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SUMMARY 

Following previous studies of the use of non-porous monodisperse 1.5-pm n- 
octyl- and n-octadecyl-bonded silicas in gradient elution of proteins, this work was 
aimed at elucidating further the properties of this novel column material for peptide 
and protein separations in comparison with wide-pore silicas. 

First, it is demonstrated that with short columns (e.g., 35 x 8 mm I.D.) packed 
with these non-porous reversed-phase materials, mixtures of small peptides and mix- 
tures of proteins can be very efficiently resolved. When the chain length of the bonded 
ligand was varied, the retention of a test set of proteins in gradient elution followed 
the ligand sequence C1 8 > Cs x C4 = p h enyl > C2 under constant elution con- 
ditions, and the selectivity remained unchanged. Comparison of the S values of these 
proteins, as determined from evaluation of the log k’ vs. cp dependences with non- 
porous silicas and with a LiChrospher Si 1000 CB with identical accessible ligand 
surface areas per unit column volume, indicated lower values for the non-porous 
materials (k’ = capacity factor; cp = molar fraction of organic solvent; S = slope 
of the plot of log k’ vs. 40). The origin of this behaviour is discussed. 

INTRODUCTION 

Reversed-phase gradient high-performance liquid chromatography (HPLC) 
with acidic aqueous organic eluents of low ionic strength has become a widely used 
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technique in the structural elucidation and isolation of peptides1-24. Typically, col- 
umns 250-5 mm long and of 4 mm I.D. packed with bonded silicas have been em- 
ployed. n-Alkyl ligands with chain lengths betwen Ci and CJO and phenyl and cy 
anopropyl ligandsl 2Js-2g, chemically bonded to the parent silicas with mean pore 
sizes between 6 and 30 nm24 and mean particle sizes between 3 and 10 m, have been 
widely used for analytical columns. Peptide retention and selectivity have been ob- 
served to be very dependent on the properties of the bonded phase, including the 
pore size, the type of bonded ligand, the ligand density and topography and the 
remaining hydroxyl activity of the silica3~20~22*24. 

Under reversed-phase gradient HPLC conditions, the retention behaviour of 
proteins is character&d by slow diffusion and slow kinetics of desorption and other 
equilibria, induced by the strong hydrophobic solute surface interaction with the 
hydrocarbon stationary phase. The consequence of these effects ultimately leads to 
low column efficiency, conformational changes in the protein structure and loss of 
enzymatic or biological activity. The rational approach to overcoming these obstacles 
of slow diffusion and kinetics is to increase further the mean pore size of packings 
beyond 30 nm and concurrently to reduce the mean particle diameter. Clearly, a 
situation is reached with this approach in which the stationary phase ceases to have 
any mechanical strength of acceptable physical characteristics. In a previous studyBo, 
we demonstrated the utility of non-porous, monodisperse 1.5~pm n-octyl-bonded sil- 
ica in the reversed-phase gradient HPLC of proteins, permitting rapid separations 
with short columns and providing a high column loadability. 

This work was aimed at elucidating further the properties of this novel packing 
material for peptide and protein separations in comparison with wide-pore silicas. 

EXPERIMENTAL 

Materials 
The packings were a non-porous silica of mean particle diameter dp = 1.5 jmi 

f 2%, which was converted into its n-alkyl- and phenyl-bonded derivatives with 
n-octadecyl-, n-octyl-, n-butyl-, ethyl- and phenyldimethylchlorosilane, according to 
a procedure described elsewhere 31. For comparison with the non-porous particles, 
the macroporous silica LiChrospher Si 1000 Ca with a surface area a, = 20 m2/g 
was used. The n-alkyl- and phenyl-bonded silicas were slurry-packed into columns 
(35 x 8 mm I.D.) (Bischoff, Leonberg, F.R.G.) employing tetrachloromethane or 
tetrachloromethane-paraffin mixtures at a pressure of 100 MPa. The porous silica 
LiChrospher Si 1000 Ce (10 pm) was slurry-packed into a 35 x 4.6 mm I.D. column 
with a pressure of 25 MPa. The end-fittings were made of paper filters, supplied by 
Schleicher & Schiill (Dassel, F.R.G.), and supported by No. 22800812 metal frits 
(Bischotf). 

