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LNTRODUCI'ION 

HAKY ET AL. 

The separation of complex mixtures of polypeptides is important in a variety of 

problems in biochemistry and biotechnology. R w d - p h a s e  high performance 

liquid chromatography (HPLC) has been shown to be an effective method for such 

separations, and is now routinely employed in a number of applications, including 

the isolation and characterization of polypeptides from biological mixtures (l), the 

pparative purification of synthetically produced peptides (2), and the analysis of 

peptide mixtures resulting from the enzymatic fragmentation of high molecular 

weight proteins (3-5). The most widely-used stationary phases for such peptide 

separations consist of alkyl-bonded porous silica particles. Extensive studies have 

heen performed to determine optimal dimensions and type of surface coverage of 

the silica particles used in this application (6-10). As a result of these studies, wide- 

pore ( 2 0 4  nm diameter) octyl or octadecyl-bonded silica stationary phases are 

now generally regarded as being best for use in peptide separations of all types. 

Despite the successful use of the silica-based phases for such separations, the 

inherent hydrolytic instability of alkyl-bonded silica-based phases and the presence 

of interfering silanol sites on their surfaces have often resulted in short column 

1 ifetimes and poor chromatographic reproducibility (6). "'his has prompted the 

investigation of non-silica-based phases for peptide separations. Materials 

investigated for this application have included polystyrenedivinylbenzene 

copolymers (1 l), polystyrene (7) and polybutadiene-coated alumina (12). Varied 

i-esults have been obtained with such phases. 

We have recently been investigating peptide separations on an ocradeql-bonded 

dumina (ODA) stationary phase developed by Wiesennan and coworkers (13). 

lXis stationary phase is unique not only in that it is based upon alumina rather than 

silica, but also in that it consists of particles which are not spherical, but are 
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-BONDED ALUMINA STATIONARY PHASES 1833 

composed of microplatelets bound tog&- in a symmetrical manner. We have 

shown that a column packed with narrow pore (1 1 nm average diameta) ODA 

pwticksproducesequalorst@crseparationsofoctapeptidemixturesandprotein 

tryptic digests, cornpad to that obtained on a widely-used oaadecylsilane (Om) 

column (14). 

Research performed with dia-based phases have indicated signiticant effects 

of alkyl chain length, particle pore size and particle shapes of these phases on the 

resolution and lpcovery of peptide mixtures (6-10). In order to investigate 

analogous effects on alumina-hed phases, we hbricated a number of columns 

packed with alkyl-bonded alumina p8cticles of varying dimeosions and types of 

surface modification, and compared Separations of peptide mix- on these and 

other more conventional columns. In this paper, we discuss the results of ?hew 

comparisons. 

ExpERlMFNTAL 

a n d m  

Lysozyme was obtained from Sigma (St. Louis, MO, U.S.A). me octapeptide 

standads listed in Table 1 were synthesized in the Rotein Chemistry Core Facility 

of the University of Florida by the d i d  phase technique!, as reparted elsewhere 

(15,16). All solvents used were glass distilled, obtained from EM. Science 

(Cherry Hill, NJ, USA). Trifluomcet~ 'c acid (TFA) and NJU-diethylaniline (DEA) 

were obtained from Aldrich (Milwaukee, WI, USA). 

The HPLC system consisted of a Perkin-Elmer Series 410 solvent delivery 

system, a Rheodyne Model 7125 injector (20 microliter loop) and a Perkin-Eilmer 

Model LC- 135 diode array W-visible chectc~. Wavelengths monitored  we^ 280 

nm far the octapcptide mixhues and 220 nm for the lysozyme tryptic digest The 
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1834 

TABLE 1 

octapeptide standards 

HAKY ET AL. 

Nph = pnitrophenylalanine 

mobile-phase flow rate was set at 1 Wmin. Chromatographic data were recorded 

and processed on a Perkin-EImer Omega data system. 

