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SUMMARY 

Internal surface reversed-phase (ISRP) supports synthesized from commer- 
cially available porous silica particles with a variety of nominal pore diameters and 
specific surface areas are characterized with regard to physical and chromatographic 
properties. Bonded phase coverage, pore size, capacity and efficiency measurements 
are made upon the various ISRP supports in order to evaluate the effect that the 
physical properties of silica have upon the chromatographic performance of ISRP 
packings. In addition, various models that describe the pore structure of silica sup- 
ports are discussed. 

INTRODUCTION 

Recent reports have described the production of internal surface reversed- 
phase (ISRP) liquid chromatographic (LC) packing materials for use in the separa- 
tion and quantification of small hydrophobic drugs and metabolites in protein con- 
taining matrices such as blood serum lo The ISRP supports allow for the direct in- . 
jection of serum samples onto the chromatographic column, thus eliminating time- 
consuming preparation required to rid samples of the proteins that can clog pores 
and interfere with the quality of separations in conventional RPLC3g4. ISRP packing 
materials are unique in that the hydrophobic partitioning phase is present only on 
the internal surfaces of the porous silica supports, while a hydrophilic phase, which 
is non-adsorptive to proteins, covers the external surfaces. Serum proteins, being too 
large to enter into the pores of the support, “see” only the non-adsorptive hydrophilic 
external phase and elute rapidly in the interstitial void volume. The small hydro- 
phobic analytes, on the other hand, can penetrate into the porous interior of the 
support and interact with the partitioning phase. 

Two methods for producing ISRP supports have been describedlJ. The first 
involves binding a hydrophobic glycyl-L-phenylalanyl-L-phenylalanine (Gly-L-Phe- 
L-Phe) tripeptide to the surface of glycerolpropyl-bonded porous silica particles. This 
is followed by enzymatic cleavage of the phenylalanine moieties on the external sur- 
face via carboxypeptidase A. In the second method, a butoxy-L-phenylalanine (Boc- 
r.-Phe) partitioning phase is bound to an alkylamine-bonded silica support. a-Chy- 
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motrypsin is then utilized to cleave the Boc-L-Phe phase from the external surface, 
and the remaining external residual alkylamine groups are capped with glycidol. 
While both methods result in functional ISRP supports with a hydrophobic phenyl- 
alanine internal partitioning phase and a non-adsorptive glycerolpropyl external 
phase, the carboxypeptidase method of ISRP synthesis is that which has been com- 
mercialized (Pinkerton ISRP columns by the Regis Chemical Company) and is pre- 
dominantly investigated in our research. 

In the ISRP supports produced by the enzymatic cleavage methods, the frac- 
tion of total surface area which is considered to be internal or external surface is 
dependent upon the size of the cleavage enzyme molecule and the pore structure of 
the silica support. Pores in a specific porous silica material are not of uniform size, 
but can be described by a narrow pore size distribution. Surfaces existing within 
pores that allow access of cleavage enzyme molecules with proper orientation will be 
cleaved and will be considered external surface. Relative to small pore supports, large 
pore silicas will allow greater access of the cleavage enzyme to the support surface 

and will yield a smaller’internal surface the1 less capacity for the hydrophobic ana- 
lytes. This trend is compounded by the fact that larger pore silicas generally have less 
specific surface area than the smaller pore supports 5,6. From this brief discussion, it 
might be assumed that a silica support with small pore diameters and high specific 
surface area would be ideal for production of an ISRP material exhibiting a large 
percent internal surface and high capacity. However, because of the extensive chem- 
ical derivatization associated with the production of the ISRP packings, the pores 
of small pore silicas may be closed to the extent that diffusional mass transfer of 
analyte into the porous support interior becomes inhibited; thus detrimentally affect- 
ing the efficiency of separations7-9. It is important, therefore, to take care in selecting 
the initial porous silica for ISRP synthesis so that the pore structure of the support 
is of such a nature to allow maintenance of a significant fraction of internal parti- 
tioning phase without exhibiting the loss of chromatographic performance associated 
with small pores. 

The intent of the current work is to characterize, with regard to physical and 
chromatographic properties, high-performance Gly-L-Phe-L-Phe ISRP supports 
made from commercially available spherical porous silica of varying pore sizes and 
surface areas., In doing so, the effects that the physical properties of porous silica 
supports have upon the chromatographic performance of ISRP packings can be elu- 
cidated. 