Acetonitrile of HPLC grade and trifluoroacetic acid (TFA) of analytical-re- 
agent grade were obtained from E. Merck (Darmstadt, F.R.G.). Water was quartz- 
distilled and deionized. Pure peptides and proteins from Serva (Heidelberg, F.R.G.) 
were Tyr-Gly-Phe-Meth, Asp-Arg-Val-Tyr-lle-His-Pro-Phe, albumin (bovine) 
and ovalbumin; from Sigma (St. Louis, MO, U.S.A.), ribonuclease A, lysozyme and 
ovotransferrin; and from Boehringer (Mannheim, F.R.G.), cytochrome c, aldolase 
and catalase. 
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Apparatus 
The S values (S is the slope of the plot of log k’ vs. cp, where k’ is the capacity 

factor and q is the molar fraction of organic solvent) of the test substances were 
measured in a low-pressure gradient HPLC system from LKB (Bromma, Sweden), 
consisting of a 2150 HPLC pump, a 2152 HPLC controller, a low-pressure mixing 
unit and a 2155 HPLC column oven. The peptides and proteins were detected with 
a Biotronik (Maintal, F.R.G.) BT 303OW detector at 220 nm. All other chromato- 
graphic tests were performed on a Merck-Hitachi (Darmstadt, F.R.G.) gradient 
HPLC system, consisting of two 655A-12 pumps, a dynamic high-pressure gradient 
mixer, an F 1000 fluorescence detector and 655-61 integrator, fitted with a Model A 
processor. For all tests, an injection system from Rheodyne (Cotati, CA, U.S.A.) 
with a 20-4 sample loop was used. 

Chromatographic procedures 
Solvents and eluents were degassed by helium sparging. The following eluent 

composition was employed for gradient elution: eluent A, 0.1% TFA; eluent B, 
acetonitrilti. 1% TFA (67.5:32.5). 

The column temperature was 3o’C. Sample sizes were varied from 10 to 200 
pg. The column dead volmne was determined with acetone. The dwell time was 
obtained by another procedure, based on the baseline inflection method. Because the 
W absorbance of the mobile phase increases with increasing volume fraction of 
eluent B, the dwell time can be measured by determining the extrapolated onset of 
the gradient. All gradient elution separations used for calculations of S and peak 
capacity (PC) were carried out using linear solvent gradients. The experimental peak 
capacities, PC, were obtained from the relationship PC = tG/4a,, where cr is to be 
band width in time units, and tG is the gradient time. 

The calculated S values of peptides and proteins for short columns were ob- 
tained from isocratic separations or gradient elution through plots of log k’ vs.q. 

RESULTS AND DISCUSSION 

Retention, selectivity and resolution of proteins 
Previous studies on the effects of the type of n-alkyl ligand on the retention 

and selectivity behaviour of proteins in reversed-phase gradient HPLC indicated that, 
with the exception of the trimethylsilyl-bonded phase, only minor variations oc- 
curred12J2~26~2*~32. This insensitivity towards significant changes in selectivity, as- 
sociated with ligand chain length, appears to be related to the large size of the protein 
molecules, which prevent intensive intercalative contact between hydrophobic resi- 
dues and the n-alkyl chain. As most proteins are probably incapable of being inserted 
between individual ligand chains at t.he stationary phase surface in either the col- 
lapsed droplet or the extended brush organization, the differences in the n-alkyl chain 
length of the ligand are averaged out when the ligand interacts with the protein via 
a multi-site attachment. Typical of this behaviour are the retention data for several 
proteins on various reversed-phase silicas, as illustrated in Fig. 1. For a given protein, 
retention under constant elution conditions is lowest with the CZ bonded phase and 
reaches a plateau for the C4, phenyl and CB phases. A slight increase in retention is 
seen for the n-octadecyl-bonded silica. Little selectivity differences for this group of 
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Fig. 1. Retention times of proteins on 36 x 8 mm I.D. non-porous silica columns (d, = 
different reversed-phase ligands. Linear gradient: from 0 to 67.5% acetonitrile in 0.1% TFA. 
time was constant at 10 min. 

1.5 pm) with 
The gradient 

proteins occurred with the non-porous reversed-phase silicas, as evidenced by the 
shape of the curves in Fig. 1. Hence the retention behaviour of non-porous reversed- 
phase silicas appears to follow that observed with porous packings of the same sur- 
face composition32. 

