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Frontal analysis of protein adsorption on a membrane
‘ adsorber

Ayabhito Shiosaki, Motonobu Goto*, Tsutomu Hirose
Department of Applied Chemistry, Kumamoto University, Kumamoto 860, Japan

First received 18 March 1994; revised manuscript received 25 May 1994

Abstract

The adsorption behaviour of two kinds of proteins, myoglobin and ovalbumin, with a membrane adsorber,
DEAE MemSep 1000 (Millipore), was studied in comparison with a bead-based packed-bed adsorber, DEAE
Sephacel (Pharmacia—LKB), by means of frontal analysis. Adsorption isotherms were obtained by integrating the
breakthrough curves for various feed concentrations. Adsorption isotherms were expressed by the Langmuir
equation and the adsorption capacity for the membrane adsorber was smaller than that for the packed-bed
adsorber. The breakthrough curves of myoglobin for the membrane adsorber were independent of the flow-rate,
but those of ovalbumin were affected by the flow-rate. Abnormal behaviour was observed for the adsorption of
ovalbumin on a membrane adsorber. With the packed-bed adsorber, the breakthrough curves for both proteins
were significantly affected by the flow-rate. A mathematical model for the membrane adsorber involving axial
dispersion and adsorption kinetics was derived. The model simulated the breakthrough curves for myoglobin well.
Axial dispersion was dominant for the membrane adsorber whereas intraparticle diffusion was dominant for the
packed-bed adsorber.

1. Introduction

Downstream processes such as extraction,
concentration, separation and purification are
key techniques for the production of biological
macromolecules such as enzymes, proteins and
antibodies. Especially separation and purification
play an important role in downstream treatment
processing for biochemistry and biotechnology
[1]. Considerable efforts have been devoted to
the optimization of conventional methods and

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00493-S

the development of new methods based on new
principles in order to increase the productivity of
separation and purification processes.

Liquid column chromatography is one of the

" most popular techniques for protein separation

and purification and has been widely used in
various fields of biotechnology from HPLC anal-
ysis to industrial-scale processes, because it is
possible to purify proteins without losing their
biological activity and to operate with simple
equipment under mild conditions. Conventional
bead-based packed-bed operation in column
chromatography is carried out by pumping the
feed solution to the packed bed containing
porous particles. Packed-bed operation is not

© 1994 Elsevier Science B.V. All rights reserved
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necessarily the most suitable method for dealing
with a large amount of dilute protein solution.
Efficient adsorption can be realized when the
breakthrough curve is steep with a high flow-rate
resulting from a large overall adsorption rate
which includes adsorbate—adsorbent association
kinetics and mass transfer. The overall adsorp-
tion rate of protein is generally slow because of
the large mass transfer resistance. With large
porous particles, diffusion pathways for the pro-
teins are relatively long and therefore low flow-
rates are required to suppress kinetic effects.
This causes long cycle times and inefficient
operation in terms of operation time. On the
other hand, efficient utilization of the adsorber
can be attained when smaller particles of ad-
sorbent are used because the dynamic adsorption
capacity increases owing to the steep break-
through. However, smaller particles make it
difficult to operate at higher flow-rates owing to
the high pressure drop [2], resulting in lower
productivity. Therefore, an alternative technique
to the packed-bed operation has been developed
for preparative operation.

A membrane adsorber has been used to
bypass these fundamental limitations of the

packed-bed adsorber [2-5]. The ligands are ‘

immobilized on the surface of the membrane
pores. The pores are designed to be large
enough to permit convective flow. The overall
adsorption rate may be large and steep break-
through is expected because it is not affected by
diffusion due to the convection through the
pores of the membrane. Thus, mass transfer and
pressure drop limitations could be minimized.
Therefore, it is possible to operate at lower
pressure drops, higher flow-rates and short cycle
times. The membrane adsorber may allow the
rapid processing of large volumes of feed stream
and may be suitable for the separation and
purification of large amounts of dilute protein
solutions. :

Membrane modules reported in the literature
are classified into two types, stacked flat-sheet
membranes or hollow fibre membranes. Brandt
et al. [2] prepared an affinity membrane in a
stacked membrane module. They demonstrated

the efficient isolation of fibrinogen an immuno-
globulin G with gelatin- and protein A-contain-
ing membranes. Liu and Fried [6] measured
breakthrough curves of lysozyme through a
stacked affinity membrane of cellulose—Cibacron
Blue. Kim et al. [7] prepared a hollow. fibre
affinity membrane. The adsorption and elution
behaviour of bovine y-globulin with an affinity
membrane containing hydrophobic amino acids
as ligands was studied. These experimental
studies revealed that the breakthrough curves
were not influenced by the flow-rate. Hence
diffusion resistance of a solute can be eliminated
by convective flow through pores in the mem-
brane.

Models of membrane adsorbers have been
studied with regard to breakthrough analysis.
A mathematical model including axial diffus-
ion and adsorption kinetics was developed
by Suen and Etzel [3], and was subse-
quently extended to multi-component systems
[4]. Liu and Fried [6] developed a model in-
cluding radial diffusion in addition to axial diffu-
sion.

The membrane adsorber might suffer from
heterogeneity of the membrane, that is, variation
of the pore-size distribution, membrane thick-
ness distribution, porosity distribution, etc.,
because of the short pathway in the flow direc-
tion. Suen and Etzel [3], Liu and Fried [6] and
Goto and Hirose [8] have pointed out that the
effect of heterogeneity is significant for a mem-
brane adsorber.

The objective of this study was to investigate
the adsorption behaviour of proteins with a
membrane adsorber in comparison with a
packed-bed adsorber. Two kinds of proteins,
myoglobin and ovalbumin, were used as adsor-
bates. Breakthrough curves for each adsorber
were measured and adsorption isotherms were
obtained by integrating the breakthrough curves.
The breakthrough curves and adsorption iso-
therms for the membrane adsorber were com-
pared with those for the packed-bed adsorber.
Mathematical models for each adsorber were
derived and compared with the experimental
results.
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2. Model equations for breakthrough curve
calculation

2.1. Model for a packed-bed adsorber

The breakthrough curves for a packed-bed
adsorber may be described by the following
model, containing rate processes of intraparticle
and external film mass transfer resistance, axial
dispersion and local adsorption kinetics. Some of
these rate processes may cause broadening of the
breakthrough curve.

The mass balance over a section of adsorber is
expressed as

ac + _ai
8 Tz
a%c
=eD ? - (1 - E)apkf(c - Ci|r=r0) (1)

where ¢ and ¢; are the concentration in inter-
particle void space and in the pore of particle,
respectively, and D and k, denote axial disper-
sion coefficient and external film mass transfer
coefficient, respectively. A mass balance within a
particle is given by

ac; 1 9 ( ) 8c,~> dq

ot =P e M) T )

€

where D, and g are intraparticle effective dif-
fusivity and the amount adsorbed, respectively.
The association rate between adsorbate and
adsorbent may be expressed by second order in
the forward direction and first order in the
revere direction [9]:

dq
o1 = ka€i(q=—q) — kg (3)

where k,, k, and ¢,, are adsorption and desorp-
tion rate constants and maximum adsorption
capacity, respectively. Eq. 3 is the rate equation
which reduces to the Langmuir isotherm at
equilibrium.
The initial and boundary conditions are
ac;

De-—a—r— ’=r0=kf(c—ci| ) atr=r, ©)

r=r0

ac;

?r=0=0 atr=0 5

c=q=c¢;=0 atz=0,1=0 (6)
ac

svc—sD-E=evc0 atz=0,t>0 @)

ac

3520 atz=L,t>0 (8)

where ¢, is the feed concentration of protein for
step input.

Using the linear driving force (LDF) approxi-
mation [10], Egs. 1-8 reduce to

dc dc 3% _
e Hev '5;=8D ';2——(1 —g)ak,(c—c;)
)
ac; _. 0q
&5 = ak,(c—c;) ~ar (10)
aq — _ _
§=kaci(‘Iw_‘I)—kdq (11)
c=qg=¢;=0 atz=0,t=0 (12)
dc
gve — eD -5 = euc, atz=0,t>0 (13)
g _ 0 =L,t>0 14
5, 0 atz=L,¢t (14)

where Bi=k;r,/D, and a,=3/r,. The overall
mass transfer coefficient, k,, is given by k, =
k./(1+ Bi/5), where intraparticle diffusion and
external mass transfer effects are combined. c;
and g are average values of ¢; and g, respective-
ly.

Eqs. 9-14 were solved numerically using the
finite-difference method for the simulation of
breakthrough curves for a packed-bed adsorber.

2.2. Model for a membrane adsorber

In a membrane adsorber, intraparticle and
external mass transfer resistance may be negli-
gible because of convection through the pores of
the membrane. Therefore, the model for the
membrane adsorber is derived by excluding the
terms of these mass transfer resistance from the
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above model for the packed-bed adsorber. The
resulting rate processes contain only axial disper-
sion and adsorption kinetics. The model equa-
tions derived are identical with the model of
Suen and Etzel [3].

ac ac d°c aq
8'at+€v'.‘¥=eD'—3zz—(1—8)W (15)
9q
St = kac(qe —q) — kaq (16)

Liu and Fried [6] developed a model involving
both radial dispersion and axial dispersion. As
radial dispersion is less important than axial
dispersion, it is neglected here. Eqs. 15 and 16,
with initial and boundary conditions, Eqs. 6-8,
were solved numerically by using the finite-dif-
ference method based on Crank-Nicholson’s
differencing scheme for the simulation of break-
through curve for a membrane adsorber.

2.3. Calculation of breakthrough curve

The equations for the packed-bed and the
membrane adsorbers were solved on a PC to
simulate the adsorption processes.

The values of the maximum adsorption capaci-
ty ¢. and equilibrium constant K; (=ky/k,)
were determined from the experimental adsorp-
tion isotherms. Kinetic parameters involved in
the model equations, overall mass transfer coeffi-
cient k,, axial Peclet number Pe (=vL/D) and
adsorption rate constant k,, were evaluated by
fitting with the experimental . breakthrough
curves in the following procedure.

For the packed-bed adsorber, it was assumed
as an initial guess that the value of Pe was 80,
which corresponds to a particle Peclet number
vd,/D = 0.5 [11}, and the value of k, was infinite
(or sufficiently large). Then k, was determined
by fitting the experimental data for the highest
flow-rate, because broadening of the curve may
be controlled by intraparticle diffusion for higher
flow-rates. Theoretical curves for other flow-
rates were calculated using the same parameters.
If the calculated curve with those parameters did
not agree with the experimental data for lower
flow-rates, the calculations were repeated with

modified parameters of Pe or k, until they
agreed with the experimental data.

In the case of the membrane adsorber, it was
assumed as an initial guess that k, was infinite
(or sufficiently large) and axial dispersion caused
the broadening of the breakthrough curve. The
value of Pe was determined in the same way as
for the packed-bed adsorber. If the calculated
curve did not agree with the experimental curve
for the entire flow-rate range, the value of k
was decreased.

a

3. Experimental

Adsorption breakthrough curves were mea-
sured at 277 K for two kinds of anion exchanger:
(a) an adsorber consisting of a stack of mem-
brane, DEAE MemSep 1000 (Millipore), and
(b) an adsorber packed with spherical beads,
DEAE Sephacel (Pharmacia—~LKB). The phys-
ical properties of the adsorbers are summarized
in Table 1. Both adsorbers had the same volume.
The membrane adsorber consisted of a multi-
layer microporous membrane assembled within
the housing as shown in Fig. 1.

Myoglobin (horse heart; Sigma) and oval-
bumin (Sigma) were used as adsorbates. The
molecular mass and isoelectric point for myoglo-
bin are 17800 and 7.3, respectively, and those
for ovalbumin are 46 000 and 4.6, respectively.

The breakthrough curves for these adsorbers
were measured using the following procedure.
First, the adsorber was equilibrated with 0.02 M
Tris buffer solution. The pH of the buffer
solution was adjusted with HCl to 9.3 and 8.0 for
myoglobin and ovalbumin, respectively. The
protein dissolved in the buffer solution was
pumped to the adsorber until the available
capacity of the adsorber was exhausted and the
adsorbate concentration in the effluent of the
adsorber approached the feed concentration.
The effluent concentration was continuously
monitored with a UV-Vis spectrophotometer at
533 and 280 nm for myoglobin and ovalbumin,
respectively. The adsorbed protein was eluted
with an eluent consisting of the buffer solution
containing 1 M NaCl. The adsorber was finally
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Table 1
Properties of adsorbers

Parameter DEAE MemSep 1000 DEAE Sephacel
membrane adsorber packed-bed

adsorber
Matrix Cellulose Cellulose
Pore size (m) 1.2-107° -
Porosity 0.8 -
Average particle diameter (m) - 1.0-107*
Column diameter (m) 1.8-107° 1.04-107°
Column height (m) 5.0-107° 16-107°
Bed volume (m?) 1.4-107° 1.4-107°
equilibrated with the buffer solution for the next 16 T T T T
measurement. A 2

q= 15.4c/(c+0.08)

= 12 2 a
4. Results and discussion 9 VA

5

. £ 8 [
Fig. 2 shows adsorption isotherms of myoglo- 2

bin and ovalbumin for the membrane adsorber, o
DEAE MemSep 1000, and Fig. 3 those for the 4 4=20.9c/(c+2.02)
packed-bed adsorber, DEAE Sephacel. The
adsorption isotherms were obtained by integra- 0 1 1 1 1
ting breakthrough curves measured -at various 0 0.2 0.4 06 0.8 1
feed concentrations at a flow-rate of 1.67-107° ¢ kg/m?

m?/s. The total adsorption capacity is generally
independent of the flow-rate. As will be dis-
cussed later, the adsorption capacity for oval-
bumin on the membrane adsorber depended on
the flow-rate.

Each adsorption isotherm was expressed by a

. 2.5-102m ;
< -
. :
- E = | so0%n
= NGO
H . gaskel
membrane

f H
1.8:10%m

Fig. 1. Schematic diagram of a stack of membranes (DEAE
MemSep 1000).

Fig. 2. Adsorption isotherms of (O) myoglobin and (A)
ovalbumin for the DEAE MemSep 1000 membrane ad-
sorber.

80 T T T T
A A
q=73.8c/(c+0.005)
60 .
o
@
Q
Fap i
> Q
i‘ q=38.1c/(c+0.11)
20 .
0 { 1 1 1
0 0.2 0.4 0.6 0.8 1

¢ kg/m’]
Fig. 3. Adsorption isotherms of (O) myoglobin and (A)
ovalbumin for the DEAE Sephacel packed-bed adsorber.
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Langmuir equation. The Langmuir constants, g,
and K,, were determined by the least-squares
method. The Langmuir equation is also shown in
Figs. 2 and 3. Being compared on a mass basis of
the adsorbate per unit volume of the adsorber,
the amount adsorbed for the membrane adsorber
was smaller than that for the packed-bed ad-
sorber. The amount of myoglobin adsorbed was
smaller than that of ovalbumin.

The effects of flow-rate on the breakthrough
curve of myoglobin and ovalbumin for the mem-
brane adsorber are shown in Fig. 4a and b,
respectively. The theoretical breakthrough

o8} @
co = 1.0kg/m3
2=5.0-103m
Eoo'e i Vi=1.4-10%m3 |
% Pe = 65
04 | ky= -

[ —— 0 20-10%m¥s

0.2 —=-=- A 1.67-10%m¥s _|
se-ss O 1.5-10"m¥s
0t n 1 1
0 3 6 9 12 15
VIVt [
1
0.8
z2=5.0°10%m
— 0.6 |- Vi=14:10%m?
3 Pe = 65
8 ka= 0.06m3kg *s
0.4 ; —— 0 2.0-10%m3%
i —= - A 1.67+108m%s
02 - ?_e --=-- O 1.42-107m¥%
@
0 DeeRIE L .
0 10 20 30 40 50
VIVt [4]
0 —
A ] Experimental —_- j' Theoretical model
o

Fig. 4. Effect of flow-rate on the experimental and theoret-
ical breakthrough curves of (a) myoglobin and (b) ovalbumin
for the DEAE MemSep 1000 membrane adsorber.

curves calculated by the model are also shown.
The ordinate and abscissa are the ratio of ef-
fluent concentration to feed concentration and
the ratio of effluent volume to bed volume,
respectively. The adsorption breakthrough
curves of myoglobin were steeper than those of
ovalbumin. They were independent of flow-rate
because of convection through the pores of the
membrane, resulting in negligible diffusion re-
sistance. The mathematical model for myoglobin
nearly agreed with the experimental data when
the value of Pe was 65 with an infinite value of
k,. On the other hand, the breakthrough curves
of ovalbumin depended on flow-rate, especially
for the highest flow-rate. The theoretical curves
did not agree with the experimental data with
any parameters. The dependence of the adsorp-
tion capacity on the flow-rate could not be
represented by the model.

Fig. 5 shows the effect of flow-rate on the
adsorbed amount calculated by integration of the
curves after complete breakthrough. The data
are plotted as amount adsorbed per umit bed
volume against volumetric flow-rate. A larger
amount of ovalbumin was adsorbed as the flow-
rate increased. This abnormal behaviour cannot
be explained by conventional adsorption theory.
Kim et al. [7] stated the possibility of a flow-rate
effect on adsorption for a membrane adsorber.
The deformation of protein by shear stress might

20 T S
16 .
= A co= 1.0kg/m3
812 .
(/]
(=
2 s} 4
po O e 0O D
4 | -
0 1 1
10°® 10’8 107 10°®

Q[m’s]
Fig. 5. Effect of flow-rate on the amounts adsorbed of (O)
myoglobin and (A) ovalbumin for the DEAE MemSep 1000
membrane adsorber.
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affect the adsorption. An effect of flow-rate on
adsorption capacity was not observed for bovine
y-globulin on a phenylalanine- or tryptophan-
containing membrane system under their ex-
perimental conditions. Skidmore et al. [12] ob-
served that bovine serum albumin (BSA) had a
higher adsorption capacity for a packed bed than
expected from the adsorption isotherm obtained
in stirred-tank experiments. This behaviour was
not observed for lysozyme. They explained that
this was due to multi-layer binding of BSA
resulting from the formation of dimers. The
dimer formation could be promoted by the flow
which brings fresh BSA solution to the adsorbed
protein. Therefore, the greater amount adsorbed
at higher flow-rates observed in this work might
be explained by multi-layer binding of ovalbumin
molecules to molecules that are already adsorbed
or dimerization of molecules or the influence of
protein deformation due to the shear stress of
the convective flow in the pores.

Heterogeneities of the membrane such as
porosity distribution, thickness distribution and
non-uniform flow through the membrane may
exist [3,6,8]. Suen and Etzel [3] calculated the
breakthrough curves when the membrane thick-
ness and porosity had variations of 10%. They
pointed out that even relatively small variations
degrade the membrane performance [3]. The
model containing these effects may also explain
the broadening of the breakthrough curve of
ovalbumin for higher flow-rates in the case of the
membrane adsorber. When a larger number of
membrane sheets are stacked, the influence of
heterogeneity of the membrane may become less
important.

Another important factor leading to broaden-
ing of curves may be non-ideality in the mem-
brane module which includes non-uniform and
uneven distribution of flow, leakage along the
side of the membranes, variation of space be-
tween membranes and dead space in the hous-
ing. As mentioned by Liu and Fried [6], this
effect is significant in membrane adsorbers.

The effects of flow-rate on the breakthrough
curve of both proteins for the packed-bed ad-
sorber are shown in Fig. 6a and b. The break-
through curves of both proteins were signifi-

1 T T A DY ﬁ%ﬁ
/ Adpa
@ A48 i
08 An
co = 1.0kg/m? -
_. 06 | z=16-107m Pe = 80 .
o Vi=1.4-10%m3 4 a= ®
) : kp =4.5-10%m/s
04 = 1% -
s/ —— © 1.67-10%ms
—_———A . 3
02 b ... 8.33-10%m’s |
2o ----- 0O 1.67-10m3s
o dat A
0 20 40 60 80
VVE[]
1 , .
a
08 | co= 1.0kg/m3
z=1.6-107m
— 06 | Vt = 1.4.10%m3-
"o Pe = 80
‘\? k.=
[3) a
04 kp=29:105m/s ]
—— 0 1.67:10%m3%s
02 —-- A 833.10%m3s ]
y <e=-- O 1.67-10ms
0 £ I 1 1
0 50 100 150 200 250
VIVE[]
o] —_—
A ] Experimental —_ - jI Theoretical model
o -

Fig. 6. Effect of flow-rate on the experimental and theoret-
ical breakthrough curves of (a) myoglobin and (b) ovalbumin
for the DEAE Sephacel packed-bed adsorber.

cantly affected by the flow-rate. This indicates
the influence of the intraparticle diffusion resist-
ance. The breakthrough curves of myoglobin
were steeper than those of ovalbumin, mainly
because the adsorption capacity of myoglobin is
lower than that of ovalbumin and the diffusivity
of myglobin is larger than that of ovalbumin
owing to the difference in molecular mass. The
abnormal behaviour of ovalbumin observed for
the membrane adsorber was not observed for the
packed-bed adsorber. The difference between
the membrane adsorber and the packed-bed
adsorber is the transport mechanism within the
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Table 2

Parameters used in the calculation of mathematical models for packed-bed and membrane adsorbers

Protein Parameter Packed-bed adsorber Membrane adsorber
Myoglobin Pe 65 80

k,(m*/kg-s) o o

k,(m/s) 4.5-107* -
Ovalbumin Pe 65 80

k,(m’/kg-s) @ 0.06

k (m/s) 29-107° -

adsorbent. The adsorbate molecule is trans-
ported to the adsorption site by diffusion for the
packed-bed adsorber, whereas it is transported
directly by the convective flow for the membrane
adsorber. Therefore, liquid flow in the void
space of particles does not affect on the ad-
sorption behaviour within the particles. The
breakthrough curves were simulated well by the
model for the entire flow-rate range.

Table 2 summarizes the parameters estimated
by fitting with experimental data. Although the
modelling was not successful for the ovalbumin—
membrane system, the parameters for the system
are listed. In this work, association Kkinetics
between adsorbate and adsorbent were not
dominant because the association mechanism
was ion exchange in the membrane used here.
However, the association between solute and
ligand for affinity adsorption may be slower and
more important for the membrane adsorber
owing to the absence of mass. transfer resistance.

5. Conclusions

The breakthrough curves for the membrane
adsorber were compared with those for the
packed-bed adsorber. The amount adsorbed for
the membrane adsorber was smaller than that for
the packed-bed adsorber based on a unit volume
of the adsorber. The breakthrough curves for the
membrane adsorber were steeper than those for
the packed-bed adsorber owing to convection
through the pores of the membrane, leading to
negligible diffusion resistance. For the packed-
bed adsorber, the breakthrough curves were

significantly affected by the flow-rate because of
intraparticle diffusion resistance.

The breakthrough curves of myoglobin for the
membrane were steeper than those of ovalbumin
and independent of flow-rate; however, those of
ovalbumin were affected by flow-rate. The
mathematical model simulated well for myoglo-
bin but not for ovalbumin.

Symbols

specific surface area (m™')

= kro/ D, ; Biot number

concentration in fluid phase (kg/m?)
feed concentration (kg/m?)
concentration in fluid phase in pore (kg/m?)
average value of c, (kg/m?)

axial dispersion coefficent (m?*/s)
intraparticle effective diffusivity (m?/s)
adsorption rate constant (m’/kg-s)
desorption rate constant (s~')

external film mass transfer coefficient (m/s)
overall mass transfer coefficient (m/s)
desorption equilibrium constant (kg/m’)
column height (m)

=vL/D; Peclet number

amount adsorbed (kg/m?*)

adsorption capacity (kg/m®)

average value of ¢ (kg/m’)

volumetric flow-rate (m>/s)

radial coordinate in a particle (m)
radius of a particle (m)

time (s)

interstitial velocity (m/s)

effluent volume (m?)

o 60 8
o E-c

SE R R K S N R IE:

<c No‘: ‘IOQIEQQ?
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V, bed volume (m>)

z  axial distance (m)

€ bed voidage or membrane porosity
g,  porosity of a particle
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Abstract

In this paper, properties of new ion exchangers specifically designed for protein separations are reported. These
sorbents are constituted of two main parts: a rigid, porous polystyrene—silica composite material which forms a
rigid skeleton and a soft hydrogel bringing strong ionic groups. The later is regularly distributed inside the pores of
the skeleton. Characterization of these materials was performed by measuring dynamic sorption capacity, resolving
power, separation efficiency and protein recovery. These studies were done using various known proteins and
protein mixtures. Some comparisons have been made with commercially available ion exchangers also designed for

protein separations.

1. Introduction

High-performance ion-exchange liquid chro-
matography is a powerful method for separation
and purification of biopolymers. Various types of
stationary phases were developed based on sur-
face modified silica, polysaccharides and syn-
thetic hydrophilic resins. The stationary phases
vary in charge, functionality and pore diameter.
Besides the surface chemistry, the pore structure
is one of the most important characteristics of a
stationary phase, since it determines the surface
area of the support as well as the intraparticle
solute transport.

Micropellicular [1,2] and non-porous station-

* Corresponding author. Present address: Dionex Corpora-
tion, 1228 Titan Way, P.O. Box 3603, Sunnyvale, CA
94088, USA.

0021-9673/94/%07.00
SSDI 0021-9673(94)00552-K

ary phases [3-5] are designed to achieve very
fast and very efficient separations of biopoly-
mers. The main advantage of these stationary
phases is the rapid mass transfer between the
stationary phase and the solutes. By eliminating
the pores, the ‘‘stagnant mobile phase mass
transfer” which is the main cause of the band
spreading in the case of porous supports is
diminished. The limitation of these phases is the
small surface area and the low column per-
meability due to the small, non-porous spherical
particles.

At present the majority of available products
are the well-known conventional porous diffusive
stationary phases. The size of the pores (100-
1000 A) is large enough to let the biopolymers
diffuse rapidly to access to ionic sites [6]. With
this pore size these stationary phases have sig-
nificantly larger surface area and thus considera-

© 1994 Elsevier Science B.V. All rights reserved
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bly higher capacity compared to the micropel-
licular and non-porous phases. However, the
slow mass transfer between the pores and the
analytes results in peak broadening and in a
significantly slower separation process.

In 1990 new, so-called perfusive chromato-
graphic media were introduced [7]. These sepa-
ration media are constituted of particles with
6000-8000-A pores transecting the particles, the
surface area being increased by the presence of
500-1500-A interconnecting pores. As a result of
the interconnected ‘“throughpores” the particle
can be operated in perfusion mode: when the
rate of the solute transport due to convective
flow inside the particles is greater than the rate
of diffusive transport due to concentration gra-
dients [7]. At low flow rates solutes enter the
particle through a combination of convective and
diffusive transport, but at high flow (Peclet
number > 1) convection dominates. Due to con-
vective transport, mass transfer rates are de-
scribed as high compared to conventional diffu-
sive stationary phases; this gives numerous appli-
cation advantages to this type stationary phases
[7,8]. D.D. Frey et al. [9] studied the effect of
intraparticle convection on separations of bio-
molecules. They concluded that perfusive par-
ticles have performance advantages over par-
ticles with standard sized pores, mainly for
applications that do not require high resolving
power to accomplish fast separations. Besides
the speed of the separation, another conse-
quence of the very large porous, perfusive struc-
ture is the smaller surface area, which results in
significant decrease of loading capacity compared
to conventional diffusive stationary phases.

More recently a new chromatographic packing
material was introduced based on a new hybrid
concept [10-12]. A classical, soft tridimensional
gel network is used as a protein sorbent; the high
capacity of this kind of material was described
more than 20 years ago [13]. This gel is not
appropriate for high-performance liquid chroma-
tography, due to its softness. In the so-called
HyperD particles the gel is surrounded by a
polystyrene—silica composite material giving it
the necessary physical hardness for use in HPLC

columns. The soft hydrogel can possess chemical
functions or ligands appropriate for protein sepa-
rations. Adsorption—desorption mechanisms are
not different from classical hydrogels and neces-
sitate the diffusion of macromolecules inside the
gel where the requisite interactions occur and
not in the interface between the rigid material
and the hydrophilic polymer [14].

In this work main ion-exchange properties are
studied with various proteins using the new ion-
exchange material known under the trade name
of HyperD (see below). We also compared the
results to conventional diffusive and perfusive
materials. Results shown deal with 10-um
spherical particles for micropreparative high-per-
formance separations.

2. Experimental
2.1. Columns and stationary phases

The Q and S HyperD ion-exchange stationary
phase (10 pwm particle size) was supplied by
BioSepra, France. The stationary phase was
packed into Pharmacia’s HR 5/5 column system
(5x50 mm glass column, with adjustable col-
umn top) using the following packing procedure.
First, 2 ml of slurry (50% dry material content)
was homogenized and filled into an empty reser-
voir. Than, the slurry was pushed into the empty
column, with a Beckman HPLC pump (#126)
using inverse flow (against gravity) to obtain a
maximum of 950 p.s.i. (1 p.s.i. =6894.76 Pa)
pressure drop on the column. The packing liquid
for the Q material was 20% MeOH, 1 M NaCl
and 50 mM Tris-HCl at pH 8.62. The packing
buffer for the S material was 20% MeOH, 1 M
NaCl, 50 mM Na Acetate at pH 4.50. The flow
was maintained for 20 min.

Mono Q and Mono S columns (50 X5 mm)
were purchased from Pharmacia LKB, (Piscata-
way, NJ, USA). The column configurations and
particle size (10 pm) were identical with the Q
and S HyperD columns.

Poros Q/H, Poros S/H and Poros HS/H
columns were purchased from PerSeptive Bio-
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Systems (Cambridge, MA, USA). The 10-um
particles were prepacked into 50 X 4.6 mm 1.D.
polyether ether ketone (PEEK) columns.

For recovery, capacity and some gradient
studies Resource Q (30 X 6.4 mm) 15 um col-
umn from Pharmacia, and the Poros Q II/P
(50x4.6 mm PEEK) 20 gm column from
PerSeptive BioSystems were also used. Due to
the different particle sizes of these two last
sorbents (15 and 20 um, respectively, compared
to 10 um) results of the efficiency, resolution,
and separation studies are not presented in this
report.

2.2. Instruments

The Beckman (Fullerton, CA, USA) System
Gold HPLC system was used throughout this
study. The system consisted of a Programmable
Solvent Module 126, Programmable Detector
Module 166, and Autosampler 507 equipped
with loops ranging in size from 25 to 1000 wl.
For capacity measurements we used the 50 ml
glass superloop from Pharmacia LKB.

The data was collected using an IBM PS/2
Model 568X computer and evaluated using the
System Gold Data system.

For recovery studies we used a Beckman
Model DU-7 Spectrophotometer to measure UV
absorbance.

2.3. Chemicals

All salts and solvents were HPLC grade. The
buffers were filtered through a 0.45-um filter and
degassed before use.

All standard proteins [such as ribonuclease A
(RNASE A), ovalbumin (OVA), a-chymotryp-
sinogen A (a-Chym A), B-lactoglobulin (B-
Lact), cytochrome ¢ (Cyt C), myoglobin (Myo),
lysozyme (Lys), human transferrin (aTRS),
human albumin (hA)] were purchased in purified
form from Sigma (St. Louis, MO, USA).

Bw-E. Coli extracts were prepared by Dr.
Craig Adams (Beckman Instruments, Fullerton,
CA, USA) and used without further treatment.

3. Results and discussion
3.1. Q ion exchangers

Isocratic elution of proteins

For preliminary testing, the efficiency was
measured under isocratic conditions when flow
rate and sample load were varied. Bovine serum
albumin (BSA) was used as a test protein under
non-retaining conditions for all columns. The
lack of retention limits the practical importance
of these experiments; however, they are very
useful for the comparison of various stationary
phases regarding their differences in intraparticle
solute transport. The plate numbers were de-
termined from three consecutive injections using
the Beckman System Gold software. The data
varied less than 1%. At relatively low flow rates
the Q HyperD column initially showed a good
efficiency. As the flow rate increases, efficiency
progressively deteriorated beyond a linear ve-
locity of 360 cm/h (Fig. 1) The Poros Q/H
column demonstrated very good reduced plate
height values also, which were substantially
unchanged up to 550 cm/h linear velocity used in
this study. The high efficiency of the Q HyperD
column is attributed to the high diffusive per-
meability of the hydrogel [10,13] and the low
level of peak broadening. However, the phe-
nomena of non-equilibrium diffusion rate
showed some degree of flow rate dependency.

7

6F m  QHyperD
e MonoQ
A PorosQ/H

reduced plate height

Qo0 200 300 400 500 600
linear velocity (cm/hour)

Fig. 1. Reduced plate height versus linear velocity relation-

ship with 10-pm Q ion exchangers. 80 ug (40 ul) bovine

serum albumin was injected under non-retaining conditions:

0.4 M NaCl in 50 mM Tris-HCI pH = 8.6 buffer. Detection at

280 nm.
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Although some loss of efficiency can be mea-
sured at higher flow rates with the Q HyperD
column, the flow range where this deterioration
starts is close to the maximum operating flow
rate due to back-pressure limitation. The con-
ventional diffusive Mono Q column showed the
lowest efficiency among the three columns we
studied, which decreased much more with in-
creasing flow rates. Here we need to emphasize
that the diffusive Mono Q and Q HyperD do not
have the speed capability of the perfusive Poros
Q column. The pressure limit on the Q HyperD
column is 1200 p.s.i. and on the Mono Q column
750 p.s.i. The Poros Q has superior stability: up
to 2500 p.s.i. Due to pressure limitations, the
maximum flow rates we could use in our com-
parison did not reach the perfusion limit for the
Poros Q column, so all three columns were
operated under diffusive conditions.

Fig. 2 shows the relationship between the
column efficiency and protein load for the three
columns. To determine efficiency we made three
consecutive injections and used System Gold
software to evaluate the chromatograms. The
data varied less than 1%. Q HyperD and Poros
Q possess very similar efficiency at the flow rate
used (1 mil/min), Mono Q shows somewhat
lower plate numbers. As expected, efficiency
decreases slightly with increasing protein load for
all the columns studied.

6F e MonoQ ———> saturated peaks
- n QHyperD
=0 A PorosQ/H
. . /
L dte o 00 . /
2 A%‘{_:f/—/
2
3 2 A A
2

0 s N 2 L L .
0 200 400 600 800 1000 1200

protein load (ug)

Fig. 2. Reduced plate height versus protein load relationship
with 10-um Q ion exchangers. Various amounts of bovine
serum albumin were injected in 500 ul injection volume
under non-retaining conditions: 1 ml/min 0.4 M NaCl in 50
mM Tris-HCl pH = 8.6 buffer. Detection at 280 nm.

Protein recovery

To measure and compare the protein recovery
with various columns, the peak collection meth-
od was used. Since the capacities of the columns
investigated differ greatly, the amount of BSA
injected was 2% of the sorption capacity of each
column. Thus, the relative sample load (injected
amount compared to the capacity) on each
column was similar and gave an effective com-
parison. The adsorbed BSA was eluted with 1 M
NaCl in 50 mM Tris-HCI pH 8.62 buffer, and the
recovered BSA was determined by measuring
the BSA concentration in the collected samples
using UV spectrophotometry. BSA recovery was
67% with Q HyperD and of similar order for
MONO Q (73%) and Poros Q/H (70%).

After injection and elution of the protein
sample the columns were washed with successive
gradient runs (three times) and with 0.1 M
sodium hydroxide injection. There was practical-
ly no protein elution during these runs. The
recovery measurement was repeated three times
on each column and the results varied less than
5%. On the basis of these findings, unrecovered
BSA is considered here as sample impurity,
worse with BSA and much better in the case of
cytochrome ¢ which we used for S ion ex-
changers (see below).

Capacity studies

One of the most important characteristics of a
preparative HPLC column is its sorption capaci-
ty. It determines the highest applicable sample
load and thus the productivity of the phase in
protein purification. Naturally the dynamic
capacity gives even more information about the
column: how the capacity will be affected by
increasing velocities.

To measure dynamic capacities of the three
columns the frontal analysis method was used (5
mg/ml BSA solution). Breakthrough curves
were measured at various linear velocities. 50%
breakthrough point was taken for calculations to
determine capacity; however, 10% breakthrough
data for the Q HyperD column are also shown.

Under the experimental conditions studied Q
HyperD showed a capacity of about 200 mg/ml
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for BSA at 80 cm/h. At 900 cm/h the capacity
decreased 25% to 150 mg/ml. At 10% break-
through, the capacity difference was of about 30
mg/ml corresponding to 20%. Mono Q, Poros Q
and Resource Q showed significantly lower
capacities: 80, 25 and 70 mg/ml, respectively, at
80 cm/h. Increase in linear velocity resulted in
capacity decrease for Mono Q and Resource Q.
The sorption capacity of Poros Q remained
constant over the entire range of linear velocity
studied (Fig. 3).

Gradient elution of protein mixtures

To compare the chromatographic performance
of the columns, standard protein samples. were
used under identical chromatographic condi-
tions. Under these conditions the same reduced
linear velocity was adopted for each column
(linear velocity was adjusted according to par-
ticle size), the gradient length was adjusted to
the column length, and the gradient volume was
corrected for the dead volume of each individual
column. The basis for the adjustments described
above was the following equation [15]:

tO

b= 1og e

where b = gradient steepness parameter, t, =V, /

F,V_ = dead volume (total volume of the mobile
phase inside the column), F=flow rate (ml/
min), ¢, = gradient duration time (min), k, and
k, = capacity factor of the solute with A and B
eluent (for given gradient solvents log k,/k, is
constant).

Standard conditions chosen for Q HyperD
were: F =1 ml/min, ¢ =20 min, and 0-100% B
concentration change during the gradient run.
The value of log k,/k, for Q HyperD was
calculated from these data and from the mea-
sured dead volume. To make the adjustments
described above, as a rough estimate, log k,/k,
was considered to be the same for each column.

Using these data as well as the measured dead
volumes and the constant linear velocity, the ¢
values for the other columns were calculated
using Eq. 1. The calculated and applied gradient
conditions for all the Q columns are summarized
in Table 1.

The buffers were identical for all columns; the
gradients were run from 0-0.4 M salt as de-
scribed in Fig. 4 where chromatographic sepa-
rations are shown.

Q HyperD showed a complete separation of
the five components of this mixture with the
tendency also to separate the two forms of
transferrin. Q HyperD, Mono Q and Resource

oI QHyperD-50%
O QHyperD-10%

250 {
@ MonoQ
A Poros Q I/P
= 200 a A Poros Q/H
£ =} a O Resource Q
2 \:\nmn\'\n\
S 150} oo 5 o
E
5 100}
= M
50 M
E 50 -
. R A A x
0 1 1 ] 1 1 1]
0 200 400 600 800 1000 1200

linear velocity (cm/hour)

Fig. 3. Dynamic capacity of various Q columns. Method: frontal chromatography of 5 mg/ml bovine serum albumin solution, 50
mM Tris-HCl pH = 8.2 buffer; detection, 290 nm, 50% breakthrough.
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Table 1

Established gradient conditions for Q ion-exchange columns

Column Particle Column Va Linear Flow rate ts
size size (ml) velocity (ml/min) (min)
(pm) (mm) (cm/h)

Q HyperD 10 50x5 0.87 306 1 20

Mono Q 10 50 x5 0.89 306 1 20.5

Poros Q/H 10 50 x 4.6 0.66 306 0.85 17.8

ResourceQ 15 30x6.4 0.84 204 1.09 17.7

Q showed similar selectivity, the last peak (hA)
eluted at around 75% of buffer B concentration.
In Poros Q/H proteins were eluted more rapidly
probably as a consequence of the weaker ion-
exchange groups than the other Q columns: the
last peak (hA) eluted at about 50% buffer B.

However, using 0.2 M NaCl buffer B instead of
the 0.4 M NaCl, the separation for this column
became similar to the separation obtained with
Q HyperD and Mono Q columns using 0.4 M
NaCl. The Resource Q column resulted in
broader peaks than the other Q columns, which

Q HyperD o
0.08 [ 2 (5x50 mm) ol &
' MONO Q
006F © 55 3 < (5x50 mm)
) gg © = .
© e w 0.08+ 2 P
8 8 = g2 £ -7
€ 0o4r g 55 5 _
£ £ 5l '
2 Q 0.04F )
8 o002} 2 !
< <
I
0.00 | 0.00 b _J :
i ) " noo ) i , . . . | )
0 5 10 15 20 25 ) 5 10 15 20 25
Time (min) Time (min)
= €
2 33 O 0 2 Resource Q
o 0. | ;
sl ¢ EE POROS Q/H & (6.4x30 mm)
5' (4.6x50 mm)
<
P 0.06 F ==z L7
i o
g o0 2 . | 3 A . |
§ i & s < 7 .
g | S o003t ”
@ 003} 5
o [ Q
< <
! 0.00F
0.00 | P
- |
74 1 1 1 il I
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Fig. 4. Separation of 5 standard proteins with gradient elution using various Q columns. Gradient conditions (flow rate and
duration time) are described in Table 1. Buffer A, 50 mM Tris-HCI pH = 8.6; buffer B, 0.4 M NaCl in 50 mM Tris-HCI pH = 8.6;

detection at 280 nm, total injected protein amount was 297.5 pg in 50 pl.
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was understandable considering the particle size
differences (15 wm compared to 10 um). As a
summary of these experiments, it can be con-
cluded that in the flow rate range we studied
(0-1.5 ml/min), no dramatic difference in sepa-
ration power and selectivity between the col-
umns existed when they were used for the
separation of clean, standard proteins under
individually adjusted gradient conditions.
Besides testing the columns for standard pro-
tein separation, a separation of a crude extract of
B-w E. Coli was tried, with the 10-um Q
sorbents only. Fig. 5 shows the results obtained
using the same, standard gradient conditions.
Under standard condition the best resolution by
the number of peaks and the best peak width
was gotten with the Q HyperD column. Mono Q
showed little resolution of the last two main

Q HyperD
[ {5x50 mmy}
0.3
8 er - |
=
o i
L
s |
2 0.1F |
<
I
0.0 |
1
1 A
_ 30 40
Time (min)
0.6}
@ 04F
Q
[
[v']
L2
§ 0.2}
<

peaks and a low number of peaks were obtained
using the Poros Q column. Under adjusted
gradient conditions Q HyperD again showed
good resolution and efficiency in comparison to
the other two columns. The separation perform-
ance with Q HyperD was practically independent
of the sample load up to 5 mg (2% of the
capacity) sample injection. Mono Q performance
was strongly dependent on the injected sample
amount (up to 2% of the capacity was injected);
Poros Q gave very similar separations with
increasing sample load and separation speed.

