
Journal of Chromatography, 648 (1993) 19-25 
Elsevier Science Publishers B.V., Amsterdam 

CHROMSYMP. 2826 

Size-exclusion chromatography in an analytical 
perspective 

Lars Hagel 
R&D Department, Pharmacia LKB Biotechnology AB, S-751 82 Uppsala (Sweden) 

ABSTRACT 

Modern media for size-exclusion chromatography combine maximum selectivity with high plate count to resolve solutes 
differing in molecular mass by as little as 20%. Separations of solutes differing in molecular mass by only 10% will be very hard to 
accomplish even for rod-shaped molecules. The reduced column lengths and porosity of small-particle-sized media unfortunately 
reduces the inherent resolving power to the same order as traditional columns but with a substantial reduction in analysis time. 
The use of well-calibrated columns for obtaining estimates of molecular mass yields a precision close to that of absolute methods. 
The simplicity and accuracy of the integral calibration method using a sample of broad molecular mass distribution makes this 
procedure very suitable for manual calibration of size-exclusion columns. 

The objective of analytical size-exclusion chro- 
matography is to separate components of differ- 
ent size well enough to permit their quantitative 
and /or qualitative determination. The purpose 
of this communication is to review the present 
status of size-exclusion chromatography as a tool 
for analytical characterization of macromole- 
cules . 

SEPARATION OF COMPONENTS 

Separation is achieved by passing the sample 
through a porous support. The degree of separa- 
tion may be quantified by the resolution between 
peaks. The resolution is a function of the dis- 
tance between peaks and the width of the peaks. 
The peak-to-peak distance, or selectivity, is 
determined by the number and dimension(s) of 
the pores and is thus set by the characteristics of 
the gel medium. The width of peaks is influenced 
by the particle size of the medium. The res- 
olution is also affected by experimental parame- 
ters such as column length, eluent velocity and 
solvent viscosity. 

The maximum selectivity of size-exclusion gel 
media is obtained by using single pore size 

supports. For such a support it may be shown 
that the separation range covers approximately 
one decade in solute radius [l]. Owing to the 
different relationships between molecular mass 
and size for solutes of different shape the selec- 
tivity for one decade in size will correspond to 
one, two and three decades in mass for rods, 
flexible coils and spheres, respectively [2]. Some 
traditional media for aqueous SEC display such 
high selectivity (e.g. Sephadex and Bio-Gel). 
Porous glass also yields high selectivity owing to 
the narrow pore size distribution introduced by 
the manufacturing process [l]. One example of a 
modern medium constructed to give high selec- 
tivity is porous silica microspheres, where the 
pore dimension is given by the space between 
solid silica sub-microspheres of uniform size [3]. 
A novel medium for aqueous size-exclusion 
chromatography combines the rigidity of a ma- 
croreticular gel with the selectivity of the mi- 
croreticular gel by the incorporation of dextran 
into a cross-linked agarose skeleton. The selec- 
tivity, as shown in Fig. 1, is close to maximal. 
This type of medium is preferentially used for 
separations where differences in solute size are 
minute. One such example is the analysis of 
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Fig. 1. Selectivity of Superdex 200 for dextrans. Narrow 
fractions of dextran were run through a column of Superdex 
200 prep grade, 62 x 2.6 cm I.D. using a fast protein liquid 
chromatography system. The molecular mass corresponding 
to peak elution volume was converted to solute radius 
through R, =0.271M0.498 (ref. 1). (Raw data used by cour- 
tesy of ref. 4.) 

multimeric forms of important biomacro- 
molecules, as illustrated by Fig. 2. 