Resolution of solutes in reversed-phase gradient HPLC is proportional to the 
peak capacity. The peak capacity, PC, is a functionJ3 of the diffusion coefficient, D,, 
of solutes, the particle size, dp, of the packing, the gradient time, ta, the flow-rate, F, 
and the column length, L, and can be represented by 

PC = a Dmo.5 dpdl tg5 P Lo (1) 

PC is therefore expected to decrease for solutes of smaller diffusion coefficients, i.e., 
for large proteins, but to increase on reducing the particle diameter and on increasing 
the gradient time. According to Snyder et a1.33, changes in flow-rate and column 
length have little effect on peak capacity under the conditions 1 < E’ < 10, where 
E’ is the mean capacity factor. Table I lists the peak capacities of six proteins as a 
function of flow-rate, while the gradient time is proportionally adjusted, i.e., by hold- 
ing the gradient volume (vo = ftG) constant. In all instances PC improved consider- 
ably with decreasing flow-rate over the measured range. This behaviour may be at- 
tributed to the fact that the maximum plate number (minimum plate height) of the. 
column is approached under very low flow-rate conditions. The optimum flow-rate 
at the minimum plate height is known to be dependent on the molecular size of the 
solute via the diffusion coefficient. However, this dependence is not clearly reflected 
by the data obtained. 

In the equation 

v = udp/Dm (2) 

v is the reduced linear velocity of the eluent, u the linear velocity, dp the mean particle 
diameter of the packing and D, the diffusion coefficient of the solute in the eluent. 
When v = 5, i.e., the minimum of the reduced plate height vs. reduced velocity 
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TABLE I 

PEAK CAPACITIES (PC) OF PROTEINS AS A FUNCTION OF THE FLOW-RATE AT A CON- 
STANT GRADIENT VOLUME OF 15 ml 

Mobile phase A, 0.1% TFA; mobile phase B, 67.5% acetonitrile in mobile phase A; column, 35 x 8 mm 
I.D., Cis bonded, non-porous 1.5~pm silica gel. Flow-rate, l? 1 = 3.0 ml/mm (u = 2.5 mm/s, rG = 5 
min); 2 = 2.0 ml/min (u = 1.67 mm/s, t o = 7.5 min); 3 = 1.5 ml/min (u = 1.25 mm/s, to = 10 min); 
4 = 1.0 ml/mm (u = 0.83 mm/s, fo = 15 min); 5 = 0.75 ml/min (u = 0.63 mm/s, to = 20 min); 6 = 0.5 
ml/min (u = 0.42 mm/s, to = 30 min). 

Protein Mol. wt. PC 

I 2 3 4 5 6 

Ribonuclease 13700 50 56 59 68 64 65 
Cytochrome c 12500 56 68 80 80 91 93 
Lysozyme 14300 58 61 69 83 95 104 
Ovotransferrin 77OOO 40 48 50 59 62 59 
Catalase 240000 58 65 63 83 83 91 
Ovalbumin 45000 43 39 41 48 46 46 

dependence achieved under isocratic elution conditions, the corresponding linear ve- 
locity u = 0.16 and 0.03 mm/s for 4 = 1.5 pm and D, = 0.5 . lO-‘O mZ/s (lo- 
kilodalton protein)36 and D, = 0.1 - lo-lo m2/s (lOO-kilodalton protein), respectively. 
A comparison with the linear velocities in our experiments (cJ Table I) reveals that 
the values were still above the optimum. It was of interest to assess the effect of the 
n-alkyl chain length of non-porous reversed-phase packings on the peak capacity 
under otherwise constant chromatographic conditions. The PC values shown in 
Table II indicate that the peak capacity diminishes with decreasing n-alkyl chain 
length of the packing. The phenyl column exhibits peak capacities similar to the n- 
butyl-bonded phase. The reasons for this decline are not yet clear. One plausible 
explanation relates to the possibility that the plate numbers of the long-chain re- 
versed-phase columns were inherently higher, owing to preferential ligand-ligand 
solvation interactions and differences in packing densities. However, other reasons 
might also be considered, e.g., selectivity effects. 

TABLE II 

PEAK CAPACITY OF PROTEINS CHROMATOGRAPHED ON NON-POROUS REVERSED- 
PHASE PACKINGS WITH VARIOUS LIGANDS 

IO-min linear gradient; flow-rate, 1.5 mI/min; for other conditions, see Table I. 

Bonded group PC 

Ribonuclease Ovalbumin Caralase Cytochrome c 

C 18 49 36 69 64 
CS 42 32 61 59 
C4 38 18 50 42 
Cl 19 21 38 44 
Phenyl 37 24 45 55 
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Retention, selectivity and resolution of peptides 
As is evident from Table III, the peak capacities for small peptides with the 

non-porous 1 S-pm n-alkyl silicas compare very favourably with those obtained with 
more conventional porous stationary phases. Consequently, these non-porous sta- 
tionary phases were expected to exhibit a high resolving power with complex mixtures 
of peptides, such as those found in tryptic digests of proteins. Figs. 2 and 3 show the 
chromatograms of the tryptic peptides derived from the digestion of bovine growth 
hormone and bovine caseir?. 