PORE STRUCTURE OF SPHERICAL POROUS SILICA 

Spherical porous silica particles with diameters in the order of 3-10 pm are 
typically used as support packings in high-performance liquid chromatography 
(HPLC) today. The porous silicas are made through the agglomeration of tiny non- 
porous silica microsphere9 O,l l. The pores in the support particles are created by the 
space between the agglomerated colloidal microspheres, and therefore, the structural 
characteristics (i.e., surface area, pore size and shape) of the support depend upon 
the size and packing density of the microspheres. Models have been developed to 
describe the structure of the microsphere agglomerates and the resulting pore struc- 
ture of the silica. Briefly explained below are three of these models. 
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Porosity 

OI 
34 6 8 12 

Fig. 1. Porosity dependence on contact number of microspheres for porous objects. 

Globular model. The globular model for porous objects developed by Karnau- 
khov’*,l 3 utilizes uniform size microspheres which can agglomerate with any integral 
or fractional value of contact number (n) from 3 to 12. Two fundamental equations 
are derived which relate the specific surface area (S), specific pore volume (I’), and 
pore neck diameter (d) of the porous materials made from microspheres with di- 
ameter, D. The first relationship allows for the calculation of specific surface area 
from the diameter of the microspheres. 

s=; (1) 

where 6 is the density of the pure solid microspheres (approximately 2.2 g/cm3 for 
silica). The second relationship results from the assumption that the pores are ap- 
proximately cylindrical in shape. It takes the form of the equation that describes 
perfect cylinders. 

where the packing coefficient (y) is calculated to have an average value of 2.8 for 
randomly packed microspheres. The relationship between the specific pore volume 
of a porous material and its porosity (P) is represented in eqn. 3, while Fig. 1 shows 
the exclusive dependence of porosity on the. contact number of the microspheres. 

p= v 
v+ l/S 

Unger et al. l O have previously discussed this globular model and its relationship to 
spherical porous silica particles. In principle, if the packing density (porosity) and 
the size or specific surface area of the microspheres are known, then the average pore 
size for the porous silica can be determined. 

Random sphere model. The random sphere model (RSM) involves randomly 
placed microspheres of equal size which are allowed to overlap or imbed into one 
another14,15. This model is similar to the globular model in that knowledge of mi- 
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crosphere size and porosity of the silica will allow the calculation of the average pore 
size according to eqns. 4 and 5. 

-3P 
RD = __ In P 

S” 

Rd = (1.32 - P) g 

where RD is the radius of the solid microspheres, P is the porosity (eqn. 3) Rd is the 
average radius of the pores and Sv is the surface area per unit volume of the system 
(eqn. 6). 

s, = s 
v+ l/S (6) 

Van Kreveld and Van den Hoedls have shown that good correlation exists between 
the determination of the structural characteristics of Porasil silica by this model and 
experimental data. An advantage of the RSM over the globular model is that the 
RSM can be used to accurately predict size exclusion chromatographic calibration 
curves15.16. 

Random size touching sphere model. More recently Knox and Scott16 have 
developed an elaborate computer generated random size touching spheres model 
which overcomes a major criticism of the RSM and globular model: most real porous 
silica systems may not actually consist of uniform size microspheres. The model of 
Knox and Scott16 results in randomly placed, non-overlapping microspheres with 
sizes chosen randomly from a unimodal gaussian size distribution. This model was 
developed in order to theoretically predict size exclusion calibration curves, and while 
it elegantly serves this purpose, it is more complex and computer dependent than 
previously described simpler models. 

In order to compare the random sphere and globular models, specific pore 
volumes and microsphere diameters were determined from the manufacturer specified 
surface areas and pore diameters for five commercial porous silicas. Table I includes 
these values calculated from the two models. In general, for a given silica, calculation 
of V from the globular model and RSM result in similar values that show fair agree- 
ment with the manufacturer determined V. The microsphere diameters determined 
by the globular model are larger and cover a broader range than those of the RSM, 
but the expected inverse relationship between surface area and microsphere size is 
clearly illustrated by the values calculated from both models. 