Columos 
Eight chromatogmphic columns were used in these studies, as described in 

Tables 2 and 3. The experimental (not available fix p h a @  columns 1-6 were all 

prepaftd at Alum Labaaton 'es (Alma Center, PA, USA). Columns 1-5 all consist 

of surf8ce-modified Biotage Unispherem alumina particles. The Unisphere particle 

consists of -200 nm thick platelets bonded togehr to form spheroidal particles 

with open, readily accessible inm-platekt mumporosity and intra-platelet 

rnicroporosity, as described by Wilhelmy (17,18). Column 6 consists of surface- 

modified Spherisorbm M Y  spheaical alumina. ?he Spherisorb alumina fa 

column 6 was purchased from Phase Separations, Inc. (Norwalk, Cr, USA). Its 
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ALKyGBoNDED ALUMINA STATIONARY PHASES 1835 

TABLE 2 

Column Abbreviatioa Substrate Surface Pamcle Column 
Modification Shape hgt.h(mm) 

C-18 
C-18 
C-18 
C-8 
C-8 
C-18 
C-18 
POD 

FMP 
FMP 
FMP 
FMP 
FMP 
SPH 
SPH 
SPH 

250 
150 
250 
150 
150 
150 
250 
150 

C-18 = mollomeric octadeql; C-8 = mollomeric octyl; POD = polymeric 
octaclecyl; FMP = fused micmplatelet; SPH = spherical 

TABLE 3 

stationary Phase Dimensions 

5.6 
5.6 
5.6 
5.6 
5.6 
5 .O 
5 .O 
5 -0 

11  
11  
21 
11  
21 
13 
9 
30 

n a  = data not available 

105 
105 
46 
105 
46 
93 
150 
90 

10.1 
10.1 
4.8 
5.2 
2.4 
n a  

17.5 
8.5 
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I836 HAKYETAL. 

surf&! was modified with monomeric Octadecyl groups at Alcoa Laboraton 'es by 

methods described below. Column 7, packed with spherical monomeric 

octadecylsilane particles was obtained from B i d  bbomoms * (Richmond,CA, 

USA). Column 8, consisting of spmcal "Vydac" polymeric octadecylsihne 

particles, was obtained from The separations Group (Hesperia, CA, USA). 

Monomeric alkyl groups (octyl or octadeql) were covalenty bonded to the 

Unisphere and Spherisorb alumina particles packed in Columns 14 using 

processes described by Wieserman etal(13) and Haky et al(19). 

The housing of all columns consisted of 4.6 mm i.d stainless steel tubing. All 

columns were packed by the slurry method described by Snyder and Kirkland 

; 20). 

The tryptic digest of lysozyme was prepared by the method of Crestfield et al 

( 21) except that mercaptoethanol was replaced by dithiothreitol(8). Solutions of 

the octapeptide standards were prepared at 1-4 mg/mL in 0.1 % t r i f l u d c  acid 

and stored at 0' C. 

HPLC analyses of the lysmyme tryptic digest were perfmed on each column 

using a linear binary mobile phase gradient consisting of 575% solvent B over 45 

minutes, where solvent A is 0.1% (vh) TFA in water and solvent B is 0.1 46 (vh) 

.'WA in acetonitrile. 

Gradient ranges for chromatographic analysis of the Octapeptide mixture wexe 

optimized foreach column with Drylab Gm HPLC modelling computer so- 

f LC Resources, Inc., Lafayette, CA USA.), using an arbitrarily-set gradient time 

of 14.7 minutes. Gradients employed for each column are shown in Table 4. 

Segmented gradients wen occasionally employed to obtain the best o v d  
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AL.KYL-BONDED ALUMINA STATIONARY PHASES 1837 

TABLE 4 

kpti& pealr Capacities and Minimum Resolutions 

column OradientFOr Avemge PC For Minimum Resolution 
octapeptides TrypticDigest For Oaapeptides 

(5% B, time) 

C18ASY 

BIORAD 

W A C  

21-23%, 3.7 min. 
23-28%, 3.3 min. 
28-33%,7.7 min. 

17-252, 14.7 min. 

19-2796, 14.7 min. 

15-20%,8.0 min. 
20-24%,6.7 min. 

15-17%, 5.0 min. 
17-34%,9.7 min. 

17-2596, 14.7 min. 

27-3596, 14.7 min. 

19-27% (14.7 min.) 