The theoretical limit of resolution, R,, in size- 
exclusion chromatography may be inferred from 
the resolution equation [5]: 

R, = 1 I4 * log (M, lM,) . N’12 

* [-d(K,)ld(log M)]I(V,IV, + K,J (1) 

where M, is the molecular mass of species 1, KD 

r , 
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Fig. 2. Analytical size-exclusion chromatography for deter- 
mination of aggregates in preparations of recombinant 
human growth hormone (rhGH). The sample, 0.05 ml of 
rhGH, was applied to Superdex 75 HR 10/30, 30 x 1 cm 
I.D., and eluted at 1 ml/mm with 0.05 M sodium dihydro- 
genphosphate in 0.1 M sodium sulphate, pH 7.3. An en- 
larged section of the original chromatogram is shown. (Cour- 
tesy of B. Pavlu, Kabi-Pharmacia Peptide Hormones, and H. 
Lundstrom, Pharmacia.) 

is the distribution coefficient, d(K,)ld(log M) is 
the molecular mass selectivity of the medium, V, 
is the void volume of the column, VP is the pore 
volume of the gel bed and N is the average plate 
number of the two solutes. The plate number of 
the solutes may be calculated by using the 
assumption that the separation is carried out at 
optimum eluent velocity where peak widths are 
fairly constant [6]. Inserting CT = gt and V, = 
V,[l + V,IV,(K, - l)] in the formula N = (IJ’~/(T)~ 
and realizing that the maximal plate count is 
obtained for small solutes, i.e. N,,,,, = (V,/CT,)~, 
eqn. 1 can be rearranged to: 

log (M1/M2) = 4R,(VOIVP + 1)(N,,,,,)-1’2 

. l/[-d(K,)/d(logM)] 

where the first term accounts for the required 
resolution, the second term is a function of the 
pore volume of the support, the third term 
expresses the maximal plate count of the column 
and the last term reflects the pore size distribu- 
tion of the media. 

The maximal size selectivity of a support is 
obtained at the inflexion point of the selectivity 
curve, which is given by the distribution coeffi- 
cient as a function of the logarithm of solute 
radius, R. The inflexion point is obtained at 
R = r/2, where r is the pore radius of the support 
[l]. Using a cylindrical pore model it can be 

Fig. 3. Resolvability of size-exclusion chromatography. The 
molecular mass ratio needed for complete resolution of 
solutes, i.e. R, = 1.5 as a function of column plate number is 
given for various solute shapes and column permeabilities. 
Curves plotted in order as given by the explanation. Per- 
meability, VP/V,, is for low-porous media (lp) =0.75 and 
high-porous media (hp) = 2.0. Calculated from eqn. 2. 
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shown that the inflexion point for a single pore 
size support is given by [l]: 

]d(K,)/d(logR)(,,, = In (lo)/2 = 1.15 (3) 

In terms of molecular mass the maximal selec- 
tivity will equal 1.15 for rods, 1.15/2 for flexible 
coils and 1.15/3 for spheres. The selectivity for 
proteins is frequently reported to exceed 0.38. 
This is probably because the shape of globular 
proteins is ellipsoidal and may not be approxi- 
mated by spheres. 

The resolvability, i.e. the ability to completely 
resolve solutes of different sizes, as a function of 
plate number of different solute shapes and 
media pore volumes is shown in Figs. 3 and 4. 
As illustrated in Fig. 3 most media, including 
traditional ones, will separate solutes differing a 
decade in molecular mass. Also noticeable is the 
large influence of the pore fraction, l$,IV,, of the 
media on the resolvability. The maximal resolv- 
ability that can be expected from size-exclusion 
chromatography is shown by Fig. 4. Whereas a 
separation of dimer from monomer may be 
expected from a 30-cm column packed with a 
lo-pm bead, typically yielding N,,, = 10000 (see 
Fig. 2), separation of proteins differing in molec- 
ular mass by less than 20% will be difficult also 
with columns of extreme plate numbers. The 
limit for rod-shaped molecules, such as DNA, 
seems to be in the vicinity of 10%. Thus, if the 
molecular mass of solutes of similar shape differs 
by less than lo%, separation by some principle 
other than size should be explored. 