To demonstrate the synergistic effect of microsphere size and packing density 
on the pore size of the silica supports, the contact numbers for the microspheres in 
each of the commercial silicas were determined, according to the globular model, 
from Fig. 1. From close examination of the contact numbers and microsphere di- 
ameters in Table I, it can be inferred that a specified pore diameter can be achieved 
by tight packing of large microspheres or loose packing of small microspheres and 
inversely a given packing density yields pore sizes which are dependent upon mi- 
crosphere size. 
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EXPERIMENTAL 

Production of ISRP HPLC columns 
ISRP HPLC packings were produced from commercially available spherical 

porous silica supports with particle diameters of approximately 5 pm (Spherisorb 
silica, Phase Separations, Hauppage, NY, U.S.A.; Nucleosil-50 and Nucleosil-100 
silica, Macherey-Nagel, Diiren, F.R.G.; Zorbax silica, DuPont, Wilmington, DE, 
U.S.A.; Hypersil silica, Shandon Southern Products, London, U.K.). Nominal pore 
sizes and surface areas of these silicas, as specified by the manufacturers, ranged from 
59 to 123 A and 180 to 500 m2/g, respectively (Table I). The synthetic procedure for 
producing the high-performance ISRP supports was similar to that described in the 
literaturel’l 7I Glycerolpropyl groups were covalently bound to the silica supports by 
silanization with y-glycidoxypropyltrimethoxysilane; thus rendering the support non- 
adsorptive to proteins. The glycol groups of the glycolphase supports were acti- 
vated with carbonyldiimidazole and Gly-L-Phe-L-Phe tripeptides were bound at their 
N-termini to the glycolphase via carbamate linkages. In an attempt to increase the 
surface concentration of the partitioning phase, the tripeptide addition reaction was 
allowed to proceed for 3 l/2 to 5 l/2 days rather than the 2 to 3 days recommended 
by Pinkerton and Hagestam l7 . The hydrophobic phenylalanine residues of the bound 
tripeptide phase were then cleaved from the external surfaces of the supports by the 
enzyme carboxypeptidase A. The internal surfaces of the resulting ISRP packings 
consisted of hydrophobic Gly-L-Phe-L-Phe moieties; while the external surfaces were 
hydrophilic and non-adsorptive to proteins. In addition to the laboratory-made sup- 
ports, glycolphase silica and ISRP packing provided by the Regis Chemical Company 
(Morton Grove, IL, U.S.A.) were also evaluated in this study. 

Selected silica supports were slurry packed into 15 cm x 4.6 mm I.D. stain- 
less-steel columns with a commercial column packing instrument (Shandon Southern 
Products) or by the Regis Chemical Company proprietary column packing method. 
Observations over the duration of the investigation suggested that both methods 
resulted in “well-packed” columns. 

Determination of glycerolpropyl group (glycot’phase) coverage 
Glycolphase silica was subjected to oxidation with standardized periodic acid 

solution. The periodic acid remaining after complete oxidation of the glycol groups 
was determined by titration with thiosulfate in the presence of excess iodide. Glycol 
phase coverage was then calculated from stoichiometric analysis of the iodometric 
titration’ 8. 

Determination of tripeptide coverage 
Determination of internal and external surface tripeptide coverage was accom- 

plished by reversed-phase HPLC quantification of phenylalanine residues released 
by the acid hydrolysis (6 A4 hydrochloric acid for 24 h, at approximately 100°C) of 
ISRP packing before and after cleavage treatment. 

Chromatography 
Apparatus. Chromatography was performed with the use of an LC system 

consisting of an LC9533 chromatograph, an LC9523 variable-wavelength detector 
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set to monitor at 254 nm (IBM, Danbury, CT, U.S.A.) and an HP3390A integrator 
(Hewlett-Packard, Palo Alto, CA, U.S.A.). 

Chromatographic measurements. Standard solutions (cu. 0.005% w/v) of the 
anticonvulsant drug carbamazepine were used to evaluate the capacity and efficiency 
of HPLC columns packed with ISRP supports. The mobile phase used for elution 
of carbamazepine through the columns consisted of 0.1 A4 phosphate buffer- 
isopropanol-tetrahydrofuran (84: 106, pH 6.8). Capacity factor measurements were 
performed at a mobile phase flow-rate of 1 ml/min. Efficiencies (N) of the 15-cm 
chromatographic columns were calculated using eqn. 7. 

N (plates/meter) = (7) 

where tR is the retention time of the carbamazepine standard and wlj2 is the width 
of the carbamazepine peak at one-half the peak height. Capacity factors (k’) were 
determined from eqn. 8. 

k’ = tR 
tR - tM 

(8) 

where tM is the time for mobile phase molecules to pass through the column, Eqn. 
9 was used to calculate the chromatographic flow velocity (u) for the plate height 
versus flow velocity plots. 

