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ABSTRACT

The influence of the physical properties of base silica materials and spacer length on chiral separation of eaantiomers on
ovomucoid (OVM)-bonded materials was investigated. With regard to the pore size of the base silica materials, the 300-A
materials gave higher enantioselectivity than the 120-A materials, despite the smaller amounts of bonded OVM proteins.
However, higher resolution was obtained with the latter materials. With regard to the spacer length, aminopropyl (AP)-,
aminobutyl-, N-(4-aminobutyl)-3-aminopropyl- and N-(6-aminohexyl)-3-aminopropyl-silica gels were activated by N,N'-di-
succinimidy! carbonate (DSC) and the proteins were bound. The first two materials showed excellent chiral resolution properties
for the solutes tested, and the AP materials gave higher enantioselectivity and resolution, On the other hand, only oxprenolol
enantiomers were slightly resolved on the last two materials. Also, AP-silica gels activated by DSC were compared with
slycerylpropyl (GP)-silica gels activated by 1,1'-carbonyldiimidazole. The former materials gave higher resolution for acidic and
basic solutes despite the lower enantioselectivity, whereas for the uncharged hexobarbital the latter materials gave higher
enantioselectivity and almost equal resolution. The above results reveal that the 120-A base silica gels are more suitable than the
300-A base silica gels for obtaining larger amounts of bonded OVM proteins and that a less hydrophobic spacer such as an AP
group and a hydrophilic spacer such as a GP group are suitable.

INTRODUCTION separation of enantiomeric forms. Among these,

an ovomucoid-bonded silica column is of special

Protein-bonded stationary phases including
albumins such as bovine serum albumin (BSA)
[1] and human serum albumin [2] and mucoids
such as «,-acid glycoprotein [3] and ovomucoid
[4] from egg white have been developed for the
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interest because of its long-term stability and
because it is suitable for separating a wide range
of enantiomeric mixtures [5-7]. It is well known
that many factors such as the physical properties
of the base silica materials, spacer length and
bonding method affect the resolution of ¢nantio-
meric pairs on protein-bonded stationary phases
[8-10). In this study, we investigated the in-
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fluences of these factors on the retention, enan-
tioselectivity and resolution of various solutes on
ovomucoid-bonded silica columns.

EXPERIMENTAL

Reagents and materials

Ibuprofen, ketoprofen, chlorpheniramine
maleate and hexobarbital were kindly donated
by Kaken Pharmaceutical (Tokyo, Japan),
Chugai Pharmaceutical (Tokyo, Japan), Essex
Nippon (Osaka, Japan) and Teikoku Chemicals
(Osaka, Japan). Tolperisone hydrochloride was
purchased from Sigma (St. Louis, MO, USA).
The structures of the racemic compounds used in
this study are shown in Fig. 1. OVM proteins
from egg white were purchased from Eisai
{Tokyo, Japan). N,N’-Disuccinimidyl carbonate
(DSC) and 1,1’-carbonyldiimidazole (CDI) were
purchased from Sigma, 2-propanol, ethanol,
methanol and acetonitrile of HPLC grade from
Wako (Osaka, Japan) and 3-aminopropyl (AP)-
triethoxysilane, 4-aminobutyl (AB)-triethoxy-
silane and 3-glycidoxypropyltrimethoxysilane
from Chisso (Tokyo, Japan). N-(4-Aminobutyl)-
3-aminopropyl (ABAP)-trimethoxysilane and
N-(6-aminohexyl)-3-aminopropyi = (AHAP)-tri-
methoxysilane were kindly donated by Shin-etsu
Chemical Industries (Tokyo, Japan). Silica gels
were obtained from Shinwa Chemical Industries
(Ultron-120, particle diameter 5 um, pore size
120 A, specific surface area 300 m‘/g, and
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Ultron-300, particle diameter 5 pwm, pore size
300 A, specific surface area 100 m?/g). Other
solvents and reagents were used as received.
Water purified with a Nanopure II unit (Barn-
stead, Boston, MA, USA)} was used for the
preparation of the eluent and sample solutions.