3.2. § ion exchangers

Protein recovery study
To measure and compare the protein recovery
of S HyperD, cytochrome ¢ was used as a model

[
oal Mono Q
(5x50 mm)
o 02t
(8]
c
[1:
2
g o}
<
00F
Time (min)
Poros Q/H
(4.6x50 mm)

P
rd
-
|
00k JWW\\J\/\LF
4 .

20 30 40
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Fig. 5. Separation of Bw-E. Coli extract on Q sorbents using the same gradient conditions for all columns. Conditions: 1 ml/min
flow, 35 min 0~1 M NaCl in 50 mM Tris-HCl pH = 8.6 buffer; detection at 280 nm; injection volume, 30 ul; total injected amount

150 pg.
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Fig. 6. Dynamic capacity study of S HyperD column.
Method: frontal chromatography of 8 mg/ml a-chymotryp-
sinogen A solution; 50 mM Na acetate pH=4.5 buffer;
detection, 290 nm, 50% breakthrough.

protein. The injected amount was 2% of the
capacity of the column. The elution buffer was 2
M NaCl in 50 mM Na acetate pH 4.5 buffer, and
the concentration of Cyt C was determined by
UV spectrophotometry. The protein recovery
was found close to 86%. For Mono S, Poros S/H
and Poros HS/H capacity results under the same
experimental conditions were 80%, 85% and
80%, respectively. The recovery measurement
was repeated three times on each column; the
results were in a range of less than 6%.

Dynamic capacity

8 mg/ml «-Chymotrypsinogen A solution was
used in frontal analysis to measure the capacity
of the S HyperD at various flow rates. Fig. 6
shows that the capacity decreases very slowly as
a function of flow rate. The measured capacity
data of S HyperD compared to the other S
columns’ capacities as specified by the manufac-

Table 2
Comparison of capacity data of various S ion exchangers

turers in their operating instructions is summa-
rized in Table 2.

Gradient elution of protein mixtures

Mixtures of purified, standard proteins were
used to test the columns’ performance in gra-
dient elution. Identical gradient conditions were
defined as described above; adjustments of buf-
fers and buffer concentrations were also made to
obtain the best separation for each protein
mixture. It was found that, for complex mixtures
(6 proteins), formate buffer permitted better
separations than acetate buffer. Preliminary
studies gave evidence that the selectivities of the
packings studied were rather different. Since the
effect of sample load and speed of the separation
on resolution was to be measured, the adjust-
ment of final salt concentration during the gra-
dient run was necessary to get approximately the
same retention time for the last protein peak
with all sorbents. Nevertheless, the absolute
resolution values should be interpreted very
carefully because of the major differences in
surface chemistry. Rather than making a quan-
titative evaluation based on specific values, all
elements of qualitative and quantitative perform-
ance of the various columns should be taken into
consideration.

Resolution—protein load study

For this study a two-protein mixture was
chosen (cytochrome ¢ and B-lactoglobulin). The
resolutions obtained for this protein mixture
were influenced not only by the ion-exchange
performance of each packing material and the

Column Capacity (mg/ml column) Experimental conditions
S HyperD 160 a-Chymotrypsinogen A;
50 mM Na acetate
pH 4.5
Mono § 20-50* Not available®
Poros S/H 20° Lysozyme; pH 6.2°
Poros HS/H 60* Lysozyme; pH 6.2°

* From manufacturer’s specifications (operating instructions)
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Table 3

Established gradient conditions for S ion-exchange columns

Column Column Ve Linear Flow rate tg Final con-
size (ml) velocity (ml/min) (min) centration
(mm) (cm/h) M)

S HyperD 50%x5 0.87 382.8 1.25 18.8 1.08

Mono S 50%x5 0.85 382.8 1.25 18.4 0.45

Poros S/H 50x 4.6 0.65 382.8 1.06 16.6 1.23

Poros HS 50x4.6° 0.59 382.8 1.06 15.0 0.75

particle size, but also by the indirect influence of
the polymer structures. The working conditions
used are summarized in Table 3. The runs were
repeated three times at every load, and System
Gold was used to evaluate the chromatograms.
The relative standard deviation was less than
1%. Fig. 7 shows the result of the experiment:
the resolution of S HyperD at low protein
loading is close to the resolution of Mono S.
When protein loading increased up to 600 ug,
resolution diminished by 30 to 50% for Poros
S/H and HS/H and by about 15% for Mono S
while it remained constant for S HyperD.

Nevertheless, we need to state again that the
actual resolution values are strongly dependent
on the sample—column combination selected,
due to the very different selectivities.

Poros S'H
Poros HS/H
Mono §

S HyperD

8:>“<

4 \\
2

0 s N N N N s N :
0 100 200 300 400 500 600 700 800

protein load (1tg)

uepp

resolution

Fig. 7. Effect of the protein load on resolution in gradient
elution. Various amounts of cytochrome ¢ and B-lactoglobu-
lin were separated using optimized gradient conditions to get
similar retention time for the second peak. The exact
conditions are summarized in Table 3. Detection, 280 nm;
buffer A, 50 mM Na acetate pH = 4.5; buffer B, 1.5 M NaCl
in A buffer.

Resolution—speed study

The effect of flow rate on resolution was also
investigated while keeping the applied gradient
volume constant with steeper gradient profile.
The flow rates were chosen to be the original,
standard flow (see Table 3) multiplied by 0.33,
0.5, 0.67, 1 and 1.2, termed “‘speed factor”. The
applied flow rates and gradient duration times
for each of the columns are summarized in Table
4. The maximum flow rate we could use was 1.5
ml/min, determined by the pressure limit of
Mono S and S HyperD columns. Resolution was
determined using System Gold software from
three consecutive injections. The result varied
less than 1%. The measured resolution was
plotted as a function of the speed factor (Fig. 8),
which is the same for each individual column. S
HyperD shows decreasing resolution with in-
creasing speed as well as Mono S. Nevertheless,
its resolution for this particular protein mixture
remains higher than the Poros S/H and Poros
HS/H columns’ resolution at the maximum
speed tested. The two Poros columns showed no
resolution decrease versus flow rate as theory on
perfusion predicts [7].

Separation of a mixture of 6 proteins

To study and compare the resolving power of
the columns, the same mixture of 6 proteins was
used for all columns with the normalized gra-
dient conditions described above (same linear
velocity and dead volume correction). The final
salt concentration was chosen in such a way that
the elution time of the last protein would be
similar. Fig. 9 shows chromatographic separa-
tions obtained. S HyperD gave better resolution
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Gradient conditions used in speed—resolution study of S ion exchangers

Column Speed factor

0.33 0.50 0.67 1.00 1.20

Flow tg Flow tg Flow g Flow tg Flow tg
S HyperD 0.41 57.3 0.625 37.6 0.84 27.9 1.25 18.8 1.5 15.7
Mono S 0.41 56.1 0.625 36.8 0.84 27.4 1.25 18.4 1.5 15.3
Poros S/H 0.35 50.3 0.53 33.2 0.71 24.8 1.06 16.6 1.27 13.9
Poros HS 0.35 45.4 0.53 30 0.71 22.4 1.06 15 1.27 12.5

Flow measured in ml/min; ¢; in min.

for this sample compared to the other packing
materials; with the Poros columns 4 or 5 peaks
were separated against 6 for S HyperD. It was
also interesting that the elution order of Cyt C
and Lys was inverse with Mono S compared to S
HyperD; lysozyme possesses a higher isoelectric
point than cytochrome ¢ (about 11 versus 9.5)
and should normally be more retained by strong
cation exchangers.

Once again, the influence of the sorbent poly-
mer modified the selectivity to a certain extent
which increased the difficulties of interpretation.

161 a S HyperD
A PorosS/H
A Poros HS/H
12t e Mono$S
=
2 8 .
=3
a N
o
4 A * = #r £
0 . N L s iy s
u.2 04 0.6 0.8 1.0 1.2 14

speed factor (x standard)

Fig. 8. Effect of the separation speed on the resolution in
gradient elution. 150 ng of cytochrome ¢ and B-lactoglobulin
were separated using optimized gradient conditions to get
similar retention time for the second peak. The speed factor
is the number the original flow rate (Table 3.) was multiplied
with. The gradient conditions used (flow rate, gradient
duration) are summarized in Table 4. The final salt con-
centrations are summarized in Table 3. Buffer A, 50 mM Na
acetate pH=4.5; buffer B, 1.5 M NaCl in A buffer;
detection, 280 nm.

So, regardless of the adjustments we made to
establish comparable gradient conditions, results
could easily be different for another sample
mixture.

4. Conclusions

A performance study of a new ion-exchange
packing material (commercially available under
the trade name of HyperD) was performed. The
results were compared to the most well-known
existing packings such as Mono, Resource and
Poros columns.

It was found that the HyperD ion exchangers
have very high capacity and excellent resolution.
The presence of the hydrophilic and permeable
ionic gel in the HyperD particles yielded
capacities which were improved compared to the
conventional porous stationary phases [10,12].
Slightly decreasing resolution and capacity with
increasing flow rates are limitations linked to
mass transfer issues in the presence of high linear
velocities with macromolecules when compared
to convection based separations. However,
capacity and resolution are high enough, that
even when using the column at its maximum,
pressure-limited flow rate, both resolution and
capacity are the best among the columns studied.
Even though the column does not have the flow
rate independent performance and the speed
capability of the perfusive columns (Poros), the
high capacity of HyperD phases enables high
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Fig. 9. Gradient separation of 6 standard proteins with S ion exchangers. Normalized gradient conditions were used. Starting
buffer, 20 mM Na formate pH = 4.00; injection, 285 ug total; detection, 280 nm; linear velocity, 382.8 cm/h for all columns. The
individual gradients were: S HyperD, 1.25 ml/min 18.8 min (0-0.75M LiCl); Mono S, 1.25 ml/min 18.4 min (0-1.35 M LiCl);
Poros S/H, 1.06 ml/min 16.6 min (0-0.34 M LiCl); Poros HS/H, 1.06 ml/min 15 min (0-1.2 M LiCl).

sample load onto the column. High capacity
combined with high resolution and efficiency
makes HyperD media very attractive for most
separation, purification and isolation problems.

It should also be mentioned that HyperD
stationary phases designed primarily for prepara-
tive purposes could be appropriate for scaling up
the separations. With a larger particle diameter
and the same chemistry as the 10-um support a
particular separation could be transferred easily
from analytical and semipreparative to prepara-
tive scale.

To summarize the situation of chromatograph-
ic packing materials existing today, it can be
stated that for the most efficient, fast separation
of small amount of samples, non-porous and

micropellicular stationary phases are the most
suitable [1-4]. When efficiency and resolution
can be sacrificed to gain speed for the separation
of relatively small sample amounts convective
stationary phases can be recommended [9].
When resolution is more important than the
speed of the separation, and the sample amount
is relatively small, conventional diffusive station-
ary phases are suitable [9]. For separations
where the sample amount varies from analytical
to semi-preparative scale, and especially when
future large scale separation is planned, hyper-
diffusive stationary phases (HyperD) seem to be
the best choice for the chromatographer because
it preserves good efficiency and resolution

power.
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Abstract

The synthesis of two polysiloxane-based chiral stationary phases (CSPs) derived from a sr-acidic N-(3.5-
dinitrobenzoyl)-B-amino acid (JEM-1) and a mr-basic N-(1-naphthyl)-leucine selector is described as is their
systematical comparison with the corresponding “brush”-type CSPs. The enantioselectivity of the polysiloxane-
based CSPs is higher under both normal- and reversed-phase conditions. In the normal-phase mode, the greater
enantioselectivity stems from smaller retention factors for the least retained enantiomers, presumably because of a
reduction of analyte interactions with the support silanols owing to effective shielding of the surface by the
polymer. The retention factors of the second-eluted enantiomers are shifted to higher values on the m-basic CSP
and to lower values on the mr-acidic CSP. The latter CSP shows but a small increase in enantioselectivity relative to
the corresponding “brush”-type CSP having a comparable selector loading. The silanophilic interactions can be
further reduced by end-capping with hexamethyldisilazane (HMDS). When lower amounts of polar modifier are
used, the resolution of the polymeric CSPs approaches that of the corresponding brush-type CSP. Under
reversed-phase conditions enantioselectivity is reduced but not to the extent generally found for brush-type CSPs.
The presence of the non-polar polymeric backbone can introduce hydrophobic interactions which may alter
enantioselectivity. It would seem advantageous to use dimethylpolysiloxanes having a high selector concentration in
order to reduce the extent of any non-chiral contribution by the polysiloxane backbone to analyte retention while
enhancing the favorable chiral recognition properties of the polymer.

1. Introduction

During the past decade the development of
non-volatile, non-leachable polysiloxane-based
chiral stationary phases (CSPs) has proven to be
of importance in the separation of enantiomers

* Corresponding author.
! Present address: Marion Merrell Dow et Cie., 16 Rue
d’Ankara, 67080 Strasbourg, France.

0021-9673/94/307.00
SSDI 0021-9673(94)00439-G

by gas chromatography (GC). The linkage of
chiral molecules to silicones having the potential
for cross-linking and/or immobilization leads to
gum-like CSPs with low volatility and high phys-
ical and chemical stability, all favorable prop-
erties for coatings of porous (e.g. silica gel) or
non-porous (e.g. glass or fused-silica capillaries)
support surfaces. Since the introduction of
Chirasil-Val [1,2] into capillary GC, many similar.
chiral polysiloxanes have been prepared mainly
for applications in GC [3,4].

© 1994 Elsevier Science B.V. All rights reserved
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The spectrum of possible applications in GC
was greatly extended by the attachment of per-
methylated B-cyclodextrin [5] or metal complex-
es [6] to a polysiloxane backbone. The capability
for cross-linking and simultaneous attachment to
the support surface enables chiral polysiloxanes
to be used for enantiomer separation by super-
critical fluid chromatography (SFC) [7-9], LC
[10], and, more recently, by electrochromatog-

raphy using Chirasil-Dex coated capillaries [11].

The synthesis of polysiloxanes containing chiral
selectors such as 3,5-dinitrobenzoyl (DNB)-phe-
nylglycine, naphthylalanine and naphthylethyl-
amine and their subsequent coating onto silica
gel or into fused-silica capillaries for enantiomer
separation by HPLC and SFC was reported
about five years ago by Ruffing et al. [10].
However, such CSPs have not yet found much
application in the field of enantiomer separation
even though such CSPs potentially could provide
some advantages relative to the conventional
- method of silanization of surface silanols with
monomeric chiral silicon derivatives. These
advantages can be summarized as follows: (i)
The preparation of the CSP can be car-
ried out externally under controlled conditions.
This allows characterization by spectroscopic
or other methods before coating. (ii) The
loading of the selector, which is randomly dis-
tributed along the polymer chains, can easily
be varied either during synthesis of the CSP
or by using different film thickness of the coat-
ing. (iii) The homogeneous, non-leachable
films thus greated largely suppress mixed re-
tention mechanisms which might arise from
residual silanol groups on the surface of the
support.

In this paper, we report on our investigations
upon the use of CSPs based on di-
methylpolysiloxanes, analogous to those previ-
ously introduced by Ruffing et al. [10]. The
synthesis of two polysiloxane-anchored chiral
selectors, a m-acidic and a w-basic one is de-
scribed and their behavior in HPLC is compared
to the corresponding “brush”-type CSP (which
was obtained by the silanization of surface Si—
OH of silica gel).

2. Experimental
2.1. Instrumentation

Chromatography was performed using an An-
spec—Bischoff Model 2200 isocratic HPLC
pump, equipped with a Rheodyne 7125 injector
(20 ml) and a Milton Roy LDC UV Monitor D
fixed-wavelength (254 nm) detector. The col-
umns were immersed in a constant-temperature
bath to regulate temperatures. Integration was
carried out with a Hewlett-Packard 3394A re-
cording integrator, using tri-fert.-butylbenzene
(normal phase) and sodium iodide (reversed
phase) as void volume markers.

2.2. Materials

Polymethylhydrosiloxane (PMHS), china clay
and hexachloroplatinic acid were purchased from
Aldrich (Milwaukee, WI, USA). All other
silicon containing reagents were obtained from
Petrarch Systems (Bristol, MA, USA). The
silica, spherical Rexchrom 5 um, 300 A was
from Regis (Morton Grove, IL, USA). The w-
olefinated chiral selectors were prepared accord-
ing to literature [12,13]. All solutes were avail-
able from prior studies.

2.3. Synthesis of a dimethylpolysiloxane
containing 20% hydromethylsiloxane units

Under an atmosphere of nitrogen 10.0 g (4
mmol polymer, 166 mmol Si~-H) of PMHS and
49.2 g (166 mmol) octamethylcyclotetrasiloxane
were mixed with 0.7 g of china clay by vigorous
stirring. Then 1 ml of concentrated sulfuric acid
was added and the mixture held at 70°C for 20 h.
After cooling the mixture, the china clay was
removed by suction through a frit, which was
accelerated by diluting with 150 ml of diethyl
ether. The solution was washed with water, the
organic layer dried over sodium sulfate, filtered
and evaporated. The resulting polymer then was
submitted to vacuum (10™* Torr; 1 Torr =
133.322 Pa) at 120°C, yielding 45.6 g (77%) of a
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clear viscous fluid. '"H NMR indicates that the
ratio of dimethylsiloxane to methylhydrosiloxane
units is 3.8:1 and alkaline hydrolysis shows 2.8
mmol Si-H per gram of pre-polymer.

2.4. General procedure for the synthesis of
polysiloxane based CSPs

A 500-mg amount (1.4 mmol Si—-H) of the
pre-polymer and 1.05 mmol of the selector were
dissolved in 40 ml of dry toluene under an
atmosphere of nitrogen. The solution was heated
to 70°C (for CSP 1P, and to reflux for CSP 2P)
and half of a solution of ca. 0.2 mg of H,PtCl,-
6H,O in 10-15 ml dry tetrahydrofuran was
added under nitrogen. After 1 h, the second half
of the solution was added and heating was
continued for 20 h (for CSP 1P temperature was
reduced to 50°C). The progress of the reaction
was monitored by evaporating small aliquots of
the solution to dryness and examining them by
IR and '"H NMR spectroscopy. The absence of
olefinic protons and the loss of Si—H signals from
the '"H NMR and IR spectra indicate complete
reaction of the olefinic selector. This leaves ca.
0.2 mmol g~ Si-H in the resulting chiral poly-
mer.

2.5. Synthesis of a chiral polysiloxane derived
from (2R,3R)-undecenyl-N-3.5-dinitrobenzoyl-3-
amino-3-phenyl-2-(1,1-dimethylethyl)propanoate
(JEM-1) (CSP 1P)

Following the general procedure, 570 mg (1.05
mmol) of the JEM-1 selector was treated with
500 mg (1.4 mmol Si-H) of the pre-polymer at
70°C. After 2 h, the reaction temperature was
lowered to 55°C and reaction was continued for
18 h. After evaporation of the toluene at 30°C
the resulting dark yellow polymer was washed
with several 10-ml portions of anhydrous metha-
nol which were removed by decantation. Re-
sidual methanol was evaporated at 30°C in vacuo
(107? Torr) yielding 1.04 g of CSP 1P, which was
directly used for the coating procedure. Found:
47.07% C, 7.64% H, 3.38% N (calculated:
48.14% C, 7.64% H, 3.66% N).

2.6. Synthesis of a chiral polysiloxane derived
from N-(1-naphthyl)-leucine undecenyl ester
(N1N-leucine) (CSP 2P)

Preparation was carried out analogous using
550 mg (1.54 mmol Si—H) of the prepolymer and
470 mg (1.17 mmol) of the N1N-leucine derived
selector, which were refluxed for 20 h. After
evaporation of the toluene at 30°C the resulting
brown polymer was washed with several 10-ml
portions of anhydrous methanol, which were
removed by decantation. Residual methanol was
evaporated at 30°C in vacuo (10> Torr) yielding
1.0 g of CSP 2P, which was directly used for the
coating procedure. Found: 50.10% C, 9.00% H,
1.39% N (calculated: 50.98% C, 8.66% H,
1.41% N).

2.7. Immobilization of the chiral polymers onto
silica gel

A 1.0-g amount of the polymeric CSP 1P or 2P
was diluted in 20 ml methylene chloride and 4.0
g of silica gel (5 mm, 300 A), freshly dried by
azeotropic distillation with benzene using a
Dean-Stark trap) was added. The resulting
slurry was sonicated for not more than 10 min
after which the solvent was slowly evaporated.
Finally, the coated silica gel was heated to 120°C
under reduced pressure (10°* Torr) for 24 h.
Before packing of the silica gel into a 250 X 4.6
mm 1.D. column by conventional methods, it
was washed with methylene chloride and metha-
nol (200 ml each), to remove all soluble material
(40-100 mg) from the support. As the surface
area of the employed silica gel is 100 m’® g~’, the
film thickness can be calculated to be somewhat
less than 2.5 um, assuming that the density of
the CSPs is 1 g cm ™.

3. Results and discussion

Chiral recognition processes in chromatog-
raphy are influenced not only by the non-racemic
selector chosen but also by the local environment
of the selector. The nature of the underlying
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support, the manner in which the selector is

attached, the absence or presence of extraneous
polar (or non-polar) sites at which additional
interactions occur with either the analyte or the
selector, and the spacing between the chiral sites
of the CSP also influence the chromatographic
behavior of a given pair of enantiomers.

The aim of this study was to investigate the
differences in enantioselectivity and efficiency of
CSPs due to variations in the mode of attach-
ment of the selector to the support. For this
purpose chiral selectors of demonstrated utility
in “brush”-type CSPs, the w-acidic JEM-1 selec-
tor (CSP 1) and the 7-basic N1N-leucine derived
selector (CSP 2), were incorporated into poly-
siloxanes via hydrosilylation [13] of the olefinic
precursors, yielding the polymeric CSPs 1P and
2P (cf. Fig. 1).

In this way, the selectors are randomly distrib-
uted along the polymer chains. After coating the
polymer onto silica gel, it is subsequently cross-
linked/immobilized by heating. This results in

rsgzzzzy
~OR ~—

0
\
m %
o

CSP 1 CSP 1P

non-leachable CSPs. As pointed out previously
by Ruffing et al. [10], the ratio of platinum
catalyst (needed for the hydrosilation step) to
the number of Si—H left after this reaction plays
an important role in the thermally induced cross-
linking and surface bonding. Immobilization and
the extent of cross-linking then is controlled by
the number of Si—H left after the hydrosilylation
step. In analogy to the preparation of other CSPs
[5,6] the amount of platinum catalyst needed for
hydrosilation of the JEM-1 or N1N-leucine de-
rived selectors can be reduced to about 0.2 mg
per mmol of olefin by raising the temperature
and employing aromatic hydrocarbons as sol-
vents. The amount of polymer bonded to the
silica gel can be calculated from microanalysis
data (see Table 1). It is well known that poly-
meric stationary phases cannot compete with the
high speed of mass transfer found in “brush”-
type phases [14] (cf. also the resolution R, in
Table 4). This effect, in conjunction with the
adsorption/desorption kinetics of the desired
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Fig. 1. Structures of “brush”-type CSPs 1 and 2 and their polysiloxane-based analogues CSPs 1P and 2P.
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Table 1

Elemental analysis data for silica coated with CSP 1P and CSP 2P

CSp Coating (%), Found Calculated, mmol/g SiO,
mg/100 mg SiO,
% C % H % N by C by N
1P 25 10.00 1.62 0.84 0.181 0.199
2P 25 10.56 1.84 0.29 0.209 0.207

diastereomeric interaction leads to large C terms
in the Van Deemter height equivalent to a
theoretical plate (HETP) vs. flow-rate curves.
This was assumed to be caused principally by the
cross-linking of the polymer [15]. The upper
branch of the Van Deemter curves, measured for
the least-retained enantiomer of the 3.5-di-
methylanilide derivative of ibuprofen on CSP 1
and CSP 1P, are depicted for different mobile
phase systems in Fig. 2. Interestingly, the rela-
tively large loss in efficiency observed at higher
flow-rates in mobile phase system 1 (n-hexane—2-
propanol, 80:20; compare curve B, with A,),
can nearly be compensated by reducing the
amount of the polar modifier (system 3: n-hex-
ane—2-propanol, 95:5; compare curve B, with
A)) thus producing similar efficiency at compar-
able retention factors. This makes a proper
choice of the modifier concentration very im-
portant for enantiomer separations on polymeric
CSPs since resolution can be affected much more
strongly than it is found for the corresponding

0.9 |-

08| 1. 20 % IPA

Eor| 2210 % IPA
- osl X 5% IPA
o .
0Ss -
!:'ll':'I 8, (k= 349
04 / 3
03 | Ax (k' = 3.45)
02 F /Az (k* = 7.79)
o1 A, (' = 12.80)
1 1 1 1 1
0.5 1 15 2 25

Flow -Rate ( ml min~! )
Fig. 2. HETP versus flow-rate for the least-retained enantio-
mer of the 3,5-dimethylanilide of ibuprofen on CSP 1 (curves
A) and CSP 1P (curves B) at different concentrations of
2-propanol (IPA) in n-hexane.

“brush”-type CSPs. It is assumed that the lower
concentration of the polar modifier affords great-
er swelling of the polysiloxanes with consequent-
ly improved mass transfer characteristics.

The retention and enantioselectivity shown are
affected by a number of variables, e.g. the
concentration of the selector and the length of
the spacer, the film thickness of the polysiloxane,
the porosity of the support, the number of
residual surface silanols, the mobile phase em-
ployed, and the overall polarity of the analyte as
determined by polar substituents both near or
remote from the stereogenic center(s). This leads
to a variety of interactions between the analyte
and the stationary phase, not all of which are
easily specified [16]. Under normal-phase con-
ditions, silanophilic or other polar interactions
which occur in addition to those involved in the
chiral recognition process may reduce the ob-
served separation factor by producing unwanted
retention {17]. In order to evaluate the extent to
which residual surface silanols on the support
have been shielded by the polymeric backbone,
solutes with remote polar functions in addition to
those required for chiral recognition (cf. Table 2)
were injected before and after hexamethyl-
disilazane (HMDS) treatment [18] of CSP 2P.
The chromatographic behavior of these analytes
was compared to their behavior on a HMDS-
endcapped column containing CSP 2. The data
indicate that a number of silanols are still access-
ible after the polysiloxane coating and show that
endcapping is advantageous, especially so for
those solutes having one or more acidic hydro-
gen bond donor sites. The endcapping procedure
also reduces the C term slightly, as can be seen
from Fig. 3 for both enantiomers of the 3,5-
dinitrophenylcarbamate of 1-phenylethanol be-
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Table 2
The influence of additional polar groups
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Analyte CSP 2, encapped® CSP 2P
k; k; a Not endcapped Endcapped *
H

DNB _ ,5\ k! k, @ k! 24 a

Y (CH)o

0
H !
b4

Z=H 1.11 26.56 23.9 0.13 6.33 48.7 0.19 7.63 40.2
Z = CON(ethyl), 2.92 68.38 217 0.18 7.05 39.8 0.17 6.73 39.0
Z = CONH(n-butyl) 2.39 51.19 21.7 0.15 5.40 35.1 0.12 4.65 37.5
Z = CONH, - - - 0.37 11.72 31.7 0.14 7.12 50.8

* By purging the column slowly with a solution of 10 ml HMDS in 40 mi dry methylene chloride.

fore (“NOT”) and after HMDS treatment
(“HMDS”).

The chromatographic behavior of the polymer-
coated columns was evaluated by comparing the
retention factors obtained on CSP 2 at different
loadings of the silica gel (5 um, 100 A) with the
values obtained on CSP 2P, coated onto 5 um,
300 A silica gel. Representative results for five
solutes, all chromatographed under the same
normal-phase conditions, are given in Table 3.
As expected for the brush-type CSPs (columns
A-C), a linear relationship between the reten-
tion factors, k', and the selector loading was

found. Column D, coated with CSP 2P at a
selector loading comparable to column A, always
gives less retention for the first-eluted enantio-
mer but more retention for the second-eluted
enantiomer. Hence, CSP 2P affords higher enan-
tioselectivities than even heavily loaded type 2
“brush”-type CSPs (columns B and C). Coated
also onto 5 um, 300 A silica gel, CSP 1P shows
significantly reduced retention factors of both
enantiomers as can be seen from Table 4. The
corresponding separation factors, a, under nor-
mal-phase conditions are found to be only slight-
ly higher than those shown by CSP 1, bonded to

- k’,= 581 (NOT) 630 (HMDS)
016 - 1st, NOT
k’,= 7.40 (NOT); 7.92 (HMDS)

. HMDS
~ 018t o = 197 1st, HMD
€
E o1z} . NOT
L oalf 2nd, HMDS
w
T

0.08 |
0.06 - CsSP 2P
A ] 2 1 1 ' 1 " 1 " 1 2 | i 1 "
05 075 1 125 15 175 2 225

Flow-Rate ( ml min~1 )

Fig. 3. HETP versus flow rate for the enantiomers of the 3,5-dinitrophenylcarbamate of 1-phenylethanol on CSP 2P before
(NOT) and after treatment with hexamethyldisilazane (HMDS). Mobile phase: 2% (v/v) IPA in n-hexane.
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Table 3

Comparison of “brush”-type (CSP 2) with different loadings to a polymer (CSP 2P)-coated column (D)

Analyte Parameter Column®
A B C D
N-3,5-Dinitrobenzoyl- k; 0.46 1.19 0.96 0.29
leucine- k; 7.90 30.84 21.67 11.11
n-butylamide a 17.1 26.0 22.7 38.5
N-3,5-Dinitrobenzoyl- k) 0.72 2.27 1.62 0.54
phenylalanine- k; 6.34 25.53 33.78 15.56
n-butylamide @ 8.7 11.2 20.8 30.3
Most retained L L L L
N-3,5-Dinitrobenzoyl- ki 0.69 1.63 1.20 0.34
alanine- k; 6.42 29.55 18.71 8.31
n-butylamide a 9.4 18.1 15.5 242
N-3,5-Dinitrobenzoyl- k; 0.95 2.54 1.99 0.91
leucine- k; 7.02 29.31 20.99 13.08
methyl ester a 7.4 11.5 10.5 14.4
N-3,5-Dinitrobenzoyl- k; 1.58 5.12 3.94 1.49
phenylalanine- k; 8.65 48.21 33.00 16.30
methyl ester a 5.5 9.4 8.4 10.9
Most retained L L L L

Temperaturee 22°C; n-hexane-2-propanol (80:20, v/v); flow-rate 2 ml min

-1

2 Columns A = low loading, 0.22 mmol g~* (by C), 0. 20 mmol g™' (by N); B =high loadmg, 0.32 mmol g~* (by C), 0.31 mmol

! (by N); C = commercially available, 0.27 mmol g™

5 wm, 100 A silica gel. The lower retention
afforded by the polymeric CSPs is partly due to
the larger pore size silica gel (300 A instead of
100 A) employed for these columns. This materi-
al was chosen not only because there are fewer
surface silanols, but also to reduce adsorption,
especially of small molecules, into the pores. It is
important to note that owing to the lower surface
area of the 5 um 300 A silica gel (100 m® g™')
the same film thickness is already possible at half
of the amount of polymer needed for 5 um 100
A silica gel (200 m® g™'). Fig. 4 shows a
chromatogram obtained of an N-(1-naphthoyl)
derivative of a heterocyclic amine on CSP 1P. A
flow-rate of 2 ml min~' afforded an observed
efficiency of about 2500 effective plates for the
250X 4.6 mm column, a value which can be
increased through use of lower mobile phase
velocities. The enantiomer separation of the
methyl ester of N-(3,5-DNB)-leucine on CSP 2P

; D =polymer, 0.21 mmol g~

! (both by C and by N).-

(Fig. 5) shows that bandshapes can often easily
be improved by increasing the analysis tempera-
ture.

Another interesting aspect of polymeric CSPs
is their application in reversed-phase systems.
The selectors, which are able to form highly
selective hydrogen bonds to the analytes, are
now part of a non-polar polysiloxane and should
be less solvated by the polar mobile phase
additives, thus leading to a somewhat greater
enantioselectivity than is found- with ‘“brush”-
type CSPs under reversed-phase conditions.
Besides the usual “polar effects” which account
for chiral recognition, there are also hydrophobic
interactions. In some instances, these can in-
fluence enantioselectivity when an alkyl sub-
stituent of one enantiomer selectively interca-
lates between the hydrocarbon spacers connect-
ing the selectors to the polysiloxane backbone
[19]. In polysiloxane-based CSPs, silanophobic
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Table 4
Comparison of “brush”-type CSP 1 with polymer-coated CSP 1P

Analyte CSP 1 CSP 1P

K, k. a R,* K K, a R,*

- - - - 11.33 16.50 1.4 2.1

[}

CHyO

14.84 37.51 2.5 7.2 5.76 16.55 2.9 6.9

o

NHCH.
e > 71331 141.10 1.9 6.9 31.46 60.78 1.9 5.0

CHy 0

I}

11.34 30.13 2.6 8.9 4.46 11.73 2.6 8.4
CHyO

2.00 2.33 1.2 1.0 0.91 1.11 1.2 1.0

&,
g

O,

[0}
Cts FsC___OH
OOO 172 2.24 13 2.0 0.83 1.06 13 1.0
X X = 0 15.55 34.83 2.2 5.5 6.58 15.99 2.4 6.6
@ X=S 2.33 5.81 2.5 4.1 0.96 2.56 2.6 3.5
CH, 1—Naphthy!

@\/Nj\ 14.04 31.49 2.2 6.9 5.99 14.42 2.4 5.6

—Nophthoy!
N 15.25 28.75 1.9 5.0 4.19 8.22 2.0 3.2

1—-Naphthoy!

Temperature 22°C; hexane-2-propanol (95:5, v/v); flow-rate 2 ml min .

* R, =2At/[wy,. (1) +w,,. (2)], where ¢ = retention time and w = peak width.
® The separation of underivatized Naproxen is only marginal under these conditions. An improved mobile phase system will be
discussed elsewhere.
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17.18

t.41 TTB8B

F i 1
10 20 min
Fig. 4. Enantiomer separation of N-(1-naphthoyl)-1,2,3,4-
tetrahydro-5,6-benzo-a-picoline on CSP 1P. Conditions: 1%
(v/v) methanol in n-hexane at 2.0 ml min~', 250 X 4.6 mm

column endcapped with HMDS; 22°C; UV 254 nm. TTBB =
tri-tert.-butylbenzene.

interactions caused by the presence of alkyl
groups in the polysiloxane backbone are
superimposed upon the prior effects. These
interactions may be enantioselective since they
take place in a chiral environment. However,
they may also lower enantioselectivity by causing
additional retention. It is therefore instructive to
examine homologous series of racemates in
order to evaluate the non-polar contributions to
retention and enantioselectivity under reversed-
phase conditions. Some of the racemates tested
are depicted in general form in Fig. 6 as 3, 4, 5
and 6.

When chromatographed with normal phases
on CSPs 2 and 2P, type 3 analytes show the
expected decrease in retention with an increase

O,N NO,

L a0
; e | 15 tpming
I o 35°C

—_—
0 15 t {min]

25°C

- L
15 30 45 t [min]

Fig. 5. Enantiomer separation of N-(3,5-DNB)-leucine
methyl ester on CSP 2P at different temperatures. Con-
ditions: 20% (v/v) IPA in n-hexane at 1.0 ml min™', 250 X
4.6 mm column endcapped with HMDS; UV 254 nm.

in the number of methylene units (n), whereas
the inverse occurs under reversed-phase con-
ditions. The effect of the value of n on the
magnitude of the separation factor, «, is shown
for these analytes in Fig. 7. The generally ob-
served reduction in enantioselectivity when going
from normal to reversed phases is less pro-
nounced on the polysiloxane-based CSPs than
for the “brush’’-type counterparts as pointed out
before. The contribution of non-polar interac-
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Fig. 6. General structures for the racemates tested.

tions to the enantioselectivity of CSP 2P towards
N-DNB-«-aminoalkylphosphonates is  higher
than is found on the corresponding CSP 2 as
evidenced by the greater slope of the relevant
plot in Fig. 7. Here, the more retained enantio-
mers experience the greater hydrophobic bond-
ing owing to selective intercalation of their alkyl
substituents between adjacent strands of bonded
phase. The reversed-phase behavior of other
analytes on CSP 1P is shown in Fig. 8. The
reversed-phase behavior of CSP 1P for different

°T ./,,-0/\’/._‘_“ csp o zp

s
o st e Te————, CSP 2
uw
s*r csSP 2P
]
&3 /
% .
22’_ ?_—_0__*__0__,0_9__-0———0 csp 2
LN R
1 L 1 L N L 1
2 - 4 [ 8 10 12

n (Number of Methylene Units)

Fig. 7. Separation factor @ versus number of methylene units
(n) for N-3,5-DNB «-aminoalkylphosphonates (analyte type
3) on CSPs 2 and 2P in normal and reversed mobile phases.
O = n-Hexane-2-propanol  (80:20); O = methanol-water
(80:20).

analytes is shown in Fig. 8 (type 4), Fig. 9 (type
5) and Fig. 10 (type 6). Note from Figs. 7-9 that
both retention and enantioselectivity increase as
the length of the alkyl substituent increases.
Eventually however, enantioselectivity no longer
increases. This seems to occur when the length
of the intercalated alkyl substituent is approxi-
mately the same as the length of the tether which
connects the selector to the silica. Alkyl sub-
stituents longer than this- presumably begin to
encounter the polysiloxane backbone and/or the
silica support. The resulting steric interactions

70 -
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_’§ 60 | TO)
(%]
-4 13 L
2 sof w
=4
=z 8
g 4ot 4125 =
g o
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@ 30 [+}
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_ 20} -
x 8
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o 2 4 © 8 10 12
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Fig. 8. Retention factor k' (Q) and separation factor a (O)
versus number of methylene units (n) for p-alkylanilides of
ibuprofen (analyte type 4) on CSP 1P in reversed mobile
phase (acetonitrile-water, 70:30; flow-rate 2 ml min ™).
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min~'),

offset any additional hydrophobic bonding which
would normally accrue to the more retained
enantiomer as the alkyl substituent is
lengthened. Similar behavioral trends have been
noted for brush-type CSPs. This would seem to
suggest that the neighboring selector strands are
spatially oriented in similar fashions for both

types of CSPs. It is not intuitively obvious that
this should necessarily be the case. Further
studies of the effects of film thickness, selector
concentration, and selector structure are needed
to better understand whether this apparent simi-
larity in spatial orientation is pervasive or occa-
sional. Fig. 9 provides another example of the
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Fig. 10. Retention factor &' (Q=kp 1; O=k

) and separation factor a (O) versus number of methylene units (n) for

bis-amides of dicarboxylic acids and a-(1-naphthyl) ethylamine (analyte type 6) on CSP 1P in reversed mobile phase (methanol,

flow-rate 2 ml min"").
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resolution of mr-acidic enantiomers on a sr-acidic
CSP.

The plots shown in Fig. 10 demonstrate that
both ends of the type 6 bis-amide analytes are
capable of simultaneously bonding to neigh-
boring strands of the bonded phase and that the
retention (and consequently the enantioselectiv-
ity) of the more retained enantiomer is strongly
affected by the number of methylene groups
connecting the two amide units together. Al-
though the mobile phase is methanol, the re-
tentions of the less retained enantiomers and of
the meso-diastereomers are but little affected by
the number of connecting methylene units.

It has been shown that the enantioselectivity
of a chiral selector may be increased by incor-
porating modest concentrations of the chiral
selector into a polysiloxane. It seems to be
advantageous to coat relatively thin films of a
polysiloxane containing a high concentration of
the selector onto the silica gel. This appears to
reduce the contributions of the polymeric back-
bone to reversed-phase retention without losing
the desirable properties of the polysiloxane.
Because these polysiloxanes are anchored to the
silica support, the are likely to be sufficiently
robust as to make them useful as CSPs for both
analytical- and preparative-scale separation of
enantiomers using supercritical fluids as mobile
phases in addition to the more traditional liquid
mobile phases.
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Abstract

Enantiomerically pure (aR)-1,1’-bianthracene-2,2'-dicarboxylic acid is prepared and bonded to a 3-amino-
propylsilanized silica via an amide linkage to afford a novel chiral stationary phase (CSP 2) for high-performance
liquid chromatographic separation of enantiomers. The performance of CSP 2 is compared with that of the
previously prepared binaphthalene-based CSP (CSP 1), which was obtained by bonding axially dissymmetric
(a$)-1,1'-binaphthalene-2,2’-dicarboxylic acid to the silica. As is expected from the chiral discrimination mecha-
nism proposed for CSP 1, in which simultaneous m-donor—acceptor interaction and dipole-stacking interaction
‘between the CSP and the analytes play a critical role for the separation of enantiomers, CSP 2 shows a greatly
improved performance as compared with CSP 1 in the separation of a wide range of enantiomeric amino acids,
amines, alcohols and carboxylic acids as the 3,5-dinitrophenyl derivatives.