15 (cm) 
24 (cm/s) = ~ 

tM(S) 

In order to make relative measurements of capacity factors and chromatographic 
flow velocities for comparison between the packed columns, void volume perturba- 
tions in the baseline occurring at retention times similar to that of the unsorbed 
solute, uracil, were used for determination of mobile phase elution time (tM). 

Pore volume access distributions 
Pore volume access distributions provide information regarding the fraction 

of pore volume in LC packing to which molecules with a given effective sphere radius 
have access. Pore volume access distributions are obtained by an inverse size-exclu- 
sion chromatographic method that involves measurement of the retention volumes 
of a series of polystyrene molecular weight standards which are eluted through a 
chromatographic column with a strong mobile phase such as tetrahydrofuran (THF). 
The success of the inverse size-exclusion method relies on the fact that the strong 
organic mobile phase allows retention to occur solely by a size exclusion mechanism 
rather than by any partitioning of standards with the stationary phase. 

In the present study, solutions consisting of individual polystyrene standards 
(Polysciences, Warrington, PA, U.S.A.) with molecular weights ranging from 300 to 
300000 and benzene as an internal standard were injected onto selected chromato- 
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graphic columns with a mobile phase of 100% THF at a flow-rate of 0.5 ml/min. The 
flow-rate was monitored by measuring the time required to collect a specified volume 
of eluent. The interstitial volumes (V,) of the packed columns were determined by 
measuring the elution volume of the 300000 molecular weight polystyrene standard 
(assumed to be totally excluded from the pores), while the pore volume (I’,,) of the 
packings were determined by subtracting V, from the elution volume of benzene 
(assumed to be totally included into the pores). 

The pore volume access distributions consisted of plots of the size-exclusion 
coefficient (K,,,) versus the effective sphere radius for the polystyrene molecules. KS,, 
for each polystyrene standard was calculated from eqn. 10. 

K 
ve - vz 

set = 
VP 

(10) 

where V, is the elution volume of the polystyrene standard of interest. The effective 
sphere radii of the polystyrene standards in THF (r) were calculated from the mo- 
lecular weights (MW) of the standards according to eqn. 11 (see ref. 16). 

r(A) = 0.123 MW”.588 (11) 

Determination of median pore diameter from pore volume access distributions 
The inverse size-exclusion technique described above is similar to one used by 

Hal&z and co-workersi9J0 and others 21,22 for determination of cumulative pore 
size distributions (PSD) in porous HPLC packings. The cumulative PSDs of Hal&z 
and co-workers19,20 are curves of KS,, (eqn. 10) versus log pore diameter (4), where 
the 4 value associated with the KS,, equal to 0.5 is the median pore diameter of the 
porous packing of interest. Values of 4 are calculated from the molecular weights 
(MW) of polystyrene standards according to an empirically derived relationship19. 

4 (li) = 0.62 MW”.5g (12) 

It has been observed that cumulative PSDs resulting from the Hal&z method 
are much broader than those determined by other meansz2,16. This arises because 
small molecules that are able to enter into a pore of a given size will be accessible to 
more pore volume than larger molecules that are also small enough to enter the pore. 
For this reason packing materials with pores of uniform diameter, theoretically, can 
separate molecules on the basis of size 23. This was not taken into account in the 
inverse size-exclusion method of Hal&z and co-workers1g,20, and the resulting broad 
cumulative PSDs may not adequately represent the true pore size distributions of 
porous packings. However, since eqn. 12 was derived from comparison of PSD max- 
ima for various silicas determined by the Hal&z method and PSD maxima deter- 
mined from “classical” methods, median pore sizes (the value of 4 at KS,, = 0.5) 
may be estimated from the Hal&z PSD plots lg. The pore volume access distributions 
described in the present study only differ from the PSDs of Hal&z by a factor of 5.0 
on the abscissa [4 (eqn. 12) for polystyrene standards is 5.0 times larger than the 
effect sphere radius (eqn. 11) of polystyrene standards in THFlg]; thus median pore 
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diameters can be estimated from pore volume access distributions also. This is simply 
done by multiplying by 5.0 the value of r corresponding to K,,, = 0.5 on the pore 
volume access plot. 