Preparation of silica gels having different spacer
lengths

Ultron silica gel (5 g) was dried én vacuo over
P,O; at 150°C for 6 h and added to 120 ml of dry
toluene. The mixture was heated at reflux until
all the water had been removed as an azeotrope
into a Dean-Stark-type trap. Next, the silyla-
ting agents described above, corresponding to
10 pmol/m* of the specific surface area,
were added and reacted for 8 h, except for
3-glycidoxypropyltrimethoxysilane (48 h). The
reaction mixture was cooled to room tempera-
ture, filtered and washed with toluene and
methanol. The isolated silica gels were dried in
vacuo over P,O, at 60°C for 2 h. To the silica
gels reacted with 3-glycidoxypropyltrimethoxy-
silane, 8) ml of perchloric acid (pH 3.0) were
added and the mixture was refluxed for 4 h. The
reaction mixture was cooled to room tempera-
ture, filtered and washed with water and metha-
nol. The isolated 3-glycerylpropyl (GP)-silica gel
was dried in vacuo over P,Q; at 60°C for 2 h.
The obtained silica gels having different spacers
are abbreviated as shown in Fig. 2.

Hexobarbltal

ibuprofen Chiorpheniramine
CHs
I
»CH - CODH
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]
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CHy
Ketoprofen Tolperizone

- Fig. 1. Structures of the ¢nantiomers studied.
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AP: -si—o_éiw (CHz)sNH2
AB: -Si—o-:Si—(CHz)cNHz
ABAP: —Si—O—':Si— {CH2)aNH(CHz2)aNH2
AHAP: —Si—O—%‘;i— (CHz)aNH(CHz2)sNH2
GP: =Si-0- :Si— (CH2)sOCH2CH(OH)CH20H

Fig. 2. Spacers used and their abbreviations.

Activation of silica gels having amino or
hydroxyl groups

AP-, AB-, ABAP- and AHAP-silica gels were
activated by DSC. Amounts of 5 g of the gels
were slurried in 70 ml of acetonitrile and reacted
with 5 g of DSC for 24 h at 30°C. The reaction
mixture was filtered and washed with acetoni-
trile, water, methanol and dichloromethane. GP-
silica gels were activated by CDI. Amounts of 5
g of the gels were slurried in 30 ml of dioxane.
To the mixture, 4 g of CDI dissolved in 20 ml of
dioxane were added and reacted for 4 h at 30°C.
The reaction mixture was filtered and washed
with dioxane and methanol. Both silica gels were
dried in vacuo over P,O; at 60°C for 2 h.

Preparation of OVM-bonded materials

OVM was bound to DSC-activated AP-, AB-,
ABAP- and AHAP-silica gels as follows: 2 g of
the DSC-activated silica gels were slurried in 20
mM phosphate buffer (pH 6.8). To the mixture,
2 g of OVM proteins dissolved in 20 ml of the
same buffer were added slowly and stirred for 15
h at 30°C. Similarly, OVM was bonded to CDI-
activated silica gels as follows: 2 g of the CDI-
activated GP silica gels were slurried in 20 mM
phosphate buffer (pH 7.8). To the mixture, 2 g
of OVM proteins dissolved in 20 ml of the same
buffer were added slowly and stirred for 15 h at
30°C. Both reaction mixtures were then filtered
and washed with water and methanol. The
isolated AP, AB, ABAP and AHAP materials
were dried in vacuo over P,0, at 40°C for 6 h.

These OVM-bonded materials were packed
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into a 150 or 100 X 4.6 mm I.D. stainless-stecl
column by the slurry packing method.

Chromatography

The HPLC system used was composed of an
LC-9A pump, an SPD-6A spectrophotometer, a
SIL-6B autoinjector, a C-R4A integrator and an
SCL-6B system controller (all from Shimadzu,
Kyoto, Japan). The flow-rate was maintained at
0.8 or 1.0 ml/min. Detection was performed at
220 or 254 nm.

Capacity factors were calculated from the
equation k' = (ty — #,)/t,, where t, and ¢, are the
elution times of retained and unretained solutes,
respectively, and k; and k, correspond to the
capacity factors of the first- and second-cluted
peaks, respectively. The retention time of unre-
tained solute, f,, was measured by injecting a
solution whose organic modifier content was
slightly different from that of the eluent used.
The enantioseparation factor was calculated
from the equation a =k,/k,. Resolution was
calculated from the equation R,=2(t, —¢,)/
(toy +1,;), where ¢, and ¢, are the widths of
the first- and second-eluted peaks, respectively.
All separations were carried out at 25°C using a
CO-1093C column oven (Uniflows, Tokyo,
Japan).

The eluents, which are prepared by using
phosphoric acid-sodium dihydrogenphosphate
or sodium dihydrogenphosphate—disodium hy-
drogenphosphate and organic modifier, are
specified in the tables.