87.7 

83.8 

66.0 

55.5 

43.1 

38.8 

68.9 

75.5 

1.20 

1.13 

1.15 

1.01 

0.82 

0.98 

0.55 

1.32 

u%pepti&separatioas ~ o f t h e @ m i z a t i o n p r o c e s s w i l l b e ~  

elsewhere (22). The elution ~ o f t h c ~ d e s  was the SBM far each 

column, and cocmponhto the orda in which tkpcptidcsare listed inTable 1. 

HPLC anatyJesofO.196 DEA sdutions wae paformsd 011 the VYDAC, 

BIORAD, and ODASNP(1) odumns using mobile phases consisting of acetonit.de 

and water, adjusted to give capwity factors (k’ s) of 5-7 for each column. Mobile 

pbasecompwitiars used tbrclrch column are shown in Table 5. 
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TABLE 5 

HAKY ET AL. 

NJY Diethylaniline kak Asymmetries 

column Mobiie Phase Asymmetry 
( 96 Acetonitrile) 

95 
60 
40 

7.1 
5.3 
1.2 

Average peak capacity (PC) values for the lysozyme w t i c  digest separations 

for each column listed in Table 4 were determined by averaging individual peak 

capacity values calculated for three peaks selected from the b e g i i g ,  middle and 

end of each chromatogram, as described by Banes et al (23). The individual PC 

values were calculated by the quation FC = (tl-to)/w, where tl= elution time in 

minutes of the last peak in the chromatogram, w = width of the peak of interest at 

baseline, and to = column dead time. The value of to was detamined by injection 

of a sample of pure water. Minimum chromatographic resolutions for octapeptide 

Separations shown in Table 4 were calculated by the method described by Snyder 

et al (24). Chromatographic peak asymmetry factors for the DEA analyses (Table 

5 )  were calculated using the method described by Snyder and Kirkland (20) 

RESULTS AND DISCUSSION 

Earlier studies with silica-based phases often compared the separations of 

complex pepti& mixtures on different stationary phases using standard mobile 
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ALKYL-BONDED ALUMINA STATIONARY PHASES 1839 

phase gradiemts (6-10.23). Ona pmctkal basis, the use oftk same mobiie phase 

for each column is an efficiem and usefulappmch, especially for the 

!xpmtim of complex mixtures such as *tic digests wbae optimization of the 

mobile phase gradient for each column would be inordinately tirnecOrtSuming. On 

the other hand, optimizins the sepamtion of a simpler, more defined pepti& mixture 

on each column quires less time, and the resulting optimized Separations for each 

column allows for a valid comparison of the overall seldvities of each of the 

stationary phases tested Therefore, in this study, both methods were employed to 

compare peptide Separations on each stationary phase. First a standard mobile 

gradient was used far the separation of the components of tryptic digest of 

lysozyme on each column, and average peak capacities were calculated on the basis 

of the resulting chromatograms. secondly, optimiped mobile phase gradients wae 

developad and used for the Separation of a mixture of six Octapegtides (Table 1) on 

each column, and the molutions between the two closwteluting peptides 

(Lys-Ser-R and Lys-Ala-R in dl M) w e ~ e  calculated and These 

ampariswns of ave!rage peak Capacities and minimum xesolutions for each cdumn 

are shown numerically in Table4, and in abar graph format in Figure 1. The use 

of two sets of test mixtures and experimental umditiom &wed for a more 

completeduatimofeachstationaryphaseforthisapplication. - 
Owing to the high molecular weightsandresulting lowratesof mass transfer of 

pepti&sandpOteinsinto the Stationery phase, the separations ofpeptide and 

pOtein mixtureson silica-based phases havebeen found to be less dependent on 

column length ampared to separations of compounds of lower molecular weight 

(6,B). 'Ihis has been found toobe M y  evident when short gradient times 

(c 1 hour) m employed (25). These d i e r  m l t s  with silica-bad phases appear 
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1840 HAKYETAL. 

I 
0 20 40 80 80 100 

Peak Capacity 

W A C  

BKIRAD 

C18A5Y 

CxXwP 

O C M P  

WA5WP 

ODA5NP(s) 

ODA5NP(I) 

0.00 0.25 0.50 0.75 1.00 1.25 1 
Minimum Rasolution 

I0 

FIGURE 1. Bar graphs showing average peak capacities for lysozyme tryptic 
digest (A) and minimum resolutions for octapeptide mix- (B) on all 
columns tested 

to cOrreSpOnd with those found for an alumina-based phase used in the present 

study. 