RESULTS AND DISCUSSION 

Physical characterization of ISRP supports 
ISRP packings produced from various silica supports exhibit significant dif- 

ferences in their pore volume access distributions (Fig. 2). In general, as expected, 
the pore volume access plots of ISRP supports made from small pore silica lie to the 
left of the pore volume access plots of packings made from the larger pore silica. 
This demonstrates that, in most cases, a molecule of a given size will gain access to 
a greater fraction of the pore volume in the larger pore materials. Median pore 
diameters of the ISRP supports determined from pore volume access distributions 
range from 35 8, for the Zorbax ISRP support to 80 A for the Hypersil ISRP material 
(Table II). These pore sizes are 1743 A lower than the manufacturer specified nom- 
inal pore diameters of the initial silica supports (Table I). 

Pore volume access distributions for ISRP packing and glycolphase silica 
(prior to carbonyldimidazole activation) produced by the Regis Chemical Company 
and the silica brand used to synthesize these packings are shown in Fig. 3. Median 
pore diameters (Table II) for these materials determined from the plots indicate that 
derivatization of the base silica support with y-glycidoxypropyltrimethoxysilane de- 
creases the median pore diameter by 22 A, while the median pore size is reduced an 
additional 8 A by the binding of the hydrophobic tripeptide phase. It is interesting 
to note that the manufacturer specified median pore diameter (80 A) of the base silica 
support agrees well with that value estimated from the inverse size-exclusion method 
(84 A). 

As described in the introduction, the degree to which the hydrophilic external 
surface of the ISRP supports extends into the microporous interior depends, partially, 
on the molecular size of the cleavage enzyme. The carboxypeptidase molecule has 
been estimated to have an effective sphere radius of 31 A (ref. 1). From this infor- 
mation and the assumption that the enzyme cleaves all surfaces that surround the 

In r 
Fig. 2. Pore volume access distributions as determined by inverse size-exclusion chromatography (see 
Experimental) for various ISRP supports. K.,, is the size-exclusion coefficient and r is the effective sphere 
radius (in A) of polystyrene standards in THF. The arrow indicates the effective sphere radius of carboxy- 
peptidase A (31 A). (- . - -) Hypersil ISRP, batch No. 1; (- - -) Spherisorb ISRP, batch No. 4; (. . . . .); 
Nucleosil-50 ISRP, batch No. I; (--) Zorbax ISRP, batch No. 2. 
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pore volume to which the carboxypeptidase molecules have access, the fraction of 
pore volume associated with internal surface and that associated with external surface 
can be approximated. In fact, if it is assumed that, when compared to the total surface 
area of the support, the fraction of surface area associated with the interstitial volume 
of the packed column is negligible, and that the fraction of total pore volume that 
a molecule has access to is estimated to be proportional to the fraction of total surface 
area that the molecule can contact, then the percent internal and external surface can 
be determined from the pore volume access distributions and knowledge of the ef- 
fective sphere radius of the carboxypeptidase molecule can be obtained. Pore volume 
access distributions of the ISRP supports (Fig. 2) indicate that the carboxypeptidase 
molecule has access to 1 l-26% of the total pore volume, depending on the support, 
which implies that 7489% of the total surface area of the supports are hydrophobic 
internal surface. 

Coverage characterization of ISRP supports 
The first step in the synthesis of the Gly-L-Phe-L-Phe ISRP supports involves 

binding of the non-adsorptive glycerolpropyl groups to the silica surface. While a 
cursory inspection of the glycolphase coverage data (Table III) implies that the degree 
of glycolphase coverage is directly proportional to initial specific surface area, this 
trend is not completely realized. For example, the Zorbax silicas with 350 m*/g spe- 
cific surface area exhibit less specific glycol coverage than the Nucleosil-100 support 
which has a surface area of only 300 m”/g. This discrepancy is seen upon comparison 
of the Hypersil and Spherisorb silicas as well. If the degree of glycol coverage is truly 
proportional to the specific surface area of the silica supports, then the coverage 
expressed relative to the surface area (pm01 glycol groups per square meter of silica 
surface) should be a constant value which is independent of the type of silica material. 
For monolayer coverage of glycolphase, this value is around 2 ~mol/mzz4. However, 
as shown in Fig. 4, the glycol coverage per square meter of surface area is not constant 
for the various silicas used in this study. The smaller pore silicas exhibit less glycol 
coverage per square meter of surface; indicating that the degree of glycol coverage 
is more dependent upon pore size than upon surface area. This, most likely, occurs 
because steric hindrance impedes diffusion of silanizing reagent into some pores of 
the small pore silicas during derivatization. 
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Fig. 3. Pore volume access distributions as determined by inverse size-exclusion chromatography (see 
Experimental) for ISRP packing, glycolphase silica and the base silica support used by the Regis Chemical 
Company to produce the packings. KS,, is the size-exclusion coefficient and I is the effective sphere radius 
(in A) of polystyrene standards in THF. (--) Silica; (. .) glycolphase silica; (----), ISRP. 
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0 Hypersil 