1. Introduction

It is well known that the chiral discrimination
ability of a selector molecule mostly determines
the performance of a so-called ‘“‘brush-type”
chiral stationary phase (CSP) for the high-per-
formance liquid chromatographic (HPLC) sepa-
ration of enantiomers [1-3]. In this context,
introduction of an axially dissymmetric 1,1'-
binaphthalene skeleton into the CSP is of po-
tential interest, considering the fact that the
remarkable chiral-discriminating ability of the
atropisomeric 1,1’-binaphthalenes has been the
subject of intense studies in the last two decades;

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00529-1

highly efficient asymmetric syntheses and/or
chiral recognitions have been achieved by the
use of this class of optically active molecules
[4,5]. In fact, Sogah et al. [6] succeeded as early
as 1975 in a complete resolution of amine and
amino ester salts by a chiral binaphthalene-
crown ether bonded to silica gel, though sub-
sequent applications of atropisomeric biaryls to
the CSPs have been quite limited [7-10].

We have previously reported the preparation
of a CSP for the HPLC separation of enantio-
mers by bonding axially disymmetric (aS$)-1,1'-
binaphthalene-2,2’-dicarboxylic acid [(a$)-1] to a
3-aminopropylsilanized silica gel via an amide
linkage (CSP 1) (Fig. 1), which efficiently dis-
criminates a wide variety of enantiomeric C-

© 1994 Elsevier Science BV. All rights reserved
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Fig. 1. Axially disymmetric binaphthalene- (CSP 1) and
bianthracene-based CSP (CSP 2).

centrochiral analytes as the 3,5-dinitrophenyl
derivatives as well as axially chiral 1,1'-biaryls
bearing polar substituents on the 2,2’-positions
[11]. A simplified chiral discrimination model
depicted in Fig. 2 nicely explains the relevant
chromatographic behaviours of 3,5-dinitro-
phenylcarbamates ~derived from enantiomeric
alcohols. It has been supposed that only the
approach of the analyte from the upper side of
the horizontal naphthalene plane is stereo-dif-
ferentiating, because it allows 7-donor—acceptor
interaction between the -basic naphthalene
plane of the CSP and the w-acidic 3,5-dinit-
rophenyl ring of the analyte to cooperate with

hydrogen bonding

n-donor-acceptor
.- interaction

dipole stacking
interaction

steric obstacle ---=

OOH

larger w-donating
ability

larger steric
obstacle

(as)-2

Fig. 2. Chiral discrimination model for binaphthalene-based selector of CSP 1 and an extension to bianthracene-based selector.
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the dipole-stacking interaction between the two
amide linkages of the CSP and analyte to de-
termine the stability of the adsorbates by virtue
of the stereochemistry of the alcohol moieties
(Fig. 2). Thus, 3,5-dinitrophenylcarbamates
from (R)-alcohols are more retained than those
from (S)-counterparts on CSP 1 bearing (a$)-
binaphthalene axis. Validity of the chiral dis-
crimination model has been substantiated by 'H
NMR studies of a solubilized model compound
of the CSP and analytes as well as the elution
behaviours of a wide range of structurally related
. analytes on CSP 1 [12].

The model strongly tempted us to replace the
binaphthalene moiety of CSP 1 by a bianthra-
cene skeleton, because the anthracene nuclei
should not only be a far better 7-donor but also
make a bﬁllgier steric hinge to suppress the non-
stereoselective approach of the analytes to the
CSP than the naphthalene rings (Fig. 2). Sound-
ness of the hypothesis has partially been proved
in a preliminary communication in which the
separations of the. 3,5-dinitrophenyl-derivatized
alcohols were significantly improved by the use
of a bianthracene-based CSP (CSP 2) (Fig. 1)
[13]. Herein we report the full details of the
preparation and performance of CSP 2, showing
that it exhibits a greatly improved chiral selec-
tivity as compared with CSP 1 and discriminates
a variety of analytes which include amino acids,
amines, alcohols and carboxylic acids as the 3,5-
dinitrophenyl derivatives and biaryls bearing
polar substituents on the 2,2'-positions.

2. Experimental
2.1. General

LC was performed using a Shimadzu LC-6A
or a JASCO Trirotor-III apparatus equipped
with a Shimadzu SPD-6A or a JASCO Uvidec-
100-I1I ultraviolet detector (254 nm), respective-
ly. A stainless-steel column (250 mm X 4.6 mm
I.D.) was slurry packed with the packing materi-
al described below using conventional tech-
niques.

IR spectra were measured on a Shimadzu IR-

460 grating spectrophotometer. Optical rotations
were recorded on a Union PM-101 automatic
digital polarimeter in a 1-cm cell. Melting points
were measured on a Yamato MP-21 apparatus
and are uncorrected. Microanalyses were carried
out in the Microanalytical Laboratory of the
Institute for Chemical Reaction Science, Tohoku
University.

2.2. Materials

The preparation of 3-aminopropylsilanized sil-
ica gel (Tosoh silica gel base, spherical 5-um
particles, microsphere diameter, 100 A) (found:
C, 8.10; H, 2.07; N, 1.42%; calculated: 1.01
mmol-NH,/g gel based on N) was described
before [11]. Reagent-grade commercial materials
were used as purchased unless otherwise noted.
A sample of 2,2'-dimethyl-1,1'-bianthraquinone
(3) was generously provided by Mitsui Toatsu
Chemicals. Solvents used for HPLC were dis-
tilled before use.

2.3. Preparation of enantiomerically pure (aR)-
1,1’-bianthracene-2,2’-dicarboxylic acid [(aR)-2]

The preparation of enantiomerically pure
(aR)-2 was performed according to the proce-
dures reported by Bell and Waring [14] with a
slight modification.

2,2'-Bis(dibromomethyl)-1,1’-bianthraquinone
4

Crude bianthraquinone 3 was purified by the
method of Ulich and Waldron [15]. A 15.0-g
amount of crude 3 was dissolved in concentrated
H,SO, (45 ml), to which 13 ml of nitrobenzene
were added. To the mechanically stirred solution
15 ml of water were slowly added. During the
addition, the temperature of the mixture raised
to ca. 100°C. After standing overnight at room
temperature, the mixture was filtered and the
precipitate was washed with 80% H,SO,, and
the remaining nitrobenzene was removed by
steam distillation. The mixture was filtered and
the solid was washed with water and dried in
vacuo to give a purified sample, 13.5 g; m.p. >
310°C.
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Bromination of 3 was carried out in a 300-ml
four-necked flask fitted with a mechanical stirrer,
a reflux condenser topped with a gas-absorption
trap, a thermometer and a dropping funnel. To a
mechanically stirred solution of the purified 3
(12.0 g, 27.2 mmol) in nitrobenzene (75 ml) kept
at higher than 170°C was added dropwise a
bromine solution (26 g) in nitrobenzene (25 ml)
during 6 h, and then the reaction was continued
for another 2 h. After the reaction mixture had
been cooled to ambient temperature, the re-
sulting yellow precipitate was recovered by filtra-
tion, washed with nitrobenzene and then with
diethyl ether and dried in vacuo to give bis(di-
bromomethyl)bianthraquinone 4, 15.8 g (77%
yield), m.p.>300°C; IR (KBr) (cm™'), 3100,
1670, 1580, 1500, 1320, 1280, 990, 930, 714, 638.

1,1’-Bianthraquinone-2,2’-dicarboxylic acid (5)

In a 300-ml three-necked flask equipped with a
mechanical stirrer, a reflux condenser and a
thermometer, were placed concentrated H,SO,
(120 ml), anhydrous boric acid (18 g) and 4 (15.0
g, 19.8 mmol). The mixture was stirred at 120—
130°C for 5 h. The cooled mixture was slowly
added to an ice-water (250 ml), and a brown
precipitate was recovered by filtration, washed
with water and dried in vacuo to give 2,2'-
bisformyl-1,1'-bianthraquinone. This material
was used without further purification for the next
step by dissolving in hot acetic acid (90 ml). To
the stirred solution kept at 60°C was added
portion wise CrO; (15.0 g, 0.15 mol) during 1 h.
The mixture was heated at reflux for 5 h, and
then poured into water (300 ml). The precipi-
tated crude diacid 5 was worked up as usual,
which included filtration, washing with water
free from chromium ions, dissolving in NaOH
solution, decoloration with Norite, hot filtration
and regeneration of the free acid by addition of
concentrated HCI solution. The resulting precipi-
tate was filtered and dried in vacuo to give 4.95 g
of § (yield 50%), m.p. > 300°C (browned at 285-
290°C); IR (KBr) (cm™"), 3600-2500 (br), 1700,
1690, 1580, 1300, 1260, 970, 930, 860, 790, 710.
Analysis: found, C 71.43, H 2.96%; calculated
for C;0H,,0;, C 71.72, H 2.81%.

Racemic 1,1’-bianthracene-2,2’-dicarboxylic acid
@)

To a 500-ml two-necked round-bottomed flask
equipped with a mechanical stirrer and a reflux
condenser, were placed’ zinc dust (10 g, 150
mg-atom) and 2 M HCl (20 ml). After the
mixture was stirred for several minutes, the
inside of the flask was purged with nitrogen and
supernatant liquid was removed by decantation.
The zinc was further washed with 1 M NaOH (20
ml) and the liquid was again removed by de-
cantation. To the residue were added 5 (4.50 g,
8.96 mmol) and 28% ammonium hydroxide
solution (130 ml). The mixture was heated under
gentle reflux for 4 h. During the time course the
red reaction mixture turned to yellow. At this
point, another 180 ml of water were added and
reflux was continued for 0.5 h. The mixture was
filtered hot. Addition of concentrated HCI to the
filtrate caused precipitation of yellow gel. This
was filtered, washed with water and dried in
vacuo. The dry material was crushed in a mortar
and crystallized twice from glacial acetic acid to
give 2 as a hairy yellow precipitate, 3.60 g (yield
91%); m.p. 300-305°C. Crystallization from o-
dichlorobenzene gave pure 2 as yellow prisms,
m.p. 305-307°C; IR (KBr) (cm™'), 3600-2500
(br), 1690, 1340, 890, 740, 475. Analysis: found,
C 81.43, H 4.10; calculated for C,,H,;O,, C
81.68, H 4.32.

Optical resolution of racemic 2

Racemic 2 (3.0 g, 6.8 mmol) was suspended in
120 ml of ethanol and heated at reflux. To the
mixture were added 5.0 g of quinidine (15.4
mmol) at once. The suspension disappeared at
one time, but soon precipitation began. The
mixture was refluxed for another 0.5 h and
cooled to room temperature. The precipitate was
filtered and again suspended in 50 ml of ethanol
and refluxed for 0.5 h. The cool mixture was
filtered and dried in vacuo to give a sample of
(aR)-2-quinidine salt, 3.20 g (yield 45%); [a]%,
—516° (¢ 0.52, CHCl,). The salt was boiled in 80
ml of 1% NaOH solution for 1 h and filtered.
The filtrate was made acidic by addition of 6 M
HCI, and the resulting precipitate was taken into
ethyl acetate. Evaporation of the solvent gave
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(aR)-2 as a yellow powder, 1.23 g [yield 86%,
based on (aR)-2]; m.p. 257-259°C (acetic acid)
(lit. [14], m.p. 253-255°C), [a]%ss —457° (c 0.80,
acetone) {lit. [14], [a]2ss —440° (c 0.80, ace-
tone)}. A sample of the optically active diacid
was treated with diazomethane to give the di-
methyl ester, the enantiomeric homogeneity of
which was confirmed by HPLC on N-(3,5-di-
nitrobenzoyl)phenylglycine-based CSP (Pirkle
column).

2.4. Preparation of the CSPs

Binaphthalene-based CSP 1 was that used in
the previous studies, which was prepared by
bonding (a$)-1,1'-binaphthalene-2,2’-dicarbox-
ylic acid to the above mentioned 3-amino-
propylsilanized  silica gel; 0.47  mmol
binaphthalene unit/g gel [11].

_ Bianthracene-based CSP 2

A mixture of the 3-aminopropylsilanized silica
gel (3.00 g), (aR)-2 (0.92 g, 2.08 mmol) and
N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline
(EEDQ) (1.03 g) in DMF (30 ml) was irradiated
with ultrasound under a nitrogen atmosphere in
the water-bath of an ultrasound laboratory
cleaner (35 W, 41 kHz) which was maintained at
20°C. After 8 h irradiation, the modified silica
gel was filtered, washed successively with tetra-
hydrofuran, methanol, acetone and diethyl
ether, and dried in vacuo to give 3.44 g of CSP 2.
Analysis: found, C 16.67, H 1.81%, N 1.51%;
calculated, 0.29 mmol bianthracene unit/g gel
based on C.

2.5. Preparation of the derivatized enantiomeric
analytes

Alcohols (R'R’CH-OH) used for derivatiza-
tion to 81, m, n, u, v, y and z were prepared
according to the general procedure by using the
Grignard method from alkyl bromide (R'-Br)
and aldehyde (R’-CHO) [16] and those
[R'R’CH(CH,),-OH] to 10a—c were prepared
by the reduction of the corresponding carboxylic
acids [R'R°CH(CH,),_,~COOH] with LiAlH,
[12]. Carboxylic acids (R'R’CH-COOH) used

for derivatization to 11d-h, j, m—p and 12a were
prepared via the carboxylation of the corre-
sponding Grignard reagents by treatment with
dry ice according to the conventional methods
[12]. Parent carboxylic acids 11c [17] and 111 [18]
were resolved to optically active forms by use of
quinine and (S)-( + )-phenylethylamine, respec-
tively, for the determination of the elution or-
ders. Binaphthol (13b) [19] and biaryl carboxylic
acid derivatives (13c—i) [20,21] were prepared by
the literature procedure. Other samples used
were of commercial origin.

Derivatization of these samples was according
to the procedure described before [11,12].

3. Results and discussion
Chiral selector molecule (aR)-2 was prepared

starting from bianthraquinone 3 according to the
method reported by Bell and Warning [14] (Fig.

. 3). Oxidation of the methyl substituents of 3 via

bis(dibromomethyl) derivative 4 to dicarboxylic
acid 5 followed by quinone-carbonyl reduction
by zinc dust gave racemic acid 2. Optical res-
olution of this material with quinidine gave an
(aR)-2-quinidine salt as the less soluble precipi-
tate. After acidic workup to remove the base,
two recrystallizations from acetic acid gave es-
sentially enantiopure (aR)-2 as evidenced by
HPLC analysis of the methyl ester on a Pirkle
column. The atropisomeric (aR)-2 was bonded to
a 3-aminopropylsilanized silica via an amide
linkage in dimethyl formamide with the aid of
EEDQ under ultrasonic irradiation at 20°C to
give the bianthracene-modified silica gel. This
was slurry packed into a 250x 4.6 mm LD.
stainless-steel column using conventional packing
techniques to give CSP 2 bearing the chiral
selector of opposite axial chirality as compared
to CSP 1 (Fig. 1).

Enantiomeric samples were amino acids as the
N-3,5-dinitrobenzoyl butyl esters (6), amines as
the 3,5-dinitrophenylureas (7), alcohols as the
3,5-dinitrophenylcarbamates (8-10), carboxylic
acids as the 3,5-dinitroanilides (11 and 12), 1,1’-
bi-2-naphthols (13a, b) and biarylcarboxylic acids
as the N-butylamides (13c—i) as summarized in
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Fig. 3. Preparation of (aR)-2 and CSP 2. DMF = Dimethylformamide.

Fig. 4. They were eluted on CSP 2 with an
alcohol-hexane mixture, the composition of
which was varied to adjust the capacity factor,
k', in a comparable range. The results of the
chromatographic resolution of these analytes are
summarized in Table 1.. A number of analytes
could be resolved on CSP 2, and in favorable
cases separation factors (a) greater than 3 were
attained as seen for 8w, 11k and q. For com-
parison, also included in Table 1 are the results
of the elution of the same samples on the
binaphthalene-based CSP 1, some of which came
from previous work [11,12]. Fig. 5 shows the
resolutions of representative analytes on CSPs 1
and 2, illustrating the good performances of
these CSPs.

Where chiral resolutions were attainable, the
elution orders of each analyte were reversed
from CSP 1 to CSP 2, which was consistent with
the inverted axial configuration of the chiral
selector molecules bonded to the silica support
(Fig. 1). Thus, CSP 2 bearing (aR)-bianthracene
axis retained more strongly the (S)-enantiomers
of the derivatized amino acids, amines and

alcohols. This implies that similar chiral discrimi-
nation mechanisms are operative in these two
phases, as supposed by the postulated mechanis-
tic picture (Fig. 2). Generally speaking, CSP 2
showed considerably better separations than CSP
1 in terms of « values, although there were some
cases where the latter showed almost equal or
slightly superior separations to those obtained by
the former. Considering the eluent compositions
utilized, CSP 2 retained all the analytes ex-
amined more strongly than CSP 1. It seems that
an increased w-donor—acceptor interaction plays
a particularly important role for retention by
incorporation of the bianthracene moiety in
place of the binaphthalene residue (see below).

The importance of the presence of a w-accept-
ing site in the analytes was discussed in detail in
a previous paper for chiral recognition on CSP 1
[12]. It was shown that the 3,5-dinitrophenyl
moiety is especially advantageous not only for
electronic reasons but also because of steric
arrangement of the nitro groups which seemingly
enables hydrogen bonding to the 2’-carboxyl
function of the binaphthalene selector (Fig. 2)
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Fig. 4. Structures of enantiomers (see also Table 1).

[12]. Steric hindrance caused by ortho sub-
stituents on the aryl moieties was detrimental to
chiral recognition on CSP 1. Similar situations
also hold for CSP 2 as exemplified by Table 2
which compares the separations of ten carba-
mates prepared from 1-phenylethanol and ten
amides from 2-phenylpropionic acid.

Close inspection of the data in Table 1 permits
several comments on the chromatographic be-
haviours of the respective analytes on CSPs 1
and 2, although it should be noted that a wide
spectrum of the analytes does not always allow a
consistent clear-cut explanation by the proposed
chiral discrimination model alone. Among the
eleven analytes of derivatized amino acids 6 and

amines 7 examined, three samples (6b, ¢ and 7a)
did not separate on CSP 1, but did separate with
baseline resolution on CSP 2. Somewhat bother-
ing is the behaviour of the derivatized phenyl-
glycine 6d. It was separated on CSP 1 but not on
CSP 2. Only in this case, however, the elution
order was reversed, i.e. the (R)-enantiomer
eluted first on CSP 1 bearing (a$)-binaphthalene
axis. As suggested previously [11], CSP 1 might
recognize the phenyl substituent directly at-
tached to the chiral centre being bulkier than the
COOBu group. This situation may change by
incorporation of the bianthracene moiety where
enhanced w-donor—-acceptor interactions of the
CSP and the analyte may lead to too much
spurious interactions which retain the analyte 6d
strongly as evidenced by the large k' value
without distinguishing between the enantiomers.

As for aliphatic 2-alkanol carbamates (8a-g),
derivatized 2-butanol separated on CSP 2, that
is, the CSP discriminated the methyl from the
ethyl unit. On both CSPs, the selectivity a
increased but retention k' decreased with the
increase of the alkyl chain length. This seems to
show that the selectivity mainly depends on the
difference of the bulk between the two alkyl
substituents attached to the carbinyl carbon,
while steric hindrance rather than the hydro-
phobic attractive force is operative between the
CSPs and the alkyl chains of the analytes on the
normal mode elution. In accordance with these
assumptions, the selectivity of octanol deriva-
tives (8e, i and j) decreased as the hydroxy group
approached to the centre of the alkyl chain,
while the retentions were kept within a rather
comparable range. Both CSPs discriminated
structural differences of the two alkyl sub-
stituents of the same carbon numbers as ex-
emplified by 8l and 8n.

Although relative steric bulkiness of alkyl and
alkenyl moiety is controversial ([22], see also
[23]), CSP 1 seems to recognize vinyl to be
bulkier than ethyl as judged by the separability
of 8p but not 8a on CSP 1. This seems to imply
that an unsaturated substituent in the vicinity of
the chiral centre of the analyte causes electronic
repulsion against the CSP, resulting in a bulkier
exclusion volume than the Van der Waals radius.
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Table 1
Separation of enantiomers on CSP 1 and CSP 2
No. R' R’ CSP 1 CSP 2

Eluent k] a Eluent K\ a
Amino acid derivatives (6) ,
6a CH, (Ala) A 4.58 (§) 1.13° C 6.79 (R) 1.76
6b Iso-C,H, (Val) A 2.64 1.00° C 3.45 (R) 1.31
6¢c Iso-C,H, (Leu) A 271 1.00° C 3.46 (R) 1.63
6d Ph (PhGly) A 427 (R) 1.15° C 9.18 1.00
Ge CH,Ph (Phe) A 520 (S5) 1.14° C 10.31 (R) 1.67
Amine derivatives (7)
Ta CH, Iso-C,H, D 5.59 1.00 E 6.69 1.17
7b CH, n-CiH,, D 4.45 1.16° E 5.60 1.46
Tc CH, Ph E 4.48 (S) 1.30° G 6.61 (R) 1.73
7d CH, 1-Naphthyl E 5.47(S) 1.24° G 8.56 (R) 1.53
Te CH, (CH,),Ph E 3.86 1.10 G 5.20 1.18
7f Ph CH,Ph E 6.77 1.11 G 13.40 1.06
a-Chiral alcohol derivatives (8)
8a CH, C,H; A 5.36 1.00 C 4.26 1.13
8b CH, n-C,H, A 478 (§) 1.08 C 3.86 (R) 1.20
8c CH, n-C,H, A 4.38 1.15 C 3.48 1.31
8d CH, n-C;H,, A 4.11 1.19 C 3.36 1.46
8e CH, n-CH,, A 393(s) 1.21° C 3.19 (R) 1.56
8f CH, n-C,H A 3.76 1.22 C 3.10 1.66
8g CH, n-C;H,, A 3.68 1.24 C 3.01 1.72
8h C,H; n-C;H, A 4.27 1.09 C 3.94 1.05
8i C,H; n-C,H,, A 3.50 1.23 C 3.54 1.23
8j n-C,H, n-C,H, A 3.64 1.08 C 3.47 1.15
8k n-C,H, n-C,H,, A 3.73 1.04 C 3.47 1.13
81 n-C,H, Iso-C,H, A 3.81 1.10 C 3.65 1.05
8m n-C,H, Iso-C,H, A 3.50 1.23 C 3.47 1.27
8n n-C H, Iso-C,H, A 3.60 1.22 C 3.37 1.27
8o trans-2-Methylcyclohexanol A 6.19 1.07 C 4.27 1.19
8p CH, CH=CH, A 5.90 1.08 C 5.56 1.12
8q 2-Cyclohexene-1-ol A 3.84 1.00 C 6.16 1.10
8r CH, Ph B 3.86 (S) 1.54° E 3.93 (R) 2.31
8s C,H, Ph B 3.44 1.53° E 3.95 2.21
8t n-C;H, Ph B 3.33 1.43° E 3.82 2.04
8u Iso-C,H, Ph B 3.56 1.56 E 3.74 2.16
8v Cyclo-C,H , Ph B 4.08 (S) 1.38 E 4.17 (R) 1.99
8w CH, 2-Naphthyl B 5.62 1.55 E 5.25 3.10
8x Ph 2-Naphthyl B 12.12 1.04 E 16.95 1.28
8y CH, CH,Ph B 474 () 1.17 E 3.45 (R) 1.59
8z C,H; CH,Ph B 4.18 1.18 E 3.44 1.49
8a a-Tetralol B 3.84 1.00 E 4.27 1.04
8p B-Tetralol B 5.28 1.08 E 4.18 1.05
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Table 1 (continued)

43

No. R' R’ CSP 1 CSP 2

Eluent k; a Eluent k]

1,2-Diol derivatives (9)

9a CH, E 9.34 1.00 G 13.94

9b C,H;, E 7.87 1.06 G 12.04

9¢ n-C,H, E 6.21 1.24 G 10.84

9d n-C,H,, E 538 (R) 131 G 10.20 (S)
9e Ph F 402 (R) 1.45 G 18.15 (S)
9of trans-Cyclohexane-1,2-diol E 6.43 1.00 G 8.63

B, y and 8-Chiral alcohol derivatives (10)

10a CH, Ph(n=1) B 5.05 (R) 1.09° E 3.99 (S)
10b CH, Ph (n=2) B 5.23 1.00° E 4.35 (R)
10c CH, Ph (n=3) B 4.99 1.00° E 4.57 (R)
a-Chiral carboxylic acid derivatives (11)

l1a CH, C,H;, A 12.33 1.08° E 4.80
11b CH, n-C,H, A 9.73 1.09 E 4.04

11c CH, n-C,H, A 897 (R) 1.27° E 371 (S)
11d CH, n-C;H,, A 8.49 1.31 E 3.49

11e CH, n-CH,, A 7.93 1.37° E 3.65

11f CH, n-C,H,, A 7.60 1.37 E 3.14
11g CH, n-C;H,, A 7.38 1.39 E 3.06
11h C,H; n-C,H, A 9.36 1.00 E 3.27

11i C,H; n-C ,H, A 8.51 1.25 E 2.90

11j C,H; n-CH,, A 8.04 1.29 E 2.75
11k CH, Ph B 7.57 (R) 1.63" F 4.67 (S)
i1 C,H;, Ph B 7.26(R) 1.46° F 4.74 (S)
11m n-C,H, Ph B 7.02 1.47° F 4.34
1in Iso-C;H, - Ph B 7.28 1.34 F 4.27
110 n-C,H, Ph B 8.03 1.19 F 4.76
i1p Cyclo-C,H,, Ph . B 8.67 1.17 F 5.11
11q CH, 5-OMe-(2-Naphthyl) C 8.56 1.72 F 8.38
B-Chiral carboxylic acid derivatives (12)

12a CH, Ph (n=1) B 7.82 (R) 1.50° F 5.09 (5)
Biaryl derivatives (13)

13a B 341(S) 1.09° C 4.07 (R)
13b B 5.86 1.24 C 6.38

13¢ A 222 1.00* B 2.04
13d A 1.46 1.00° B 1.39

13e A 3.06 (S) 1.09° B 2.80 (R)
13f - B . 541 (5) 1.38° B 5.09 (R)
13g B 458 (R) 1.21° B 5.12 (S)
13h B 3.25 1.26° B 3.18

13i B 324 (S) 1.13° B 343 (R)

1.04
1.27
1.55
1.80
2.73
1.20

1.13
1.15
1.03

1.03
1.04
1.21
1.32
1.44
1.54

1.64 .

1.03
1.27
1.40
3.38
2.86
2.76
2.65
2.30
2.38
3.04

2.61

1.31
1.81
1.00
1.00
1.12
1.47
1.34
1.29
1.18

For structures, see Fig. 4. Mobile phases: hexane-2-propanol, (A) 90:10, (B) 85:15 and (C) 80:20; hexane—ethanol, (D) 90:10,
(E) 80:20 and (F) 70:30; and (G) hexane—ethanol-methanol (70:20:10). Flow-rate: 1 mi/min. k{= Capacity factor for the
initially eluted enantiomer. The configuration of the initially eluted enantiomer is indicated in parentheses. The separation factor,

a, is the ratio of the capacity factors of the enantiomers.
*Data from Ref. 11.
® Data.from Ref. 12.
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Fig. 5. Chromatographic separation of enantiomers. Sepa-
ration of N-3,5-dinitrobenzoy! butyl ester of alanine (6a) on
CSP 1 (A) and CSP 2 (B); separation of 3,5-dinitrophenyl-
carbamate of 1-phenylpropanol (8s) on CSP 1 (C) and CSP 2
(D); separation of 3,5-dinitroanilide of 2-phenylpropionic
acid (11k) on CSP1 (E) and CSP 2 (F). Conditions as in
Table 1.

This electronic effect may be more operative in
CSP 2 than in CSP 1; separations of alkyl aryl
carbinol derivatives (8r-w) were greatly im-
proved by changing CSP 1 to CSP 2. Conforma-

tional preferences of 6-membered cyclic systems
may obscure the difference of the effective steric
bulk of the relevant moieties attached to the
carbinyl carbons to result in inferior separability
of cyclohexenol derivatives (8q, a and 8) [24].

Several 1,2-diols were converted into the
bis(3,5-dinitrophenylcarbamate)s (9) and proved
to separate well on CSP 2, although the sepa-
ration of 9a was not complete even on CSP 2.
This means that the presence of an extra dinitro-
phenylcarbamate moiety at the terminus of an
alkyl chain did not disturb the chiral recognition
of alcohol derivatives. It should also be noted
that CSP 1 discriminated at best the B-chiral
centre of a homologous alcohol, while CSP 2
could recognize a chiral centre even at the y-
position (compare 10a with b).

Carboxylic acids as the 3,5-dinitroanilides (11)
also showed elution behaviours similar to those
of the corresponding derivatized alcohols (8),
except that the first-eluting enantiomers of the
former belonged to the dissimilar stereochem-
istry of the latter enantiomers as fully discussed
in a previous paper [12}. Good separations of
a-aryl-substituted carboxylic acid derivatives are
also noticeable, and derivatized naproxen (11q),
an important non-steroidal anti-inflammatory
agent, attained an « value as high as 3.04.

It is of particular interest to note that in case
of the 3,5-dinitrophenyl derivatized analytes (8-
12), CSP 2 required about twice the amount of
the 2-propanol or ethanol content in the hexane-
based eluent system to obtain retentions compar-
able to those obtained by CSP 1, suggesting a
significantly enhanced w-donor—acceptor inter-
action between the anthracene donor and the
3,5-dinitrophenyl acceptor. On the other hand,
in case of the biaryl analytes 13,. the retentions
on CSP 2 did not so much increase as compared
to those on CSP 1. Furthermore, the selectivity
was not so much improved by changing from
CSP 1 to 2. This is in good accordance with the
chiral discrimination model (Fig. 6) which is
based on that proposed for the separation of
biaryl analytes 13 on CSP 1, where chiral dis-
crimination and retention occur mainly via the
hydrogen bonding interactions between the two
sets of the 2,2'-substituents of the CSP and the
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Table 2

Separation of carbamates of 1-phenylethanol and amides of 2-phenylpropionic acid on CSP 2

R PhCH(CH,)-OCONH-R PhCH(CH,;)-CONH-R
Eluent k} a Eluent ki a
3,5-(NO,),~-CH, C 10.36 (R) 2.80 E 7.64 () 3.30
- 2,4-(NO,),-C(H, C 4.26 1.00 E 3.14 (S) 1.09
p-NO,-C.H, C 3.19 (R) 1.31 E 2.37 (S) 1.48
3,5-C1,-CH, C 1.14 (R) 1.37 E 1.03 (S) 1.51
2,4-CL,-CH, C 0.52 1.00 E 0.69 1.00
p-CI-C,H, C 1.16 (R) 1.18 E 1.07 (S) 1.20
C.H;, C 1.14 1.00 E 0.91 (S) 1.09
p-CH,-CH, C 1.06 1.00 E 1.04 (S) 1.09
p-OCH,-C,H, C 1.91 1.00 E 1.61 (S) 1.09
Iso-C;H, C 0.42 1.00 E 0.85 1.00

Mobile phases: (C) hexane—2-propanol (80:20) and (E) hexane—ethanol (80:20). See Table 1 for HPLC conditions.

analyte, mostly irrespective of the backbone
binaphthalene skeleton. Thus, biaryls bearing
only one such polar substituent (13¢ and d) did
not separate on both CSPs.

4. Conclusions

Highly efficient CSPs were prepared by bond-
ing atropisomeric 1,1’-binaphthalene- and 1,1'-
bianthracene-2,2’-dicarboxylic acid to 3-amino-
propylsilanised silica (CSP 1 and 2, respectively),

O
\ "y
—Si \/\/N: c asS
o

Fig. 6. Chiral discrimination model of biaryl analytes on CSP
2.

which can discriminate a wide range of amino
acids, amines, alcohols and carboxylic acids as
the 3,5-dinitrophenyl derivatives as well as
biaryls bearing polar substituents on the 2,2'-
positions. CSP 2 shows a similar elution order
for an enantiomeric pair but greatly improved
selectivity as compared to that of CSP 1, which is
in good accordance with the proposed chiral
recognition mechanism for CSP 1 (Fig. 2). These
CSPs were quite stable under the experimental
conditions used for the data accumulation during
more than a year operation. Taking into account
the ready availability of chiral selector molecule
1,1’-binaphthalene-2,2'-dicarboxylic acid 1 in
both enantiomeric forms [25,26], the binaph-
thalene-based CSPs should be very useful for
practical separation of a variety of 3,5-dinitro-
phenyl-derivatized enantiomers.
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Abstract

The enantioselective retention of four pairs of enantiomeric cannabinoids that have hydroxyl groups was
compared with that for the corresponding acetylated compounds, using amylose tris(3,5-dimethylphenylcarbamate)
in the stationary phase. According to this study the hydroxyl groups were essential to the: chiral discrimination by
the amylose stationary phase, since blocking them by acetylation was detrimental to the enantioselective
separation. Three of the four enantiomeric pairs had a relatively rigid tricyclic backbone, whereas the fourth, the
cannabidiol, was a flexible compound. In contrast to the other three enantiomeric pairs, the resolution of the
acetylated cannabidiol was not completely lost as a result of the acetylation, but it was decreased and the elution
order was reversed. Conformational analysis of the acetylated and non-acetylated enantiomeric pairs was
systematically performed, using molecular mechanics, in order to examine the effect of acetylation on the
conformation of the molecules. The results indicated that acetylation did not change the conformations
substantially and therefore the loss of resolution was attributed to the blockage of the hydroxyl groups. The
molecular mechanics approach was validated by comparing the energy-minimized structure of cannabidiol with its
X-ray crystallographic structure taken from the literature.

known whether the chiral information is con-

1. Introduction
veyed on the molecular level (the D-glucose

With the increasing evidence of problems units) and/or the supra-molecular level (helical
related to stereoselectivity in drug action, enan- backbone). The rationalization of the mechanism
tioselective analysis by liquid chromatography, of chiral discrimination needs a structure—enan-
using chiral stationary phases, has become a tioselective retention relationship (SERR) ap-
focus of intensive research [1]. One type of chiral proach, i.e., a comparative investigation of the
stationary phase is an immobilized carbamated chromatographic behaviour of solutes. The best
amylose, composed of p-glucose units that form strategy would be to use families of chiral com-
a simple helical backbone [2]. This type of pounds with diverse structural features.
stationary phase has shown high capability of The resolution of two such families of enantio-
chiral discrimination [3-6]; however, it is not meric terpenoids and cannabinoids was reported

previously [5,6]. A comparative study of the

* Corresponding author. structural and chromatographic behaviour of the
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48 S. Abu-Lafi et al. | J. Chromatogr. A 679 (1994) 47-58

series of cannabinoids showed that enantiomeric
pairs with very similar structures can be discrimi-
nated very differently, whereas very different
enantiomeric pairs can be discriminated similarly
[5]. The role of hydrogen bonding in the chiral
discrimination of terpenoids was also investi-
gated and it appeared as a major interaction [6].
The phenylcarbamated stationary phase resolved
ketonic and alcoholic terpenoid enantiomers,
although they had no aromatic moiety. Never-
theless, the presence of a hydroxyl group did not
necessarily induced enantiomeric resolution, it
had to be located in the right position on the
molecular structure. The SERR studies were
accompanied by a conformational analysis of the
enantiomers, using molecular mechanics to ver-
ify that conformation was not different with
derivatization of the solutes.

Some of the cannabinoids that were studied
here had already been analysed by computer
modeling as part of their structure—activity rela-
tionship (SAR) during the search for non-psy-
chotropic therapeutic derivatives [7]. A major
advancement in this field was achieved when this
search brought about a therapeutic cannabinoid,
devoid of tetrahydrocannabinol (THC)-like psy-
chotropic effects [8]. This enantiomer was
studied here, in addition to a natural enantio-
mer, (—)-cannabidiol (CBD), a non-psycho-
tropic natural cannabinoid. The natural enantio-
mer has shown antiepileptic, antianxiety and
antidystonia effects in man [9-11].

Comparisons between hydroxylated enantio-
mers and their alkyl analogues have been made
in a few studies using chiral chromatography
[12-14]. Enantiomers of trans-dihydrodiol de-
rivatives of phenanthrene and benzopyrene,
chrysene, and anthracene and their O-methyl
ethers were separated by Yang et al. [12] using
Pirkle chiral stationary phases. In contrast to the
derivatized cannabinoids, the O-methyl ethers
eluted with shorter retention times but were
separated more efficiently than the enantiomers
of underivatized dihydrodiols. Similarly, during
the separation of bi-B-naphthols using a Pirkle-
type stationary phase, the alkyl derivatives were
less retained but were better resolved [13]. In

this example it seems that the position of the
bulkier alkyl groups must have changed the
overall conformation of the enantiomers, hence
their resolution. Another example is the sepa-
ration of alcoholic y- and 8-lactones and their
corresponding alky! derivatives, using cellulose
triacetate. Retention was increased and sepa-
ration was improved when the OH group was
blocked by an alkyl group [14].

2. Experimental
2.1. Instrumentation

HPLC analysis was performed using a HP1050
instrument (Hewlett-Packard, Palo Alto, CA,
USA) equipped with a diode-array UV detector,
an HPCHEM data station and a ThinkJet prin-
ter. A Rheodyne (Cotati, CA, USA) injection
valve was used, equipped with a 20-ul loop. The
chiral column was a ChiralPak AD column
(Daicel Chemical Industries, Tokyo, Japan) (250
mm X 4.6 mm 1.D., 10 um film thickness).

2.2. Materials and Methods

HPLC-grade solvents (n-hexane and 2-pro-
panol) were purchased from LabScan (Dublin,
Ireland) and ethanol from Merck (Darmstadt,
Germany). The four pairs of cannabinoids were
prepared as described previously [5]. Acetylation
of all the (+)- and (—)-enantiomers was per-
formed using acetic anhydride in an excess
amount of freshly distilled pyridine as a catalyst.
The mixture was stirred at room temperature
overnight and the resulting mixture was then
washed with ethanol. Evaporation under vacuum
left a viscous oil that was checked by TLC. The
synthesized cannabinoids obtained were sub-
mitted to further purification procedures using a
silica HPLC column (Adsorbosphere, Alltech,
Deerfield, IL, USA) before the chiral separa-
tions (whenever needed) for final chemical puri-
fication, using 2-propanol-n-hexane (5:95) in
most instances.
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2.3. Procedure for analysis

A flow-rate of 1 ml/min was used in all the
experiments at room temperature. The mobile
phase consisted of mixtures of n-hexane with
ethanol or 2-propanol (5%, v/v). Each run was
monitored at two wavelengths simultaneously,
260 and 240 nm. In each instance, approximately
0.1 mg of analyte was dissolved in 1 ml of the
solvent and injected both individually and as a
mixture.

2.4. Computational method

Construction and treatment of the cannabinoid
structures were performed with the Insight II/
Discover 2.0.0 software package from BIOSYM
Technologies (San Diego, CA, USA). All calcu-
lations were made on a Silicon Graphics 4D/
310VGX workstation. Molecular mechanics
methods are based on a view of the molecular
structures as set of balls and springs. The molec-
ular force field is a sum of the potential energy
functions in these sets. The following molecular
mechanics (MM) potential energy function was
used:

Ere. =F, + Eq +E;+Eywp t Epec ey

where E, is the stretching energy, E, is the
bending energy, E; is the dihedral (torsion)
energy, Eywp is the Van der Waals energy and
E.,. is the electrostatic energy. The force field
used in the calculations was CVFF (consistent
valence force field). All parameters defining the
geometry of the molecules were modified by
small increments until the overall structural
energy reached a local minimum. First, 1000
iterations were made in the steepest descent’s
algorithm, then it was swapped to the conjugate
gradient minimizer, until a convergence criterion
was reached. For CBD, a flexible compound that
undergoes free rotation, the dihedral rotor was
used to define a torsion angle in the segment of
the free rotation and to determine the energy
resulting from this rotation. The structure was
minimized using 10° increments of the torsion
angle over the entire range of 360°.

The fractional X-ray coordinates of CBD from
the literature [15] were fed manually into person-
al CAChe software on a Macintosh IIC com-
puter, and the resulting output file was trans-
ferred and rebuilt in the Silicon Graphics work-
station to be used for the comparison.

The RMS value is a quantitative criterion for
the difference between two structures or their
portions when superimposed on each other. It is
the least-squares fit between the two sets of xyz
coordinates (A units) of the two superimposed
structures, and is calculated according to the
following equation:

RMS = \/% (x _xo)2 +(y —NYO)2 +(z ‘20)2

i=1

()

where N is the number of atoms compared.

3. Results and discussion

3.1. Structure—enantioselective retention:
relationship (SERR)

The structure—activity relationship (SAR) of
cannabinoids has been extensively studied in the
past, mainly to understand the structural features
that are responsible for the therapeutic activity
[16]. A similar approach can be adopted in order
to investigate structural features of enantiomeric
pairs that facilitate chiral discrimination. Chiral
discrimination is measured chromatographically
from the enantioselective retention or the selec-
tivity and the resolution factors. This approach
originates from the term “quantitative structure—
enantioselective retention relation” (QSERR)
that was pointed out by Kaliszan et al. [17].