The data in Table 4 and the graph in Figure 1 show that the average peak 

capcity for the lysoayme tryptic digat and minimum resolution f a  the Octapeptide 

mixture are both only slightly high= for the longer ODA!5NP(l) oolumn (length: 25 

cm) than for the sharta ODASNP(s) d u r n  (length. 15 cm). 
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ALKYL-BONDED ALUMINA STATIONARY PHASES 1841 

-IA I c I  

5.0 h.0 i .0  2Qo a.0 sao 10.0 15.0 P.0 

5.0 tO.0 15.0 20.0 25.0 30.0 10.0 15.0 20.0 

chromaBogramsofboth peptide mixtures on the two columns are indeed quite 

similar (see Figure 2). "hese results indicate minimal impnwemeat in 

C- ' efficiency and seIecrivity for pepri& scpantions with incnaSing 

column length, consistent with previous studies on silica-based columns. 
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I842 HAKY ET AL. 

of the phase particles be large enough to allow entry and exit of the. solute molecules 

without encumbrances which can lead to r e d u c e d  mass transfer ram and peak 

broadening (6,7,9). Four times the diameter of the analyte has been praposed as 

being sufficiently large (10). If it is assumed that a peptide exists in solution as a 

random coil, its diameter in nanometers may be estimated by multiplying the square 

root of its molecular weight by the factor 0.0816 (26). None of the peptide$ used 

in the present study has a molecular weight which exceeds 250. Therehe, under 

the criteria described above, the requid minimum stationaxy phase pare size 

would be 4 x (2500)O.S x 0.0816, or approximately 16 nm. Silica-based phases 

with average pare diameters nearly twice as large as this are generally used for the 

separations of peptide mixtures of this type, which ensures that virtually no 

particles have insuffient pore sizes. However, in the current study, only the 

alumina-based phases ODAWP and OCAWP and the silica-based VYDAC have 

average pore diameters which exceed 16 nm (see Table 3). 

Consistent with earlier studies deacribed above, resolutions, peak capacities and 

overall chromatographic performance for the separation of both peptide mixaules are 

indeed superior on the silica-bad widepore WDAC column than on the 

cmwponding silica-based narrow pore BIORAD column, as shown by the 

chromatograms in Figure 3 and the data in Figure 1 and Table 4. Chromatographc 

peak areas for arepresentative peptide are also lower forthe BIORAD column at all 

amcentrationS, indicating r e d u d  ~ ~ c o v e r y  (see Figure 4 ). As discussed earlier, 

the poOrerperfonnance Of narzo~ silica-basedphases Such- BIORAD for 

peptide Separations can at least partially be atixibutedto itsgreaterresistance to 

solute transfer in and out of its pores, compared to a wibpore silica-ba4ed phase 

such as VYDAC In addition, the greats number of acassible silanol sites on the 

surface of the higber-su&e+area BIORAD particles and the d t i n g  itlgease in 
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ALKYLBONDED ALUMINA STATIONAFW PHASES 1843 

5.0 10.0 15.0 MO 25.0 3QO 5.0 10.0 15.0 20.0 

minukr minutes 

0 1 2 3  4 5 
Concentration. m@nL 
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1844 HAKY ET AL. 

5.c 10.0 15.0 ZO.0 25.0 30.0 

I 

5 0 10.0 15.0 MO 25.0 30.0 

10.0 15.0 200 

- 
10.0 15.0 20.0 

FIGURE 5. chromatograms comparing peptide separations on wide pore and 
m w  pore alumina-based phases. A = lysozyme tryptic digest on 
ODAWP column; B= lysozyme tryptic digest on ODASNP(1) 
column; C = octapeptide mixture on ODASWP column; 
D = octape!ptide mixture on ODASNP(1) column. 

interfering acid-base interactions may also account for some ofthe reduced 

efiiciency for peptide separatcms. The presence of larger nunbers of free silanol 

groups on the BIORAD phase compared to that of the W A C  phase is indicated 

by the poorea asymmetry factors obtained on that column for the chmmatogmn of 

the basic solute N,N diethyhiline (see Table 5). 