e Nucleosil-100 

80 0 0 Nucleosil-50 

?A , 
1 2 

Glycol coverage (+tmol/m2) 

Fig. 4. Dependence of initial nominal pore size on glycolphase coverage in pmol glycol per square meter 
of initial surface area (manufacturer’s specifications) for various silica supports. 

Typical coverage of tripeptide before cleavage ranges from 4&80 pmol/g for 
various ISRP supports (Table III). There is no noticeable trend, with regard to initial 
pore size and surface area, in the degree of tripeptide coverage. This may arise be- 
cause the surface areas and pore size of the silica supports change upon derivatization 
with the glycerol groups and the dependence of the new surface areas and pore sizes 
upon the tripeptide coverage is unrecognizable. It is also possible that the tripeptide 
coverage is limited by the chemical reaction itself. The reaction time and stoichiom- 
etric amount of tripeptide added to the carbonyldiimidazole activated glycolphase 
support may be the largest factors in determining the coverage of tripeptide. Though 
observations suggest that lengthening reaction time does yield a small enhancement 
of tripeptide coverage, to date, no detailed studies have been performed to evaluate 
this hypothesis. 

Percent cleavage of the phenylalanine moieties from the external surface de- 
termined from tripeptide coverage analysis before and after enzyme treatment range 
from 743% for the various ISRP packings (Table III). The correlation between the 
percent cleavage calculated from the coverage analysis and the percent external sur- 
face determined from the pore volume access distributions is ambiguous. For the 
Nucleosil-50 and Zorbax ISRP packings, the percent cleavage, as expected, agrees 
well with the percent external surface; however, this is not the case for the Spherisorb 
and Hypersil ISRP packings (Table III). Inhomogeneity in the tripeptide coverage 
between the internal and external surfaces and/or incomplete enzyme cleavage of the 
external surfaces could cause these ambiguities. As more ISRP material is produced 
“in house”, the exact correlation between the pore volume access determination of 
percent external surface and percent cleavage determined from coverage analysis will 
be made. 

The efficiency of cleavage can be assessed from comparison of pore volume 
access distributions of ISRP supports and their precursor glycolphase silicas. This is 
exemplified by the pore volume access distributions of the glycolphase and ISRP 
packings produced by the Regis Chemical Company (Fig. 3). These plots diverge 
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around the point where the effective sphere radius is equal to that of the carboxy- 
peptidase molecule. For molecules with effective sphere radii smaller than that of 
carboxypeptidase, the fraction of accessible pore volume is less for the ISRP support 
than for the glycolphase packing; while for molecules with effective sphere radii larger 
than that of carboxypeptidase, the fraction of accessible pore volume is similar for 
the two packings. This is expected if the carboxypeptidase effectively cleaves the 
bulky phenylalanine moieties from the external surface of the tripeptide derivatized 
support resulting in ISRP material with external pores that are roughly the same size 
as the external pores of the glycolphase silica. 

Chromatographic characterization of ISRP supports 
Relative capacities of the ISRP supports were determined by measuring the 

capacity factor of the anticonvulsant drug carbamazepine. Capacity factors of the 
supports ranged from 2.00 to 4.21 (Table II) and demonstrated a strong dependence 
upon the initial specific surface area of the silica supports. Silicas with large initial 
surface areas yielded ISRP packings with relatively larger capacity factors for car- 
bamazepine. 

The wide range in hydrophobicity of the ISRP supports is important because, 
in order to minimize conformational changes, denaturation, precipitation and sub- 
sequent accumulation of proteins onto the ISRP packings during direct injection of 
blood serum. The concentration of organic modifier in the mobile phase must remain 
below 20%25. This limits, to some extent, the ability to control retention times of 
analytes through changing the mobile phase concentration. The availability, however, 
of ISRP supports with varying degrees of hydrophobicity will offer more control in 
ISRP drug separation by allowing one to choose the column most suited for a specific 
separation. 