Sample preparation

A known amount of racemic solute was dis-
solved in methanol or water and the solution was
diluted with the eluent to the desired concen-
tration. A 20-pul aliquot of the sample solution
was loaded on to the column. The amount
loaded was less than 0.5 ug.

RESULTS AND DISCUSSION

Amounts of bonded OVM proteins

Table I shows the amounts of bonded OVM
proteins on the various materials. With regard to
comparison of the base silica gels having pore
sizes of 120 and 300 A (AP-120 and AP-300,
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TABLE 1

AMOUNTS OF BONDED OVM PROTEINS ON VARI-
OUS MATERIALS

Spacer” Pore size (A) Bonded protein {wmol/g)
AP-120° 120 4.1
AP-300° 300 L3
AB 120 4.4
ABAP 120 3.9
AHAP 120 0.9
GP 120 2.0

“ AP = 3-aminopropyl; AB = 4-aminobutyl; ABAFP =N-(4-
aminobutyl)-3-aminopropyl; AHAP = N-(6-aminohexyl)-3-
aminopropyl; GP = glycerylpropyl.

* 120 and 300 refer to the average pore sizes of the base silica
materials.

respectively), the former materials showed about
three times larger amounts of the OVM proteins
than the latter materials. As the coverages of AP
phases of the AP-120 and AP-300 silica materials
were about 1000 and 350 pmol/g, respectively,
there are good correlations between the cover-
ages of the AP phases and the amounts of
bonded OVM proteins. Note that only 0.4% of
the AP phases should be used for binding of the
OVM proteins. For the preparation of BSA-
bonded materials, Thompson et al. [8] compared
100- and 300-A base silica materials, which
resulted in amounts of the bonded proteins of
3.2 and 1.1 pumol/g, respectively. Taking into

TABLE II
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account the molecular masses of OVM (M,
28 000) and BSA (M, 68 000), our results agreed
well with those of Thompson ef af. [8]. The AP,
AB and ABAP materials showed almost identi-
cal amounts of bonded OVM proteins, whereas
the AHAP material showed smaller amounts,
owing to the lower coverages of the AHAP than
the AP, AB and ABAP phases. The GP materi-
als showed about half the amounts of bonded
proteins compared with the AP and AB materi-
als. Taking into account the coverages of GP
phases (ca. 500 umol/g), the activation method
does not affect the protein coverages. OVM
proteins were bound to the AP, AB, ABAP and
AHAP materials by a urea bond. Cn the other
hand, the OVM proteins were bound to the GP
materials by a carbamate bond. The results
obtained above reveal that the amounts of
bonded OVM proteins are mainly dependent on
the coverages of the spacer phases.

Comparison of base silica materials

Table II shows the influence of pore size of
base silica materials on the retention, enantio-
selectivity and resolution of ketoprofen, chlor-
pheniramine and hexobarbital. The eluent used
was 20 mM phosphate buffer containing 10%
and 5% of ethanol for the AP-120 and AP-300
materials, respectively. The retention properties
of acidic, basic and uncharged solutes could be

COMPARISON OF BASE SILICA MATERIALS FOR RETENTION, ENANTIOSELECTIVITY AND RESOLUTION OF

VARIOUS SOLUTES ON OVM-BONDED MATERIAL

HPLC conditions: column, OVM-bonded materials packed into a 100 mm X 4.6 mm L.D. stainless-steel column; eluent, 20 mM
phosphate buffer—ethanol [90:10 (v/v) for the AP-120 materials and 95:5 (v/v) for the AP-300 materials]; low-rate, 0.8 ml/min.

Column  Compound pH 3.2° pH 4.0° pH 5.1° pH 6.0° pH 6.9
k; a R, K a R, K « Rk e R K ¢ R,
AP-120  Ketoprofen 236 134 300 323 124 258 130 L1l 115 354 100 116 1.00
Chlorpheniramine 019 177 059 205 [.88 250 112 209 58 413 212 728
Hexobarbital 046 123 053 061 122 07% 068 1.19 069 080 126 110 08 140 191
AP300  Ketoprofen 826 149 192 153 145 224 628 132 18 144 L17 080 047 1.00
Chlorpheniramine 030 1.00 172 195 246 667 233 392 253 249 405
Hexobarbital 028 1.00 03¢ 120 053 046 134 068 044 141 082 050 156 L72