Mo,.c”l.r In.=* n”o 

Fig. 4. Resolvability of size-exclusion chromatography using 
columns of extreme plate counts. Conditions as given in the 
legend to Fig. 3. 

It is important to note that high selectivity 
yields a low separation range and this is not 
always desired. For instance, when analysing 
molecular mass distributions, a separation range 
covering the complete size range of solute 
species is required to yield accurate information. 
It may also be noted that the decrease in column 
length and pore fraction of modern microparticu- 
late media for size-exclusion chromatography 
results in lower peak capacity, i.e. resolvability, 
than expected from plate count data. A com- 
parison of peak capacities of different media- 
column combinations shows a maximum of thir- 
teen completely resolved peaks for both modem 
and traditional columns [6]. However, the latter 
type of columns may be operated very fast 
without too much loss in resolvability as com- 
pared with traditional media. 

DETERMINATION OF SOLUTE SIZE 

The size of solutes may be determined either 
by using a calibrated system or by employing a 
size-specific detector. In the first case the column 
is calibrated with the aid of standards of known 
size and preferably of the same geometry as the 
solute to be characterized. Such systems have 
been utilized for many years for the characteriza- 
tion of molecular mass distributions of polymers. 
The systems have proven to be very reliable and 
the major contribution to variability stems from 
inaccuracy in the data for the calibration samples 
[7]. The accuracy of the calibration is verified by 
running reference samples. The reference ma- 
terials are characterized by an absolute method, 
e.g. light scattering, and the small variability of 
this technique over an extended period of time is 
illustrated in Fig. 5. Corresponding data for 
some different calibrated column systems are 
shown in Fig. 6. It can be concluded that the 
variability of the two methods is of the same 
order of magnitude, i.e. displaying a relative 
standard deviation of approximately 2%, illus- 
trating that size-exclusion chromatography yields 
data of high precision. 

The calibration procedure of the column may 
be very tedious, involving running a large 
number of samples, plotting an estimate of the 
molecular mass verSuS elution volume and then 
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Fig. 5. Weight-average molecular mass, M,, for a control 
dextran as determined by light scattering over a period of 12 
years. Filed squares represent data obtained with Sofica 2; 
number of data, IZ = 223, mean value, x = 67431, and stan- 
dard deviation, s = 1337. Open squares represents data 
obtained with KMX-6; n = 361, x = 67253 and s = 1621. 
(Raw data used by courtesy of ref. 8.) 

fitting a high-degree polynomial or another func- 
tion to the data points. The procedure requires 
the use of a computer for convenient handling of 
the calculations. The use of high-degree polyno- 
mials for curve fitting may introduce unexpected 
variations of the curve, especially at the ex- 
tremes of the calibration range. 

Recently, Hagel and Andersson [9] illustrated 
the use of the integral calibration method for a 
rapid, simple and accurate calibration of columns 
in solute size. In this method, the entire dis- 
tribution is used for calibration, thus providing a 
very large number of data points, which obviates 
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Fig. 6. Weight-average molecular mass, M,, for a control 
dextran as determined by size-exclusion chromatography. 
The same sample as used in Fig. 5 was analysed using 
different gels and columns yielding x = 65824, s = 1337 with 
n = 25. (Raw data used by courtesy of ref. 8.) 