In contrast to the results obtained with the silica-based phases, the 

performances of the narrow-pore ODASNP and OCASNP alumina-ba& columns 

forthepeptideseparatron ' sare similarorevensuperiortothoseofthe 
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ALKYLBONDED ALUMNA STATIONARY PHASES 1845 

comspondingwidepoceODASWPandOCASWPodunms,asshawnforthe 

ODAphesesbytkchFMllabogrplnsin Figwe5 andforbothOCAandODA 

phapesbythepcakcapacityand~~tmdatainFigure1 amlTable4. 

Additionally, chromatogtaphlc . peakraeeJforanpnsentotivepep(idearevirtually 

identical faall ofthealumi~-basedmlumnsatal s d u t e c o n c e n ~  (see 

FqUre4). in- nodeparaemx ofcbromabographic IecOvq 011 pare size. 

Theexcellent ClKomatopphiC &tS for peptide mixtunson the narrow pore 

alualilla cdumns suggests that dute tmsfkr into endout of the pores of these 

phases is not a faaor which significantly controls chromatographic mdution and 

peak width for peptide separetions on these phases If this is the case, the high 

Chnnnatographl 'c selectivity of thenarrow pore ODMNPand OcASNpphasescan 

beathibutcd to their high surface areas (Table 3) which wouldallow fa enhanced 

interactlaa ' of solutes with these stationary phases As discussed lata, this effect 

may also be enhanced by the unique fused-micmpblet particle shape of the 

alumina-based phases which can allow Bccessibility ofthe solutes to the 

statimacyphase. 

unlilresilica-basedphases, alumina-basedmataials&nothaveanyacidic 

silanol groupson their surfaces and thus intafaing acid-base intcaacticms with 

dutes a m m m l y  avoided, "kis is ooafinasd by the supaior asymmetry 

f a c t a r ~ f o r D E A m t h e O D A ! N P d ~ ~ t o t h a t ~ m t h e  

Silicabased BIORAD and VYDAC cduams (Table 5). 
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1846 HAKYETAL,. 

lower resistance offered by the short-chain alkyl p u p s  to petration of the pores 

of the stationary phase particles by the peptide solutes (9). In fact, little differenoes 

in peptide selectivitiesandmeries between short andlong chain akylsilane 

phases were found when narrow pore particles (< 2Onm) were scrupulously 

excluded from the columns (9). Since pore penetration appears to be less of a 

controlling factor for peptide resolution and recovery on the fused microplatelet 

alumina-based phases used in this study, a different type of dependency of 

chain length on peptide selectivity might be expected for such phases. This is 

indeedobserved. 

The data in Figure 1 and Table 4 and the chromatograms in Figure 6 show that 

the longer4ain ODASNP(s) and ODAWP columns give somewhat better peptide 

peak widths, peak capacities and overall resolutions compared to those obtained on 

corresponding shorterchain OCA5NP and OCASWPcolumns. The superior 

perfamance of the octadecyl-bonded column is especially evident in the lysmyme 

tryptic digest Separation (see Figures 1 A, 6A and 6B). Such results can be 

attributed to the effects of hi- carbon density of the longer-chain stationary 

phases (see Table 3 ). As stated earlier, ease of solute pore penetration does not 

appear to be a controlliig factor for peptide separations on the fused-microplatelet 

alumina-based phases. As a result, the high carbon densities of the octadecyl- 

derivatized materials and their resulting high lipophilicities have a substantial effect 

on the separation,allowing fargreamintemction of the soluteswith the sbitionary 

phasescomparedtothatobtahedwiththelowerdensityoctyl&vatizedphase. 

Similar alkyl-chain effects have been obsemed for the sepsuation of low molecular 

weight compaunds on silica-based columns (20,24), when solute pore penetration 

is also not a controlling haor. 
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50  

" 
0 I I 

0.0 IS0 20.0 25.0 w.0 10.0 15.0 20.0 

5.0 10.0 6.0 20.0 25.0 50.0 10.0 6.0 20.0 
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1848 HAKYETAL. 