A previous study using carbamated amylose as
the stationary phase showed that the combina-
tion of hydrogen bonding by hydroxyl and
ketonic groups in the appropriate positions
played a key role in the chiral discrimination of
enantiomeric terpenoids [6]. The role of the
hydroxyl group in the enantioselective retention
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of cannabinoids was therefore studied here. The
hydroxyl groups were blocked by acetylation and
the enantioselective retention was measured and
compared with that of the non-acetylated com-
pounds.

3.2. Chromatographic resolution of the
enantiomeric cannabinoids

The structures of the four cannabinoids and
their derivatives are presented in Fig. 1. The
non-acetylated cannabinoids have already been
resolved using amylose 3,5-dimethylphenyl
carbamate. The enantioselectivity of the carba-
mated amylose towards all four non-acetylated
cannabinoid enantiomers in this study was excel-
lent, using any percentage of modifier [5]. A
selectivity factor « >1.2 was obtained for all
four using 2-propanol. The capacity factors k',
selectivity « and the resolution R, of the non-
acetylated cannabinoids were determined previ-
ously using the same type of stationary phase [5].
The values of k' and « in the present study were
slightly higher than in the previous study,
because the stationary phase originated from a
different batch. In spite of the inconsistency in
performance between two different batches, the
reproducibility of k' and a was relatively good
when the same column was used throughout the
study.

All the chromatographic runs in this study
were made using ethanol-or 2-propanol-n-hex-
ane (5:95). Fig. 2 shows typical comparisons of
the chromatographic resolution of three mixtures
of cannabinoid enantiomeric pairs (1a-3a) and
the corresponding acetylated compounds (pairs
1b~3b), using 2-propanol as the mobile phase
modifier. Fig. 3 shows a mixture of the (+)- and
(—)-enantiomers of CBD (pair 4a) vs. the corre-
sponding mixture of the acetylated (+)- and
(—)-enantiomers (pair 4), using (I) ethanol and
(IT) 2-propanol as modifier. As can be seen in
Fig. 2, the separation of the acetylated enantio-
 meric pairs was lost owing to blocking of the
hydroxyl groups. The loss of separation was
especially dramatic for the two acetylated en-
antiomers HU-249 and HU-250 (pair 3b). The

enantioselectivity of the phenylcarbamated amy-
lose towards this enantiomer pair was extra-
ordinary [@ = 4.8 and R = 19.9 with 2-propanol—
n-hexane (5:95)]; nevertheless, it disappeared
completely when the hydroxyl groups of the two
enantiomers were acetylated [Fig. 2(III)].

In contrast to pairs 1b-3b, the acetylated
enantiomers of CBD (pair 4b) were still partially
separated. Acetylation of the CBD resulted in a
large decrease in the capacity factor (93% using
ethanol and 80% using 2-propanol) and resolu-
tion (70% using ethanol and 50% using 2-pro-
panol}. Moreover, when the modifier was 2-
propanol, inversion of the elution order was
observed, i.e., the (—)-isomer eluted first. A
similar inversion of elution order was observed
in the separation of acetylated terpenoid en-
antiomers using the same stationary phase [6].

The loss of chromatographic resolution of the
acetylated enantiomers (pairs 1b-3b) indicates
that hydrogen bonding dominates the recogni-
tion process by the stationary phase. A similar
loss of resolution was observed in the case of
terpenoid chiral separations when acetylated [6].
The decrease in retention and the loss of sepa-
ration could be explained also by a steric repul-
sion of the solutes from the chiral sites due to the
bulkier acetoxy derivatives.

The chromatographic behaviour of the two
acetylated CBD enantiomers was different from
that of the other three enantiomeric pairs, prob-
ably owing to the difference is structure. Rings A
and C in CBD are perpendicular to each other
and can rotate freely. According to 'H NMR
measurements, acetylation of CBD did not re-
strict the free rotation of the two rings. The
flexibility of these enantiomers facilitated a dif-
ferent fit to the stationary phase in spite of the
loss of OH functionality. The acetoxy groups on
the CBD could probably rearrange themselves so
that weak hydrogen bonding between their two
CO ester groups (hydrogen acceptors) and the
NH of the carbamated residue (hydrogen donor)
was still effective.

The loss of separation of pairs 1b—3b and the
intriguing behaviour of pair 4b raised the ques-
tion of whether the acetylation caused conforma-
tional changes in the enantiomeric pairs and
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Fig. 1. Structures of the enantiomeric cannabinoids used in this study and their acetoxy derivatives.

these changed affected the discrimination. Con- formed, and the energy-minimized structures of
formational analysis of the four cannabinoid and the original and the acetylated compounds were
their acetylated analogues was therefore per- superimposed of each other.
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3.3. Conformational analysis

The tricyclic and tetracyclic fused rings of the
three cannabinoids (see Fig. 1) provide consider-
able rigidity to these enantiomers, hence it was
not surprising that according to molecular me-
chanics calculations, acetylation of the can-
nabinoids did not affect their conformational
significantly. Superposition of each enantiomer

with its corresponding acetylated form gave rise
to relatively small RMS values (RMS < 0.126 A),
as shown in Table 1. In the case of cannabidiol,
in spite of its flexibility, the overall conformation
of its acetylated derivative was approximately
the same as that of the cannabidiol itself, as
shown in Fig. 4, where the two structures are
superimposed.

The similarity of the conformations of the
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Fig. 3. Chromatograms showing the separation of a mixture of the enantiomeric pairs 4a and 4b. Mobile phase: (I)
n-hexane—ethanol (95:5, v/v); (II) n-hexane—2-propanol (95:5, v/v). Detection wavelength, 240 nm.

acetylated and non-acetylated analogues sup-
ports earlier observations that the nature and
position of the substituents is a determining
factor in the chiral discrimination of can-
nabinoids rather than overall conformation [6].

3.4. Comparison with X-ray crystallography
The computational approach described above

was validated by comparison with an X-ray
crystallographic structure of cannabidiol from

the literature [15]. As shown in Fig. 1, can-
nabidiol has no ring B and rings A and C are
almost perpendicular to each other, with two
phenolic groups on ring C. The coordinates of
the X-ray structure of cannabidiol were intro-
duced into the DISCOVER software manually
and the structure was reconstructed. Superposi-
tion of the reconstructed X-ray structure and the
energy minimized structure revealed a small
RMS value of 0.095 between them.

In CBD, the two torsion angles ¢ (C5-C4-
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Table 1

Values of root mean square (RMS) of the differences in xyz
coordinates of the ten heavy atoms common to all the
(+)-cannabinoid structures compared with the corresponding
(+)-acetate isomers

Pair Solute RMS
No. (A)

1 HU-211 0.126
2 HU-251 0.056
3 HU-250 0.036
4 (+)-CBD 0.086

Fig. 4. Superposition of the common ten heavy atoms of the
two structures of CBD and acetylated CBD.

C8-C10) and ¢ (C2-C3-C2'-C3’) (Fig. 5) were
calculated to be 120.7° and —59.9°, respectively,
at the global minima. X-ray crystallography gave
these torsion angles as 127° and —59.4°, respec-
tively.

CH,

OH

HO. CsHy,
Fig. 5. Torsion angles ¢ and ¢ of cannabidiol (CBD).

4. Conclusions

This systematic comparative study of four
cannabinoids has highlighted the functionality of
OH groups in chiral discrimination by
phenylcarbamated amylose. When the OH
groups of the cannabinoids were blocked, sepa-
ration was completely lost for the three rigid
enantiomeric pairs, and just partially lost for the
flexible cannabidiol enantiomers. Molecular
modelling, which was validated by comparison
with an X-ray structure, indicated that the loss of
separation was not caused by a change in con-
formation.
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Abstract

Computer simulation (Drylab G) was used to optimize the reversed-phase high performance liquid chromatog-
raphy of eleven phenolic acids. On the basis of the data for two preliminarily optimized solvent systems
(I = acetonitrile—water-1% acetic acid, 1I = acetonitrile—tetrahydrofuran-1% acetic acid) obtained by computer
simulation the subsequent simple step-by-step procedure allowed conditions for the separation of all solutes to be

found.

1. Introduction

Generally it is easy to separate simple mix-
tures consisting of several solutes and to ensure
that the capacity factors are in the optimum
range of 1-10. However, for more complex
mixtures the optimization of the chromatograph-
ic system can be complicated and the trial-and-
error procedures are time consuming and lead to
a greater consumption of solvents and materials.
Computer-assisted methods, which have been
extensively developed in recent years, can be
applied to solve the problems more readily [1].
However, before starting with any optimization
procedure, it is worthwhile studying the litera-
ture on the subject. It is also well known from
the chromatographic literature [2] that adsor-
bents differ from batch to batch, which can result

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00474-N

in selectivity changes, and it is often necessary to
reoptimize the chromatographic system.
Examples of the chromatographic separations
of phenolic acids are well documented [3-5].
The phenolic acids are relatively hydrophilic
compounds and conventionally are separated by
ion-pair or ion-suppression reversed-phase liquid
chromatography. In this work, the latter mode
was applied to obtain preliminary data for com-
puter optimization. We used a typical procedure
for optimization of the phenolic acid mixture by
means of Drylab G software [6,7], which is based
on the retention data of two preliminary runs
and system variables. In our case the results for
the two eluent systems investigated were only
partially satisfactory. We could try other eluent
systems or a longer, more efficient column, but
the two experimental chromatograms obtained
led us to the conclusion that the final chromato-
graphic optimization could be easily performed
by an additional simple step-by-step procedure.

© 1994 Elsevier Science B.V. All rights reserved
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The method, which consists in the combination
of two eluent systems, is presented below.

2. Experimental

An HP-1050 gradient liquid chromatograph
(Hewlett-Packard, Palo Alto, CA, USA)
equipped with a 20-ul sample injector
(Rheodyne, Cotati, CA, USA) and a variable-
wavelength UV detector (HP-1050) operated at
254 nm was used. The chromatograms were
recorded with a Hewlett-Packard Model 3396 A
reporting integrator. Stainless-steel columns
(250 X 4.6 mm I.D. and 100 X 4.6 mm 1.D.) were
packed with 7-um LiChrosorb RP-18 (Merck,
Darmstadt, Germany) using laboratory-made
apparatus with an Orlita pump. The first column
had an efficiency of 6400 and the second 3600
theoretical plates, as determined using toluene as
the test solute eluted with methanol-water

Table 1
System variables, compounds and retention times

System variables

Dwell volume (ml) 0.90
Column length (cm) 25.0
Column diameter (cm) 0.46
Flow-rate (ml/min) 1.00
Starting B (ACN) concentration (%) 0.0
Final B (ACN) concentration (%) 50.0
Gradient time, 1st run (min) 30.0
Gradient time, 2nd run (min) 90.0

Retention times

Band Compound ty (min)
No. _—
Run 1 Run 2
1 Gallic acid 6.66 8.18
2 Protocatechuic acid 9.52 13.52
3 Chlorogenic acid 11.94 22.07
4 Vanillic acid 13.42 23.25
5 trans-Caffeic acid 13.64 24.43
6 Syringic acid 13.76 25.17
7 cis-Caffeic acid 14.42 26.13
8 trans-p-Coumaric acid 16.56 31.48
9 cis-p-Coumaric acid 17.17 32.97
10 trans-Ferulic acid ’ 17.42 34.39
11 cis-Ferulic acid 18.05 36.60

(60:40) at a flow-rate of 1 ml/min. The dwell
volume of the equipment was determined by
running a blank gradient without the column.
In two gradient rumns, acetonitrile (ACN),
tetrahydrofuran (THF) and water (doubly dis-
tilled) were used as components of the eluent; all
solvents contained 1% (v/v) of acetic acid to
suppress the ionization of phenolic acids. The
sample was a mixture of eleven components (see
Table 1) dissolved in methanol-water (1:1).

3. Results and discussion

In accordance with the Drylab G instruction
manual, preliminary data are needed for the
optimization of resolution in reversed-phase liq-
uid chromatography. The data consist of system
variables and retention times of solutes for two
typical linear gradient runs from 5% to 100% of
modifier in water. For acetonitrile as modifier,
too low retention times for some of the solutes
were obtained for the 25-cm column. Especially
gallic and protocatechuic acids show retentions
near the dead time. This means that these bands
are eluted under isocratic conditions and it is
difficult to obtain precise data on retention
times. Taking into account the aspects discussed
above, we decided to perform two preliminary
linear gradient runs starting from 0% ACN plus
a constant acetic acid concentration (1%) for
gradient times of 30 and 90 min. From a practical
point of view it was of interest to test whether
Drylab G can be applied to the prediction of
retention and resolution .in the system investi-
gated (basing on retention data for a 0-50%
gradient range).

In Fig. 1 the resolution map is presented for
the system using a 25-cm column with a real
plate number N = 6400. It can be seen that good
resolution can be obtained for a very long
gradient time (90 min). The most efficient res-
olution was obtained by simulation of chromato-
gram using another gradient range. The final
gradient range was found to be from 0 to 23.1%
ACN during 46.2 min. The simulated chromato-
gram for this gradient is shown in Fig. 2 and the
real chromatogram in Fig. 3. Good agreement of
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Fig. 1. Relative. resolution map for phenolic acids. 0-50%

acetonitrile-water gradient; compounds as in Table 1.

the simulated and real retention data is ob-
served; compare also the data in Table 2.

Only the last band, cis-ferulic acid, shows a

large deviation, 2.4%, from simulated value.
Otherwise the resolution, especially of peaks 3—
7, shows larger discrepancies which are probably
due to the tailing of the peaks and/or the column
being poorly packed. Instead of 6400 theoretical
plates the efficiency of the column should be
about 10 000.

In the subsequent experiments a new 10-cm
column was packed with better efficiency per
unit length, N =3600, and the composition of
the eluent was varied. THF as the second modi-
fier with a low constant concentration, 2%, was
introduced into the mobile phase. As reported
earlier [8-10], a low concentration of another
modifier with stronger hydrophobic properties
than the first can lead to retention and selectivity
changes, especially when the solutes interact
specifically with the modifier. Modifiers such as

Y

-
S0~

30% [

0.01AU

2%

Bl

9%

0% L
16 24 32 min

Fig. 3. Real chromatogram of phenolic acids. Conditions as
in Fig. 2.

THEF can be strongly extracted to the C,; station-
ary phase and then its interaction with proton-
donor solutes (phenolic acids) in the stationary
phase can introduce a marked influence on
retention.

The optimization of the system with ACN-
water—-THF was performed as described above
based on two linear gradient runs from 0% to
50% of ACN with constant THF (2%) and acetic
acid (1%) concentrations. Table 3 reports the
values of the system variables and retention
times of the solutes for two runs of 20 and 60
min. The sequence of the solutes is different in
comparison with the data in Table 1. Additional-
ly, in Table 3 there is some sequence variation

0 A L

1 1

0.0 8.4 16.7

254 335 min

Fig. 2. Simulated chromatogram of phenolic acids by gradient elution with 0-23.1% acetonitrile—water during 46.2 min. Column

length, 25 cm; compounds as in Table 1.
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Table 2

Retention times for a linear gradient from 0.0 to 23.1% ACN
in 46.2 min for simulated and experimental chromatograms
using a 25-cm C,, column

Band Compound tg (min)
No.
Simulated  Experimental

1 Gallic acid 8.30 8.23
2 Protocatechuic acid 13.90 13.95
3 Chlorogenic acid 23.39 23.65
4 Vanillic acid 24.41 24.53
5 trans-Caffeic acid 25.75 26.05
6 Syringic acid 26.60 26.68
7 cis-Caffeic acid 27.57 27.91
8 trans-p-Coumaric acid  33.39 33.56
9 cis-p-Coumaric acid 35.01 34.93

10 trans-Ferulic acid 36.64 36.57

1 cis-Ferulic acid 39.12 38.17

Table 3

System variables, compounds and retention times

System variables

Dwell volume (ml) 0.90
Column length (cm) 10.0
Column diameter (cm) 0.46
Flow-rate (ml/min) 1.0

Starting B (ACN) concentration (%) 0.00 + 2% THF
Final B (ACN) concentration (%) 50.00 + 2% THF
Gradient time, 1st run (min) 20.0
Gradient time, 2nd run (min) 60.0

Retention times

Band Compound ty (min)
No. —_—
Run 1 Run 2
1 Gallic acid 3.27 3.41
2 Protocatechuic acid 5.11 6.59
3 Chlorogenic acid 6.58 10.32
6 Syringic acid 7.15 10.41
4 Vanillic acid 7.41 10.24
5 trans-Caffeic acid 7.88 12.76
7 cis-Caffeic acid 8.14 13.12
8 trans-p-Coumaric acid 9.63 17.18
9 cis-p-Coumaric acid 9.87 17.18
10 trans-Ferulic acid 9.88 17.73
11 cis-Ferulic acid 10.23 18.58

0.78

Rs

0.58

0.39

0.19

2 5 9 18 35 67  min

Fig. 4. Relative resolution map for phenolic acids. 0-50%
acetonitrile—water gradient with constant concentration of
THF (2%); compounds as in Table 1.

between the two runs, it is contrast to the data in
Table 1 where the sequence of the solutes is the
same in the two runs. Fig. 4 shows the relative
resolution map for the system. The image is
different to that in Fig. 1. No satisfactory res-
olution of the complete set of the solutes can be
obtained in the gradient time range shown in
Fig. 4.

It is interesting that generally in both Figs. 1
and 4 different pairs of bands show minimal
resolution. This suggests that mixing of the two
modifiers (ACN and THF) is another possibility
for improving the separation. However, in our
computer optimization procedure we obtained a
new gradient range from 7 to 30% ACN (with
constant THF and acetic acid concentrations)
during 31 min. .

Figs. 5 and 6 show the simulated and ex-
perimental chromatograms, respectively, of the
mixture investigated. The retention times of the
phenolic acids are about 0.7 min (mean value)
lower in the real than in the simulated chromato-
gram (Table 4) but the resolutions are similar. In
both Figs. 5 and 6 peaks 8—10 are only partially
separated, in contrast to the chromatograms in
Figs. 2 and 3, where the peaks are well sepa-
rated. The opposite situation occurs for the
peaks with lower retention. Bands 3-7 are poor-
ly separated in Fig. 2 but show, in principle,
acceptable resolution in Fig. 6. This means that
bands 3-7 are well resolved with an eluent
containing THF but bands 8-11 are better sepa-
rated without THF in the mobile phase (compare
also Fig. 7, where the chromatogram for the
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Fig. 5. Simulated chromatogram of phenolic acids by gradient elution with 7-30% ACN during 31 min with a constant
concentration of THF (2%). Column length, 10 cm; compounds as in Table 1.

10-cm column, N = 3600, and an ACN gradient
range of 7-30% is simulated based on the system
variables in Table 1, without THF in the eluent).

The above observation can also be sup-
plemented by the variation of the retention
sequence within the band 3-7 set. Bands 3 (cis-
chlorogenic acid) and 7 (cis-caffeic acid) are the
first and the last band, respectively, in the set in
both chromatograms. However, syringic acid
shows a stronger retention than vanillic acid and
trans-caffeic acid in the ACN system. In the
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Fig. 6. Real chromatogram of phenolic acids. Conditions as
in Fig. 5.

ACH-THF (2%) system the retention of syring-
ic acid is weaker than that of vanillic acid and
trans-caffeic acid. Also, trans-caffeic acid shows
an increase in retention relative to cis-caffeic
acid in the ACN-THF system in comparison
with the ACN system. The retention variations
suggest that the separation of bands 3-7 can
possibly be achieved by fine tuning of the THF
and ACN gradient simultaneously, e.g., by ap-
plying a procedure analogous to that described
previously [11,12].

Instead of looking for another system with a
different selectivity characteristic or changing the

Table 4

Retention times for a linear gradient from 7.0 to 30.0% ACN
and a constant THF concentration (2%) in 31 min for
simulated and experimental chromatograms using a 10-cm
C,s column

Band Compound tg (min)
No.
Simulated Experimental

1 Gallic acid 2.43 1.81
2 Protocatechuic acid 3.37 3.32
3 Chlorogenic acid 5.09 4.42
6 Syringic acid 6.07 5.35
4 Vanillic acid 6.51 5.7
5 trans-Caffeic acid 7.32 6.61
7 cis-Caffeic acid 7.76 7.06
8 trans-p-Coumaric acid  10.95 10.07
9 cis-p-Coumaric acid 11.22 10.36

10 trans-Ferulic acid 11.48 10.76

11 cis-Ferulic acid 12.27 11.53
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Fig. 7. Simulated chromatogram of phenolic acids by gradient elution with 7-30% ACN and a 10-cm column based on the data in

Table 1.

operational parameters, e.g., column length, we
decided to perform the next optimization pro-
cedure step by step based on the data for the
chromatograms presented in Figs. 3, 6 and 7. We
started using.the same gradient of ACN as in
Fig. 6 and the THF concentration was kept -at
the same level, 2%, during 0—6 min then' de-
creased linearly to 0% from 6 to 12 min. The
real chromatogram is shown in Fig. 8 and is very
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Fig. 8. Separation of phenolic acids. by gradient elution with
7-30% ACN during 31 min, 2% THF during 0-6 min and
2-0% THF during 6-12 min. Compounds as in Table 1.

similar to that in Fig. 6. This means that the
decrease in THF concentration in the last stage
of the chromatographic process does not influ-
ence the retention of bands 8-11. The decrease
should be greater to reflect the retention change
of bands 8-11. The retention of these solutes is
probably strongly influenced by extraction of
THEF into the stationary phase. Hence the expul-
sion of THF from the stationary phase in the
later stages of the chromatographic process can
be achieved by a higher ACN concentration.

We then decided to increase the gradient slope
of ACN and to decrease the starting time of the
THF gradient from the start of the chromato-
gram. The next chromatogram was -obtained
using a gradient of THF concentration from 2 to
0% during the initial 6 min. The gradient of
ACN concentration was divided into two seg-
ments: (1) during the first 6 min the slope of the
gradient was the same as in Figs. 6 and 8 (i.e.,
7-11.6% ACN), and (2) during the next 6 min,
i.e., from 6 to 12 min, the gradient was from
11.6 to 30% ACN (Fig. 9). The second segment
with a higher slope of the ACN gradient was
introduced mainly, as suggested above, to elute
THF rapidly from the stationary phase.

The chromatogram shown in Fig. 9 demon-
strates a good resolution of peaks 8-11, which
now have decreased retention relative to the
chromatogram in Fig. 8. However, peaks 6 and 4
overlap. The overlap of these peaks is probably
caused by a too low concentration of THF in the
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Fig. 9. Separation of phenolic acids by gradient elution with
7-11.6% ACN and 2-0% THF during 0—6 min and 11.6-
30% ACN during 6-12 min. Compounds as in Table 1.

initial stage of elution relative to the conditions
in Fig. 8. With a greater THF concentration,
syringic acid shows a weaker retention than
vanillic acid and the band of #rans-caffeic acid is
closer to that of cis-caffeic acid (Fig. 6). There-
fore, for the next chromatogram a higher starting
THF concentration (3%) was applied, which
caused a poorer resolution of peaks 5 and 7 (Fig.
10). In the last stage of the fine tuning of the
system, an intermediate starting concentration of
THF was chosen, i.e., 2.5%. Fig. 11 shows the
chromatogram with satisfactory resolution of all
the bands under the final gradient conditions as
follows: 0-6 min, gradient from 7% to 11.6%
ACN and from 2.5 to 0% THF; 6-12 min,
gradient from 11.6 to 30% ACN. In the whole
gradient range the acetic acid concentration was
constant at 1%.

The procedure described above for optimi-
zation of the chromatographic system is not
typical in chromatographic practice but shows
that it is a worthwhile effort to compare various
chromatograms obtained after computer optimi-
zation. This can sometimes help to devise a more
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0% [ ——‘l
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Fig. 10. Separation of phenolic acids by gradient elution with
7-11.6% ACN and 3-0% THF during 0-6 min and 11.6-
30% ACN during 6-12 min. Compounds as in Table 1.
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Fig. 11. Separation of phenolic acids by gradient elution with
7-11.6% ACN and 2.5-0% THF during 0—6 min and 11.6—
30% ACN during 6-12 min. Compounds as in Table 1.
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complicated chromatographic system permitting
improved resolution of the solutes.
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Abstract

Recombinant human granulocyte—macrophage colony-stimulating factor (thGM-CSF), produced as inclusion
bodies in genetically transformed Escherichia coli cells was purified to homogeneity by a three-step chromato-
graphic procedure involving hydrophobic interaction, ion exchange and gel filtration. Each purification step is
reproducible and well suited for process-scale operations. The purification process also leads to a significant
decrease in DNA and endotoxin levels in the final product. Of the three gel media used, Phenyl Sepharose 6 FF
(high sub) was most effective in reducing the DNA content (by a factor of ca. 2000) while Superdex 75 prep grade
was more effective for removing endotoxins (reduction factor ca. 15). The recovery of purified thGM-CSF was 35%
by enzyme-linked immunosorbent assay and 70% by a biological assay method. The overall purification factor
obtained was about 4.6, which is in the range of those reported for recombinant proteins produced in E. coli as
inclusion bodies. The purified rhGM-CSF is an acidic protein (pI =5.4) and has a specific activity of ca. 3.3 10’
units/mg, which is in excellent agreement with that reported for its natural counterpart. Its monomer molecular
mass of 14 605, as determined by electrospray mass spectrometry, corresponds exactly to the mass calculated from
its cDNA sequence. Its amino acid composition and partial NH,-terminal sequence (up to seventeen residues) are
also identical with those reported for this protein. These and other results confirm the identity of the purified
rhGM-CSF with its natural counterpart. However, the results also showed that it is apparently heterogeneous from
its NH,-terminal side as it is composed of three polypeptides having Met, Ala and Pro as the NH,-terminal
residues in which the intact Met analogue accounts for 60% for the mixture. This heterogeneity does not seem to
have any biological significance since the specific activity of the purified rhGM-CSF is identical with that of its
natural counterpart.

1. Introduction group of four glycoproteins which regulate the
proliferation and differentiation of granulocytes,

The colony-stimulating factors (CSFs) are a monocyte—macrophages and certain related
- haemopoietic cells [1]. Their classification is
* Corresponding author. based on the stimulatory effects which they exert

0021-9673/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved
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on various bone marrow progenitor cell lineages
[2-6]. The granulocyte—macrophage CSF (GM-
CSF) specifically stimulates the proliferation of
cells of both the macrophage and granulocyte
lineages [5,6]. The biological effects attributed to
GM-CSF include (i) stimulation of the initial
divisions of the erythroid and megakaryocyte
progenitor cells {7], but mature cells in these
lineages are produced only in the presence of
either erythropoietin or a megakaryote stimulat-
ing factor [8]; (ii) prolonging the life span of
mature granulocytes, macrophages and eosino-
phils [9-11]; (iii) inducing the accumulation of
neutrophils at sites of infection or blood vessel
damage [12]; (iv) inducing the secretion of
interleukin-1 by GM-CSF-treated neutrophils,
thereby involving other cells capable of fighting
infections [13]; (v) stimulation of antibody-de-
pendent T-cell-mediated cytotoxicity by neutro-
phils and macrophages [14,15]; and (vi) inducing
macrophages to secrete a number of biological
response modifiers including tumour necrosis
factor [13].

Its important medical applications are (i) to
restore haematopoietic dysfunction by raising
cell counts from suppressed to normal levels; (ii)
to stimulate the hyper-production of functionally
primed effector cells {16]; and (iii) to augment
host defence against infection and, possibly,
malignant disease. It can thus help cancer pa-
tients to resist secondary infections developing
either because of diminished resistance associ-
ated with some forms of cancer or in patients
with suppressed bone marrow function after the
use of myelotoxic chemotherapy or in those
undergoing bone marrow transplantation follow-
ing intense chemotherapy [1].

The natural human GM-CSF is composed of
127 amino acids including four cysteine residues
that form two disulphide linkages [17,18]. It is a
compact globular protein containing both a-heli-
cal and B-sheet structures [19]. It is also an acidic
glycoprotein with a molecular mass of 18 000-
30000 and an isoelectric point ranging from 4.0
to 5.2, depending on the type of cells from which
it is derived [20-22]. The molecular mass of the
non-glycosylated protein is 14 700,

The cDNA of human GM-CSF has successful-

ly been cloned and expressed in both mammalian
(monkey COS cells) [23,24] and bacterial (Es-
cherichia coli) cells [25]. Characterization of the
purified product showed that, despite the lack of
glycosylation, the bacterially synthesized human
GM-CSF is the same as its natural counterpart in
both conformation and biological activity [25]. In
order to improve its expression level in E. coli,
polymerase chain reaction (PCR) technology and
synthesized oligonucleotide primers have been
used to modify its 5'-terminal cDNA to fit the E.
coli system. Recently, the high yield expression
plasmid (pBV,,,/GM-CSF) has been obtained
[26] which will allow the production of recombi-
nant human (th) GM-CSF in relatively large
quantities. This in turn will make it possible to
perform some detailed structure—function analy-
sis on the purified protein and its use in diverse
clinical trials.

Methods for the purification of thGM-CSF are
scanty and the few that are published are based
either on immunoaffinity chromatography [27] or
a combination of gel filtration, ion-exchange
(IEC) and reversed-phase liquid chromatog-
raphy (RPLC) [24,25,28]. This paper describes
an optimized downstream purification procedure
for rhGM-CSF expressed in E. coli as inclusion
bodies. The adopted procedure is reproducible
and well suited for process-scale operations. The
purified thGM-CSF is homogeneous when ex-
amined by several criteria of purity and its
biological activity is apparently identical with
that of its natural counterpart. It has also been
characterized with respect to its amino acid
composition, partial amino terminal sequence
analysis and its molecular mass.

2. Experimental

Unless stated otherwise, all experiments were
performed at room temperature (20°C). Chro-.
matographic columns, gel media, recorders, de-
tectors, fraction collectors, PhastSystem electro-
phoresis apparatus and the BioPilot chromato-
graphic system were products of Pharmacia Bio-
Process Technology (Uppsala, Sweden). During
the developmental phase of the downstream
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purification procedure and for establishing the
reproducibility of the adopted purification pro-
cess, XK16 and XK26 laboratory columns were
used. For pilot-scale applications, XK50/30 and
BioProcess glass columns (BPG 100/950) were
used. Relevant details will be outlined in appro-
priate sections.

Guanidine hydrochloride (Gu-HCI) (95%)
was obtained from Aldrich Chemie, urea from
Prolabo, Berol 185 from Berol Kemi (Stock-
holm, Sweden), EDTA (disodium salt,
dihydrate) and 2-mercaptoethanol (2-ME) from
Fluka, reduced glutathione (GSH) and oxidized
glutathione (GSSG) from Sigma, RPMI 1640
medium and foetal calf serum from Gibco and a
reference standard for rhGM-CSF (specific ac-
tivity = 6 - 10’ units/mg) from Boehringer
(Mannheim, Germany).

The following buffers were used for extrac-
tion, solubilization and renaturation of the inclu-
sion bodies and for the chromatographic experi-
ments; they will be referred to in abbreviated
form throughout:

(A) 20 mM sodium phosphate (93 parts of 0.2 M
Na,HPO, solution + 7 parts of 0.2 M
NaH,PO, solution diluted 10-fold)-0.125 M
NaCl-5 mM EDTA (pH 7.6).

(B) 0.1% (v/v) Berol 185 in buffer A (pH 7.5).

(C) 0.5 M urea in buffer A (pH 8.1).

(D) 7 M guanidine hydrochloride-100 mM 2-
mercaptoethanol-50 mM Tris~HCI-50 mM
NaCl-1 mM EDTA (pH 7.5).

(E) 20 mM Tris—HCl-1 mM reduced gluta-
thione-0.1 mM oxidized glutathione—0.1%
Berol 185 (pH 8.4)..

(F) 50 mM sodium phosphate (210 ml of 0.2 M
Na,HPO, + 40 ml of 0.2 M NaH,PO, solu-
tions diluted to 1 1)-10% (w/v) ammonium
sulphate (pH 6.9).

(G) 20 mM sodium phosphate (61 ml of 0.2 M
Na,HPO, + 39 ml of 0.2 M NaH,PO, solu-
tions ‘diluted to 1 1) (pH 7.0).

(H) 30% 2-propanol in buffer G.

(I) 20 mM sodium phosphate buffer (31 ml of
0.2 M Na,HPO, + 69 ml of 02 M
NaH,PO, solutions diluted to 1 1) (pH 6.5).

(J) 20 mM sodium phosphate buffer (40 ml of
02 M Na,HPO, + 60 ml of 0.2 M
NaH,PO, solutions diluted to 1 1)-0.15 M
NaCl (pH 6.5).

(K) 20 mM sodium phosphate buffer (58 ml of
02 M Na,HPO, + 42 ml of 02 M
NaH,PO, solutions diluted to 1 1)-1.0 M
NaCl (pH 6.4).

2.1. Production of rhGM-CSF

The procedure described here is essentially
identical with that used in ref. [29]. E. coli strain
DHS5a was transformed by plasmid pBV220/
GM-CSF, which contains rthGM-CSF cDNA
inserted downstream of PyP;, promoter and
Clts857 regulator gene. Fermentation of the
transformed cells was performed essentially as
described by Song and Tong [{30]. About 1000 mi
of an overnight cell culture in LB medium was
seeded into a 40-1 fermenter containing 25 1 of
modified M 9 medium. The cells were allowed to
grow at 30°C, maintaining the pH at 7.0 and the
glucose concentration at 0.2-0.4% (w/v) until
the absorbance of the cell suspension at 600 nm
(A 4oo) was about 3. This was reached after about
9 h of continuous culturing. The temperature of
the fermenter was then raised to 42°C to induce
the expression of the rhGM-CSF [31,32]. The
fermentation was allowed to continue for a
further 4 h and the cells were then harvested by
centrifugation at 10 000 rpm at 4°C in a Beckman
J2-21 centrifuge fitted with a continuous rotor.

2.2. Extraction, solubilization and renaturation
of the inclusion bodies

About 120 g of the E. coli cells were sus-
pended in 1200 ml of buffer A followed by
dispersion using an Ultra Turrax (IKA-Werk)
run at moderate speed for about 5 min. The
homogenized suspension was cooled to 15°C and
passed through an APV Gaulin Press maintained
at a pressure of 500 bar (50 MPa) throughout the
milling operation. The temperature of the par-
tially disrupted cell suspension rose to 30°C
during this first passage. It was cooled to 20°C in
an ice-bath and the milling operation was re-
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peated twice more. At the third and last passage,
the temperature of the disrupted cell suspension
rose to 27°C. Microscopic examination of the
milled suspension showed no intact E. coli cells,
indicating that at least 98% of the cells were
disrupted.

The suspension was centrifuged at 5000 g for
30 min and at 4°C. The supernatant was dis-
carded and the pellet was resuspended in buffer
B (600 ml) followed by homogenization for
about 5 min using the Ultra Turrax and centrifu-
gation as above. The resulting pellet was further
washed by resuspension in buffer C (600 ml)
followed by homogenization and centrifugation
as above. The supernatant was discarded and the
pellet was resuspended in 300 ml of buffer A
followed by homogenization and centrifugation
at 10000 g for 30 min at 4°C. The supernatant
was discarded and the pellet (ca. 14 g wet mass),
containing highly purified inclusion bodies, was
dissolved in 56 ml of buffer D by continuously
stirring it for 3 h at 4°C. The resulting cloudy
solution was centrifuged at 40 000 g for 30 min at
4°C to remove insoluble material and residual
cell debris.

The clarified supernatant, containing dena-
tured and solubilized proteins of the inclusion
bodies, was renatured by stepwise dilution with
buffer E (a total of seven steps were used). This
procedure resulted in a significant decrease in
the amount of precipitate formed during renatu-
ration compared with a one-step dilution pro-
cedure we had previously used [29]. To 1 part of
the supernatant was added sufficient amount of
buffer E (1.17 parts) to decrease the concen-
tration of Gu - HCl from 7 to 6 M. The solution
was then stirred continuously for 10 min at 4°C
and a further amount of buffer E was added to
decrease the concentration of Gu-HCI to 5 M.
The solution was stirred as above for 10 min and
this process was repeated until the final con-
centration of Gu- HCI was decreased to 1 M. At
this point, the solution turned cloudy. To this
was added sufficient buffer E to decrease the
concentration of Gu-HCI to 0.1 M (total dilu-
tion factor = 75) and the resulting cloudy suspen-
sion was stirred for 10 min and allowed to stand
at 4°C overnight for optimum renaturation of the

proteins. The product obtained was distinctly
cloudy, probably owing to the presence of par-
tially renatured and/or aggregated proteins. It
was clarified by centrifugation at 17000 g for 30
min at 4°C and the clear supernatant, containing
renatured thGM-CSF, was used as the starting
material for purifying the active protein accord-
ing to the optimized procedure described below.

2.3. Hydrophobic interaction chromatography
(HIC)

Phenyl Sepharose 6 Fast Flow (high sub) was
packed in an XK50 column (bed height =20 cm;
bed volume = 400 ml) and washed with two bed
volumes of deionized water followed by three
bed volumes of equilibration buffer F. In the
sample of renatured and clarified rhGM-CSF
(4.3 1) was dissolved ammonium sulphate to a
final concentration of 0.76 M (10%, w/v) before
applying it to the equilibrated column at a flow-
rate of 100 cm/h. After sample application, the
column was washed with three bed volumes of
the equilibration buffer F to elute the unbound
fraction. The bound fraction, containing rhGM-
CSF, was eluted by washing the column with 2.5
bed volumes of buffer G followed by about four
bed volumes of buffer H. This last washing also
serves to regenerate the column. For subsequent
use, the column was washed with at least three
bed volumes of deionized water to clute the
2-propanol prior to equilibrating it with buffer F.
Fractions were pooled as they eluted from the
column on the basis of their A,;, recorder
tracing.

After using the column for 3-5 consecutive
runs, it was regenerated by washing with 2-3 bed
volumes of 0.5~1 M NaOH. The column was
allowed to stand in this solution overnight and
then washed with deionized water (two bed
volumes) followed by buffer F for re-equilibra-
tion (see above). This procedure serves to re-
move strongly bound proteins and lipids and
thereby restore the function of the adsorbent.

2.4. Ion-exchange chromatography

The active fractions (B and C) obtained from



M. Belew et al. | J. Chromatogr. A 679 (1994) 67-83 71

the HIC step were pooled (total volume 880 ml)
and applied to an XK50 column (bed height =
22.5 c¢m; bed volume = 450 ml) packed with Q
Sepharose Fast Flow which was equilibrated with
buffer 1. After sample application, the column
was washed with the equilibration buffer I until
all the unbound fraction was eluted, followed by
2.5-3 bed volumes of buffer J to elute the
fraction containing active thGM-CSF. The col-
umn was finally washed with three bed volumes
of buffer K to elute the most strongly bound
proteins and also to regenerate it.

2.5. Gel filtration

This was performed on a BioPilot glass column
(BPG 100/950) packed with Superdex 75 prep
grade (bed volume =4.9 1). The column was
equilibrated with buffer J and the flow-rate was
maintained at 15 cm/h. The active fraction
obtained from the IEC step (total volume = 620
ml) was applied to the column in portions, or
after concentrating it over a PM 10 membrane
fitted to an Amicon concentrating cell, such that
the sample volume corresponded to approxi-
mately 5% of the total bed volume of the
column. The eluted fractions were pooled direct-
ly on the basis of the continuous chart recording
of the A, of the effluent.

2.6. Analytical methods

The distribution of proteins in column ef-
fluents was determined by continuous on-line
measurement of the absorbance at 280 nm and
direct recording. Quantitative determinations
were made according to a modified method of
Lowry using a Sigma protein assay kit. The
concentration of protein in solutions of purified
thGM-CSF was determined using a factor A'” at
280 nm of 10.1 which we have established (see
Results). Its amino acid composition was de-
termined according to standard procedures on a
purified sample which has been hydrolysed in 6
M HCI for 24 and 72 h at 110°C in evacuated and
sealed glass tubes. Cysteine was determined as
cysteic acid on an oxidized sample that was
hydrolysed for 24 h. Tryptophan was determined

on a sample which was hydrolysed for 24 h in
3 M mercaptoethanesulphonic acid (MESA) to
avoid its destruction by air oxidation. The hy-
drolysates were analysed on a Model 4151 Alpha
Plus amino acid analyser (Pharmacia LKB Bio-
technology).

The NH,-terminal sequence of purified thGM-
CSF was determined using the Edman degra-
dation method on an Applied Biosystems Model
477A sequencer. The resulting phenylhydantoin
(PTH)-amino acid derivatives were identified
using an Applied Biosystems Model 120A PTH
analyser.

2.7. Determination of biological activity

This is based on determining the survival of
TF-1 cells cultured in the presence of thGM-CSF
relative to those cultured in its absence. TF-1
(tri-factor dependent) is a unique cell line estab-
lished from the bone marrow cells of a patient
with erythroleukaemia that is dependent for its
growth and proliferation on each of three
haematopoietic  factors, i.e. erythropoietin
(EPO), granulocyte—macrophage colony-stim-
ulating factor (CM-CSF) and interleukin 3 (IL-3)
[33]. The procedure we employed routinely is an
adaptation of the method described by Kitamura
et al. [34]. The activity of thGM-CSF was also
determined by an indirect enzyme-linked im-
munosorbent assay (ELISA) using horseradish
peroxidase conjugated with sheep anti-mouse
(BALB/¢) IgG.