In each instance, sample loads in excess of 300 pg could be employed without 
a significant loss of resolution or peptide breakthrough. Further, the selectivity and 
high recoveries enabled individual peptides to be purified to homogeneity rapidly 
and to be isolated under conditions compatible with direct amino-terminal micro- 
sequence determinations with, e.g., commercial gas-phase sequencers. Gradient times 
of < 10 min can be readily employed with these non-porous n-alkyl columns, which 
exhibit satisfactory pressure-drop characteristics, even at relatively high flow-rates, 
so that constant Vo conditions can be achieved. 

Non-porous vs. macroporous reversed-phase silicas in gradient elution of proteins and 
peptides 

The peak capacity relates the overall quality of a particular separation to sev- 
eral experimental variables, including the band width and relative retention. For a 
chromatographic system in which the average resolution, R,, between all adjacent 
peaks corresponds to unity, the peak capacity can be calculated from the relationship 

PC = t&I, 

where crt is the band width in time units. As PC for gradient separations is also related 
to both N and k’ through the expression 

PC = (2.3/4) (Sdcp) No.’ [k’ (1 +k’)] 

where S is the slope of the plot of log k’ vs. molar fraction of organic solvent (cp), 
dq the change in organic volume fraction during the gradient run and N the column 
plate number, it was obviously of interest to compare the peak capacities for the 
non-porous packings with corresponding porous packings, using a variety of peptides 
and proteins as solutes. For these experiments to have quantitative significance, a 
stationary phase and column conditions were selected in which the total surface area 
per unit volume was normalized. Under such conditions, both the relative retention 
and the chromatographic selectivity would be expected to be constant for gradient 
elution systems. Consequently, differences in PC would be expected to reflect more 
precisely changes in N (or at). The data in Table III summarize the results.&these 
experiments. 

For the porous, reversed-phase silicas employed in this study, peak broadening 
and peak asymmetry were particularly evident as a consequence of thekinetios in the 
pores. As is evident from eqn. 4, PC is predicted to be proportional to the peptide 
or protein S value. The S value, which corresponds to the slope (or tangent) of the 
plots of log k’ versus cp, can be evaluated from either isocratic or gradient data. Tn 
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Fig. 2. Elution of a mixture of casein peptides in a tryptic digest on a 35 x 8 mm I.D. n-octadecyl-bonded 
silica column (4 = 2.1 pm) at a Bow-rate of 1.5 @min. Gradient, from 0 to 45% acetonitrile in 0.1% 
TFA (O-40% 5) with different gradient steepness; UV detection, 220 run; injection volume, 20 #l. 

Fig. 3. Elution of a tryptic digest human growth hormone on a Cs non-porous silica column with a 
ffow-rate of 2.0 ml/min. Gradient, from 0 to 100% acetonitrile in TFA in &I min 0.4 a.u.f.s.; attenuation. 
lx. 
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Fig. 4. Plot of log k’ vs. cp, based on isocratic &ta at a flow-rate of 1.5 ml/nun. S values were calculated 
as follows: (1) phenylalanine, 5.27; (2) di@henylalanine), 5.88; (3) tri(phenylalanine), 6.14, (4) cytochrome 
c, 30.2; (5) lysozyme, 34.5; (6) albumin (bovine), 42.7; and (7) catalase, 44.0. 

order to exclude the possibility that gradient effects may be manifested in different 
ways for non-porous and porous media, retention data for various peptides and 
proteins were obtained under isocratic conditions with mobile phases of different q 
values. Representative data from these experiments are shown in Fig. 4. The low S 
value for catalase (44) might be due to its cleavage into subunits of 60 kdaltons under 
reversed-phase conditions. 

CONCLUSIONS 

We have examined the use of non-porous reversed-phase silicas for the sepa- 
ration of proteins and peptides. Based on the results, several conclusions can be 
drawn. First, compared with porous, reversed-phse silicas, the non-porous columns 
generate a much higher peak capacity for proteins. The observed effects of flow-rate 
and n-alkyl chain length on PC should be explored in more detail in future experi- 
ments. Second, contrary to expectation, the non-porous silica column provided suf- 
ficient retention capacity to resolve peptide mixtures in a similar manner to that 
observed with porous reversed-phase silicas. Third, the S values of proteins derived 
from isocratic elution measurements on the non-porous silica columns were scarcely 
dependent on the molecular weight of the proteins, indicating that the hydrophobic 
contact surface between the solute and the stationary phase surface remains nearly 
the same. 
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