Efficiencies (N) of four ISRP chromatographic columns were determined at 
various chromatographic flow velocities. Plate height versus flow velocity plots (Fig. 

300- 

5 zoo- 
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.P 
2 
2 
$ loo- 

Chromatographic flow velocity (IA cm/ssc 

Fig. 5. Plate height versus chromatographic flow velocity, relative to carbamazepine of chromatographic 
columns (15 cm x 4.6 mm I.D.) packed with various ISRP supports. Mobile phase is 0.1 M 
phosphate-isopropanol-tetrahydrofuran (84:10:6, pH 6.8). A = Zorbax ISRP, batch No. 2; l = Nu- 
cleosil-50 ISRP, batch No. 1; 0 = Hypersil ISRP, batch No. 1; q = Spherisorb ISRP, batch No. 4. 
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5) for the Nucleosil-50, Hypersil, and Spherisorb ISRP columns are very similar. The 
Zorbax ISRP column, however, yields a plate height versus flow velocity curve with 
a slope about twice that of the other ISRP columns. Theoretical plate height terms 
associated with stagnant mobile phase and stationary phase mass transfer are directly 
proportional to the flow velocity of the mobile phase. Therefore, the large slope of 
the plate height versus flow velocity plot for the Zorbax ISRP column may indicate 
that the stagnant mobile phase or stationary phase mass transfer contribution to 
plate height is large for the Zorbax ISRP material. A possible reason for this is the 
small pore volume and small median pore diameter (Table II) associated with the 
Zorbax ISRP packing. A small pore volume leads to a small value of k,,, which is 
the ratio of pore volume to interstitial volume in a packed column. The plate height 
equation according to Horvath and Linz6 predicts that, for a given system, as k0 
decreases from a value of 1.0, the slope of the plate height versus flow velocity plot 
increases. In addition, packing materials with small pore diameters are suspected of 
causing low efficiencies in chromatographic co1umns7-g. The Zorbax ISRP material 
and packed column exhibit the smallest median pore diameter and k,, value (Table 
II) of the four evaluated ISRP columns. Therefore, it is possible that the lower effi- 
ciencies observed in the Zorbax ISRP support arise from a combination of the low 
k0 and small pore size. 

CONCLUSIONS 

Three major factors that determine the success of porous ISRP packings for 
direct injection serum analysis are the ability to exclude proteins from pores without 
adsorption onto the packing, the capacity for small hydrophobic analytes, and the 
column efficiency. The effects that the properties of the porous silica supports have 
upon these three features based on the results of the present investigation are summa- 
rized below. 

The smallest major protein component in blood plasma is serum albumin. 
Serum albumin has a molecular weight of 65600 and its effective sphere radius has 
been estimated at 40 A (ref. 1). Because the carboxypeptidase enzyme used to cleave 
the hydropohobic phase from the external surfaces of ISRP supports is smaller than 
serum albumin, the carboxypeptidase can reach further into the porous interior of 
the support allowing cleavage of surfaces inaccessible to the serum albumin1 . There- 
fore, the serum albumin will, most likely, have no contact with the hydrophobic 
partitioning phase and will be excluded, unsorbed from the internal surfaces of the 
ISRP packing. Because of this, the size of the pores of the silica used to produce 
ISRP supports is not overly critical with regard to exclusion of serum proteins just 
as long as the pores are not too large to allow excessive access of the cleavage enzyme 
to the support surface, and thus leave only a small percentage of internal surface. 

Capacity factor measurements of the various ISRP supports produced in this 
study indicate that capacity is proportional to the surface area of the silica starting 
material. This allows for variation in the hydrophobicity of ISRP supports by se- 
lecting porous silicas with different specific surface areas. In addition pore volume 
access distributions provide evidence that all the silicas evaluated, even the Hypersil 
material with an initial nominal pore diameter of 123 A, result in ISRP supports 
with enough internal surface to offer adequate capacity for small hydrophobic ana- 
lytes. 
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Plate height versus flow velocity plots suggest that efficiencies are roughly 
equivalent for ISRP supports produced from various silicas; however when a com- 
bination of small pore volume and small pore diameter exist in a support, such as 
the Zorbax ISRP packing, poor efficiencies may result. 
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