the need for any curve-fitting procedure. 
Furthermore, by selecting a calibration substance 
of sufficiently broad molecular mass distribution, 
the separation range of interest may be cali- 
brated from a single run. The prerequisite is that 
the molecular mass distribution of the calibration 
substance must be accurately known. The meth- 
od, as applied for determination of solute size of 
proteins using dextran as calibration sample, is 
illustrated in Fig. 7. The sample was run on the 
column to be calibrated (Superose 6), and the 
cumulative weight fraction of eluted material was 
calculated simply by reading the response from 
the recorder chart at successive intervals and 
normalizing the data, as shown in Fig. 7a. The 
molecular mass corresponding to each slice of 
cumulative area was calculated from the known 
molecular mass distribution of the sample (Fig. 
7b) and plotted as a function of retention volume 
(Fig. 7~). Finally, the molecular mass was trans- 
ferred to viscosity (hydrodynamic) radius by 
using the relationship R, = 0.271M0.498 (ref. l), 
to yield the final calibration curve in solute size 
(Fig. 7d). This type of calibration is useful for 
estimation of size of globular proteins [lo-121, 
and the applicability is illustrated by the evalua- 
tion of apparent size of some proteins as com- 
pared with literature data in Table I. The accura- 
cy of this simple procedure is in this case better 
than 5%. Furthermore, peak molecular mass for 
narrow dextran fractions is in excellent agree- 
ment with the nominal data given by the manu- 
facturer. Thus, for many investigations the very 
simple and time-saving integral calibration meth- 
od yields sufficient accuracy and precision for the 
determination of molecular mass of dextran and 
apparent solute size of globular proteins. As 
pointed out by Yau et al. [13], the method yields 
less precise calibration in the extremes of the size 
distribution of the calibration sample owing to 
column band broadening and experimental im- 
precision. However, by choosing a sample of 
broad size distribution a sufficient size range is 
easily covered, i.e. the dextran used in this case 
yields a calibration range form 2.7 to 11.5 nm. 

In case the column is used for obtaining 
molecular mass distributions, the band broaden- 
ing of the column will influence the experimen- 
tally determined estimates. Models for correc- 
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Fig. 7. Illustration of the integral calibration method using dextran of broad molecular mass distribution. (a) The dextran sample 
with M, = 70 450 and number-average molecular mass, M. = 27 650 was chromatographed on Superose 6 packed in a 315 x 16 
mm I.D. column and eluted at 1 mllmin using 0.25 M sodium chloride. The cumulative area was calculated from the peak height 
at 36 successive elution volumes and plotted. (b) The molecular mass distribution as obtained using a carefully calibrated gel 
filtration column. (c) The resulting calibration curve from data in Fig. 7a and b. (d) The calibration curve in viscosity radius of 
dextran using the relationship R, = 0.271. MO.@” (ref. 1). From ref. 9. 

tion of band broadening often assume that the 
extent of band broadening is constant over the 
entire separation range. However, in reality 
band broadening may vary quite considerably, 
especially at high eluent velocity, where non- 
equilibrium effects cause large broadening of 
solute bands of higher molecular mass [6]. Appli- 
cation of band-broadening corrections have 
therefore been questioned, and some authors 
have found that correction procedures introduce 
errors rather than eliminate them [14,15]. The 
band-broadening effect may be minimized by 
operating the column at optimal eluent velocity 
where band broadening is minimal [5]. Using the 
equations proposed by Yau et al. [16], it may be 
calculated that the error in experimental molecu- 

lar mass is +l to +2% for the weight average 
and -1 to -2% for the number average when 
analysing samples on lo-, 30- or lOO-pm medium 
packed in 25-, 50- or lOO-cm-long columns, 
respectively (the larger errors are obtained for 
the larger particle sizes). The interstitial eluent 
velocity required may be estimated from u = 
65K,D,/d,, where D, is the diffusion coeffi- 
cient of the solute and d, is the average particle 
size of the gel medium [5]. Band broadening will 
influence the molecular mass estimates, as out- 
lined above, if the column is calibrated using the 
molecular mass corresponding to the peak apex 
(i.e. since the position of the peak is not affected 
by the band broadening). The effect of band 
broadening may in some cases be compensated 
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TABLE I 

ESTIMATION OF MOLECULAR MASS AND SOLUTE RADIUS 
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Note that data in parentheses are for solutes eluted outside the recommended calibration range (see text for explanation). 