2.8. Native or sodium dodecylsulphate—
polyacrylamide gel electrophoresis (SDS-PAGE)

This was performed routinely according to the
procedure outlined in Ref. [29] to follow the
progress achieved at each stage of the down-
stream purification process and to examine the
electrophoretic homogeneity of purified rhGM-
CSF preparations. The dilute protein solutions
were concentrated by lyophilization after desalt-
ing of each sample on a PD 10 (Sephadex G-25)
column equilibrated with 50 mM ammonium
acetate (pH 6.8). The dried samples were then
dissolved in a suitable volume of distilled water
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to obtain an Aj,, of ca. 10 (i.e. 10 ug/ul).
Low-molecular-mass marker proteins were also
run simultaneously. Isoelectric focusing of the
purified thGM-CSF was performed on a Phas-
tGel IEF 3-9 medium according to the standard
procedure described in the PhastSystem manual.
Approximately 20 ug of each sample were
applied to the gel for electrophoresis. The sepa-
rated protein bands were stained using either the
Coomassie Brilliant Blue (PhastGel Blue R) or
silver staining techniques according to the de-
tailed procedure outlined in the PhastSystem
manual. The relative molecular mass of the
purified thGM-CSF was calculated by comparing
its migration distance with that of standard
calibration proteins run simultaneously.

2.9. Analytical gel filtration and ion-exchange
chromatography

High-performance gel filtration was performed
on a Superdex 75 HR 16 column (48.5 X 1.6 cm
I.D.; bed volume=97 ml) equilibrated and
eluted with buffer J. The sample of purified
rhGM-CSF (2 ml) was applied to the column and
eluted at a linear flow-rate of 15 cm/h. The
effluent was monitored by continuous on-line
detection at 280 nm. Analytical IEC was per-
formed on a Mono Q HR 5/5 column fitted to a
Pharmacia-LKB HPLC system. Various buffers
(ranging in pH from 6.5 to 7.8) and salt gradient
profiles were used to separate any minor com-
ponent(s) that might be present in the purified
sample of thGM-CSF. The linear flow-rate was
maintained at 150 cm/h in most routine analyses.

2.10. Mass spectrometry

The purified rhGM-CSF was analysed by
electrospray (ES-MS; see [35] and [36}]) or laser
desorption (LS-MS) mass spectrometry to de-
termine accurately its molecular mass. The re-
sults obtained, in conjunction with the published
sequence of thGM-CSF and its partial amino
terminal sequence as determined by us, also
formed the basis for further characterization of
the purified molecule.

2.11. Quality control

These were performed in accordance with the
detailed guidelines outlined in the WHO Expert
Committee’s Report on Biological Standardisa-
tion [37], whose aim is to ensure the safety of
biological products which are to be used as
therapeutic agents in human patients. Con-
taminating residual DNA in chromatographic
fractions containing ThGM-CSF activity was de-
termined using the Threshold total DNA detec-
tion system [38] after pretreating the samples
with proteinase K. The content and concentra-
tion of endotoxins in the same samples were
determined using a standard Limulus test [39].

In order to perform these analyses, all chro-
matographic experiments were carried out under
asceptic conditions in an isolated room equipped
with a continuously lit UV lamp. All buffers and
vessels used for collecting fractions were steril-
ized by autoclaving for 1 h at 121°C. Sterile-
filtered air was also circulated out of the room
throughout the duration of the experiment. Each
packed column was cleaned in place (CIP) with
2-3 bed volumes of 0.5 M NaOH which, after
about a 15-h contact time, was washed out with
3-5 bed volumes of sterilized water. Each. col-
umn was then equilibrated with the appropriate
starting buffer and the chromatographic proce-
dure described above was followed to purify the
rhGM-CSF.

3. Results and discussion

During the initial stages of this investigation,
the extraction, washing and renaturation of the
inclusion bodies were performed following the
procedure outlined in Ref. [29]. The results were
unsatisfactory as relatively large amounts of
protein impurities were co-extracted with the
inclusion bodies and the activity of the renatured
thGM-CSF was low. The entire procedure was
thus modified to circumvent this problem. A
neutral detergent (0.1% Berol 185) was included
in the washing buffer (buffer B) to remove
impurities bound to inclusion bodies by hydro-
phobic forces [40,41]. Unlike other detergents
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used for such purposes, e.g., sodium deoxycho-
late, Triton X-100 [40,41], any Berol 185 bound
to the inclusion bodies (IBs) can be removed by
washing with aqueous buffers. We believe that
this washing procedure had resulted in highly
purified inclusion bodies.

As concerns the renaturation of reduced pro-
teins, a variety of recommendations have been
published [41] whose basic aim was to obtain a
high yield of correctly formed disulphide bonds
and thereby of the active protein. Common to all
the published procedures is the use of air oxida-
tion or a variety of redox systems to obtain
Cys—Cys linkages in the diluted protein solution.
Of the various redox systems that are recom-
mended [41], a 10:1 mixture of reduced to
oxidized glutathione (introduced by Saxena and
Wetlaufer [42]) was found to be an efficient
system for generating disulphide bonds from
reduced proteins. However, the ratio of reduced
to oxidized glutathione is variable depending
upon the number of disulphide bonds to be
formed [41]. We have used this and other redox

Table 1

73

systems to optimize the yield of the renatured
rhGM-CSF. We also included 2-mercaptoethanol
in the solubilizing buffer (buffer D) to stabilize
the Cys residues in the denatured protein by
forming mixed disulphides [41]. The results we
obtained are summarized in Table 1 which indi-
cate that the highest yield of active thGM-CSF
was obtained by using 7 M Gu - HCI (containing
100 mmol/l1 of 2-ME) for solubilizing the IBs
followed by a 75-fold stepwise dilution of the
solution in the presence of a 10:1 ratio of GSH-
GSSG and a 0.1% (w/v) solution of Berol 185.
Replacing Gu-HCl with urea markedly de-
creased the formation of active thGM-CSF. The

inclusion of PEG in the renaturation buffer, as

suggested by Cleland et al. [43], had a marginal
effect on the overall recovery of active protein.

Each of the chromatographic steps described
below was optimized in order to obtain maxi-
mum selectivity and capacity of the media for the
rhGM-CSF. The reproducibility of each step was
checked with satisfactory results. The recovery,
specific activity and homogeneity of the purified

Effect of varying the conditions for solubilization and renaturation of the rhGM-CSF on the activity of the renatured product

Solubilization conditions Renaturation conditions

Denaturant 2-ME Berol GSH/GSSG PEG Berol Sucrose  Gu-HCl Urea Cys/Cys—Cys ELISA
(mmol/l) (%, v/v) (mmol/l}) (pmol/1) (%, v/v) (%,w/v) (mol/l) (mol/l) (mmol/1) activity
Gu-HCl 5 0.2 24
Gu-HClI 5 0.2 3/0.3 2.3
Urea 2/0.2 - 4 5.9
Urea 2/0.2 70 4 7.5
Urea 2/0.2 0.1 4 8.6
Gu-HCl 2/0.2 5 0.1 4.5
Gu-HC1 7.5 2/0.2 0.1 5 0.1 8.4
Gu-HCl 100 1/0.1 0.1 1.0 8.6
Gu-HCI* 100 1/0.1 0.1 0.1 9.6
Urea 100 1/0.1 0.1 1 51
Urea 100 1/0.1 0.1 0.2 5.0

The concentration of urea for solubilizing the IBs was 8 M (pH 8.5) while that of Gu-HCl was 7.0 M (pH 7.5). About 1 g (wet
mass) of inclusion bodies was used for each of the conditions listed, For details of the solubilization and renaturation procedure
and the method for determining activity by indirect ELISA, see text. The unit for ELISA is mg of rhGM-CSF/g of inclusion
bodies. GSH = reduced glutathione; GSSG = oxidized glutathione; PEG = polyethylene glycol (average molecular mass 3350);

2-ME = 2-mercaptoethanol.

* Values in italics are optimal renaturation conditions that result in the highest yield of renaturated protein.
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rthGM-CSF was also found to be consistently
high and reproducible in all the pilot experi-
ments we performed.

3.1. Step 1: hydrophobic interaction
chromatography

A typical elution profile obtained after chro-
matography of ca. 4.3 1 of the renatured rhGM-
CSF on a 400-ml column of Phenyl Sepharose 6
FF (high sub) is shown in Fig. 1. Fraction A was
inactive and apparently contained very little
protein as virtually no bands could be detected
after PAGE of the concentrated sample followed
by PhastGel Blue R staining (see Fig. 5). Pooled
fractions B and C together account for approxi-
mately 40% of the A,g, (60%- of the proteins)
and 92% of the thGM-CSF activity applied to
the column. This step is thus very effective in
removing most of the impurities and also the
buffer constituents (Gu-HCl, Berol 185, gluta-
thione, etc.) found in the renatured sample: The
overall degree of purification obtained is appar-
ently low (twofold; see Table 2) and might be

due to the fact that the highly purified inclusion
bodies contain very little extraneous protein
contaminants.

In general, many proteins lose part or most of
their activity on exposure to aqueous organic
solvents. However, the rhGM-CSF was found to
be stable when eluted with 30% 2-propanol from
the Phenyl Sepharose 6 FF column. The possible
denaturing effect of this solvent might be time
dependent and it is advisable to avoid storage of
the eluted fraction C for longer periods than
necessary.

The capacity of Phenyl Sepharose 6 FF (high
sub) for rhGM-CSF is low (about 1 mg/ml gel)
and might be due to the presence of chaotropic
ions (Gu - HCl), detergents and other competing
solutes present in the renatured rhGM-CSF.
However, this is compensated for by the fact that
the partially purified thGM-CSF so obtained is
virtually free from buffer salts and DNA which
can interfere with the subsequent IEC step.
Another important advantage is that the active
fractions 1B and 1C are eluted in a volume
corresponding to approximately one fifth of the
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Fig. 1. Hydrophobic interaction chromatography (HIC) of 4340 ml of renatured crude extract (A4,,, = 0.21; total protein = 580
mg) on an XK50/30 column packed with Phenyl Sepharose FF (bed height = 20 cm; bed volume = 400 ml). The renatured sample
was centrifuged at 17 000 g to remove the suspension of finely divided precipitate prior to its application on the column that was
equilibrated with buffer F. The flow-rate was 100 cm/h and fractions were pooled as they were eluted from the column. Fraction
A was virtually inactive while pooled fractions B and C (shaded) contained approximately 96% of the activity (ELISA) and 40%

of the A, (ca. 60% of the protein) applied to the column.
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Table 2

Recovery of thGM-CSF activity after each chromatographic step used for its purification from the inclusion bodies of

transformed E. coli cells

Step Sample Total Total activity Specific Recovery Total Recovery Purification
protein [biological] activity (%) activity (%) factor
(mg) (%10’ (x 107 (biological ~ (ELISA)  (ELISA) (-fold)

units) units/mg) activity) (mg)
- Renatured 578.6 416.6 0.72 100 181.6 100 1
rhGM-CSF

1 Pool 1 (B +C) 315 439.1 1.39 105 167.4 92.1 1.9

(HIC) (68-125) (85-97)

11 Pool 2B 116 204.1 1.76 49 75.8 41.7 2.5

(IEC) (33-72) (35-47)

11 Pool 3B 88.4 289.8 3.28 70 64.1 35.3 4.6

(GF) (39-86) (31-36)

The tabulated values are averages of three independent experiments covering the entire procedure adopted for its purification.
The recovery in biological or ELISA activity is calculated relative to the corresponding total activity in the renatured sample. The
purification factor is calculated on the basis of the specific activity obtained from the biological assay. Figures in parentheses
indicate the range of values obtained. For identification of the samples referred to here, see Figs. 1-3. GF = Gel filtration.

volume of the renatured sample applied to the
column. These considerations are especially im-
portant in reducing the processing time for large-
scale applications. Finally, attempts have been
made to elute the bound fraction (1B + 1C) by
washing the column directly with buffer H but
the recovery was found to be low. This might be
due to the residual ammonium sulphate present
in the column which must be washed out with
buffer G prior to elution with buffer H.

3.2. Step 2: ion-exchange chromatography

The elution profile obtained after chromatog-
raphy of 880 ml of pooled fractions 1B + 1Cona
450-ml column of Q Sepharose FF is shown in
Fig. 2. The volume of media used is the mini-
mum required to bind all of the rhGM-CSF
activity in the pooled fractions. Neither the pH
nor the salt concentration of the pooled sample
was adjusted because the applied activity was
bound satisfactorily to the column under the
equilibration conditions used here.

Various salt gradient elution strategies have
been tried but the activity was spread over
several separated fractions and the total recovery
in activity was not satisfactory. This also led to a

considerable dilution of the eluted fractions.
Changing the pH of the equilibration buffer from
6.5 to 7.5 or 8.0 resulted in a progressive strong
binding of the active protein but did not result in
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Fig. 2. lon-exchange chromatography of 880 ml (ca. 300 mg
of protein) of pooled fractions B + C (see Fig. 1) on an XK
50/30 column packed with Q Sepharose FF (bed height =
22.5 cm; bed volume = 450 ml). The column was equilibrated
with buffer I and a flow-rate of 100 cm/h was used through-
out. The bound fractions 2B and 2C were eluted by a
stepwise change of the eluent buffers J and K and were
pooled directly as they were eluted. Most of the applied
activity (ca. 70%) was found in the shaded fraction 2B.
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any improvement of the resolution obtained. It is
therefore apparent that the procedure adopted
here is simple, results in a high recovery of
activity and leads to a concentration of the active
protein in fraction 2B by a factor of about 1.4
relative to the volume applied to the column. All
these considerations make this procedure well
suited for large-scale operations.

Of the total ELISA activity applied to the
column, less than 5% was found in the unbound
fraction A, about 45-50% in fraction B and
about 25-30% in fraction C. Electrophoretic
analysis of these fractions (see Fig. 5) showed
that the band corresponding to M, 14000 (i.e.
the approximate molecular mass of rhGM-CSF)
was predominantly found in fraction 2B. It is
virtually absent in fraction 2A and is only a
minor component of the many bands (most of
which are of high molecular mass) detected in
fraction 2C. The majority of the electrophoretic
bands in fraction 2C might thus represent in-
sufficiently renatured thGM-CSF or its aggrega-
tion products;

3.3. Step 3: gel filtration

This step effectively removes the last traces of
impurities (both high- and low-molecular mass
proteins) present in the highly purified fraction
2B (see Fig. 3). The active fraction from the IEC
step (pool 2B) can be applied as such or after
concentration over an Amicon PM 10 membrane
concentration cell such that the volume of sam-
ple applied to the Superdex 75 column corre-
sponds to ca. 4-6% of the total bed volume. The
active fraction 3B is diluted about 1.5-fold after
elution from the column. Fractions 3A and 3C
are inactive and together contain about 15% of
the A, applied to the column. The active
fraction contains about 80% of the A, and
90% of the thGM-CSF activity applied to the
column.

Based on the specific activity of the highly
purified fraction 3B, the adopted downstream
purification procedure leads to a 4.6-fold purifi-
cation of the renatured thGM-CSF (see Table
3). Such a low figure seems to be characteristic
for recombinant proteins produced as inclusion
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Fig. 3. Gel filtration of pooled fraction 2B (see Fig. 2) on
Superdex 75 Prep Grade packed in a BioPilot glass column
(BPG 100/950; bed volume = 4.9 1). The column was equili-
brated and eluted with buffer J at a flow-rate of 15 cm h. The
volume of sample applied was approximately 5% of the total
bed volume of the column and fractions were pooled directly
as they eluted from the column. Approximately 80% of the
applied Az, and 90% of the rhGM-CSF activity was found in
pooled fraction 3B.

bodies (cf., [29]) and might reflect the much
lower level of extraneous protein contaminants
present in highly purified inclusion bodies.

The entire purification scheme is presented in
Fig. 4.

3.4. Criteria of purity

SDS-PAGE of the purified thGM-CSF (frac-
tion 3B) gave a single but diffuse band with an
apparent molecular mass of 14000 (see Fig. 5,
lane 7 of each gel). Silver staining of an over-
loaded gel (not shown here) revealed the pres-
ence of a faint second band with a molecular
mass of ca. 30 000. With all probability, this band
represents a dimer of the single chain molecule.

The electrophoresis gels shown in Fig. 5 were
overloaded with the purified sample (see lane 7
of each gel) in order to detect any minor im-
purities that might be present in the purified
protein. This resulted in diffuse bands, especially
with the SDS-treated samples, most likely due to
the higher dye uptake of SDS-denatured proteins
whose structure is in an extended, random coil
state.

Isoelectric focusing of fraction 3B on PhastGel
IEF 3-9 gave a single band with an isoelectric
point near pH 5.2. Even when the gel was
overloaded to the extent that the focused protein
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Table 3

Stability of purified rhGM-CSF at pH 4.2 or 7.0 during storage for 45 days at 4 or at —20°C

Storage time pH Temperature Activity (ELISA) Biological activity
(days) (°C) (pg/ml) (% 107 units/ml)
1 4.2 4 157
7.0 4 180
15 4.2 4 152
4.2 -20 144 2.6
7.0 4 170
7.0 -20 185 3.7
25 4.2 4 122
4.2 -20 137 2.4
7.0 4 158
7.0 =20 183 1.0
35 4.2 4 81
42 -20 135
7.0 4 156
7.0 -20 167
45 4.2 4 84
4.2 -20 121 1.3
7.0 4 155
7.0 -20 178 1.4

About 12 ml of a purified sample of thGM-CSF in 20 mM sodium phosphate buffer (pH 7.0) (protein concentration = 0.34
mg/ml) was used in this study. From this sample, 0.5-ml aliquots were transferred to ten plastic tubes of which five were stored at
4°C and the other five were stored at —20°C. To the remaining solution (7 ml) was added 0.7 ml of 1 M acetic acid dropwise until
the pH decreased to 4.2. From this solution, 0.5-ml aliquots were transferred to ten plastic tubes of which five were stored at 4°C
and the remaining five were stored at —20°C. One tube from each of the four categories was then taken at intervals of several
days (see tabulated values) and the activity in each was determined by ELISA or by using cultured cells as described in detail in
the text. The tabulated values are averages of triplicate analyses performed on the same sample.

could be seen as a distinct opalescent band
without staining, no further bands were seen
after staining the gel. The results indicate that
the purified protein is homogeneous with respect
to surface charge and any variants or deamida-
tion products could not be detected by this
method. This leads us to conclude that deamida-
tion of the four asparagine or eight glutamine
residues in this protein [18,24,26] has not
occurred during the extraction and purification
process.

High-performance gel filtration of fraction 3B
. on an analytical column of Superdex 75 HR 16
showed a single symmetrical peak eluting at a
position corresponding to an apparent molecular
mass of ca. 28 000. This result seems to suggest
that the thGM-CSF exists as a dimer in its native
‘state in a neutral pH milieu. However, this is

contrary to the report by Wingfield et al. [19],
who found that the thGM-CSF is a monomeric
protein with a molecular mass of 14.7000, as
determined by sedimentation equilibrium analy-
sis. The reason for this anomaly is difficult to
explain. It is worth mentioning, however, that
we obtained a similar result for rhIFN-y [29]
when run under the same experimental con-
ditions as used here.

High-performance IEC of fraction 3B on a
Mono Q HR 5/5 column run at different pH
values (6.5-7.8) and salt gradient elution profiles
gave a single symmetrical peak. Some of our
earlier preparations showed a minor peak (ca.
2-5%) eluting slightly earlier than the major
peak, but this was not seen on later preparations
carried out according to the standardised proto-
col described in this paper.
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High-performance RPLC of fraction 3B on a

M. Belew et al. | J. Chromatogr. A 679 (1994) 67-83

STEP SEPARATION

PRINCIPLE

Extraction &
washing

Solubilization
(7M Gu.HCl)

Renaturation
(70 x dilution
& oxidation)

| HIC

il lon exchange

it} Gel filtration

DOWNSTREAM PROCESS

E. Coli cells

Cells, cell debris,

Y

Inclusion bodies

Y

DNA etc.

Insoluble particles,

Y

Crude extract

/

Renatured rhGM-CSF

Y

cell debris

(Cloudy solution)

Centrifugation

[

Phenyl Sepharose 6FF

(high sub)

[—

(sediment discarded)

Ca. 45% unbound

(Fracti!)n 1B+1C)

Q Sepharose FF

[

y

impurities
(Fraction 1A)

o Ca. 60% impurities

(Fraction 28)

Superdex 75 prep grade

y

Purified rhGM-CSF
(Fraction 3B)

(Fractions 2A & 2C)

Fig. 4. Pilot-scale purification scheme for rhGM-CSF.

column of Pep-S, C,-C,, (5-um silica particles)
showed one major peak (representing ca. 96% of
the eluted material) and two very minor peaks
eluting just in front of it. This indicates that the
otherwise homogeneous preparation of rhGM-
CSF can be further purified by RPLC, if re-
quired, to remove the last traces of impurities it
might contain,

3.5. Biological potency and stability

The specific biological activity of the purified
thGM-CSF is about 3.3 - 10’ units/mg (Table 2),
which is comparable to the values reported for
this protein derived from mammalian cell cul-
tures [24] or E. coli cells [25]. The results in
Table 2 also show that the specific biological
activity of fraction 3B (Fig. 3) is almost double
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Fig. 5. PhastGel PAGE patterns of the various chromatographic fractions obtained during the three-step purification process for
rhGM-CSF. About 20 pg of each sample (native or reduced) were applied to the gels and analysed by three PAGE techniques as
indicated under each photograph. The gels were stained with PhastGel Blue R according to a standardized procedure. Lanes:

= renatured rhGM-CSF; 2, 3 = unbound (inactive) and buffers G- and H-desorbed and combined fractions, respectively, from a
Phenyl Sepharose 6 FF (high sub) column; 4-6 = unbound (inactive); buffer J- and K-desorbed fractions, respectively, from Q
Sepharose FF column; 7 = the main fraction 3B (see Fig. 3) that was eluted from a Superdex 75 prep grade column (purified
rhGM-CSF); 8 = molecular mass marker proteins (top to bottom: 94 000, 67 000, 43 000, 30 000, 20 000, 14 000). The variations
in the densities of the stained bands of the native and SDS-treated samples might be due to the higher dye uptake of the latter.

that of fraction 2B (Fig. 2), indicating that the
gel filtration step is very effective in removing
some crucial contaminants present in fraction
2B.

Purified thGM-CSF showed no significant loss
in its ELISA activity when stored for 4 weeks at
—20°C and pH 7.0, but lost about 60% of its
biological activity (Table 3). Storing it for 4
weeks at —20°C and pH 4.2 decreased its ELISA
activity by ca. 15% and its biological activity by
ca. 50%. The results thus indicate that, irre-
spective of the pH at which it is stored, the
biological activity of purified thGM-CSF pro-
gressively decreases with time of storage. More-
over, although there is an initial drop of its
biological activity by 30% on lowering the pH
from 7.0 to 4.2, the long-term effects on its
biological activity are negligible if stored at
—20°C. However, there is a significant loss in
ELISA activity (45%) when it was stored for 4
weeks at 4°C and pH 4.2 compared with a loss of
only 10% at pH 7.0 during the same period.

3.6. Molecular size and structure

The amino acid composition of the purified
rhGM-CSF is shown in Table 4. The total

number of residues found in the purified protein
is 127, which is less by one residue of glutamic
acid compared with the composition calculated
from the cDNA sequence coding for this protein
[26]. This discrepancy might be due to the limits
of accuracy of this analytical method when a
single amino acid residue (glutamic acid +
glutamine) represents 16% of the total amino
acids in this protein. With this exception, the
number of residues for the other amino acids is
identical with those calculated from its cDNA
sequence data [26]. The data also show that, of
the charged amino acids, 60% are acidic (Asp +
Glu) and 40% are basic (Arg+ Lys), which
accounts for the low isoelectric point which we
have determined for the purified protein (ap-
proximately pH 5.2). Based on the quantitative
amino acid composition data and the absorption
spectrum of purified thGM-CSF, we have estab-
lished that its A'” at 280 nm (10 mm light path)
is 10.1, which is in good agreement with the
reported value of 9.58 [19].

The NH,-terminal sequence of the first seven-
teen residues of the purified protein is shown in
Table 5. The results are based on two indepen-
dent analyses of two different preparations of
purified hGM-CSF and were found to be identi-
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Table 4
Amino acid composition of purified thGM-CSF

Amino acid Notation Relative No. of residues Residues per mole
Lysine K 6.1 6
Histidine H 2.9 3
Arginine R 6.2 6
Half-cystine C 4.1 4
Aspartic acid D 8.2 8
Threonine T 11.0 11
Serine S 9.4 9
Glutamic acid E 20.0 20 (21)
Proline P 10.9 11
Glycine G 3:3 3
Alanine A 7.8 8
Valine v 5.1 S
Methionine M 4.9 5
Isoleucine I 4.9 -]
Leucine L 14.0 14
Tyrosine Y 2.1 2
Phenylalanine F 5.2 5
Tryptophan w 2.0 2
Total 128.1 127

The numbers of amino acid residues per molecule are averages of the values calculated from the analyses performed on 24- and
72-h hydrolysed samples. They represent the nearest integers obtained from the normalized values for each amino acid so
obtained. Tryptophan was determined on a sample hydrolysed for 24 h in the presence of 3 M mercaptoethanesulphonic acid. The
value obtained for Glu (20) is less by one residue compared with that expected from its sequence, probably owing to limits of
accuracy of this type of analysis. Glu and Gln account for 16% of the total number of residues in this protein.

cal. In both instances, three NH,-terminal res-
idues (i.e., Met, Ala and Pro) were found,
indicating that the purified protein is apparently
heterogeneous from its amino-terminal end. This
heterogeneity is not due to extraneous protein
impurities or other artefacts in the purified
rhGM-CSF since the sequence for all three

Table 5

Amino-terminal sequence of residues 1-17 of purified rhGM-CSF

variants is identical from the third amino acid up
to fifteen stages of the Edman degradation cycle.
The sequence we obtained corresponds exactly
to that reported for this protein [18,24,26],
suggesting that the purified thGM-CSF is identi-
cal with its natural counterpart. Based on the
area of the peaks for each amino acid after stage

1 5 15

I H,N - Met-Ala—-Pro—Ala-Arg-Ser—Pro—Ser-Pro-Ser-Thr-Gln-Pro-Trp-Glu - - - -+ - - - - COOH (128)
1 5 15

II H,N - Ala—Pro—Ala—Arg-Ser—Pro-Ser—Pro-Ser-Thr-Gln-Pro-Trp-Glu-His - - - - - - COOH (127)
1 5 15

111 H,N - Pro—Ala-Arg—Ser—Pro-Ser—Pro—Ser-Thr-Gln-Pro-Trp-Glu—His-Val - - - COOH (126)

The sequence was generated from data obtained after analysis of a purified sample of rhGM-CSF on an Applied Biosystems
Model 477A automatic micro-sequencing apparatus according to standardized procedures. The relative occurrence of the three
variants of thGM-CSF is 58% for variant I (i.e., the full length sequence of rhGM-CSF), 29% for II and 12% for III.
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1 of the Edman degradation cycle, the relative
occurrence of each amino acid was calculated
and the values obtained were Met = 58%, Ala =
29% and Pro=12%. This indicates that the
majority (58%) of the molecules are in their
intact form with Met as the NH,-terminal res-
idue.

The occurrence of the above three variants of
rhGM-CSF is further supported by data obtained
from LS-MS and ES-MS analyses which showed
that the purified protein is composed of three
distinct components with molecular masses of
14 605, 14 474 and 14 402. The difference in their
molecular masses can be accounted for by the
lack of Met (residue M, =131) and Met + Ala
(combined residue M, =202) from the main
component whose molecular mass is 14 605. This
value is in excellent agreement with that de-
termined by SDS-PAGE (14000, see Fig. 5) or
that determined from the gene sequence (14 650,
see ref. [24]) or from ultracentrifugal analysis
(14700, see ref. {19]). The spectrum also shows
that each of these variants contains at least 1 mol
of Na per mole of protein and that the main
component accounts for 55% of the total area of
the three peaks seen in the spectrum.

We can only speculate at this stage about the
occurrence of the two modified variants of the

81

parent Met (1) analogue of thGM-CSF. Despite
this apparent molecular heterogeneity, the mix-
ture of the three variants showed a specific
biological activity (Table 2) that is comparable to
that reported for the recombinant protein pro-
duced in mammalian or bacterial cells [24,25].
This might indicate that the occurrence of this
protein as three variants may not have any
biological significance.

3.7. Quality control

Recombinant proteins intended for use as
biopharmaceuticals must not only fulfil the rigor-
ous requirements of purity, identity and bio-
logical efficacy vis-a-vis their natural counter-
parts, but must also fulfil the safety requirements
related to their content of DNA, endotoxins and
chromatographic artefacts [37]. The first set of
these requirements have been satisfactorily ful-
filled by the results we have presented above.
The results in Table 6 relate to the reduction in
DNA and endotoxin levels obtained at each
stage of the downstream purification process.
According to a WHO Study Group on Bio-
logicals, the probability of risk associated with
heterologous contaminating DNA is negligible
when the amount of such DNA is 100 pg or less

Table 6
Levels of DNA and endotoxins in renatured thGM-CSF and the active fractions obtained after each chromatographic purification
step
Step Sample Total Total Endotoxin Total DNA Total DNA
volume protein (EU/ml)* endotoxin (ng/ml) (ng)
(m) (mg) (BU)*
- Renatured 4340 490 421 1827 140 180 781 200
rhGM-CSF
1 Pool 1 880 220 243 213 840 0.46 405
(HIC) (B+C)
II Pool 2B 620 88 251 155 620 0.14 87
(IEC)
1 Pool 3B 1045 62 9 9405 0.08 84
(GF)

The results serve as guidelines in assessing the efficiency of removal of these impurities

by the gel media used for

chromatography. For identification of the samples referred to here, see Figs. 1-3.

* EU = Endotoxin units.
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in a single dose administered parenterally [37].
The DNA content in the purified thGM-CSF is
80 pg/ml, which corresponds to 1.4 pg of DNA
per ug of protein. For comparison, the level of
DNA in the sterilized buffer used for the final
gel filtration step is approximately 10 pg/ml. The
results thus indicate that a single dose of ca. 70
g of the purified protein contains a level of
DNA that is within the acceptable upper limit
recommended by the WHO study group.

The results also show that Phenyl Sepharose 6
FF (high sub) decreases the DNA content effec-
tively (by a factor of ca. 2000), probably because
most of the DNA does not bind to it. The
anion-exchange step further reduces the level
about fivefold. The reduction obtained here is
less than expected but might be due to the fact
that some of the DNA bound by Q Sepharose
FF co-elutes with the thGM-CSF at pH 6.5.
Taken as a whole, the combination of gel media
used here for removing protein impurities from
the rhGM-CSF is also effective in removing
minor amounts of DNA present in the crude
extract.

The total decrease in the level of endotoxins in
the purified product is about 190-fold relative to
the renatured rhGM-CSF. After chromatog-
raphy on Phenyl Sepharose 6FF, an eightfold
decrease was obtained, indicating that most of
the endotoxins are not bound under the ex-
perimental conditions employed. An even higher
reduction (seventeenfold) was obtained after
chromatography on Superdex 75, probably
owing to large differences in the molecular size
of the rhGM-CSF and the contaminating endo-
toxins. On the other hand, the reduction ob-
tained after the anion-exchange step on Q
Sepharose FF (ca. twofold) is much less than
expected considering that endotoxins are nega-
tively charged at pH 6.5 and should have been
bound strongly. This result seems to suggest that
some of the endotoxins and the rhGM-CSF have
similar surface charge characteristics and there-
fore co-elute from the column at pH 6.5. If such
is the case, it may be possible to bind the
endotoxins more strongly than the rhGM-CSF at
a higher pH (e.g., pH 8.0), thereby facilitating
their efficient removal.
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Abstract

RMP-7 is a bradykinin analogue containing all “L” amino acids and a reduced dipeptide bond between amino acids eight
and nine. This reduced dipeptide bond [4-Me-Tyr-¥(CH,NH)-Arg] is created under synthetic conditions which could result in
inversions of the chiral centers of either 4-Me-Tyr or Arg. Stereoisomers of RMP-7 would be expected to have altered biological
specificity. Current chromatographic methods are not sufficiently sensitive to distinguish the anticipated stereoisomeric variants of
the intact molecule. Therefore we have devised an analytical method based on limited enzymatic digestion of the compound
followed by reversed-phase HPLC analysis of the peptide fragments. Using this method we have been able to carry out precise
and reliable quantitative analysis of the stereoisomeric content of different batches of peptide prepared for biological testing.

1. Introduction

RMP-7 [H-Arg—-Pro-Hyp-Gly-Thi-Ser—
Pro—4-Me-Tyr-¥(CH,NH)-Arg-OH; Thi =
thienylalanine] is an analogue of the vasodilatory
hormone bradykinin. Biological activity of
bradykinin is known to be triggered by inter-
action with a specific cell surface receptor mole-
cule. The kinetics of elimination of bradykinin
are influenced by enzymatic digestion of the
molecule in circulation. The RMP-7 molecule is
a synthetic agonist of the naturally occurring
compound designed to interact with the normal
bradykinin B, receptor and to be more resistant
to enzymatic degradation [1]. We are currently
evaluating RMP-7 as a receptor mediated per-

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00517-D

meabilizer of the blood-brain barrier. Our
strategy is to administer RMP-7 in combination
with therapeutic molecules to which the blood—
brain barrier would otherwise be impermeable.
Working as an adjuvant, RMP-7 is intended to
assist in delivery of these molecules to the brain
or brain tumors in order to treat specific disease
states [2].

A key structural feature of RMP-7 is the
reduced peptide bond, 4-Me-Tyr—¥(CH,NH)-
Arg which was incorporated into the sequence in
order to increase metabolic stability and receptor
specificity. This strategy has been used for other
biologically active peptides such as somatostatin
[3] and tetragastrin [4]. Key to the overall
strategy is the targeting of such molecules to
specific biological receptors. Implicit in any such
model is the assumption that only one stereo-

© 1994 Elsevier Science B.V. All rights reserved



86 J.A. Straub et al. / J. Chromatogr. A 679 (1994) 85-91

isomer will have the specificity to result in
biological potency. The presence of varying
amounts of other stereoisomers in individual
batches of material prepared for biological test-
ing could result in quantitative variations in
response or therapeutic effect.

We have devised a synthesis of the overall
molecule in which reductive amination of a Boc-
protected amino aldehyde with cyanoborohy-
dride forms the reduced peptide bond isostere
[5,6]. Reaction conditions at this step of the
synthesis are sufficiently vigorous that epimeriza-
tion of the key chiral centers might be expected
for several reasons, including (1) reported labili-
ty of amino aldehydes [7], (2) sensitivity of the
imine formed in situ during the reductive amina-
tion [8] and (3) inversion of the C-terminal
arginine upon esterification to the resin or fol-
lowing HF cleavage

Since we expect the pharmacologically active
stereoisomer of RMP-7 to be that with all L-
amino acid constituents, epimerization of any
single chiral center might lead to undesirable
isomers. Centers 8 and 9 are those of most
concern and we have conducted several studies
of reaction strategies designed to minimize inver-
sions at these carbons. In order to measure the
effectiveness of our synthetic strategies we
needed a sensitive quantitative analytical method
to detect the relative amounts of the three major
stereoisomers: 81,9L; 8D,9L; and 8L,9p. To assist
in our analysis we synthesized the two major
putative impurities which we labeled RMP-10
and RMP-12:

RMP-7: all L chiral centers;

RMP-10: 8D,91;

RMP-12: 8L,9p.

We anticipated that few, if any molecules
would be formed by inversion of both chiral
centers and we have never found evidence for
the 8p,9p sterecisomer.

Analysis of batches of RMP-7 prepared during
scale-up for clinical trial testing required valida-
tion of the quantitative method for detecting the
levels of the two contaminating stereoisomers in
the presence of the major component. We did
not find an analytical HPLC method capable of
resolving mixtures of all three stereoisomers.

Acid or enzymatic digestion of the peptides
followed by chromatography on chiral supports
could be used to assay the purity of the in-
dividual amino acids [9-11]. Such a method
might have been used to generate the reduced
dipeptide and measure the ratios of the three
anticipated species. However, acid hydrolysis
can cause racemization itself and reliable mea-
surements based on this method must be as-
sessed by GC-MS technology which was not
readily available. We were also concerned that
the reduced dipeptide fragment formed by such
digestion might not be suitable for derivatization
for GC analysis. Therefore, we devised a method
for enzymatic digestion coupled to HPLC analy-
sis.

We considered two enzyme/HPLC-based stra-
tegies: (1) complete enzymatic digestion of
RMP-7 to amino acids followed by chiral chro-
matography and (2) partial digestion to peptide
fragments followed by non-chiral chromatog- .
raphy. We examined enzymes known to degrade
the parent molecule (bradykinin; H—Arg—Pro-
Pro-Gly-Phe—Ser—Pro—Phe—-Arg—OH), and en-
zymes which act as general peptidases. These
included angiotensin-converting enzyme (ACE;
cleaves bonds 7-8 and 5-6 of bradykinin),
prolidase (cleaves bond 1-2 of bradykinin) and
a-chymotrypsin (cleaves bonds 8-9 and 5-6 of
bradykinin) [12], as well as aminopeptidase M
[13], papain [14], pepsin [15], subtilisin [16] and
pronase {9]. In this report, we detail our findings
with respect to the applicability of these enzymes
for use in limited proteolysis of RMP-7. In
addition, we report our analysis of various bat-
ches of RMP-7 when analyzed by limited
proteolysis with pronase followed by HPLC
analysis.

2. Experimental
2.1. Materials

RMP-7 triacetate salt was prepared for Al-
kermes by Peninsula Labs. (Belmont CA, USA)
using solid-phase peptide synthesis on a Mer-
rifield resin using the N*-Boc protecting group
strategy. The reduced peptide bond between
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residues 8 and 9 was initially synthesized accord-
ing to the method described by Coy and Sasaki
(synthetic route 1) [5]. In later lots of RMP-7,

the reduced peptide bond was synthesized ac-.

cording to the method of Ho et al. (synthetic
route 2) {6]. Authentic samples of 8p,9.-RMP-7
(RMP-10 trifluoroacetate salt, lyophilized pow-
der) and 8L,90-RMP-7 (RMP-12 trifluoroacetate
salt, lyophilized powder) were prepared for Al-
kermes by Peninsula Labs. using solid-phase
peptide synthesis. ACE (rabbit lung), a-chymo-
trypsin (bovine pancreas), prolidase (porcine
kidney), papain (Papaya latex), pepsin (porcine
stomach mucosa), and subtilisin Carlsberg (Bacil-
Ius licheniformis) were purchased from Sigma
(St. Louis, MO, USA). Aminopeptidase M (hog
kidney) was purchased from Pierce (Rockford
IL, USA). Pronase (Protease, non-specific from
Streptomyces griseus) was purchased from Boeh-
ringer Mannheim Biochemicals. Phosphate-buf-
fered saline (PBS) consisted of 1.15 g Na,HPO,
(8.1 mM), 0.26 g NaH,PO,-H,0 (1.9 mM),
0.20 g KCI (2.7 mM) and 7.0 g NaCl (120 mM)
in 1 1 water (Milli-Q).

2.2. Enzymatic methods

Angiotensin-converting enzyme

RMP-7 (4 wg/ul, 25 pl), PBS (375 wl) and
ACE (0.1 U in 100 ul PBS) were mixed and
incubated at 37°C for 21.5 h. The reaction
mixture was assayed using HPLC system B.

a-Chymotrypsin

RMP-7 (1 upg/ul solution in saline, 25 ul),
buffer (0.2 M triethylammonium acetate, pH
8.0, 100 wl) and a-chymotrypsin (1.1 U enzyme
activity in 25 ul buffer) were mixed and incu-
bated at 37°C for a total of 25 h. The reaction
mixture was assayed using HPLC system A.

Prolidase

A solution of manganese chloride (1.0 M, 400
wl), glutathione (reduced form, 0.03 M, 100 pl)
and buffer [0.1 M 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), pH 8.0,
2.4 ml] was made. RMP-7 (2.0 pg/p1 solution in
saline, 10 ul), buffer (0.1 M HEPES, pH 8.0,

165 wl) and prolidase (25 ul, 53.4 U enzyme
activity) were mixed. A 100-u1 aliquot of the
RMP-7/prolidase solution was mixed with 100 ul
of manganese chloride/glutathione solution. The
resulting mixture allowed to stand at room
temperature for 30 min, and was then assayed
using HPLC system C.

Papain

RMP-7 (4 wg/ul solution in water, 25 pul),
buffer (0.1 M ammonium acetate, pH 5.7, 454
1), mercaptoethanol (diluted 1:32 with water, 5
wl) and papain (21 pl; 10 U enzyme activity)
were mixed and incubated at 37°C at 22.5 h. The
reaction mixture was assayed using HPLC sys-
tem B.

Pepsin

RMP-7 (4 wpg/pl solution in water, 25 pl),
buffer (24 mM citrate, pH 4.6, 471 ul) and
pepsin (11.8 U enzyme activity in 4 w1 buffer)
were mixed and incubated at 37°C for 24 h. The
reaction mixture was assayed using HPLC sys-
tem B.

Subtilisin

RMP-7 (4 pg/ul, 25 ml), PBS (345 ul) and
subtilisin Carlsberg (1.0 U enzyme activity in 130
! buffer) were mixed and incubated at 37°C for
23.5 h. The reaction mixture was assayed using
HPLC system B.

Aminopeptidase M

RMP-7 (1.0 wg/pl solution in saline, 25 ul),
buffer (0.1 M HEPES, pH 8.5, 25 ul), gluta-
thione (reduced form, 9.2 mg/ml solution in
saline, 25 pl) and aminopeptidase M solution
(50 wl, 1 U enzyme activity) were mixed and
incubated at 37°C for a total of 17 days. The
reaction mixture was assayed periodically using
HPLC system A.