“ Buffer pH.
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elucidated by taking into account the isoelectric
point of an ovomucoid protein (p/=3.8-4.3)
and the pK, values of the solutes, as reported
previously [11]. The capacity factors of all the
solutes on the former materials are about double
those on the latter materials, despite the higher
organic modifier content. These results reveal
that the retentions of solutes are dependent on
the amounts of bonded OVM proteins. On the
other hand, the AP-300 materials gave higher
enantioselectivities than the AP-120 materials,
despite the shorter retentions of the solutes on
the former materials. This suggests that all the
proteins bound to the AP-120 materials do not
work effectively for chiral recognition of solutes.
However, the resolution of basic and acidic
solutes, except for ketoprefen at an eluent pH of
5.1, on the AP-300 materials was lower than that
on the AP-120 materials. This might be because
a solute might interact with the base silica
materials, because of smaller amounts of the
bonded proteins. We therefore prepared OVM-
bonded materials by using base silica materials
having an average pore size of 120 A in the
experiments described below.

TABLE 11

279

Effect of spacer length for chiral recognition

Table III, IV and V show the influence of
spacer length on the retention, enantioselectivity
and resolution of acidic, basic and uncharged
solutes, respectively, where ethanol is used as an
organic modifier. It is weil known [6,7,12] that
organic modifiers affect the retention and enan-
tioselectivity of solutes on an OVM-bonded
column. We examined the influence of the type
of organic modifier on the retentions and enan-
tioselectivity of the solutes. Similar trends in
retention and enantioselectivity were obtained
with all five columns, and therefore only the data
for ethanol are given in Tables III-V.

No enantioseparations of solutes on the
ABAP and AHAP materials were observed
except for a slight resolution of oxprenolol at an
eluent pH of 6.9. Oda et al. [13] reported that a
hydrophobic spacer with a C, carbon chain was
suitable for obtaining higher enantioselectivity
on avidin-bonded materials. We bound OVM to
base silica materials by using the same spacer as
Oda et al. [13]. However, the enantioselectivity
obtained with the materials was poor, as with the
ABAP and AHAP materials. Miwa er al. [14]

EFFECT OF SPACER LENGTH ON RETENTION, ENANTIOSELECTIVITY AND RESOLUTION OF ACIDIC SOL-

UTES ON OVM-BONDED MATERIAL

All materials were prepated by using the 120-A base silica materials. HPLC conditions: column, OVM-bonded materials packed
into a 150 mm X 4.6 mm 1.D. stainless-stee} column; eluent, 20 mM phosphate buffer~ethanol [90:10 (v/v) for the AP, AB,
ABAP and AHAP materials and 95:5 (v/v) for the GP materials]; flow-rate, 1.0 ml/min.

Column Compound pH 3.2° pH 4.0° pH5.1" pH 6.0° pH 6.9
k, a R, k; o R, Kk o R, Kk, a R, Kk a R,
AP Thuprofen 717 1.37 269 117 134 288 775 117 134 258 108 054 084 1.00
Ketoprofen 230 134 305 342 121 232 140 1.09 100 404 100 1.27 1.00
AB Ibuprofen 954 127 18 142 127 207 874 114 110 319 1.00 0.87 1.00
Ketoprofen 27.8 127 199 3727 118 133 161 1.07 054 513 1.00 147 1.00
ABAP Tbuprofen 137 1.00 219 1.00 169  1.00 5.07 1.00 1.57 1.0
Ketoprofen 299  1.00 46.6 1.00 282 1.00 824 1.00 271 1.00
AHAP Ibuprofen 132 1.00 19.8 1.00 4.1  1.00 4.86 1.00 1.57 1.00
Ketoprofen 299 1.00 445 1.0 245 100 819 100 321 1.00
GP Tbuprofen 424 129 114 7.08 134 101 452 123 0469 137 1.00 032 1.00
Ketoprofen 137 1.54 2.57 27.2 147 263 115 128 152 249 111 032 0.84 100

“ Buffer pH.
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TABLE IV

EFFECT OF SPACER LENGTH ON RETENTION, ENANTIOSELECTIVITY AND RESOLUTION OF BASIC SOLUTES
ON OVM-BONDED MATERIAL

All materials were prepared by using the 120-A base silica materials. HPLC conditions: column, OVM-bonded materials packed
into a 150 mm % 4.6 mm L.D. stainless-steel column; eluent, 20 mM phosphate buffer—ethanol {90:10 (v/v) for the AP, AB,
ABAP and AHAP materials and 95:5 (v/v) for the GP materials); flow-rate, 1.0 ml/min.