1 -  
10.0 15.0 20.0 25.0 30.0 35.0 10.0 t5:o 20.0 

1 
50 10.0 15.0 20.0 25.0 30.0 10.0 15.0 20.0 

minu*. minutes 

FIGURE 7. chromatograms comparing peptide Separations on spherical and fused- 
miqlatelet alumina-based phases A = lysozyme tryptic digest on 
C 18MY column; B= lymzyme lryptic digest on ODASNP(s) column; 
C = Octapeptide mixture on C18MY column; D = octapeptide 
mixture on ODMNP(s) column. 

chmmatogmphic Properties of spherical and fused-microplatelet alumina (01 silica) 

of similar dimensions and surface modification. 

A comparison of the mobile phase flow resistances of columns packed with a 

spherical alumina-based stationary phase with those pacM with similarly-prepared 

fused mifmplatelet alumina particles was recently 1.eported (30). Tbat study 

concluded that solvent flow is indeed -efficient through the f u d  microplatelet 

particles, although other factors (e.g., pore size, type of surface modification, etc.) 

often have greater effects an mobile phase flow resistance than particle shape. 
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ALKYGBONDED ALUMINA STATIONARY PHASES 1849 

since the pnsent study utilizesvirtually the same set of columsasin the* 

flow nsijtana inv&gation,asimilarappmach can be employed to cunpme the 

selectivities of sphaical and fused microplatdet paaicles fa peptiae seppration. 

Figure 7 shows chromabograms of the two pepti& mixmeson the C18MY 

column, which umsists of sphaical alumina particles and 011 the ODA5NP column, 

which msistsof fused microplateletparticlar. Both phe4eJ hadbeen surface 

modifiedby i&nticalckmicalpocesses Thesechromatogramsandthedatain 

Fw 1 and Table 4 clearly iudicate supgior peptide peak shapes xcdutions and 

~capacitieSonthefusedmi~ODA5NPphaaecomparrdtothat 

obcainedonthe sphaicalC18A5Yphase. T h e ~ ~ o f t h e l y s o z y m e  

digest on the ODAsNPphase is especially evident, as shown in Fm 7B. This 

occursin apiteofthesomewhatlargerpartickdiameteroftbeODAsNpphpsetkm 

that of C18A5Y (see Table 3), which would normally result in reduced 

chlllatographic aebivity and efficiency (6,7). 'Ihese and the previously 

diacusddatamconsistentwithagreata efficiqof solutestaharyphase 

in- - infusedflwmpb& particles colnpmd to sphaical particles Iwulting 

in 10- mass msfa F e s i w  for peptide separations. when otha factors are 

keptsimilar,fusedmicroplateletpartic~thusappeartobemoreselectiveand 

efficient for peptide separations than s p W  particles, in aced with that which 

had been previously speculated. However, it should be emphasized that the 

excellent peptide m~ obtained 011 the spherical-part~le VYDAC phase ( ~ e e  

Fig- 1 and 2 and Table 4 ) indicates that factors other than particle shape may 

oftea have a more impatant effect on column selectivitythaa particle shapealone. 

CONCLUSIONS 

In this study, the usefulness of fused microplatelet alumina-based alkyl-bonded 

HPK stationary phases for separations of complex Pepcide mixaules has again 
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been demonsrrated. Additionally, it has been shown that narrow pore octadecyl- 

bonded alumina phases generally outperform corresponding alumina-based phases 

with wider pores or shorter akyl chain lengths for such separations. These results 

am in marked contrast to those which have previously been obtained for silica- 

based phases, where wide-pore stationary phases with short alkyl chain lengths 

g m d y  have been found to give the best peptide separations. 

The superiorseparationsobtainedonanal~-~phaseconsistingof 

fused microplatelet particles compared to those obtained on a corresponding phase 

with spherical particles suggests that the solute mass transfkr pmpertia of the fused 

microplatelet prarticles are inherently bettez than those of the spherical particles 

These superior mass transfer properties may account for the some of the 

differences which were obsaved in the effects of alkyl chain length and particle 

pore size on separations of peptides on silica and alumina-based stationary phases. 

Further reseatch is needed to determine whether these enhanced solute mass 

transfer Properties change the effects of other HPIX parameters, such as solvent 

flow xate and column temperature. Such m h  is currently underway in our 

laboratories 
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