Pronase

RMP-7 drug substance (1 pg/ul in water, 100
wl), Tris—calcium chloride dihydrate buffer (53.3
wl; 0.2 M Tris, 5 mM calcium chloride, pH
adjusted to 7.5 with 1 M HCI) and pronase (9.3
! of a solution of 5.2 mg solid dissolved in 10 ml
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Tris—calcium chloride dihydrate buffer; 0.56 U
enzyme activity) were mixed and incubated at
37°C for 24 h. HPLC system A was used for
initial studies of cleavage patterns. HPLC sys-
tems D and E were used for analysis of dia-
stereomeric ratio. RMP-12 was analyzed using
the same conditions as were used for RMP-7.
Due to limited sample availability, when RMP-
10 was analyzed, a concentration of 0.25 ug/ul
in water was used in place of the 1 ug/ul
solution used for RMP-7.

2.3. HPLC Analysis

System A: A Hewlett-Packard 1090 HPLC
system with a diode-array detector set at 210,
214, 230 and 280 nm; a Vydac C,; protein and
peptide column (5 wm particle size, 300 A
average pore diameter, 250 mm X 4.6 mm); a
linear gradient system of 10% eluent B to 40%
eluent B over 30 min (eluent A: 0.1 M aqueous
sodium perchlorate/0.1%  phosphoric acid
(85%), pH 2.5; eluent B: acetonitrile); flow-rate:
1 mi/min.

System B: HP 1090 system with a diode-array
detector set at 210, 214, 230 and 280 nm; a
Phenomenex Bondclone C,; column (300 mm X
3.9 mm); a linear gradient system of 0% eluent B
to 39% eluent B over 39 min (cluent A: 0.1 M
aqueous sodium perchlorate/0.1% phosphoric
acid (85%), pH 2.5; eluent B: acetonitrile); low-
rate: 1 ml/min.

System C: a Beckman system with a Model
166 UV detector set at 210 nm; a Waters
mBondapak C,; column (300 mm X 3.9 mm, 10
pm particle size); a linear gradient system of
10% eluent B to 40% eluent B over 30 min
[eluent A: 0.1% trifluoroacetic acid in water;
eluent B: acetonitrile]; flow-rate: 1 ml/min.

System D: HP 1090 system with a diode-array
detector set at 210 nm; a Vydac C,4 protein and
peptide column (5 wm particle size, 300 A
average pore diameter, 250 mm X 4.6 mm); an
isocratic elution system [96% eluent A and 4%
eluent B; eluent A: 0.2% aqueous triethylamine,
pH adjusted to 5.2 with phosphoric acid (85%);
eluent B: MeOH]; flow-rate: 1 ml/min; 45 min
run time.

System E: HP 1090 Series II system with a
diode-array detector set at 210 nm; a Zorbax
300SB-C; (5 wm particle size, 300 A average
pore diameter, 250 mm X 4.6 mm); an isocratic
elution system (0.2% aqueous triethylamine, pH
adjusted to 3.1 with phosphoric acid); flow-rate:
1 ml/min; 45 min run time.

3. Results and discussion

Initially we evaluated the fragmentation pat-
tern resulting from incubation of RMP-7 with
various enzymes. Digestion conditions were
based on procedures recommended by the sup-
plier of each enzyme. The reaction progress was
monitored over time by HPLC. For practical
purposes, 1-3 days incubation times were used.
Aminopeptidase M was monitored over 17 days,
because the digestion appeared to be incomplete
at earlier times.

These studies used HPLC analysis on C,,
reversed-phase columns with UV detection to
determine the extent of digestion of RMP-7 by
various enzymes. The structures of the fragments
of RMP-7 produced by enzymatic digestion were
assigned based on UV spectral data, and a
comparison of HPLC retention times of these
fragments to the retention times of known struc-
tures derived from RMP-7. Monitoring the en-
zymatic digestions using a diode-array detector
at multiple wavelengths that included 280 nm
allowed us to identify HPLC peaks associated
with fragments containing 4-Me-Tyr—
V(CH,NH)-Arg (in RMP-7, 4-Me-Tyr A_, =
274 nm). The retention times of des-Arg'—RMP-
7 and the C-terminal tetrapeptide [H—Ser—Pro—
4-Me~-Tyr-¥(CH,NH)-Arg-OH] were known,
as these compounds had been isolated by HPLC
and identified by fast atom bombardment MS
analysis, as a part of a study of the metabolism
of RMP-7 [1]. Authentic C-terminal dipeptide
[H-4-Me-Tyr—¥(CH,NH)-Arg-OH] had been
synthesized previously. Thienylalanine was the
only free amino acid that could be easily de-
tected in the HPLC systems used, as it has a
characteristic 230 nm absorbance, and is suffi-
ciently hydrophobic to be retained on the col-
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umn. Any fragment of RMP-7 with a significant
absorbance at 230 nm, but not at 280 nm, was
assumed to contain thienylalanine but not 4-Me—
Tyr.

Observed enzymatic cleavage sites of RMP-7
are summarized in Fig. 1. Only aminopeptidase
M appeared able to hydrolyze RMP-7 to con-
stituent amino acids and the C-terminal reduced
dipeptide [H-4-Me-Tyr*~¥(CH,NH)-Arg-OH;
tg = 5.5 min in system A). However, this diges-
tion was incomplete after 17 days, and the

observed remaining C-terminal tetrapeptide re-

sulted from one (or both) of the minor stereo-
isomeric impurities (RMP-10 and/or RMP-12) in
the preparation of RMP-7 (the C-terminal tetra-
peptide resulting from RMP-7 had been com-
pletely digested). Prolidase cleaved the Arg'—
Pro’ bond resulting in the formation of des-
Arg'-RMP-7 (t; =21.0 min in system C). En-
zymatic digestions employing ACE, a-chymo-
trypsin, papain or pronase resulted in the forma-
tion of diastereomeric C-terminal tetrapeptides,
H-Ser—Pro-4-Me-Tyr—¥(CH,NH) - Arg- OH
[tg =11.6 min (8L,9L isomer) and 12.5 min
(80,91 and 8L,9p isomers) in system A; t, =23.0
min (81,91 isomer) and 24.0 min (8p,9L and
8L,9p isomers) in system B]. With ACE, papain
or pronase, the remainder of RMP-7 appeared to
be digested to single amino acids, since free
thienylalanine was detected in the analyte. Based
on substrate specificity, free thienylalanine was
not expected to be formed in the digestions using

Pronase

(Papain)
(ACE) l

APM ——— ‘
iiillij

H-Arg-Pro-Hyp-Gly-Thi-Ser-Pro-4-Me-Tyr-‘i‘(CH,Nﬁ)-Arg-OH

T I

Prolidase a-CT

Fig. 1. Sites of enzymatic cleavage of RMP-7. APM =
Aminopeptidase M; a-CT = a-chymotrypsin; ACE =
angiotensin-converting enzyme. Solid lines indicate sites of
cleavage detected directly via product analysis. Dashed lines
indicate expected sites of cleavage that were not directly
observed via product analysis. ACE and papain are in
parentheses as the observed sites of cleavage were not
predicted based on the site specificity of these enzymes.

ACE or papain. It is possible that the observed
hydrolysis of RMP-7 with ACE or papain was
the result of impurities in the enzyme prepara-
tions. Only a-chymotrypsin appeared to have a
single cleavage site at the Thi’-Ser® bond, which
resulted in the formation of the diastereomeric
C-terminal tetrapeptides along with the N-termi-
nal pentapeptide (f =8.5 min in system A).
Pepsin and subtilisin did not cleave RMP-7.

Since the C-terminal tetrapeptides were small
fragments in which the single-center epimers of
interest are diastereomers rather than enantio-
mers, we concentrated on their separation.
Based on the initial studies, the pronase reaction
appeared to be a simple and clean method of
generating the tetrapeptides; therefore, all later
separation studies were performed with pronase
digests. In addition to RMP-7, these studies used
samples of authentic RMP-10 and RMP-12 as
standards. These molecules appeared to be com-
pletely digested to the C-terminal tetrapeptides
by pronase under the conditions used.

Studies of non-chirat HPLC conditions for
separation of the tetrapeptides were performed.
The first system found to separate all three
isomeric C-terminal tetrapeptides derived from
RMP-7 used a Vydac C,; column (system D;
8L,9L derived peak f; =26 min; 8L,9p derived
peak t, =31 min; 8p,9L derived peak t; =34
min). Unfortunately, quantification of small per-
centages of the 8L,9p isomer was problematic,
since the peaks were broad and the peak from
the 8L,9L isomer.frequently tailed into the 8L,9D
derived peak. The tetrapeptides were composed
of one primary amine, one secondary amine, one
guanidinium group, and one carboxylic acid
moiety, resulting in an overall charge of +2.
Such basic molecules tend to tail on reversed-
phase chromatographic systems due to ionic
interactions with incompletely capped silica.
Therefore, other columns reported by their sup-
pliers to be good for separation of basic mole-
cules (such as the Zorbax 300SB-C; used in
HPLC system E) were examined. HPLC system
E resulted in improved separation of all three
diastereomeric C-terminal tetrapeptides, as illus-
trated in Fig. 2.

This method has been subsequently used to
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Fig. 2. HPLC analysis using system E. (A) RMP-7 (via synthetic route 1) treated with pronase. (B) RMP-10 treated with pronase.
(C) RMP-12 treated with pronase. (D) RMP-7 (via synthetic route 2) treated with pronase. y-Axes: absorbance at 210 nm.

assess the ratios of diastereomers present in
various batches of RMP-7. The 8p,9:-diastereo-
mer was the major undesired isomer in the early
lots (produced using synthetic route 1) as shown
in Fig. 2A. This demonstrated that the reductive
amination used to prepare the reduced peptide
bond between residue 8 and 9 resulted in signifi-
cant epimerization at the 8 position. This knowl-
edge led to modifications of the synthetic process

to minimize the presence of the undesired dia-
stereomers [6]. Later lots (produced using syn-
thetic route 2) had significantly reduced amounts
of the 8p,9L isomer, and only trace amounts of
the 8.,9p isomer (Fig. 2D).

This paper demonstrates the use of limited
enzymatic degradation of a peptide (RMP-7) to
determine the ratios of diastereomers present in
the peptide. Such an analysis is important for
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those peptides whose manufacturing process
might result in the presence of diastereomers.
While the strategy of limited enzymatic digestion
is not a general method of analysis, the limited
digestions can be particularly useful in cases of
peptides containing unusual components such as
the reduced dipeptide bond in RMP-7. The
limited digestions also have the advantage in that
they employ non-chiral column supports and
equipment that is present in most analytical
laboratories.
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Abstract

Phe-tRNA"™, N-acetyl-Phe-tRNA™ and Leu-tRNA"*"* (from brewer’s yeast and Escherichia coli) were each
separated with baseline resolution from the uncharged tRNA species by using a wide-pore C, column and inverse
salt gradient elution. The alterations at the 3’ end of the tRNAs result in a considerable shift of retention time on
this column. The method is useful not only for obtaining tRNA preparations as required for poly(U) translational
studies, but atso for producing 20-50-mg amounts of tRNA for NMR and X-ray analysis. These aminoacylated
species (charged by crude synthetase mixtures) can be purified from the crude tRNA mixtures in a one-step

procedure.

1. Introduction

In protein synthesis, the aminoacyl-tRNA (aa-
tRNA) molecules are the key to the decoding of
the RNA messenger. A proper and productive
interaction of aa-tRNA with the A site on the
ribosome-mRNA complex is mediated by
elongation factor (EF) Tu - GTP. The formation
of the ternary complex EF-Tu-GTP-aa-tRNA
and the tRNA-mRNA-ribosome interactions
are of critical importance for an accurate pep-
tide-chain elongation. Most studies on polypep-
tide-chain elongation are performed in poly(U)
translating systems and require pure prepara-
tions of N-acetyl-Phe-tRNA", Phe-tRNAP",

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00496-V

deacylated tRNAP™ and Leu-tRNA""* (for
error frequency analysis). Large quantities are
needed for NMR or crystallographic analysis of
complexes such as EF-Tu- GTP - aa-tRNA. Puri-
fication of wild-type and mutant EF - Tu species
for such purposes is fairly easy (for recent
approaches see [1-4]). In contrast, it is more
complicated to completely purify large quantities
of specifically charged aminoacyl-tRNA as single
species and in the literature we could not find an
efficient and suitable procedure. We here de-
scribe a reversed-phase high-performance liquid
chromatographic method with a wide-pore C,
column for the efficient and large-scale purifica-
tion of these charged and modified tRNA species
from a crude mixture. This is the first com-
prehensive report on a methodology that can
provide all the tRNA species necessary for

© 1994 Elsevier Science B.V. All rights reserved
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poly(U) translation and error frequency analysis
studies.

2. Materials and methods
2.1. HPLC instrumentation and methods

As HPLC-columns we used 250 X 4.6 mm 1.D.
Hypersil with 300 A pore-size and 5 wm particles
C, and C,; columns from Phenomenex (Torr-
ance, CA, USA). As guard columns we used
30 X4.6 mm 1.D. C, and C,; Nucleosil columns
from Macherey—Nagel (Diiren, Germany) with
the same particle and pore sizes.

The columns were operated at room tempera-
ture (about 20°C) on a Beckman System Gold
HPLC system (Beckman Instruments, Fullerton,
CA, USA). Gradient elution was performed with
buffer A and buffer B, both containing 0.1 M
potassium phosphate (final pH of 5.7), 1 mM
sodium azide, and either 1.5 M ammonium
sulphate or 4% 2-propanol, respectively. They
were filtered through a Millipore HVLP filter
(Millipore Intertech, Bedford, MA, USA), pore
size 0.45 pm, prior to use. To increase repro-
ducibility, each day buffer B was freshly pre-
pared and 2-propanol was added after filtering.
For HPLC analysis the samples were dissolved in
0.1 M potassium phosphate (pH 5.7), 1 mM
sodium azide and 2 M ammonium sulphate prior
to injection. The samples were eluted at a flow-
rate of 0.75 ml/min using gradients as depicted
in Figs. 1-3.

2.2. Isolation of crude tRNA synthetase
mixtures

Crude tRNA synthetase mixtures were iso-
lated from fresh baker’s yeast (a kind gift of
P.H.J. Mesters, Royal Gist Brocades, Delft,
Netherlands) and Escherichia coli MRE600 (pur-
chased from Porton Products, Maidenhead,
UK). Cells were disrupted by grinding them in a
mortar at 4°C with a double mass portion of
alumina type A-5 (Sigma, St. Louis, MO, USA)
and a trace of bovine pancreas deoxyribonu-
clease I (P-L Biochemicals, Milwaukee, WI,

USA). Thereafter, the paste was diluted with
standard buffer (64 mM TrisHCI pH 7.6, 5 mM
MgCl,, 60 mM NH,Cl, 10 mM 2-mercap-
toethanol, 1 mM sodium azide) and the alumina
was removed by centrifugation at 3000 g for 30
min. The supernatant was subjected to ammo-
nium sulphate fractionation at 4°C: the fraction
of interest, between 45 and 68% saturation, was
collected by centrifugation at 14 000 g for 30
min. The precipitate was redissolved in, and
dialysed against standard buffer. This fraction
was applied to a DEAE-Sephadex column in
standard buffer. After thorough washing with
standard buffer, the column was eluted with 300
mM NaCl in standard buffer. Fractions with
absorbance at 280 nm were pooled and the
tRNA-free crude synthetases were precipitated
(70% saturated ammonium sulphate), redis-
solved and dialysed against standard buffer with
5% glycerol and stored at —80°C. For both
preparations the protein concentration was about
15 pg/ul as determined with the “Coomassie
Protein Assay Reagent” kit from Pierce (Rock-
ford, IL, USA).

2.3. Aminoacylation of tRNA

Crude tRNA mixtures from E. coli MREG600
and brewer’s yeast were bought from Boehringer
Mannheim (Mannheim, Germany) whereas pure
E. coli tRNA™** (NAA), with 1.5 nmol of
amino acid esterified per absorbance (260 nm)
unit of tRNA, was bought from Subriden RNA
(Rollingbay, Washington, DC, USA). Partially
purified tRNA™® from brewer’s yeast was ob-
tained as described in the Results section.

The crude tRNA mixtures were aminoacylated
at 37°C for 20 min, using 0.75 mg of the homolo-
gous crude synthetase mixtures per 300 absor-
bance (260 nm) units of crude tRNA mixture in
1 ml standard buffer containing 1 mM ATP, 0.1
mM CTP, 10 pg/ml pyruvate kinase, 5 mM
phosphoenolpyruvate and 0.1 mM of each of the
17 amino acid as present in the “Amino Acid
Standard H” mixture from Pierce.

The (partially) pure tRNA™ and tRNA™*"
preparations were aminoacylated at 37°C for 20
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min, using 0.75 mg of the homologous crude
synthetase mixture per 10 absorbance (260 nm)
units of tRNA in 0.5 ml of the same reaction
mixture as above but with 0.15 mM Phe or Leu
instead of the amino acid mixture. The amino-
acylated tRNAs were subjected to one phenol
extraction, followed by three times ethanol pre-
cipitation at —80°C for 30 min. The precipitates
were lyophilised, in order to avoid interference
by traces of ethanol with the proper elution of
the tRNAs from the C, column.

Acetylation of the a-amino group of Phe-
tRNA was carried out as described in Ref. [5].

3. Results

3.1. The effect of aminoacylation and
acetylation on the retardation of tRNA on a C,
column

Aminoacylation or modification of tRNA with
hydrophobic groups might significantly influence
its retention on a C, column. Accordingly Fig. 1
shows optimized separation of charged and
acetylated partially purified brewer’s yeast
tRNA®"™. In a control experiment, the acetyla-
tion procedure itself has no effect on the re-
tention time of uncharged tRNA. In the same
way, aminoacylation of tRNA"" retards its
migration significantly (Fig. 2). The elution
order is tRNA™™, tRNA"", Phe-tRNA™, Leu-
tRNA™" and N-acetyl-Phe-tRNA’", according
to increasing hydrophobicity. To further investi-
gate the effect of aminoacylation on the retarda-
tion of tRNA, we also compared crude un-
charged E. coli tRNA with the same tRNA
mixture charged in the presence of only
phenylalanine, only leucine or the “Amino Acid
Standard H’ mixture (17 different amino acids).
All the elution patterns are shown in Fig. 3. The
Phe-tRNA™ is clearly visible as a new peak
beyond the bulk of uncharged tRNAs. The same
is true for the aminoacylation of two out of the
six iso-acceptors of tRNA"". Similar results
were obtained with a crude brewer’s yeast tRNA
mixture and phenylalanine (not shown).

e 1100

Absorbance at 258 nm (———— = 1 AUFS)
O > .....A.......,.,....
o

w
Gradient (% buffer B)

0 20 40
Elution time (min)
Fig. 1. The effect of aminoacylation and acetylation on the
retention time of tRNA’™ from brewer’s yeast. Elution
patterns of non-aminoacylated (A, B) and aminoacylated (C,
D) tRNA of about 2 absorbance (258 nm) units are shown,
before (A, C) or after (B, D) acetylation with acetic
anhydride. The retention times of residual traces of ATP and
phenol are about 7 and 11 min, respectively. The dotted line
indicates the elution gradient of buffers A and B. For further
details see Materials and methods.

3.2. Collecting the C, column effluent directly
on an in-line C;; column

The tRNA peaks cannot simply be recovered
by ethanol precipitation because of coprecipita-
tion of considerable amounts of sulphate and
phosphate salts that are present in the column
effluent. We therefore developed a new strategy
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Fig. 2. The influence of aminoacylation on the retention time
of tRNA"** from E. coli. Elution patterns of non-amino-
acylated (A) and aminoacylated (B) tRNA samples of about
1 absorbance (258 nm) unit are shown (see caption to Fig. 1).
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Fig. 3. The resolution of aminoacylated tRNAs from E. coli.
Elution patterns are shown of samples [about 300 absorbance
(258 nm) units each] of non-aminoacylated crude tRNAs (A)
or tRNA aminoacylated in the presence of either the “Amino
Acid Standard H” mixture (B), leucine (C) or phenylalanine
(D). For tRNA"** (C) and tRNA®™ (D), the positions of
uncharged (dotted arrow) and charged (solid arrow) species
are indicated (see caption to Fig. 1).

by connecting one or several wide-pore C,q
columns via a switching valve to the outlet of the
detector (Fig. 4). In this way, the peak (or
peaks) of interest can be loaded in-line onto the
C,s column(s). The macromolecules in the C,
column effluent will again bind to the C,4 col-
umn because its matrix is much more hydro-
phobic. One or more other peaks can be col-
lected onto a subsequent C,; column and used
for other purposes. After the C, run is finished,
each C,; column is in turn directly connected to
the HPLC pump, thoroughly washed with dis-
tilled water, and the absorbed tRNA is eluted
with 35% (v/v) ethanol. Finally, the collected
tRNA can be concentrated by simple ethanol
precipitation with 70% (v/v) ethanol or by

c valve collector
HeL o

> o
pump - waste
guard Cyg column
column detector 18

Fig. 4. Schematic illustration of the C,/C,, chromatographic
system for the preparative isolation of tRNAs.

lyophilisation, whichever is more convenient.
Both aminoacyl- and acetylaminoacyl-tRNA can
be recovered without significant deacylation as
judged by an analytical run on a C, column. Very
satisfying results are also obtained with a pre-
parative C, column (250 X22.5 mm I.D.) for
large-scale isolations of tRNA™. For example,
the uncharged but partially purified brewer’s
yeast tRNA™® [of about 0.9 nmol of
phenylalanine esterified per absorbance (260 nm)
unit] that we used in this paper, was isolated
from crude brewer’s yeast tRNA [about 55 pmol
of phenylalanine esterified per absorbance (260
nm) unit] with a yield of 80% according to the
methodology described above (see Fig. 1).

4. Discussion and conclusions

Although the isolation of some species of non-
aminoacylated tRNA is relatively easy and well
documented (see for example [6-8] and refer-
ences cited therein), this is less so for amino-
acylated tRNA, whereas for certain applications
the availability of pure and fully aminoacylated
tRNA preparations is essential. In some methods
of aa-tRNA purification, affinity chromatog-
raphy on a column with immobilized EF-Tu is
used [9,10] and in other cases use is made of
mixed-mode columns [7,11] or C,; columns [12].
However, there are several important drawbacks
to these procedures. Except for the C,; support,
the columns are not commercially available and
laborious to prepare. In the mixed-mode meth-
odologies the tRNA cannot simply be recovered
by ethanol precipitation (as discussed further
on). Additional drawbacks of the affinity chro-
matography methodology are (a) the large
amounts of expensive EF-Tu that are needed for
the coupling to the matrix, (b) the relatively
short durability of the affinity column (several
months), (¢) the inability to separate iso-accept-
ing tRNA species after aminoacylation, and (d)
the inability to separate uncharged from N-
acetylated aminoacyl-tRNA. The normal-pore
(100 A) C,, HPLC columns lack sufficient
tRNA-binding capacity [for a 300 X 3.9 mm 1.D.
column this is only 50 absorbance (260 nm)
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units], although they can separate complex mix-
tures of uncharged tRNA species as shown
recently [13].

In our view the wide-pore C, column is the
optimal choice for the purification of tRNA
charged or modified with hydrophobic groups
(see also [14]). In addition to the high level of
resolution (see Figs. 1-3), the wide-pore C,
column is durable and has a relatively large
binding capacity: the 250 X 4.6 mm I.D. Hypersil
300-5 C, column can be loaded with 600 ab-
sorbance (260 nm) units of tRNA. This is much
more than the 10-20 absorbance (260 nm) units
of tRNA a 100 A C, column of the same
dimensions can handle [15]. This can be ex-
plained by the diameter of the tRNA molecule
which is about 75 A (see also the 100 A pore C,
column mentioned above).

The main bottleneck of previous mixed-mode
and C, HPLC methods is the somewhat in-
efficient and time-consuming diafiltration or pre-
cipitation procedure [7,14,15] of the pooled
tRNA fractions. Especially for aa-tRNA with its
labile ester bound, a fast isolation procedure is
commendatory. The in-line C,; column (see Fig.
4) provides an adequate solution. Now, Phe-
tRNAP™,  N-acetyl-Phe-tRNA™ and Leu-
tRNA™""* can individually be separated from the
bulk of tRNAs (Figs. 2 and 3) and immediately
loaded onto the C,; column. This dramatically
simplifies the purification of amounts up to 1 mg
of these charged species. For NMR and X-ray
applications large amounts (20-50 mg) of aa-
tRNA are needed and the desired species of
non-aminoacylated tRNA can be collected on an
in-line C,, column with repetitive sample appli-
cations of the crude tRNA mixture on the C,
column. The collected enriched tRNA fraction is
afterwards aminoacylated and separated from
non-aminoacylated tRNA as described. The
method may be of more general use, because the
relatively large effects of aminoacylation and N-
acetylation on the retention time point to an
exposed position of both the amino acid side
chain and the N-acetyl group. For example,
tyrosine has a similar effect as phenylalanine
(results not shown) and also Trp-tRNA was
recently found at a retarded position on a 100 A

C, column [15]. The change in retention time
may also reflect changes in the overall three-
dimensional structure of the tRNA molecule
upon charging and modification.

It is important to check the technical specifica-
tions of the detector cell for the increased back
pressures. A proper choice of the dimensions
and specifications (pore and particle size) of the
C,s column can thus be made. In our case the
C,s column has a back pressure of about 4.5
MPa at a flow-rate of 0.75 ml/min whereas the
Beckman 166 detector module can withstand
pressures up to 7 MPa.

In conclusion, the in-line combination of both
a wide-pore C, and C;; column provides an
efficient system for the purification of tRNA
charged or modified with hydrophobic groups.
The above described methodology can provide
all the tRNA species necessary for poly(U)
translation studies. The same approach may be
successful for the purification of other tRNA
species as well. It can easily be scaled up to meet
the quantitative and qualitative requirements of
NMR or X-ray experiments.
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Abstract

Copper(1I) chlorophyllin, consisting of copper(Il) pheophorbide a, copper(II) chlorin e, copper(II) rhodin g,
_and copper(Il) chlorin e,, was prepared and separated by semi-preparative high-performance liquid chromatog-
raphy (HPLC). The components of copper(1l) chlorophyllin were determined on a reversed-phase Inertsil ODS-2
column using a mobile phase of methanol-water (97:3, v/v) containing 1% (v/v) of acetic acid. Linear calibration
plots were obtained for copper(1l) chlorophyllin in the concentration range of 0-30 pg cm > with photometric
detection at 407 or 423 nm. The detection limits of copper(II) pheophorbide a, copper(II) chlorin e,, copper(Il)
rhodin g, and copper(II) chlorin e, were 3.5, 1.5, 3.3 and 1.4 ng cm ™~ with relative standard deviations (n = 10) of
1.8, 1.6, 5.2 and 3.6%, respectively. The reversed-phase HPLC method proposed here was demonstrated to be

useful for the determination of the components of sodium copper(IT) chlorophyllin.

1. Introduction

In recent years metallochlorophyllins have
received a great deal of attention because of
their importance in food additives, pharmaceu-
ticals and electrode materials of photoelectron
conversion. Sodium copper(I) chlorophyllin is
utilized as food additive due to its high light-
stability and applied to medicine owing to its
antioxidative effect [1,2]. Some kinds of cop-
per(II) chlorophyllins, including copper(II)
pheophorbides, are useful in the functionalized
electrode for artificial photosynthetic systems [3].
Commercially available sodium copper(II) chlo-
rophyllins consist of a few kinds of copper(II)

* Corresponding author.
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chlorophyll derivatives, e.g. copper(Il) pheo-
phorbide a, copper(Il) chlorin e4, copper(Il)
chlorin e,, copper(II) rhodin g, and their degra-
dation products (cf. Fig. 1). Spectrophotometry,
widely used for the determination of metallo-
chlorophyllins, is insufficient for the accurate
determination of each component of sodium
copper(Il) chlorophyllin, because all compo-
nents have similar absorption spectra. Recently
high-performance liquid chromatography
(HPLC) without any time-consuming pretreat-
ment techniques prior to the quantitation step
has been exploited for zinc(II) chlorophyllin [4].
The potential usefulness of HPLC has been
demonstrated for the separation and determi-
nation of metallochlorophylls such as iron(III)
[5], nickel(II) [6], copper(Il) [7] and zinc(IT)

© 1994 Elsevier Science B.V. All rights reserved
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Fig. 1. Structures of copper(Il) chlorophyllin components.
1= Copper(1I) pheophorbide a; 2= copper(Il) chlorin eg;
3 = copper(Il) rhodin g,; 4 = copper(Il) chlorin e,.

chlorophylls [8]. The present study has focused
on both the preparation of pure copper(Il)
chlorophyllin by semi-preparative HPLC and
rapid and accurate determination of each com-
ponent of copper(II) chlorophyllin by analytical
HPLC. A development of the preparation and
purification method of copper(Il) chlorophyllin
would provide a basis for a comparison of its
spectroscopic and structural properties and re-
veal its previously unrecognized functions.

2. Experimental
2.1. Reagents and instruments

All chemicals were of analytical-reagent grade
and used as supplied without further purification.
Pheophorbides a and b, chlorin e, and rhodin g,
were prepared according to the method of Hyn-
ninen [9]. Chlorin e, was prepared from chlorin
es by a modification of the literature method
[10]. Organic solvents were purchased from
Kanto Chemical and of LC quality. The JASCO

BIP-1 liquid chromatograph, equipped with a
Uvidec-1000 variable-wavelength UV-Vis detec-
tor or a JASCO MULTI-340 multichannel detec-
tor, a Shimadzu C-R3A chromatopac integrator,
an Inertsil ODS-2 column (5-pm spherical ODS,
250 mm X 4.6 mm I.D., Gasukuro Kogyo), and a
Rheodyne Model 7125 injector with a 20-mm’
injection loop, was used for analytical HPLC. A
semi-preparative Develosil ODS column (10-pxm
spherical octadecyl silica, 25 cm X3 cm L.D.,
Nomura Chemical, Aichi, Japan) equipped with
a Kusano-Kagaku KV-3W loop injector (0.59
cm®) was used for semi-preparative HPLC. Each
HPLC solvent or solvent mixture was filtered
through a fresh 0.45-um hydrophilic Millipore
filter and degassed every time before use by
ultrasonically vibrating the solvent container.
The flow-rate of the analytical HPLC was 1.4
cm® min~', the inlet pressure was 5.0-10 MPa
depending on the mobile phase and the analytes
were usually detected at 407 nm. The column
temperature was set at 35°C by dipping the
analytical column in a thermostat bath. The
electronic absorption spectra were recorded with
a Hitachi U-2000 spectrophotometer using 1-cm
quartz cells. The mass spectra of copper(Il)
chlorophyllin were measured with a JEOL JMS-
AXS505H fast atom bombardment (FAB) mass
spectrometer.

2.2, Preparation of copper(Il) chlorophyllin

Copper(Il) pheophorbide a was prepared by
adding a 5-fold molar excess of Cu(CH,COO),
H,O (8.4 mg) to pheophorbide a (5 mg) in 10
cm’® of glacial acetic acid. The reaction mixture
was stirred at 20°C for 15 min and the extent of
insertion reaction was monitored spectrophoto-
metrically via the Soret band of copper(il)
pheophorbide a (A_,, 423 nm). The reaction
mixture was allowed to cool, followed by addi-
tion of 20 cm® of chloroform. The mixed solution
was washed five times with distilled water to
remove the residual copper(Il) acetate and
acetic acid. The dark green chloroform solution
was concentrated by rotary evaporation to obtain
copper(II) pheophorbide a. The copper(Il)
pheophorbide a obtained was purified with a
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semi-preparative Develosil ODS column at a
flow-rate of 7.4 cm® min~'. All operations were
carried out in the dark under an argon atmos-
phere at an ambient temperature of 20°C. Cop-
per(I1) chlorin ey, copper(II) rhodin g, and
copper(II) chlorin e, were prepared in a manner
similar to that for copper(Il) pheophorbide a.

2.3. Analytical procedures

A 50 pg cm™? stock solution of each cop-
per(II) chlorophyllin component was prepared in
glass-stoppered volumetric flasks, which were
then sealed and stored at 5°C in the dark.
Standard solutions for calibration graphs were
prepared with' a solvent composition as near to
the sample solution as possible, by diluting the
appropriate volume of the stock solution with a
mixture of methanol-water (97:3, v/v) contain-
ing 1% (v/v) of acetic acid. All the samples of
commercially available sodium copper(I1I) chlo-
rophyllin were treated as follows. A certain
amount of sodium copper(Il) chlorophyllin (30
mg) was dissolved in 40 cm® of distilled water.
After the pH value of the aqueous solution was
adjusted to 2.3 with 0.1 M hydrochloric acid (30
cm’), 40 cm® of diethyl ether was added to the
copper(I) chlorophyllin solution. Copper(II)
chlorophyllin was extracted by vigorously shak-
ing and the ether layer was washed five times
with distilled water. Then the extract was
brought to dryness by rotary evaporation and
subjected to the HPLC determination of each

copper(II) chlorophyllin component. All sample
solutions were filtered prior to injection into the
chromatograph with a Toyo Roshi DISMIC-25JP
filter (0.45 um).

3. Results and discussion

3.1. Preparation and identification of copper(1l)
chlorophyllin

Copper(1I) chlorophyllin is usually available as
sodium salt and a mixture of copper(Il) chlorin
es, copper(1l) rhodin g, and their degradation
products. A preliminary study revealed that most
of commercially available copper(II) chloro-
phyllin preparations consists of copper(II)
pheophorbide a, copper(II) chlorin e and cop-
per(Il) rhodin g, [11]. In fact a few chromato-
graphic peaks were observed on a typical three-
dimensional chromatogram measured for com-
mercially available copper(II) chlorophyllin (cf.
Fig. 2). In order to identify and determine each
peak component on the high-performance liquid
chromatogram, copper(Il) pheophorbide a, cop-
per(II) chlorin ez, copper(Il) rhodin g, and
copper(1l) chlorin e, were prepared according to
the methods described under Experimental.
Each component of copper(Il) chlorophyllin
thus prepared was purified by semi-preparative
HPLC and then the absorption spectrum was
measured in a solution of methanol-water (97:3,
v/v) containing 1% (v/v) of acetic acid. The
absorption spectra of the components of cop-

Retention time / min

Fig. 2. Three-dimensional chromatogram of copper(1I) chlorophyllin. Peaks: 1 = copper(1I) rhodin g,; 2= copper(II) chlorin e;

3 = copper(I) chlorin e,; 4 = copper(Il) pheophorbide a.
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Fig. 3. Absorption spectra of copper(II) chlorophyllin com-
ponents. 1= Copper(II) pheophorbide a; 2= copper(Il)
chlorin e,; 3 = copper(II) rhodin g,; 4 = copper(Il) chlorin
e,.

per(II) chlorophyllin are shown in Fig. 3, and
the spectral data are summarized in Table 1. All
spectra are very similar to each other, but
slightly different in the spectral shape and ab-

Table 1

sorption maxima. Each peak component on the
chromatogram of copper(Il) chlorophyllin was
fractionated and carefully concentrated by a
rotary evaporator. The sample obtained by
evaporating the residual acetic acid was subject-
ed to FAB mass spectrometry to identify each
peak component. The mass spectrum of each
fraction showed the presence of the chloro-
phyllin component with a molecular jon M™:
copper(1l) chlorin e,, 657 (M*, 45%); cop-
per(Il) chlorin e,, 613 (M™, 65%). Each peak
component on the chromatogram was also iden-
tified by a comparison of the retention times with
those of the corresponding pure compounds and
the absorption spectra.

3.2. Chromatographic separation of copper(II)
chlorophyllin

Commercially available sodium copper(II)
chlorophyllin is soluble in water, but hardly
distributed to octadecyl silica(ODS). Therefore,
it is necessary to convert sodium metallo-
chlorophyllins to their corresponding carboxylic
acids by the release of sodium ions using hydro-
chloric acid. Octadecyl silica was selected as a
stationary phase in combination with a mobile
phase of methanol-water (97:3, v/v). The best
separation and retention of copper(Il) chloro-
phyllin were achieved using a mobile phase of
methanol-water (97:3, v/v) containing 1% (v/v)
of acetic acid. The small amount of acetic acid

Absorption maxima and molar extinction coefficients (e) of copper(II) chlorophyllin components

Compound Aoy (n) € X 10* (cm™! mol * dm?)
Soret band Q band Soret band Qband

Copper(II) 401, 423 653 5.14,4.86 4.71
pheophorbide a

Copper(II) 407 633 8.08 3.20
chiorin e

Copper(II) 436 622 4.35 1.38
rhodin g,

Copper(II) 404 626 2.70 0.95

chlorine,
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Fig. 4. Typical chromatogram of copper(II) chlorophyllin.
Peaks: 1= copper(1l) rhodin g,; 2= copper(II) chlorin e;
3 = copper(II) chlorin e,; 4 = copper(Il) pheophorbide a.

was added to the mobile phase to prevent the
liberation of protons at the carboxyl group. A
typical high-performance liquid chromatogram of
copper(II) chlorophyllin is shown in Fig. 4. Four
well-resolved peaks were obtained using UV
detection at 423 nm and copper(Il) rhodin g,
copper(II) chlorin e, copper(II) chlorin e, and
copper(Il) pheophorbide a eluted in the order
given. The retention time of copper(Il) chloro-
phyllin decreases with the increasing number of
carboxyl groups, indicating that the carboxyl
group attached to the chlorin ring allows greater
interactions with the mobile phase. As expected,
rhodin g, is eluted fast compared with chlorin ¢
due to less interaction of the former with the
non-polar ODS stationary phase. This elution
order agrees with the general tendency that the

Table 2

aldehyde group attached to the chlorin ring is
more polar than the methyl group.

3.3. Determination of copper(1l) chlorophyllin

The preparation of working standard solutions
by diluting the stock solution in methanol-water
(97:3, v/v) yielded a standard solution of cop-
per(1I) chlorophyllin which was stable over 24 h.
The calibration graphs for four components of
copper(II) chlorophyllin were constructed in the
concentration range of 0-30 ug cm . The
minimum detectable concentrations of cop-
per(11) pheophorbide a, copper(II) chlorin e,
copper(1l) rhodin g, and copper(II) chlorin e,
were 3.5, 1.5, 3.3 and 1.4 ng cm > with relative
standard deviations (n = 10) of 1.8, 1.6, 5.2 and
3.6% at a concentration level of 1 mg cm™>,
respectively. They were calculated from that
amount of copper(Il) chlorophyllin which yield-
ed a signal-to-noise (S/N) ratio of 2. The HPLC
method proposed here was applied to the assay
of commercially available sodium copper(Il)
chlorophyllin. The analytical results obtained for
samples A-D are summarized in Table 2. The
sum total of the analytical values of individual
components is less than 100% (w/w), because
the samples assayed are contaminated by degra-
dation products other than copper(Il) chloro-
phyllin which was identified in the present study.
It is noteworthy that one of the most abundant
components in commercial sodium copper(II)
chlorophyllin is chlorin e,. The chlorophyll a in

Analytical results on commercially available sodium copper(II) chlorophyllin

Sample Content (%, w/w)
Copper(II) Copper(1I) Copper(II) Copper(1l)
pheophorbide a chlorin e rhodin g, chlorine,
A 8.7(0.1) 8.0(0.2) 10.1(0.2) 57.1(1.1)
B 17.1(0.2) 3.7(0.2) 10.7(0.2) 60.2(2.4)
C 5.4(0.1) 8.4(0.3) 9.0(0.2) 34.7(1.0)
D 3.8(0.1) 13.2(0.1) 6.7(0.1) 56.6 (0.6)

The number in parentheses is the standard deviation of the analytical values (n = 5).
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the starting material of copper(Il) chlorophyllin
must be converted to copper(II) chlorin e, in the
course of the production processes. This is sup-
ported by the fact that the starting material of
copper(II) chlorophyllin contains much chloro-
phyll a compared with chiorophyll b and chlorin
e, is easily derived from pheophorbide a or
chlorin e,. The HPLC method described above
has been applicable to commercially available
sodium copper(II) chlorophyllin. Consequently,
it will be very useful for the evaluation of food
additives and effective to the study of the antiox-
idative and antimutagenic components in
metallochlorophyllins.
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Abstract

Isocratic and gradient elution of high-molecular-mass polystyrenes were compared in a dichioromethane—
acetonitrile mobile phase and C,, bonded phase on a variety of different pore size silicas. Plots of the capacity
factor versus the solvent composition were drawn from which solvent strength parameters, S, were determined for
different molecular masses. Linear gradient elution data were also used to estimate S values using a graphical
procedure. It was found that S depended on gradient rate and that only gradient rates of less than 2% /min gave
constant values of S. Only molecular masses less than 50 000 gave good agreement with isocratic values. Plots of log
S against log molecular mass were different for isocratic and gradient determined values of S.

1. Introduction

Several studies are reported [1] to have shown
that the log of the isocratic capacity factor, K’
varies linearly with ¢, the volume fraction of
good solvent, for low-molecular-mass com-
pounds in water—methanol and water—acetoni-
trile reversed-phase solvent systems. The empiri-
cal relationship initially discussed by Snyder and
co-workers [2,3] is

log k' =log k, — S¢ D

where k, is capacity factor in the poor solvent
and S is a constant. Aguilar and Hearn [4] have
proposed that the constant S is related to the

* Corresponding author.
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contact area of the molecule with the stationary
phase surface and that log k, values reflect the
affinity of the solute for the poorer solvent.
Schoenmakers et al. [5,6] have argued on theo-
retical grounds that a quadratic relationship is
more precise but that for normal operating
conditions in an analytical separation, any differ-
ences would be negligible for low-molecular-
mass compounds. With high-molecular-mass
compounds the situation is less clear. Hearn [7]
has clearly shown that plots of log k'’ against ¢
are curved due to two different modes of ad-
sorption for peptides and proteins over large
ranges of ¢. Nevertheless, they have continued
to use Eq. 1 over narrow ranges of ¢. Poly-
styrenes are non-polar and would not be ex-
pected to show silanophilic interactions as do

© 1994 Elsevier Science B.V. All rights reserved
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peptides and proteins. However, as the propor-
tion of good solvent in the mobile phase in-
creases, the capacity factors are expected to go
to zero as size-exclusion chromatography be-
comes dominant.