Column  Compound pH 4.0° pH 5.1° pH 6.0° pH 6.9°
k; o R, k; a R, k; a R, ky a R,
AP Chlorpheniramine  0.33 136 072 256 175 3.33 873 192 582 404 203 7064
Tolperisone 076 190 3.04 253 151 257 120 133 258
AB Chlorpheniramine 044 141 104 340 174 377 13.2 1.89 484 565 197 4.60
Tolperisone 09 175 2.60 374 1.4 1,74 164 127 1.54
ABAP Chlorpheniramine  0.63  1.00 3.8 100 14.4 1.00 43.2 100
Tolperisone 013 100 1.32 100 488 1.00 121 1.00
AHAP Chlorpheniramine  0.62  1.00 555 100 237 1.00 4.7 1.00
Tolperisone 0.16 1.00 2.09 1.00 992 1.00 145 1.00
GP Chlorpheniramine  0.66  1.00 296 176 237 126 201 3.07 457 218 500
Tolperisone 041 161 026 107 177 139 435 160 164 136 142 210
“ Buffer pH.

reported that OVM-bonded polymer gels, which ketoprofen was obtained with the polymer gels

contain a polyamine (pentaethylenchexamine), but no chiral resolution was achieved because of
had excellent chiral recognition properties for the strong achiral interaction with the polymer
the basic chlorprenaline and chlorpheniramine. matrices. These results suggest that the superflu-
On the other hand, enhanced retention of acid ous achiral interaction of a solute with a hydro-
TABLE V

EFFECT OF SPACER LENGTH ON RETENTION, ENANTIOSELECTIVITY AND RESOLUTION OF HEXOBARBITAL
ON AN OVM-BONDED MATERIAL

All materials were prepared by using the 120-A base silica materials. HPLC conditions: column, OVM-bonded materials packed
into a 150 mm % 4.6 mm 1.D. stainless-steel column; eluent, 20 mM phosphate buffer—ethanol {90:10 (v/v) for the AP, AB,
ABAP and AHAP materials and 95;5 (v/v) for the GP materials]; flow-rate, 1.0 ml/min.

Column pH 32" pH 4.0° pHS.1® pH 6.0° pH 7.0°

k; a R k; a R, ky a R k; a R, & o R,

AP 0.69 1.00 0.84 118 075 100 121 107 086 128 139 09 142 195
AB 068 115 034 08 118 054 106 120 075 103 125 070 100 140 118
ABAP 074 100 0.82 100 085 1.00 0.8 100 074 1.00
AHAP 0.76 1.00 0.78 1.0 082 100 0.85 1.00 077 100
GP 049 122 079 066 130 119 073 139 092 083 150 149 065 139 192

“ Buffer pH.
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phobic and/or positively charged spacer might
diminish the chiral interaction of the solute with
the OVM pratein.

The capacity factors of acidic and basic solutes
on the AP, AB, ABAP and AHAP materials
were increased with an increase in the hydropho-
bicity of the spacer, except for those of basic
solutes on the AB materials. With regard to
enantioselectivity and resolution, the AP materi-
als gave higher enantioselectivity and resolution
for acidic solutes than the AB materials. For
basic solutes, the AP materials gave almost the
same enantioselectivity as the AB materials and
higher resolution. The retentions of hexobarbital
were almost the same with the four materials,
whereas the AP materials gave better enantio-
selectivity and resolution than the AB materials
except for an eluent pH of 3.2.

The enantioselectivity and resolution with the
GP material were compared with those for the
AP materials. For acidic ibuprofen, the GP
materials gave lower enantioselectivity and res-
olution than the AP materials, whereas for
ketoprofen, the GP materials gave higher enan-
tioselectivity and resolution except for resolution
at an eluent pH of 3.2. For hexobarbital, the GP
materials gave higher enantioselectivity and al-
most equal resolution. The lower column ef-
ficiency of the GP materials for acidic and basic
solutes might be due to the smaller amounts of
bonded OVM proteins, that is, the solute might
interact with the base silica material. However,
the GP materials are suitable for the chiral
resolution of the uncharged hexobarbital. It is
interesting that the ABAP materials, whose
spacer length is very similar to that of the GP
materials, has no chiral recognition properties.
The results obtained above reveal that a less
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hydrophobic spacer such as an AP group and a
hydrophilic spacer such as a GP group are
suitable for binding of OVM proteins to silica
gels.

In conclusion, the AP materials of pore size
120 A gave the highest chiral recognition prop-
erties among the OVM-bonded materials tested.
However, by diminishing the superfluous achiral
interaction, including interaction with the base
silica material, much more efficient OVM-
bonded materials might be obtainable.
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