Solute Measured 

M ckxtrsn R&m) 

Nominal 

M b ps.k R&m)’ R&-dd 

Dextran 195 300 11.7 196 300 
Dextran 191500 11.6 1% 300 
Dextran 66 880 6.8 66700 
Dextran 19 310 3.7 21400 

Dextran (7230 2.3) 9980 
ThyrogIobulin 102 619 8.4 8.1,8.5 8.3 
Ferritin 47 890 5.8 5.9 6.1 
Bovine serum albumin 19 305 3.7 3.6 3.6 

Myoglobin (5914 2.0) 2.0 
Cytochrome c (4452 1.8) 1.7 1.6 

D Measured R, = 0.271 . (Mdsrtran)0.498, from ref. 1. 
b Nominal data from the manufacturer’s literature for dextrans (Pharmacosmos). 
’ Stokes radii from ref. 10. 

d Viscosity radii from ref. 11. 

for in the calibration procedure by using an 
iterative procedure, such as the one described by 
Nilsson and Nilsson [17], where the calibration is 
adjusted to yield conventionally true values of 
weight-average molar mass. For samples of simi- 
lar polydispersity a correct estimate of the weight 
average will then be obtained. However, the 
experimental number-average molecular mass 
will, in theory, always be smaller than the true 
value. In both cases it may be expected that the 
molecular mass distribution will be somewhat 
broader than the true distribution. In most cases 
the effect from band broadening will be very 
small, especially for samples of large polydis- 
persity [15], as also illustrated by the accuracy of 
the integral calibration procedure in Table I. 

The use of size-sensitive detectors coupled on- 
line with size-exclusion columns has gained in- 
creased popularity. In this case the column is 
solely used for fractionation of the solutes into 
sufficiently narrow fraction slices for the oper- 
ation of the detectors. Advantages are that 
column calibration is not necessary for most 
studies and that useful information is obtained 
even in the case of non-ideal size-exclusion 
chromatography. Detection principles used are 

based upon classical principles such as light 
scattering and viscosimetry and may be regarded 
as a refinement of earlier used batch procedures. 
Of these principles, the use of light scattering at 
several angles using laser light sources seems to 
be very promising for yielding data related to 
solute size and conformation. The high sensitivi- 
ty for solutes of large size also makes light- 
scattering detectors suitable for the detection of 
very small amounts of aggregates in samples for 
which detectors ordinarily used, e.g. UV or 
refractive index, show low response. A third 
principle for determination of molecular mass 
that is becoming feasible is the interfacing of 
microcolumns for size-exclusion chromatography 
with mass spectrometers. However, most of 
these detectors are rather sophisticated and only 
suitable for research purposes, and there is still a 
need for inexpensive and user-friendly detectors 
suitable for routine laboratory use. 

CONCLUSIONS 

Resolvability of size-exclusion chromatog- 
raphy seems to be close to 20% with respect to 
difference in molecular mass of spherical solutes 
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and somewhat better, i.e. down to 10% differ- 
ence in molecular mass, for rod-shaped mole- 
cules . 

Use of multiple detection principles on-line 
with the column yields valuable information 
about solute size, shape and branching. Detec- 
tors suitable for routine purposes will be very 
useful for detection of aggregates and also for 
revealing solute-matrix interactions. 

The traditional way of working, through use of 
calibrated columns for determination of apparent 
size, is still dominant and my be employed also 
by laboratories lacking facilities for data acquisi- 
tion and computing by using the simple integral 
calibration procedure with broad standard(s) of 
known molecular mass distribution(s). 

stated by the manufacturer). Eqn. 1 is thus given 
by: 

R, = l/4. log (M, lM2). (N,,,)1’2 

* (VO/Vp + K,)I(V,IVp + 1) 

- [-d(K,)ld(log M)]I(V,IV, + Z&,) 

= l/4 - log (M, /AI,) . (N,,,,,)1’2 

. l/(V,/V, + 1)[-d(K,)ld(log M)] 

which rearranged yields 

log (MI/M,) = 4R,(V&, + 1)(N,,,)-“2 

.l/[-d(K,)/d(logM)] (2) 
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