Using gradient elution data to determine S and
k, is of special importance in the reversed-phase
separation of high-molecular-mass synthetic
polymers because, as the molecular mass in-
creases, isocratic elution becomes more and
more difficult to observe [8-11] and the direct
application of Eq. 1 is difficult. Nevertheless,
Lochmuller and McGranaghan [9] have been
able to compare isocratically obtained values of
S with gradient estimated values S for poly-
styrenes up to M, 300 000 in a dichloromethane—
acetonitrile solvent system. They found linear
relationships between log k' and solvent compo-
sition for both tetrahydrofuran-water and di-
chloromethane—acetonitrile  solvent systems
using a 10 nm pore size, C,; column. A 30 nm
pore size C; bonded phase column also gave a
linear plot. Using this column, agreement be-
tween isocratic and gradient S values was good,
for both the dichloromethane—acetonitrile and
the tetrahydrofuran-water systems. Gradient
rates were between 1.6 and 5.0%/min. Alhedai
et al. [10] investigated polystyrenes up to M,
390 000 in dichloromethane-methanol with 10
nm and 30 nm pore size C,; columns. They
found a non-linear relationship between log
capacity factor and mobile phase composition.
They also found poor agreement between iso-
cratic and gradient estimated values of S. The
gradient estimated values of S were considerably
higher than the isocratic values but agreement
improved as molecular mass increased. The
gradient rates used were 2 to 4% dichlorome-
thane per minute. Larman et al. [8] investigated
the gradient elution of polystyrenes on four
different pore size C,4 columns,in a tetrahydro-
furan-methanol mobile phase but only up to a
molecular mass of 50 000. They found reason-
able agreement between isocratic and gradient
derived S values. Gradient rates up to 15%/min
were used. Later work by Quarry et al. [12]
reexamined this work and concluded that better
results were obtained when two well separated

gradient rates were used to estimate S and k.
However, the highest gradient rate used in this
later study was lowered to 2% /min.

Hearn [7] has found little correlation of § with
molecular mass for peptides and proteins. How-
ever, this is to be expected in adsorption type
chromatography of polymers with different
chemical structures. All workers have found that
S generally increases with molecular mass for
synthetic polymers with the same chemical struc-
ture. Boehm et al. [13,14] found this increase to
be monotonic for polystyrenes in both the di-
chloromethane—methanol and tetrahydrofuran—
acetonitrile solvent systems. However, Lochmul-
ler and McGranaghan [9] found a monotonic
increase in § with molecular mass for a 30 nm
pore size C,4 column but not with a 10 nm pore
size C,4 column. They attributed this to available
surface area effects. The BMAB theory [13-15]
predicts that the slope of a log S versus log M
plot should be one. However, all results reported
so far, are lower than one.

When linear solvent strength (LSS) gradients
[3] are used, Eq. 1 can be used to predict
isocratic retention data from two or more gra-
dient elution experiments [12]. The gradient
steepness parameter, b, is proportional to S and
given by

b = ApSt,/t, : Q)

where Ag is the change in the gradient in time £,
and ¢, is the column void volume. To determine
S and k, for a solute, this relationship can be
combined with Eq. 1 to give

t, = (t,/b) log [2.3bky(t,/t,) + 1] + ¢, + ¢, 3

where ¢, is the solute gradient elution time, ¢, is
the retention time of the solute under non-re-
tained conditions and ¢, the delay time of the
gradient to column inlet [8]. Larman et al. [8]
used an iterative method to estimate average
values for S and k,. Lochmuller and
McGranaghan [9] used two gradient runs to
solve for the two unknowns. Alhedai et al. [10]
used a graphical method which allowed them to
estimate S and the critical solvent composition

from the gradient data. The critical solvent
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composition was defined as the composition
when k' =1.

The aim of this paper is to report a simple
graphical procedure for estimating S and k,, from
gradient elution data and to compare S values
for polystyrenes determined by both isocratic
and gradient elution. The results were obtained
using C,, bonded phases in a dichloromethane—
acetonitrile solvent system, and were conducted
over a wider range of molecular masses and
column pore sizes than previous work. A column
packed with pellicular material is included.

2. Experimental

All chromatographic experiments were per-
formed using two M6000A pumps, a 660 solvent
programmer and a U6K injector (Waters, Mil-
ford, MA, USA). The detector was a variable
wavelength UVIS 200 set at 262 nm (Linear
Instruments, NV, USA). Column temperature
was maintained at 25°C in a thermostatted water
jacket. In this work, flow-rates were 1.0 ml/min
unless otherwise stated. All gradients were linear
and started at 0.4 volume fraction of dichlorome-
thane. Injection mass was 10 ug. Injection
volume was 10 pl. Data acquisition was done
with a laboratory-built system. Table 1 lists the
columns that were used throughout thls study.
All columns were packed at 400 x 10° Pa into
150 mm X 4.6 mm diameter column blanks.
These columns are described in more detail
elsewhere [16].

Acetonitrile and dichloromethane (HPLC

Table 1
Column data

grade) were obtained from Mallinckrodt Aus-
tralia. The monodisperse polystyrene standards

used were molecular masses 2. 35 10°, 1.1-10°,
2.0-10° (Waters) and 9.00- 10°, 1.75-10%, 5.0-
10*, 4.10-10° and 9.29- 105 (Polysciences,

Warington, PA, USA).

In the present study, the parameters S and k,
were determined by the following graphical
method. Rearranging Eq. 2 gives

to (zo) ,
=1—1}= —_ 4
(2)-5( @
where t'G is the gradient time from 0 to 100%.
If t,=t,—t,—t,, the gradient elution time
corrected for size exclusion and gradlent delay,

then by substitution of Eq. 4 and ¢, into Eq. 3 we
obtain,

L 2.38k,t,
1= (o (524) 1] ®

If k, is very large as would be the case for
high-molecular-mass polymers in most circum-
stances, (typically 10°~10° [9-11]) then the 1
could be neglected in Eq. 5, assuming realistic
values of b, Ap and ¢ are used. Rearrangement
of Eq. 5 gives

t, 1 1
<t—> = —log(2 3Skot,) — log ts ©6)
G

By plotting ¢ /tG against log g, a straight line
with a slope of 1/S should be obtained with an
intercept of 1/S log (2.35kt;). This allows S and
k, to be determined.

Surface area

Column Silica Carbon Reduced plate
(m*/g) (%) height®
Pore size Particle size
(nm) (pm)
7 6 Zorbax 350 14.5 2.08

50 10 LiChrospher 60 4.6 3.39
100 10 LiChrospher 30 1.8 10.0
Pellicular 30-40 Perisorb 14 0.9 20.4

* Measured from phentole using conditions of Bristow and Knox [20].



108 R.A. Shalliker et al. | J. Chromatogr. A 679 (1994) 105-114

3. Results and discussion

The isocratic elution of high-molecular-mass
polystyrenes was observed in agreement with
previous workers [8—11]. The isocratic elution of
the higher-molecular-mass polymers became in-
creasingly more difficult to observe as the molec-
ular mass increased and this was also found by
these previous workers. Typically, the solvent
range would vary by as little as 1% between
complete retention and elution at the solvent
front for the M, 4.10-10° and 9.29-10° poly-
styrenes. Without making solvent mixtures,
which introduces composition stability problems
with such volatile solvents as dichloromethane,
we observed the isocratic elution of these poly-
styrenes but only by chance. Increasing the
column pore size allowed observance of isocratic
elution of higher molecular masses, as Fig. 1
illustrates for the M, 929 000 polystyrene on the
100 nm pore size column.

To determine the capacity factor, the unre-
tained elution volume of the solute is required.
For small molecules this is closely approximated
by the solvent void volume. This approximation
worsens on porous columns as the size of the
solute increases relative to the solvent. Previous
workers [8-12] have used the size-exclusion
volume of the solute in pure good solvent as a
measure of the unretained retention volume.

J 1 1 1

0 10 20 © 30

Retention Time (min )

Fig. 1. Isocratic elution of M, 929 000 polystyrene. Mobile
phase dichloromethane—acetonitrile (58:42), flow-rate 1.0
ml/min, sample 10 pg in 10 pl dichloromethane, 100 nm
pore size, 10 wm particle size C ; column.

However it is known [17] that the hydrodynamic
volume of a polymer molecule varies with the
solvent composition. Viscosity measurements
[18] indicate that the radius of gyration of an M,
113 000 polystyrene molecule in 0.6 volume
fraction dichloromethane-acetonitrile solvent is
about 15% smaller than in pure dichlorome-
thane. For M, 470 000 polystyrene the percent-
age decrease is 25. Hence the size-exclusion
elution volume will only be an approximation to
the unretained retention volume.

Size-exclusion experiments in dichlorometh-
ane--acetonitrile solvent mixtures with decreas-
ing dichloromethane composition show that the
elution volume increases exponentially with ace-
tonitrile volume fraction. Fig. 2 shows these
results for M, 110 000 polystyrene on the 50 nm
pore size column. Benzene showed an elution
volume of 2.0 ml on this column which does not
change with mobile phase composition. The
mobile phase composition at which the M,
110 000 polystyrene just dissolves (solubility
composition) is 0.465 volume fraction dichloro-
methane [19]. Yet at a volume fraction of 0.6
dichloromethane, considerably higher than the
solubility composition where size exclusion might

10

9

ELUTION VOLUME( mi )

34

24

1 —— e ——— ,
055 0.6 0.65 0.7 0.75 0.8 0.85 0.9 085 1
VOLUME FRACTION DICHLOROMETHANE

Fig. 2. Retention volume as a function of dichloromethane
composition; 10 pg M, 110 000 polystyrene in 10 wl dichloro-
methane, flow-rate 1.0 mi/min, 50 nm pore size, 10 pm
particle size C,; column.
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be expected to be dominant, the elution volume
was 2.0 ml. Obviously M, 110 000 polystyrene
cannot have the same size as benzene and there
must be retention to explain the same elution
volume. There was no sharp change from size-
exclusion to reversed-phase chromatography.
Adsorption effects must be present at much
higher concentrations of dichloromethane than
the solubility composition. In these circum-
stances an accurate estimate of the unretained
elution volume is not possible from chromatog-
raphy and so we also used the elution volume in
100% dichloromethane as a measure of the
unretained volume of a solute for capacity factor
calculations. These elution volumes, for each
column and each molecular mass, are shown in
Table 2.

Fig. 3 illustrates the relationship between log
k’ and the solvent composition for various mo-
lecular mass polystyrenes up to M, 200 000
eluted isocratically on the 50 nm pore size
column. This graph used isocratic retention times
reported in Table 3 and the size-exclusion vol-
umes reported in Table 2. Similar graphs were
drawn for the other columns using data reported
in Tables 3 and 4. Isocratic S values for each
column were determined from these graphs.
There is evidence of very slight curvature in

Table 2
Size-exclusion volumes on the various columns for the
polystyrenes

Molecular Size-exclusion elution volume (ml)
mass on column of pore size
7 nm 50 nm 100 Pellicular
nm

78 1.600 2.000 2.150 1.030
800 1.310 1.935 2.150 0.980
2.35-10° 1.225 1.885 2.080 0.980
9.00- 10 1.115 1.783 2.050 0.970
1.75-10* 1.090 1.666 2.030 0.950
.5.00-10* 1.075 1.475 1.970 0.950
1.10-10° 1.060 1.240 1.850 0.950
2.00-10° 1.048 1.075 1.580 0.950
4.10-10° 1.035 1.036 1.570 0.950
9.29-10° 1.032 0.975 1.570 0.950

Flow-rate = 0.5 ml/min, 1.0 dichloromethane.

1.2

14
0.81
0.61

0.41 A

M

/
e

,8 T T T T T T T
02 025 03 035 04 045 05 055 06
VOLUME FRACTION DICHLOROMETHANE

Fig. 3. Isocratic log k' against volume fraction dichlorome-
thane. Sample 10 pg polystyrene in 10 pl dichloromethane,
flow-rate 1.0 ml/min, 50 nm pore size, 10 um particle size
C,; column. Polystyrene M,: 8 =2800; + =2350; *=9000;
x =12 500; A =50 000; O =110 000.

some of these graphs at the highest molecular
masses. Curvature in these graphs has also been
reported by Alhedai et al. [10]. The S values
reported are obtained from the slopes of straight
lines of best fit in all cases.

Gradient elution of the polystyrenes became
more difficult to observe as the molecular mass
decreased and as the gradient rate decreased. As
the molecular mass and gradient rate decreased,
peaks became broader and eventually merged
into the baseline. Table 5 lists the retention data
for the polystyrenes on the various C; columns
for various gradient rates. Fig. 4 illustrates a
graph of ¢/t versus log ¢ for molecular masses
17 500 to 929 000 on the 50 nm pore size column,
using data from Table 5 and values of the size-
exclusion elution volume, given in Table 2.
Graphs for the other columns were similar.
When steep gradients were used, the graphs
were initially curved and became linear as the
gradient steepness decreased. At gradient rates
greater than 2%/min, curvature was evident
even for the lowest molecular mass studied
(17 600) but the curvature increased as the
molecular mass increased. This implies that the



110 R.A. Shalliker et al. | J. Chromatogr. A 679 (1994) 105-114

Table 3

Isocratic retention times for 7 nm and 50 nm pore size columns

Dichloromethane
(volume fraction)

Retention time (min)
for molecular mass

800 2350 9000

17 500

50000

110 000

200 000

7 nm pore size column
0.32 3.50
0.38 2.92
0.42 2.63 4.87
0.46 2.48 3.58
0.50 2.78
0.52 4.52
0.54 223 3.30
0.56 2.50
0.57
0.58 1.58 2.03
0.59
0.60

50 nm pore size column
0.20 2.35
0.25 2.65 4.50
0.30 2.52 3.55
0.35 2.40 . 2.99
0.40 2.65 4.80
0.43 3.78
0.46 3.13
0.49
0.50 2.03
0.51
0.53
0.55
0.56
0.57
0.58

7.10
3.78
2.89
2.42
2.07

6.20
3.81
3.22

15.00
6.45
3.52
2.34
2.05

13.05
3.25
2.45

9.40

4.90

3.73 15.00

2.93 6.44
3.26 7.26
2.62 3.44

rate of diffusion of mobile phase into and from
these large solvated molecules may be a limiting
factor in this chromatography. Similar sugges-
tions have been made by Lochmuller and
McGranaghan [9] and Shalliker [18] to explain
anomalous elution behaviour of polystyrenes. S
values were estimated from the slopes of these
curves using only gradient rates of less than 2%
dichloromeéthane per minute. S values were also
estimated from these same data using the meth-
od described by Larman et al. {8]. No significant
differences were observed.

The large variations in § values observed by
other workers for high-molecular-mass polymers

may have resulted because of this curvature
when steep gradients were used. The result of
this curvature is that values of S, estimated at
high gradient rates, are lower than values esti-
mated at gradient rates less than 2% /min as the
slope equals —1/S. In the study by Larman et al.
[8], S values were estimated from gradient rates
between 0.75 and 16% /min. Data from Larman
et al.’s study for two different columns were
plotted to produce graphs of ¢,/t¢ versus log ¢
that were non-linear (Fig. 5). Later work by this
group [12] used gradients of lower steepness and
ascribed the differences in S obtained at different
gradient rates to errors introduced by large
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Isocratic retention times for 100 nm pore size and pellicular columns

111

Dichloromethane
(volume fraction)

Retention time (min)
for molecular mass

800

2350 9000 17 500 50 000 110 000

200 000

100 nm pore size column

0.20
0.25
0.30
0.35
0.40
0.43
0.46
0.49
0.50
0.51
0.53
0.55
0.56
0.57
0.58

Pellicular column
0.25
0.30
0.35
0.42
0.46
0.50

2.55
2.41
2.30
2.20

3.21
2.76
2.45
2.29 3.16
2.67 4.46
2.40
291
2.39 271 5.23
2.26 2.48 3.42
2.34 2.79 5.40
3.90
2.24 2.88
2.60

1.62
1.42
1.29
1.90 6.00
1.37 3.00
1.54 18.80
1.29 4.12

6.41
3.46
2.30

0.52
0.54
0.55

1.75
1.43

values of k,. It seems likely that at least part of
this difference can be assigned to obtaining low
values of S for high gradient rates, especially as a
similar trend has now been obtained by different
workers, in two different solvent systems and on
columns of different pore sizes.

S values estimated from isocratic and gradient
data are shown in Table 6. Where possible a
range, estimated from all possible slopes, is
included. The range of molecular masses for
which a comparison of the § values can be made
is not large. The range is smaller when gradient
rates of less than 2% dichloromethane per min-
ute are used and larger when larger pore size
columns are used. Reasonable agreement was
obtained for molecular masses up to 50 000.

Above this molecular mass, isocratic S values
tend to be higher than gradient S values. The
differences are of the order of 100% for molecu-
lar masses 110 000 and 200 000. This is too large
to be experimental error. The error of neglecting
the size decrease in poorer solvents and hence
underestimating the unretained retention volume
can be estimated for the M, 110 000 polystyrene.
By using size estimates from viscosity data of M,
110 000 polystyrene, it was estimated that S
values would increase by only about 5% for both
isocratic and gradient determined values. Thus
the reasons for the difference remain unclear.
Lochmuller and McGranaghan [9] obtained good
agreement between isocratic and gradient S
values, with a 30 nm pore size Cg column up to a
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Retention times at various gradient rates for the polystyrenes

Molecular Retention time (min)
mass at gradient rate
10% /min 5% /min 2% /min 1% /min 0.5% /min 0.25% /min
7 nm C,; column
1.75-10* 9.55 11.25 15.80 22.67 34.58
5.00-10* 9.50 11.37 16.51 24.83 39.92
1.10-10° 9.50 11.35 16.71 26.05 43.33
2.00-10° 16.80 26.47 44.20
4.10-10° 9.50 11.37 16.85 26.50 44.40
9.29-10° 16.85 26.54 44.71
50 nm C,; column
1.75-10* 9.38 10.30 12.38 14.77 18.15 21.28
5.00-10* 9.77 11.25 14.86 20.58 29.70 45.82
1.10- 10° 9.88 11.70 16.30 23.97 37.75 63.08
2.00-10° 16.83 25.43 41.43 71.22
4.10-10° 9.87 11.88 16.88 25.78 42.48 72.19
9.29-10° 16.90 26.22 43.28 76.36
100 nm C,; column
1.75-10* 12.07 11.55 12.35
5.00-10* 14.15 18.78 27.40
1.10-10° 16.06 23.43 37.73
2.00-10° 16.58 24.71 39.93
4.10-10° 17.00 25.65 41.00
9.29-10° 17.23 26.03 42.81
Pellicular column
1.75-10* 10.90 13.57 17.95
5.00-10* 13.40 19.35 29.98
1.10-10° 15.10 22.91 37.36
4.10-10° 15.55 24.20 40.58
9.29-10° 15.68 24.62 - 41.55
7.00-10° 15.85 24.98 42.48
1.50- 10’ 15.85 25.00 42.65

Delay time, ¢, =5.4 min. Flow-rate = 1.0 ml/min. Initial ¢ =0.40 dichloromethane, final ¢ = 1.0 dichloromethane.

molecular mass of 300 000 in a dichloromethane—
acetonitrile mobile phase. Gradient rates were
1.7 and 2.5% dichloromethane per minute.
Alhedai et al. [10] found differences of greater
than 100% between gradient and isocratic §
values on 10 nm and 30 nm pore size Cg
columns using dichloromethane—methanol sol-
vent system. Gradient rates were 2—-4% dichloro-
methane per minute. These workers found gra-
dient S values to be significantly higher than

isocratic values with agreement improving as the
molecular mass increased to 100 000. This is
directly opposite to the trend reported here. The
three sets of results are not directly comparable
because they were conducted with different
columns and mobile phases. However it is clear
that more effort is required to reconcile these
disparate trends.

Fig. 6 shows plots of log S versus log molecu-
lar mass for the isocratically determined values
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0.35
0.3
0.257

0.2

1g'G'

0.151

0.11

0.051

°77 32 14 16 18 2 22 24 26 28
LOG tG’

Fig. 4. Gradient S determination. Initial composition 0.4

dichloromethane, final composition 1.0 dichloromethane,

flow-rate 1.0 m!/min, delay time 5.4 min, 50 nm pore size, 10

pm particle size column. Polystyrene M_: O=17500; + =

50 000; * =110 000; x =200 500; A = 410 000; OO = 929 000.

0.6

0.551

0.5

0.451

tg'/tG'

0.4

0.351

o N

0.25 T T T T T T T T
08 1 12 14 16 18 2 22 24 26

LOG G’

Fig. 5. Gradient ¢/t against log ¢ using data of Larman et
al. [8]. Mobile phase tetrahydrofuran—water, flow-rate 2.0
ml/min, delay time 2.2 min, sample M_ 50 000 polystyrene.
O = 15 nm pore size C,; column, gradient 0.6 to 1.0 tetrahy-
drofuran; A =30 nm pore size C,; column, gradient 0.4 to
1.0 tetrahydrofuran.

1.81
1.6 o

1.41

LOG S

0.8

0.6 *

0.41

0.2 T T T T
25 -3 3.5 4 4.5 5 5.5

LOG M,
Fig. 6. Isocratic log S against log molecular mass. @ =7 nm
pore size C,, column; + =350 nm pore size C; column;
* =100 nm pore size C,, column; X = pellicular C,; column.

on the four different columns. There is not much
difference. The slopes of all plots are similar and
equal to 0.6. There is no evidence of a lower
slope for the higher molecular masses and the
virtually non-porous and low surface area pel-
licular column falls into the same set as the
porous supports. Fig. 7 shows the same plots
with § values obtained from gradient elution
data and the plots differ appreciably. Closest
agreement with isocratic data is shown by the 7
nm pore size column and the pellicular column.
Both these columns do not allow significant pore
access to the polystyrenes for which gradient
elution data could be obtained. However, both
plots tail off at higher molecular masses and only
have slopes of 0.4 on the linear portion at low
molecular masses. The graphs for the two col-
umns with larger pores have much smaller slopes
then the equivalent isocratic ones. Possible
reasons for the poor agreément between isocratic
and gradient results are that either LSS theory
does not hold for large molecules, or that differ-
ent mechanisms, or different available surface
areas operate in the retention of large molecules
for gradient elution versus isocratic elution.
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Table 6
§ values for isocratic and gradient elution

Molecular S

mass

Isocratic Gradient

Column pore size Column pore size

7 nm 50 nm 100 nm Pellicular 7 nm 50 nm 100 nm Pellicular
800 2.3+0.1 31+1.3 4.1+0.6
2350 4.7+0.2 3.6+0.2 4.9+0.3 3.2+0.2
9000 9.6+0.3 5.6+0.3 5.6+13 9.2
17 500 159+1.5 9.4+2.5 8.8=+15 144+1.4 13.2+0.9 10.1+£3.1 18.0 18.2+3.0
50000 294+3.0 14.7+23 17.5+5.2 31.5+3.8 18.0+0.5 159+3.7 17.0+29 26.3+1.1
110 000 69.9 34.1+6.6 23x76 29.4+4.0 18.6 +2.5 25.3+6.7 30.2%=1.1
200 000 41.7 44.1+2.8 33.0+7.0 21.1+2.3 22.1%+1.5 46979
410 000 333+73 22.4*1.8 20.0+1.0 56.8 =20
929 000 36.4x+73 26.0x3.8 23.2+33 64.4 +17

1.9 [5] P.J. Schoenmakers, H.A.H. Billiet and L. de Galan, J.

LOG S

52 54 56 58 6

1.1 T T T T
42 44 46 48 5
LOG M,

Fig. 7. Gradient log S against log molecular mass. B =7 nm
pore size C,; column; + =150 nm pore size C,; column;
* =100 nm pore size C,, column; X = pellicular C,; column.
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Abstract

The reduction gas detector has been used successfully for the capillary GC determination of C,—C, alkenes and
isoprene. The detection limits have been improved by using a capillary GC column. The peak shapes for
hydrocarbons above C, (benzene, toluene, p-xylene, o-xylene, a-pinene and B-pinene) are very broad and tailing
due to their stow and incomplete reactions with HgO at the maximum temperature (300°C) achievable with the
present reduction gas detector. If the HgO bed temperature of the detector could be increased, the system might be
applicable to the detection of higher-molecular-mass compounds.

1. Introduction

Few hydrocarbons are toxic in their own right
at the concentrations found in the ambient
atmosphere. Their main contribution to air pol-
lution stems from their atmospheric degradation
to ozone, peroxyacetyl nitrate (PAN), hydrogen
peroxide and other secondary air pollutants.
Because of their extremely low concentrations
[volume mixing ratios of 10™° (ppb, v/v), or
10~ (ppt, v/v)], hydrocarbons are difficult to
monitor at ambient concentration levels. De-
velopment of more sensitive detection systems
for hydrocarbons, compatible with gas chromato-
graphic (GC) separation methods, is therefore
an urgent priority. Since the more reactive
hydrocarbons (e.g., alkenes) have much higher

* Corresponding author.

0021-9673/94/%07.00
SSDI 0021-9673(94)00438-F

potentials for ozone formation than the non-
reactive hydrocarbons (e.g., alkanes), the priori-
ty in atmospheric monitoring programmes which
focus on photochemical ozone production is
therefore the quantitation of the reactive volatile
organic compounds (VOCs), rather than of the
non-reactive species. Under some circumstances
it would therefore be advantageous to utilize a
detection system that has enhanced sensitivity
towards alkenes but is relatively insensitive to
alkanes and other less reactive VOC species.
This would result in a less complex chromato-
gram than is obtained with other universal detec-
tors, for example the flame ionization detector,
and so simplify peak identification.

The reduction gas detector was originally
developed for detecting the reducing gases CO
and H, [1]. It has also been used for the
detection of acetaldehyde and acetone [2] and of
isoprene. Recently, the reduction gas detection

© 1994 Elsevier Science B.V. All rights reserved
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(RGD) response to the reactive hydrocarbons
has been investigated using GC with a packed
column [3]. It was shown that RGD is con-
siderably more sensitive to alkenes than is flame
ionization detection (FID), and it has much
greater sensitivity to alkenes than alkanes.

Because the RGD system was designed for the
simple reducing gases, the detector is engineered
for use with packed GC columns. However, in
order to use RGD for environmental analysis, it
is very desirable that it should be compatible
with high-resolution capillary GC columns. This
would allow advantage to be taken of the high
resolving power of capillary columns and may
also improve the detection limits of the detector.
One of the disadvantages of using packed GC
columns is that the analysis has to be carried out
isothermally, since RGD is very sensitive to
changes in the carrier gas flow-rate. This is
adequate for the analysis of simple reducing
gases (e.g., H,, CO), but prevents the sepa-
ration of compounds with a wide range of boiling
points (e.g., C,—C,, hydrocarbons). Moreover,
because the carrier gas flow-rate through the
capillary column is only a small part of that of
the make-up gas ( <0.5%), the total carrier gas
flow-rate will not change significantly when the
GC oven temperature changes. Thus, tempera-
ture programming may be employed for the
analysis of hydrocarbons when using a capillary
GC column.

In this work, a make-up gas line was made in
order to render RGD compatible with capillary
GC columns. The response of RGD to alkenes
and other hydrocarbons was investigated using
GC with four different capillary columns.

2. Experimental
2.1. Principle of the reduction gas detector

The principle of operation of the reduction gas
detector has been described elsewhere [3,4].
Briefly, it depends upon the reduction of solid
mercuric oxide by a reducing gas X on a heated
bed:

X + HgO(solid)— XO + Hg(vapour) @)

The resultant mercury vapour concentration is
directly proportional to the inlet gas concen-
tration and is quantitatively detected by means
of an ultraviolet photometer located immediately
downstream of the reaction bed.

2.2. Analytical system

GC measurements were made using a Hewlett-
Packard 5890 Series II gas chromatograph fitted
with the reduction gas detector. The carrier gas
used was helium. The reduction gas detector
employed in this work was an RGD-2 (Trace
Analytical, Menlo Park, CA, USA). Four differ-
ent capillary columns were used in this work to
investigate the RGD responses to different hy-
drocarbons: (i) porous-layer open tubular
(PLOT; Al,0,/KCl), 50 m x 0.32 mm (Chrom-
pack); (i) Ultra 2 (cross-linked 5% phenyl
methylsilicone), 25 m X 0.2 mm, film thickness
(d¢) 0.33 um (Hewlett-Packard); (iii)) HP-1
(cross-linked methylsilicone gum), 10 m x 0.53
mm, d; 2.65 pm (Hewlett-Packard); (iv) HP-1
(cross-linked methylsilicone gum), 25 m x 0.32
mm, 1.05 pm film thickness (Hewlett-Packard).

A make-up gas line (stainless-steel tube, 1/8
in. L.D.; 1 in. =2.54 cm) was made in order to
use the RGD system with the capillary GC. A
catalytic combustion filter was used in conjunc-
tion with an organic—water vapour trap (molecu-
lar sieve) for carrier gas purification. An un-
coated fused-silica capillary (15 cm X 0.53 mm)
was used as the transfer line and was connected
to the capillary GC column by a glass press-fit
connector (Hewlett-Packard).

Sample vapours were injected into the carrier
gas stream by means of a gas-tight syringe via a
Chrompack TCT injector. The injected vapours
were then carried by helium gas through a
heated (220°C) empty Perkin-Flmer stainless-
steel tube to a coated (CP-Sil 8CB, d;=5 um)
fused-silica capillary trap [5] which was cooled by
liquid nitrogen. After sample concentration, the
trap was flash-heated to 220°C at 15°C/s for 1
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min, and the trapped vapours injected onto the
GC capillary column in the splitless mode. A
schematic diagram of the whole TCT-GC-RGD

system is shown in Fig. 1.

2.3. Analytes

The RGD responses of C,—Cy alkenes, iso-
prene, benzene, toluene, p-xylene, o-xylene, a-
pinene and B-pinene were investigated. A 15
ppm (v/v) Scotty standard calibration mixture
(Chrompack) was used as the standard for C,-
C, alkenes. Dilutions of these standards were
made by injecting known volumes of vapours
into a 1-1 glass flask. Mixtures of isoprene,
benzene, toluene, p-xylene, o-xylene, a-pinene
and B-pinene vapours were prepared using the
static dilution bottle method [6,7].

3. Results and discussion

3.1. The RGD responses to alkenes and other
hydrocarbons

RGD has been shown to be considerably more
sensitive and selective for the detection of C,—Cq
alkenes than the commonly used FID [3]. In
order to investigate if RGD can be used for the
detection of other hydrocarbons, the RGD re-
sponses to C,—C,, hydrocarbons were studied
using different capillary GC columns.

Fig. 2a shows GC-RGD responses to these
C,—C,, hydrocarbons from the Ultra 2 capillary
column. It can be seen that the peak of isoprene
is relative sharp with slight tailing, while peak
tailing is a severe problem for all the other
hydrocarbons, especially for the heavier ones.
This may be due to the extremely low carrier gas
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/ GCOven
’b-ﬂ—— Capillary GC Column

— Reaction Bed Reference
Optical Detector
Filter
UV Source =

i PRy—{ AT _—1{ M
Carrier Gas(He) @ a
i
5 |
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¥ — Hg Filter
Signal Detector Optical
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1
L Optical Cell
Light Guide

Ovens

lrSignaI Processing Electronics |

'
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Fig. 1. Schematic diagram for the TCT-GC-RGD system. MS = Molecular sieve; CAT = catalytic combustion filter; MF = mass

flow regulator; PR = pressure regulator.
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4000

500+ o .

0 5 10 15 min 20

Fig. 2. GC-RGD chromatograms of hydrocarbons. TCT
conditions: desorption temperature 220°C (2 min), injection
temperature 210°C (1 min), cold trap temperature —190°C.
(@) Ultra 2 column (25 mx 0.2 mm), temperature pro-
gramme 35°C (3 min) to 200°C at 5°C/min, flow-rate through
HgO 23 ml/min. (b) HP-1 column (10 m X 0.53 mm),
temperature programme as in (a), flow-rate through HgO 35
mi/min. () HP-1 column (25 m x 0.32 mm), temperature
programme as in (a), flow-rate through HgO 40 ml/min. (d)
PLOT column (50 m X 0.32 mm), temperature programme
160°C (8 min) to 180°C at 3°C/min, flow-rate through HgO
28 ml/min. Peaks: 1=isoprene; 2 =benzene; 3= toluene;
4 = p-xylene; 5= o-xylene; 6 = a-pinene; 7 = B-pinene; § =
propene; 9 = 1-butene; 10 = 1-pentene; 11 = 1-hexene.

(He) flow-rate through the capillary column ( <1
ml/min) because the Ultra 2 is a very-narrow-
bore (I.D. 0.2 mm) capillary. In order to investi-
gate if a higher flow-rate of carrier gas through
the column can improve the peak shape or not,
two capillary columns with wide bores were
used.

The flow-rate of carrier gas through the 25

m X 0.32 mm I.D. HP-1 capillary is about 3
ml/min. While the 10 m X 0.53 mm 1.D. HP-1 is
a wide-bore capillary, its performance is similar
to a packed GC column. The flow-rate through
this column can be higher than 30 ml/min
depending on the head pressure. The RGD
responses to the C,—C,, hydrocarbons from
these two capillary columns are shown in Fig. 2b
and c. It can be seen that the peak shapes for
these hydrocarbons were indeed improved, but
not significantly. Moreover, these peaks are still
very broad despite the high resolving power of
the capillary used. The effect of make-up gas
flow-rates (from 20 to 50 ml/min) on the peak
shape was also investigated, and it was found
that different make-up gas flow-rates can only
change the retention times and the sensitivity,
but the peak shapes cannot be improved even at
higher make-up gas flow-rates.

Because RGD was designed for the detection
of simple reducing gases, the HgO bed tempera-
tures can only be adjusted between 200 and
300°C. Thus, the peak shapes (broad, tailing) of
these hydrocarbons with RGD may be due to
their slow and incomplete reaction (1) even at
the highest HgO bed temperature achievable. In
order to check this possibility, the RGD re-
sponses to C,—~C, alkenes, isoprene and benzene
were investigated using a PLOT capillary col-
umn. A typical chromatogram is shown in Fig.
2d.

It can be seen that the peak shapes for C,—C,
alkenes (ethene cannot be trapped) and isoprene
are relative sharp with slight tailing. This may be
due to the sudden change of temperature from
160°C in the GC oven to the room temperature
to which part of the transfer line (ca. 10 cm) was
exposed. It is expected that the peak shapes will
be improved further if the transfer line is heated.
However, the peak shape of benzene is still
broad and tailing as observed above with the
other capillary columns. This may confirm that
the broad and tailing peaks for those C=6
hydrocarbons from RGD are due to the slow and
incomplete reaction (1). It is suggested that the
temperature range of the HgO bed should be
broadened in order to detect heavier compounds
with this detector.
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It can also be seen from all the chromatograms
in Fig. 2 that the baseline drift with increasing
GC oven temperatures was eased significantly
with the capillary columns. This is in marked
contrast to the very significant baseline drift that
was observed with a temperature-ramped packed
column.

3.2. The response linearity of the capillary GC~
RGD system

In order to investigate the response linearity of
the capillary GC-RGD system to different hy-
drocarbons, different amounts of C,—C alkenes,
isoprene and benzene vapours were injected
onto the GC-RGD system with the PLOT
capillary column. Their responses in both area
and height counts were plotted against the mass
of hydrocarbons injected, and the results shown
in Figs. 3-8.

It can be seen that the linearity ranges of the
RGD responses generally increase with the car-
bon number of the hydrocarbon, from ca. 0.3 ng
for propene to ca. 2.0 ng for benzene. This is
because the linearity range of the RGD re-
sponses depends very much on the peak height,
rather than peak area. It can be seen from Figs.
3-8 that generally the RGD responses will begin
to deviate when the peak height is greater than
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Fig. 3. Linearity of the RGD responses to propene. [J=
Height; O = area.
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Fig. 4. Linearity of the RGD responses to l-butene. 0=
Height; O = area.

500-600 mV. Although a capillary GC column
was used, peak tailing and broadening still
occurred due to the problems of the detector
itself. Thus, for the lighter hydrocarbons which
appear at the beginning of the chromatogram,
their peaks will be very sharp, and their linearity
range will be very narrow; while the peaks of the
relatively heavier hydrocarbons will be broader,
and their linear range will be wider. Therefore,
although the capillary columns can be used for
environmental analysis, the linearity range of
RGD wili be narrow.
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Fig. 5. Linearity of the RGD responses to 1-pentene. [1=
Height; O = area.
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3.3. Detection limits of the capillary GC-RGD
system for hydrocarbons

The minimum detectable amounts of alkenes,
isoprene and benzene using the capillary GC-
RGD system were determined, based on a
signal-to-noise ratio of 2, and the results shown
in Table 1.

It can be seen from Table 1 that the detection
limits have been improved indeed by using the
capillary GC column, but not substantially
because peak tailing is still a problem even when
a capillary column is used, and the signals are
much more noisy when using thermal desorption
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Fig. 8. Linearity of the RGD responses to benzene.
Height; O = area.

injection than when using direct injection with
syringe.

4. Conclusions

RGD, which has been applied to the quantita-
tion of hydrocarbons separated with a packed
column, has been further developed for detect-
ing reactive hydrocarbons using capillary GC.
This capillary GC-RGD system can be success-
fully used for the analysis of C,—C alkenes and
isoprene using a 50-m PLOT capillary column.
The detection limits have been improved by
using the capillary GC column, but not substan-
tially. It is expected that they can be improved
further by heating the transfer line and designing
a micro-RGD system. The peak shapes for
hydrocarbons = C; are broad and tail severely,

Table 1
Detection limits of the capillary GC-RGD systems for
hydrocarbons.
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Fig. 7. Linearity of the RGD responses to isoprene. 0=

Height; O = area.

Compounds Detection limits (ng)
Propene 0.006
1-Butene 0.008
1-Pentene 0.010
1-Hexene 0.014
Isoprene 0.010
Benzene 0.030
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due to their slow and incomplete reactions with
HgO even at the maximum HgO bed tempera-
ture (300°C) achievable with the present RGD
system. It is suggested that the HgO bed tem-
perature range of the detector should be
broadened in order to use RGD for the analysis
of heavier molecules. RGD therefore may, with
further development, offer advantages over FID
for selective development of ozone-precursor
hydrocarbons in ambient air.
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Abstract

The retention characteristics of 18 ethane-based chlorofluorocarbon, bromochlorofluorocarbon and fluorocarbon
fluids have been studied as a function of temperature on a stationary phase consisting of a 5% (mass/mass) coating
of a low-molecular-mass polymer of hexafluoropropylene epoxide on a graphitized carbon black adsorbent.
Measurements were made at —20, 0, 20 and 40°C for hexafluoroethane (R-116), pentafluoroethane (R-125),
1,1,2,2-tetrafluoroethane (R-134), 1,1,1,2-tetrafluoroethane (R-134a), 1,1,2-trifluoroethane (R-143), 1,1,2-tri-
fluoroethane (R-143a), 1,1-difluoroethane (R-152a), and fluoroethane (R161). Measurements were made at 40, 60,
80 and 100°C for 1,2-dichlorotetrafluoroethane (R-114), 1,1-dichlorotetrafluoroethane (R-114a), chloropen-
tafluoroethane (R-115), 2,2-dichloro-1,1,1-trifluoroethane (R-123), 2-chloro-1,1,1-trifluoroethane (R-133a), 1,1-
dichloro-1-fluoroethane (R-141b), 1-chloro-1,1-difluoroethane (R-142b), and 1-chloroethane (R-160). Measure-
ments were performed at 60, 80, 100 and 120°C for 1-bromo-2-chlorotetrafluoroethane (R-114B1). Net retention
volumes, corrected to a column temperature of 0°C, were calculated from retention time measurements, the
logarithms of which were fitted against reciprocal thermodynamic temperature. The relative retentions, also as a
function of temperature, were calculated with respect to the retention of tetrafluorom.ethane and hexafluoroethane.
Qualitative features of the data are examined, and trends are identified. In addition, the data were fitted to linear
models for the purpose of predicting retention behavior of these compounds to facilitate chromatographic analysis.

1. Introduction

Many laboratories are engaged in a com-
prehensive research program geared toward the
development of new fluids for use as refriger-
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{10].

! Permanent address: Fort Lupton High School, Fort Lupton,
CO, USA.

0021-9673/94/$07.00
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ants, blowing and foaming agents, and pro-
pellants. These new materials are needed to
replace the fully halogenated materials that are
thought to contribute to atmospheric ozone
depletion, and which will be phased out of
production by law. The research that comprises
this effort includes thermophysical properties
measurements and correlation, materials com-
patibility testing, chemical stability measure-
ment, and cycle suitability studies [1,2]. An
important part of all of these research programs

© 1994 Elsevier Science B.V. All rights reserved
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is the chemical analysis of new fluids that are
tested [3-6].

