. Flow- 
rate, 0.6 ml/min; chart speed, 0.2 mm /s; temperature, 25°C. Peak I = thyroglobulin; peak 2 = y-globulin; 
peak 3 = ovalbumin; peak 4 = myoglobin; peak 5 = vitamin Blz. 

where VP is the volume of mobile phase inside the pores and (I’,,/ VO) is given in terms 
ofx as 

x = Vo/(Vp + VII) (15) 

From eqns. 6 and 12, the plate numbers of y-globulin predicted by the model of 
Ghrist et ~1.~ were N = 4391. The experimental values was N = 540, significantly 
lower than theoretical value. 

Protein can be retained in SEC systems by processes other than exclusion. 
These processes, which include ion exchange and hydrogen bonding with silanols on 
the silica surface of the packing, should be more important for smaller solute mole- 
cules, which presumably have easier access to the silica surface. Secondary retention, 
when it occurs, often leads to excessive broadening of the solute band and KD values 
of more than 1. In the current study, the KD value of y-globulin was 0.2. This infor- 
mation, coupled with the considerations described above, provides further proof that 
the breath of the y-globulin peak was caused by impurity of solute rather than sec- 
ondary retention in the elution profile (Fig. 3). From these data, it is evident that the 
polydispersity of a solute contributes to band broadening, but is insignificant in de- 
termining mass transfer resistance. 

The plate number of a non-permeating solute depends on how well the column 
has been packed and also the interstitial (or void) volume of the column. Dawkins 
and Yeadonls found that for non-permeating polystyrenes, the values of H for PS- 
47000 were always greater than values for PS-11000, which means that a high-mo- 
lecular weight non-permeating solute probably causes high values of H. In our ex- 
periments, thyroglobulin, which has a high molecular weight, showed high values of 
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H, an observation which is in agreement with the results of Dawkins and Yeadon’ 5. 
In addition, non-permeating proteins exhibited very little or no change in H as U 
was varied during the process of separation, which leads to a high intercept for the 
H-U curve, as shown in Fig. 1. As the SEC separation mechanism operates mainly 
by size exclusion, the molecular dimension and diffusion coefficients of the solute 
molecules outside the range of the column used cannot be assessed by SEC. 
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