Gas chromatography is one of the major
chemical analysis methods that is applied to the
study of alternative refrigerants for several im-
portant reasons, not the least of which are
simplicity and economics of operation [7,8]. It is
used both as a qualitative identification tool and
for quantitative analysis of impurities that are
known to be present in a sample [7,9]. A
knowledge of the retention characteristics of
important fluids on the more useful stationary
phases is an important component in the design
of effective qualitative and quantitative chro-
matographic analyses. This information would
facilitate the identification of unknown or un-
familiar peaks that appear on a chromatogram
obtained from, for example, the analysis of a
field sample of a new refrigerant fluid. More-
over, these data would facilitate optimization of
chromatographic separations by allowing us to
predict the response of elution times and sepa-
ration factors to controllable instrumental pa-
rameters. Corrected retention parameters, such
as the net retention volume, V,,° (corrected to a
column temperature of 0°C), and relative re-
tentions, r,,,, provide the simplest avenue to
achieve these goals.

In an earlier paper, we discussed in detail the
pitfalls and necessary caution that one must use
in the application of such retention data [10]. In
that paper, we also presented measurements for
several methane-based fluids. In this paper, we
present temperature-dependent measurements of
the net retention volume, corrected to a column
temperature of 0°C, of 18 ethane-based fluids
that are commonly encountered in alternative
refrigerant research and testing. The fluids we
have studied are all gaseous at room temperature
and pressure. To facilitate the data analysis and
comparison, one measurement (at 40°C) is also
provided for ethane (R-150). A listing of all the
fluids studied is provided in the left-hand column
of Table 1, along with the accepted code num-
bers. An explanation of the numbering system
for these compounds has been provided else-
where [10,11]. The measurements were made on
the packed-column stationary phase that has

proven to be very useful for refrigerant analysis;
a 5% coating of a low-molecular-mass polymer
of hexafluoropropylene epoxide on a graphitized
carbon black. The relative retentions were then
calculated with respect to tetrafluoromethane
and hexafluoroethane. In addition to the discus-
sion of qualitative trends in the data, fits to
linear models are presented of the logarithms of
the net retention volumes and the relative re-
tentions against thermodynamic temperature,
thus providing a predictive capability.

2. Theory

A discussion of the basic definitions, theory
and application of corrected retention parame-
ters was presented earlier [10], and only a brief
review will be presented here. If the volumetric
carrier gas flow-rate (at the column exit) is
measured and multiplied by the retention time,
the retention volume, Vg, is obtained. The
adjusted retention volume, Vg, is the retention
volume corrected for the void volume (or mobile
phase holdup) of the column. It is obtained by
simply subtracting the retention volume of an
unretained solute (V},) such as air:

Ve=Ve—Vu ey

The net retention volume, VON, is obtained by
applying the Martin—James compressibility fac-
tor, j, to account for the pressure drop across the
column [7}:

Va=iVi )

The specific retention volume, Vg, in units of
volume per unit mass of stationary phase, cor-
rects the net retention volume for the amount of
stationary phase, and the column temperature is
adjusted to 0°C:

Vs

V9=273.15- 3)
& VVSTcol :

where T, is the column temperature and W, is

the mass of stationary phase in the column. This

value is a characteristic for a particular solute on

a particular stationary phase in a particular
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carrier gas, and is instrument independent. This
is a quantity that may be compared from instru-
ment to instrument, and laboratory to laboratory
with a high level of confidence provided the
stationary phase used is a single, pure com-
pound. If the mass of stationary phase is not
known, or is not meaningful, it is still of value to
correct the net retention volume to a column
temperature to 0°C (represented by V%) by
simply not including the term for W, (setting it
equal to unity). In the present study, the station-
ary phase is a solid sorbent modified with a
liquid coating. Since the retention in this case is
not caused exclusively by either adsorption or
absorption processes, we will use the net re-
tention volume, Vﬁ,, corrected to 0°C (that is,
Ve, with W, =1).

It is also extremely valuable to calculate a
relative retention, r,,,:

B )
a/b VZ VaN

r

where the alphabetic superscripts refer to the
retention volumes of solutes a and b, solute a
serving as the reference. The relative retention is
dependent only on the column temperature and
the type of stationary phase. For reasons of
operational simplicity, this parameter is usually
one of the best to use for qualitative analysis
[7,9]. When measurements are performed care-
fully, the relative retention varies only with
column temperature and stationary phase, and
thus forms a reasonable basis for qualitative
identification.

To extend the applicability of relative reten-
tion data, it is possible to account for tempera-
ture by plotting In r,,, against 1/7, where T is
the thermodynamic temperature. Such plots are
nearly linear (especially in gas-liquid chromatog-
raphy), and allow comparisons at many column
temperatures. The plots can become very non-
linear when measured with unmodified solid
sorbents as the stationary phase, depending upon
the detailed characteristics of the adsorption
isotherms. The use of a surface modifier (as was
done in the present study) on a solid phase will
often increase the linearity of the plots, and
shorten retention times.

Although it is not generally considered good
practice to extrapolate the plot beyond the
temperature range for which experimental data
are available, we have found with this class of
compounds that extrapolation to temperatures
50°C higher than that used in the correlation can
provide acceptable predictions. Naturally, inter-
polation within the region covered by the ex-
perimental data provides very good predictions
of both the relative retentions and the net
retention volumes. These data can even provide
the basis for scaling isothermal analyses to tem-
perature-programmed analyses.

3. Experimental

The measurements presented -in this paper
were performed on a commercial gas chromato-
graph that had been modified to provide high-
precision retention data. All of the experimental
details were described earlier [10], so only a very
general description will be provided here. The
chromatograph was modified to provide a highly
stable column temperature which was measured
with a quartz-crystal oscillator thermoprobe
(calibrated against a NIST-standard platinum
resistance thermometer) that was accurate to
within + 0.01°C. Injection was done with a valve
containing a sample loop of 0.1 ml volume. The
valve was pneumatically actuated with pilot
valves using helium as the actuation gas to inject
very rapidly and thereby minimize the injection
pressure pulse. The injection valve and loop
were maintained at 50°C for all measurements.
The carrier gas line to the injection valve was
modified to allow the column head pressure to
be measured with a calibrated Bourdon tube
gauge. This gauge was calibrated against a dead
weight pressure balance traceable to a NIST
standard. The column outlet pressure was mea-
sured with an electronic barometer that had a
resolution of 1.3 Pa (approximately 0.01 Torr).
This barometer was also calibrated against a
dead-mass pressure balance. The column carrier
gas flow-rate (corrected for water vapor pres-
sure) was measured with an electronic soap-bub-
ble flow meter. Retention times were measured
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by a commercial integrator. A Ranque—Hilsch
vortex tube was used to provide cooling in the
column oven for the subambient temperature
measurements (see [12]). Thermal conductivity
detection (TCD) was used with a carrier gas of
research-grade helium. The TCD system was
maintained at 50°C for all measurements.

The stationary phase was a commercially pre-
pared packing material consisting of a 5% (mass/
mass) coating of a low-molecular-mass polymer
of hexafluoropropylene epoxide modifier on a
60-80 mesh (177-250 wm) graphitized carbon
black [13]. Some representative properties of this
modifier and the column preparation procedure
were presented earlier [10].

For each retention time measurement, five
fluid injections were performed at each column
temperature. Each series of injections was pre-
ceded and followed by five measurements of the
carrier gas flow-rate, and the injection of five
aliquots of air. The air was injected separately,
before and after the injection of fluid, to mea-
sure the void volume of the column without
introducing air as an impurity into the fluid
containers. The corrected retention time was
simply obtained by subtracting the average air
retention time. At the start of each of these
fifteen injections (5 air, 5 fluid, 5 air), the
requisite temperatures (column, flowmeter, and
barometer) and pressures (column head and
column exit) were recorded. These replicate
measurements furnished the uncertainties used
for the error propagation that provided the
overall experimental uncertainties that -are re-
ported. The column head pressure was main-
tained uniformly at 137.9 +0.3 kPa (approxi-
mately 20 p.s.i.g.) for the measurements, al-
though measurements were initially performed at
several other pressures to verify consistency in
the operation of the chromatograph. The carrier
gas flow-rate at the column exit was maintained
at 45+ 0.3 ml/min.

Measurements were performed on four iso-
therms for each fluid, approximately equally
divided between two temperature ranges, —20 to
40°C and 40 to 100°C. One fluid, 1-bromo-1-
chlorotetrafluoroethane (R-114B1), was mea-
sured between 60 and 120°C. The samples were
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R-143; A = R-143a; O =R-152a; ¢ =R-161.

all obtained from commercial sources in the
highest available purity, and were used without
further purification.

4. Results and discussion

The corrected net retention volumes, Vﬂ,, for
each fluid are presented in Table 1. The reported
uncertainties are the result of an error propaga-
tion performed with the standard deviations
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Fig. 2. Plot of the logarithm of the net retention volume, log
Vf,,, against 1/T, for each fluid measured between 40 and
120°C. O=R-114; @ =R-114a; O=R-115; @=R-123; A=
R-124; A =R-133a; © =R-141b; ¢ =R-142b; + =R-160;
V =R-114B1.
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Table 2

Coefficients of the fits of log V' against 1/T, with the respective correlation coefficients

Compound Model m b r Temperature
range (°C)
R-116 L 1138.5 -2.25 0.99999 —20 to 40
R-125 L 1280.89 —2.45 0.99999 —20 to 40
R-134 L 1297.06 —2.41 0.99997 —20 to 40
R-134a L 1306.11 -2.47 0.99986 ~20 to 40
R-143 L 1332.40 —2.46 0.99997 —20 to 40
R-143a L 1224.56 -2.33 0.99988 -20 to 40
R-152a L 1244.01 -2.30 0.99989 ~20 to 40
R-161 L 1220.87 -2.29 0.99986 —20 to 40
R-114 L 1675.55 -2.54 0.99989 40 to 100
R-114a L 1676.43 ~2.52 0.99993 40 to 100
R-115 P 2.43 6.932 0.99989 40 to 100
R-123 L 1821.42 -2.67 0.99990 40 to 100
R-124 P 2.28 6.088 0.99982 40 to 100
R-133a P 2.26 6.033 0.99993 40 to 100
R-141b L 1688.50 -2.43 0.99994 40 to 100
R-142b P 2.29 6.084 0.99973 40 to 100
R-160 L 1466.95 -2.30 0.99998 40 to 100
R-114B1 L 1773.22 ~2.52 0.99994 60 to 120

Note that for R-115, R-124, R-133a and R-142b the coefficients are for the power (P) model rather than the simple linear (L)

model.

obtained from replicate measurements of each
experimental parameter. The errors were found
to be uncorrelated (as determined by examina-
tion of Spearman’s p and Kendall’s 7; see [14]),
and the deviations were found to fit a normal
distribution and were therefore treated as being
entirely random. In addition to the uncertainty,

Table 3

the relative standard deviation is provided. The
precision of the measurements is generally be-
tween 0.5 and 1.5%, with the average precision
of all the measurements being 1.04%. This figure
compares very well with the precision of typical
retention parameters (generally between 1 and
2%) obtained in other physicochemical gas chro-

Relative retentions, r,,,, and their logarithms, of the more volatile fluids measured in this study, with respect to tetrafluoro-

methane, R-14

Compound  r,, log r,

-20°C 0°C 20°C 40°C —20°C 0°C 20°C 40°C

(253.15K) (273.15K) (293.15K) (313.15K) (253.15K) (273.15K) (293.15K) (313.15K)
R-116 9.72 8.32 6.65 6.15 0.99 0.92 0.82 0.79
R-125 22.14 17.45 12.85 10.85 1.35 1.24 1.11 1.04
R-134 28.14 21.84 16.05 13.45 1.45 1.34 1.21 1.13
R-134a 26.16 20.45 15.08 12.18 1.42 131 1.18 1.09
R-143 34.41 26.04 18.74 15.28 1.54 1.42 1.27 1.18
R-143a 17.16 14.32 10.91 9.38 1.23 1.16 1.04 0.97
R-152a 22.43 17.86 13.57 11.60 1.35 1.25 1.13 1.06
R-161 18.37 14.97 11.57 10.00 1.26 1.18 1.06 1.00
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matographic measurements [15]. A plot of log
V3 against 1/T is provided in Fig. 1 for each
fluid that was measured from between —20 and
40°C. A similar plot is provided in Fig. 2 for the
fluids measured between 40 and 120°C. These
temperature-dependent data were then fit with
the best linear model (simple linear, logarithmic,
power or exponential) [10]. The results of these
fits are provided in Table 2. Included with each
fluid are the coefficients, the Pearson correlation
coefficient of the fit, and the temperature range
over which the fit was taken. Most of the
measurements are represented very well (within
experimental error) with the simple linear
model:

log Vo =m/T+b ®)

where m is the slope and b is the intercept. For
four fluids, the power model was slightly better
able to account for all of the structure in the
data, and therefore provides a somewhat more
accurate representation of the measurements.
The form of this model is:

log” V& =mllog (1/T)] +b (6)

To recover the V3 value from this model, one
must take the antilogarithm (that is, 10%) twice.

The relative retentions, r,,,, were calculated
with tetrafluoromethane (R-14) and hexafiuoro-
ethane (R-116) as reference compounds. Tetra-
fluoromethane was chosen because it is the least
retained of all the fluids examined [10], and was
used only for the more volatile fluids studied
here. These values are provided in Table 3.
Relative retentions with respect to hexafluoro-
methane were calculated for all of the fluids,
however, and are provided in Table 4. Plots of
log r,,, against 1/T for each reference are
provided in Figs. 3 and 4. The expected trend
with temperature is observed, and the plot and
fits can therefore be used for prediction of the
retention behavior on other columns containing
the same stationary phase.

In addition to the quantitative relationships
and correlations presented above, the retention
parameters we have measured appear to fit an
important qualitative scheme that is useful in
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Fig. 3. Plot of the logarithm of the relative retention, log r,,,,
with respect to tetrafluoromethane (R-14), against 1/7, for
the fluids measured between —20 and 40°C. O =R-116;
O =R-125; 0 =R-134; O = R-134a; A = R-143; A = R-143a;
& =R-152a; ¢ =R-161.

understanding the behavior of chlorofluorocar-
bons and fluorocarbons. One can construct a
kind of “periodic chart” or property diagram for
these types of compounds [2]. The chart has a
triangular format that groups the fluids according
to their molecular structures and properties. We
present in Fig. 5 such a chart for two-carbon
fluids. The top of the chart represents com-
pounds rich in hydrogen (with ethane being the
extreme member); the right-hand side represents
compounds rich in fluorine (with hexafluoro-
ethane being the extreme member); and the left-
hand side represents compounds rich in chlorine
(with hexachloroethane being the extreme
member). Such charts have been successful in
systematizing, in a semiquantitative manner,
properties such as normal boiling point, atmos-
pheric lifetime, flammability and toxicity [2]. The
retention parameters measured in this study fit
this scheme qualitatively, with expected minima
in the fluorine-rich section, and expected max-
ima predicted to occur in the chlorine-rich sec-
tion. This chart can provide guidance in the
design of analyses of (1) compounds not mea-
sured in this study, and (2) analyses done with
somewhat different modifier concentration on
the stationary phase.
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Fig. 5. Triangular diagram that provides a semiquantitative representation of refrigerant properties correlated with molecular
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K).
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5. Conclusions

Measurements of the corrected net retention
volume and relative retentions of 18 two-carbon
halocarbon fluids that are relevant to research on
alternative refrigerants have been presented.
The logarithms of these data were fitted against
reciprocal thermodynamic temperature to sever-
al linear models. In most cases, a simple linear
relationship accounts for all structure in the data;
in a few cases, a power model is slightly better.
These derived equations can be used for the
prediction of the retention behavior of these
fluids on this important stationary phase, and
therefore can be used for solute identification
and analytical separation design. In addition, we
note that the retention parameters also quali-
tatively fit the triangular diagram  scheme that
successfully describes the normal boiling point,
flammability, atmospheric lifetime and toxicity of
these compounds.
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Abstract

A gas chromatography—mass spectrometry technique was used for the analysis of trace phenol in poly(vinyl
chloride) products. A pre-concentration of samples was made by using a solid-phase extraction cartridge,
previously developed for wastewater. The cartridge extraction of several samples yielded recoveries better than
90%. The relative standard deviation of overall recoveries for ten different samples was less than 7%. The
detection limit achieved was less than 10 ppb (w/w) for free phenol measured in plastic materials.

1. Introduction

Increasing interest in the determination of free
phenol in environmental samples has prompted
the development of numerous methods for their
quantitation. In terms of instrumentation, the
proposed procedures are diverse. Colorimetry,
gas—liquid and liquid—solid chromatography, and
mass spectrometry have been most popular. The
colorimetric standard procedure [1] is based on
the reaction with 4-aminoantipyrine and oxida-
tion under alkaline conditions to give a colored
product. The main problem in using this method
is the unspecificity among various phenols. For
improved specificity, chromatographic methods
have replaced colorimetry. Gas chromatography
(GC) with flame ionization, electron-capture or
mass spectrometric (MS) detection is commonly

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00541-G

used [2-9]. In other cases, phenols have been
separated by liquid chromatography {10,11].

In polymer processing, a great number of
additives can be used. Some of them, mainly
antioxidants and ultraviolet absorbents, are typi-
cally phenol derivatives with sterically protected
phenolic hydroxyl groups. Low-molecular-mass
substituted phenols are too volatile for use in
poly(vinyl chloride) (PVC). 2,2-Bis(p-hydroxy-
phenyl)propane, commonly known- as bisphenol
A, and 2,6-di-tert.-butyl-p-cresol, commonly
known as BHT, are the most widely used materi-
als. Products such as alcohols and phenols can be
the result of stabilizer hydrolysis or oxidation.

Several chromatographic techniques can be
applied to the analysis of polymer additives,
including high-performance liquid chromatog-
raphy [12-15], supercritical fluid chromatog-
raphy [16-19] and capillary GC [20,21], which
can be easily combined with MS. This technique
offers better resolution and higher sensitivity.

© 1994 Elsevier Science B.V. All rights reserved
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This is the reason why this technique has been
chosen to identify and quantify free phenol in
polymers.

Solid-phase extraction has been a very
adequate method to isolate and purify many
chemical compounds in a complex matrix, being
a fast and reproducible method. It has been
applied as a sample purification technique, trace
enrichment and quick separation method. A
great number of analytical techniques have used
this extraction procedure as a complementary
method, mainly GC [22].

Recently developed bonded-phase silica ad-
sorbents have been used for the specific ad-
sorption of erganic compounds from water [23-
25]. The wide variety of bonded phases available
allowed the selection of the most effective sor-
bent for a particular application [26]. Several
bonded phase materials have been evaluated for
the sampling/concentration of phenols [27].
However, there are few examples of application
to actual polymers.

The aim of this study is the extension of the
GC-MS and solid-phase extraction technologies,
used in other samples as wastewaters, to poly-
mers and in particular to PVC products.

2. Experimental
2.1. Materials

All chemicals were analytical grade and were
supplied by Panreac (Barcelona, Spain). Re-
agent-grade water was obtained from a Barn-
stead E-pure system (Barnstead, Dubuque, IA,
USA). Bond Elut cartridges (Analytichem Inter-
national, Harbor City, CA, USA) containing
cyclohexyl (CH) as a bonded phase adsorbent
were used for phenolic pollutants in wastewaters
[22]; these were considered the best choice for a
solid-phase adsorbent (containing 1000 mg per
cartridge) in polymer studies.

As a first material Vestolit B 7021 (Huls) PVC
resin has been used. This is a homopolymer,
non-prestabilized, and capable of forming low-
viscosity pastes easily. This suspension PVC
resin, normally used for rotational moulding, has

been characterized by calculating the K value,
using DIN 53726 standard, giving a final result of
K =72.0. By measuring mean molecular mass a
value of 130 000 has been obtained. As phenol
sources some industrial antioxidants as Irganox
1076 have been used.

2.2. Equipment

Analyses were carried out using a Shimadzu
QP 1100 EX gas chromatograph—mass spec-
trometer (Shimadzu, Kyoto, Japan) equipped
with a split/splitless injection system and a
electron multiplier with ion converter as a detec-
tor. The limit of detection is 100 pg methyl
stearate in the electronic ionization mode.
Eluate samples were analyzed on a 30 m X 0.25
mm fused-silica SPB-5 capillary column
(Supelco, Bellefonte, PA, USA) with a film
thickness of 0.20 pm. The column temperature
program was as follows: 55°C no hold, 10°C/min
to 185°C with a 5-min hold, 10°C/min to 250°C
with a final hold of 5 min. The linear rate of the
helium carrier gas was 20 cm/s. A 2-ul volume
of sample was introduced in the splitless mode
with the injector at 250°C and the solvent vent
was closed for 90 s after injection. The column
was heat-traced (250°C) directly from the GC
oven into the heated (250°C) mass spectrometer
ion source. The MS was scanned from 10 to 1000
u twice every second, under standard electron
impact conditions (70 e€V). Data were collected
and analyzed with an MS-PAC 1000 data system
(Shimadzu) including the automatic quantitation
software.

2.3. Operating procedure

Phenol pre-treatment in PVC derivatives is
made by a Soxhlet extraction using sodium
hydroxide aqueous solution (pH 10) over
1.000 £0.001 g of PVC product. This sample
amount has been chosen because it has been
previously considered as appropriate to obtain a
representative quantity of phenol in final sam-
ples. The extracted phase is diluted to 70 ml with
deionized water and stored in the dark until it
would be pre-concentrated.
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The phenol pre-concentration is made by using
Bond Elut cartridges. First the cartridge was
conditioned by addition of 1 ml of methanol,
which was allowed to set for 5 min before being
drawn off and 1 ml of 0.01 M HCI afterwards.
The pH of samples was adjusted to 1-2 by
addition of concentrated HCl to obtain the
conversion of phenolate ion into phenol and 17.5
g of NaCl were added to the sample to decrease
phenol solubility. It has been demonstrated that
phenol recoveries in wastewaters are improved
at NaCl concentrations between 20 and 25%
[22]. .

Then the cartridge was adapted to a vacuum
pump, Visiprep Vacuum Mainfold (Supelco) and
the extract was aspirated through sorbent at 20
ml/min. Finally, the cartridge was washed with
0.01 M HCI and the vacuum left on for 10 min to
dry the sorbent. The cartridge was eluted with 2
ml of methanol which was allowed to remain on
the cartridge for a few minutes before being
drawn off. After measuring the volume, the
cluate was stored in glass-sealed vials in the dark
until analysis.

GC-MS analysis was performed by injecting 2
wl of eluate in the splitless mode as described
above. The use of methanol solutions for split-
less injections is made because split injections
resulted in poorly shaped chromatographic
peaks. Quantitation of free phenol was done by
comparing chromatographic peak areas for sam-
ple eluates with those of standards in the same
concentration range.

3. Results and discussion

Because of its relatively high solubility in
water and ionic characteristics, phenol has a
short retention time. That is the reason why the
GC-MS run must be started at low tempera-
tures. A typical GC-MS run of a free phenol
standard using selected ion monitoring (SIM)
mode and centering on ion 94.0 is given in Fig.
1. It will be noted that a sharp peak is obtained
at a relatively short retention time. The use of
SIM mode in mass spectrometry results in a
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Fig. 1. Free phenol standard (5.0 ppm) chromatogram ob-
tained by using the SIM mode.

better separation and peak quantitation and
sensitivity improvement.

By operating with the method described above
and preparing some adequate standards, a cali-
bration line can be obtained as shown in Fig. 2.
Samples can be quantitated by interpolation
from a standard curve with linearity extending
from 1.6 to 16.0 ng injected (slope = 1.22 - 10°, y
intercept = - 1.17 - 10°, correlation coefficient =
0.9991).

Hydrophobic sample cleanup cartridges, as
Bond Elut, offer a rapid alternative to other
preconcentration techniques, which are neces-
sary when the sample concentration is less than
about 500 ppb. The common practice with these
materials is to pass as much sample volume
through as possible, without permitting break-
through and a concomitant loss of recovery
[28,29]. Unfortunately, for phenols, break-
through occurs early so that the concentration
advantage is reduced.

Moreover, in polymer samples it is important
to assess the influence from other species in the
matrix on free phenol recovery. A number of
experiences have been made in order to quantify
the breakthrough point of Bond Elut cartridges
and to give a security interval of work. As shown
by Fig. 3, a 70-ml sample can be considered as
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the maximum quantity allowed to avoid break-
through problems in a 5-ng free phenol extract.

By equilibrating the entire cartridge with sol-
ute, careful control of flow-rate is unnecessary.
However, the absolute amount of solute trapped
depends on the amount of adsorbent material in
the cartridge. The standard deviation by mass of
packaging material is approximately 2%, com-
parable to the precision in common solvent
extractions.

A number of experiments have been carried
out to obtain recoveries of phenol from some
samples which were considered representative
for the amount of free phenol in real samples.
The. results of analyses using the conditions
described above are summarized in Table 1. As
can be seen from Table 1, better recoveries are

..............................................

100

..............................................

Fig. 3. Chromatograms of two 5-ng free phenol extracts: (a)
70 ml extract, (b) 90 ml extract.

obtained in the interval 120-150 ppb. These
results can be explained by some differences in
apparatus sensitivity.

Some samples have been prepared in order to
determine detection limits for free phenol in
polymers. The restricted amount of sample that

Table 1
Free phenol recoveries from polymer samples

Phenol (ppb) Recovery (%) S.D. (%)
100 89 5
110 95 2
120 99 3
130 99 4
140 99 3
150 99 3

A 2-pl volume was injected; 55 to 185°C at 10°C/min. Three
injections of every sample have been made.
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Table 2
Sunlight and time of exposure effect in free phenol polymer
sample

Time of exposure (min) Apparent concentration (ppm)

0 4.9
30 4.6
60 3.7
90 3.2

120 2.9
150 2.5
180 2.0
210 1.8
240 1.6

can be passed through the cartridges is a real
problem to obtain better detection limits. How-
ever, it was found that detection limits below 10
ppb for free phenol could still be achieved by
GC-MS. This value could be improved by using
larger injection volumes, but it has been proved
that some problems could arise with capillary
columns utilized during the present study using
volumes larger than 2 pl. Thus, this method
applied to polymers permits us to obtain detec-
tion limits very similar to wastewaters [4,5,22].

Finally, a study has been made to determine if
sample degradation occurs if the sample is stored
in any particular way. We have studied photo-
chemical degradation for a 5-ppm phenol sample
and some phenol loss due to sunlight has been
observed. Results are summarized in Table 2.

As can be seen from Table 2 there is an
important effect of sunlight in phenol apparent
concentration. Hence, it would be better to store
samples in the dark to avoid photochemical
degradation.

4. Conclusions

From a practical standpoint, a new GC-MS
method to determine free phenol in polymers
has been proved to be as consistent as used in
waters. Moreover, the cartridge adsorbent ex-
traction method has several advantages: (a) very
little solvent (2 ml) is needed for extraction so

that the evaporative concentration step is elimi-
nated; (b) the labor and equipment required for
sample preparation are greatly reduced; ©)
selective elution procedures yield a final eluate
with fewer background interferences than ob-
tained by common extraction procedures in
complex samples as polymers. This factor could
improve the accuracy and precision of the analy-
sis.
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Abstract

The ability of gas chromatography, supercritical fluid chromatography (SFC) and subcritical fluid chromatog-
raphy to separate ten benzodiazepine racemates, using both direct and indirect methods, has been investigated.
Racemic lorazepam, oxazepam, ethyl loflazepate and dihydrodiazepam were baseline separated in open tubular
column SFC using a permethylated B-cyclodextrin stationary phase. Racemic oxazepam, lorazepam, temazepam
and ethyl loflazepate, derivatized with (S)-trolox methyl ether, were separated on a non-chiral packed capillary
column with diol functionality, employing a subcritical fluid as mobile phase. The temazepam derivatives were also
baseline separated using an open tubular biphenyl column in SFC.

1. Introduction

A racemic mixture should be considered as a
mixture of two different substances since optical
isomers may differ in biological activity, toxicity
and metabolism [1]. Enantiomeric separation can
be achieved using either direct or indirect meth-
ods. The direct methods include the use of a
chiral stationary (or mobile) phase, while the
indirect methods are based on chiral derivatiza-
tions, i.e. conversion of the enantiomers into
diastereomers, and separations using non-chiral
stationary phases. Chiral derivatization is un-
fortunately not a straightforward procedure as
the optical purity of the reagent must be known
and high, the yield of the reaction must be
carefully controlled and racemisation of the

* Corresponding author.

0021-9673/94/$07.00
S$SDI 0021-9673(94)00547-M

sample during reaction must be prevented. On
the other hand, with the indirect method the
elution order of the diastereomers can be altered
by using either the (R)- or the (S)-form of the
chiral reagent. A broad range of non-chiral
columns is also commercially available, for both
gas chromatography (GC) and supercritical fluid
chromatography (SFC).

The most widely used chiral stationary phases
in both GC and SFC are based on permethylated
B-cyclodextrin (B-CD-M) [2-6]. It is believed
that the cavity of the cyclodextrin-bucket em-
powers chiral recognition through the formation
of inclusion complexes [6,7]. Due to the solvat-
ing power of supercritical carbon dioxide, the
stationary phases used in open tubular column
SFC must be carefully immobilised [8]. Several
reports have been published on the synthesis of
stable chiral open tubular columns for SFC [2-

© 1994 Elsevier Science B.V. All rights reserved
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4,9,10]; but yet there are no such columns
commercially available. In packed-column SFC,
as in liquid chromatography (LC), this becomes
a minor problem since the chiral selector is
covalently bound to the packing material. Most
chiral LC columns can also be used in enantio-
meric separations carried out by SFC.

Benzodiazepines are tranquillising and anti-
convulsive drugs and can be classified as com-
pounds of medium to high polarity. According to
the literature most separations of benzodiaz-
epines have been carried out using LC and in a
recent article the advantages of using normal-
phase LC (NPLC) instead of reversed-phase LC
(RPLC) were pointed out [11]. Also the direct
enantiomeric separation of these types of ana-
lytes is favoured by NPLC [12]. Wannman et al.
[13] reported of the difficulties using RPLC in
enantiomeric separation of oxazepam, which
undergoes racemisation in aqueous media lead-
ing to the formation of a diffuse zone between
the two enantiomeric peaks. In a comparative
study between NPLC and subcritical fluid chro-
matography (SubFC) using chiral stationary
phases, Macaudiére et al. [6] showed that SubFC
can be used with advantage for the resolution of
various classes of racemates. Racemic oxazepam
was, for example, separated both in SubFC and
NPLC with a resolution of 3.5. The separation
took less than 5 min employing SubFC but more
than 20 min in LC [6]. Separations of racemic
benzodiazepines using a supercritical fluid as
mobile phase and a cyclodextrin-based open
tubular column have been reported [3].

The use of GC for separation of benzodiaze-
pine-like compounds is often hindered by ther-
molability [7], high molecular mass and high
polarity. Some of the benzodiazepines have,
nevertheless, been routinely analysed by GC
[14-16], but to our knowledge no enantiomeric
separation has been reported. The efficiency is
generally higher in GC than in SFC and SubFC.
On the other hand, the lower temperatures used
in SFC and SubFC are advantageous as the
chiral selectivity generally increases with de-
creasing temperature [17-19]. Additional advan-
tages with a supercritical fluid mobile phase is
the minimal consumption of organic solvents and

the possibility to use lower UV wavelengths for
detection.

In this work both direct and indirect micro-
column techniques (SFC, SubFC and GC) for
enantiomeric separations of several benzodiaz-
epines are compared and discussed.

2. Experimental
2.1. Instrumentation

The studies with open tubular columns and
unmodified carbon dioxide as mobile phase were
carried out using a series 600 SFC system
equipped with a flame ionisation detection (FID)
system (Dionex, Salt Lake City, UT, USA).
Time-split injections were performed with a
Valco C14W high-pressure four-port valve (Valco
Instruments, Houston, TX, USA) equipped with
a 0.2-u] sample loop. Both the 7.5 m X 50 um
I.D. (originally 10 m) SB-Biphenyl-30 (30%
biphenyl methylpolysiloxane, film thickness d; =
0.25 pwm) column, and the fused-silica frit restric-
tor were obtained from Dionex. Chromatograms
were recorded with a W+ W 1100 recorder
(Kontron Instruments, Zurich, Switzerland).

Separations on the packed capillary column,
using methanol-modified carbon dioxide as mo-
bile phase were carried out using a Carlo Erba
SFC 3000 series (Fison Instruments, Milan,
Italy) connected to a Phoenix 20 CU pump
equipped with a Phoenix 20 slave pump (Fison
Instruments). The SFC system was programmed
using an IBM PC XT Model 286 computer and
software from Fison Instruments. Time-split in-
jections were, also in this set-up, carried out
using a Valco C14W high-pressure four-port
valve equipped with a 0.2-ul sample loop. UV
detection was performed at 254 nm using a
capillary detector 433 with a 0.2-ul fused-silica
Z-cell (Kontron Instruments). The 30 cm X 320
pm 1.D. packed capillary column, with LiCh-
rosorb Diol as stationary phase (5 pum), was
purchased from LC Packings (Zurich, Switzer-
land). A fused-silica frit restrictor 50 um I.D.
(Dionex) was mounted after the UV detector.
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Chromatograms were recorded with a W+ W
1100 recorder (Kontron Instruments)

GC separations were carried out using a Carlo
Erba GC 6000 Vega Series 2, equipped with an
FID system (Fison Instruments). The injections
were performed with split flow (ca. 1:40) and the
injection temperature was 250°C. Chromato-
grams were recorded with a Chrom Jet inte-
grator (Spectra-Physics, Houston, TX, USA)

The chiral stationary phases that were used in
open tubular column SFC and in GC were based
on permethylated B-cyclodextrin. In the GC
experiments, 25 m X320 gm LD. and 17 m X
320 wm I.D. deactivated fused-silica capillaries
coated with 8-CD-M dissolved in OV-61 (33%
diphenyl dimethylpolysiloxane) were used. The
separations carried out with SFC were obtained
using a 5 m X 50 um I.D. deactivated fused-silica
capillary coated with approximately 0.25 pum
side-arm substituted methyloctylsiloxane, having
B-CD-M as chiral selector [20].

2.2. Chemicals

SFC-grade carbon dioxide was obtained from
Scott Speciality Gases (Plumsteadville, PA,
USA). Oxazepam, temazepam, lorazepam, ethyl
loflazepate, dihydrodiazepam, camazepam,
flutazolam, cloxazolam, tofisopam and otazolam
were all kindly supplied by Hoffmann-La Roche
(Basle, Switzerland). The derivatization re-
agents, acetic anhydride (AA), trifluoroacetic
anhydride (TFAA), dicyclohexylcarbodiimide
(DCC) and 4-dimethylaminopyridine (DMAP)
were obtained from Fluka (Buchs, Switzerland).
(S)-Trolox methyl ether was prepared at Hoff-
mann-La Roche but can also be obtained from
Fluka. All solvents were of analytical grade.

2.3. Derivatization procedures

Derivatization using acetic anhydride and
DMAP

The analyte was dissolved in water-free
pyridine and derivatized with AA using DMAP
as a catalyst. The reaction time was 2 h at 70°C.
The reaction mixture was first dried under a

stream of nitrogen and was then dissolved in
methylene chloride.

Chiral derivatization using (S)-trolox methyl
ether

The analyte was first dissolved in methylene
chloride (S§)-trolox methyl ether, DCC and
DMAP were then added. The reaction time was
1 h at room temperature. Because of the forma-
tion of dicyclohexyl urea, the mixture was fil-
tered trough a 0.45-um filter prior to injection.
Ethyl loflazepate, otazolam and cloxazolam were
derivatized, although not quantitatively, using
higher amounts of DCC and DMAP and a
reaction time of 10 h at room temperature.

3. Results and discussion

3.1. Direct separation of benzodiazepine
enantiomers

The underivatized benzodiazepine standards,
shown in Table 1, were chromatographed by
chiral open tubular column SFC, using a slow
density program (starting at 0.20 g ml~', with
0.007 g ml~' min~' up to 0.750 g ml™") under
isothermal conditions (60°C). The enantiomers
having the longest retention times and thus the
highest elution densities, i.e. dihydrodiazepam,
oxazepam, lorazepam and ethyl loflazepate were
separated. To obtain high resolution (i.e. R, =
1.5) in a minimum amount of time, the sepa-
ration of  dihydrodiazepam, oxazepam,
lorazepam and ethyl loflazepate was optimised
according to the procedure described in Refs. 21
and 22. The optimised separations (Table 2)
were performed using a short focusing step, i.e.
a low density (e.g. 0.20 g ml™") was maintained
for a short initial period (e.g. 2 to 3 min) as part
of the injection procedure, after which the den-
sity was rapidly increased (e.g. 0.20-0.50 g ml™!
min~') to the calculated optimal density. This
density was then maintained until the analyte
had eluted.

In a recent work [23] little or no enantio-
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Table 1

Structures and names of the ten racemic benzodiazepines
used in this study

Name Rﬁ o

R, R, R, R,
Temazepam Cl CH, OH H
Oxazepam Cl H OH H
Lorazepam Cl H OH Cl
Ethyl loflazepate ClI H COOCH,CH, F
Camazepam Cl CH, OCON(CH,;), H
Rz
| o
S
Rq
L
Ry
R3
R, R, R, R,
Flutazolam Cl CH,CH,O0H H F
Otazolam Cl H CH, H
Cloxazolam Cl H H Cl

Dihydrodiazepam

Tofisopam

selectivity was observed for oxazepam and
lorazepam using a cyclodextrin-based open tubu-
lar column in SFC. As shown in Table 2 and Fig.
la, separation of these analytes is indeed pos-
sible, although the optimised separations of
oxazepam and ethyl loflazepate gave R, values
below 1.5, due to a slight tailing of the peaks. As
can be seen in Fig. 1b, baseline-separated peaks

in less than 4 min were obtained for
dihydrodiazepam.

A general advantage with open tubular col-
umns in SFC is the ability to obtain well-deacti-
vated columns and thereby the possibility to use
a non-modified mobile phase for elution. This
enables the use of the “universal” FID as detec-
tion method. However, all test compounds in
this study, except dihydrodiazepam gave poor
FID responses. The smaller signal-to-noise ratio
for e.g. lorazepam compared to dihydrodia-
zepam can be seen in Fig. 1. Poor FID sensitivity
for these analytes has earlier been reported by
Chiarotti et al. [24].

None of the underivatized benzodiazepines
could be eluted using a chiral open tubular
column (B-CD-M/OV-61) in GC, using a tem-
perature program from 100 to 220°C.

3.2. “Direct” separation of benzodiazepine
enantiomers after a non-chiral derivatization

Oxazepam, lorazepam and ethyl loflazepate
were derivatized with AA and TFAA according
to the method described in the Experimental
section. While the derivatization of lorazepam
and oxazepam, that contains a hydroxyl group,
gave a quantitative yield, ethyl loflazepate was
not quantitatively derivatized.

In chiral open tubular column SFC, this ap-
proach resulted in decreased retention times,
improved peak shapes and an almost unchanged
resolution for the acetylated analytes compared
to that for the underivatized analytes. This is
illustrated by underivatized and A A-derivatized
oxazepam in Fig. 2. Under the same SFC con-
ditions for the acetylated compounds as for the
underivatized, the FID response was still not
sufficient although a small increase in the signal
was observed for the compounds derivatized
with AA (Fig. 2). UV detection or electron-
capture detection could be an alternative for this
type of analytes, the latter especially after a
derivatization with TFAA.

None of the AA or TFAA derivatives could
be eluted in GC using the B-CD-M/OV-61
column, and a temperature program from 170 to
215°C.
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Table 2
Resolution of racemic benzodiazepine standards using a f-CD-M open tubular column in SFC

Compound Density Temperature tx R,
(gml™) (0 (min)
Dihydrodiazepam 0.520 85 3.6 1.6
Oxazepam 0.445 55 44.9 1.2
Lorazepam 0.635 60 171 1.7
Ethyl loflazepate 0.400 50 23.1 1.3

Open tubular column SFC. Column 5 m X 50 um I.D. fused-silica capillary, coated with side-arm substituted methyloctylsiloxane
having B-CD-M as chiral selector, d; =0.25 um. Supercritical carbon dioxide as mobile phase. f, = Retention time for the
last-eluting peak. The densities shown in Table 2 are the calculated optimal densities.

a
f o
O
Cl
O
*pd‘

} 1 } ] } !
2 4 6 8 10 12 14
. t(min) t (min)
Fig. 1. Enantiomeric separation of (a) lorazepam (5 mg ml~"), CO, at 0.79 g ml"", 60°C and (b) dihydrodiazepam (5 mg ml™"),
CO, at 0.52 g ml™", 85°C. Using an open tubular column (5 m x 50 wum), coated with side-arm substituted methyloctylsiloxane,
having B-CD-M as a chiral selector, d;~0.25 pm.

a H b
< 11 .
1mV o

! 4 i b y

13 14 15 16 17 8 9 10 1 12
t (min) t (min)
Fig. 2. Enantiomeric separation of (a) oxazepam (5 mg ml™") and (b) oxazepam derivatized with acetic anhydride (5 mg mi™Y).
Using an open tubular column (5 m X 50 pm), coated with side-arm substituted methyloctylsiloxane having B-CD-M as a chiral

selector, d, ~0.25 pm. CO, at 0.79 g ml ", 60°C.
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3.3. Indirect separation of benzodiazepine as
diastereomers

Chiral derivatization of enantiomers into dia-
stereomers is an alternative to the separation on
chiral stationary phases. Today there are more
than 20 chiral reagents commercially available
and most of them have been tested for a broad
range of racemic compounds. Esterification using
(8)-trolox methyl ether (Fig. 3) as chiral reagent
has proved to be a versatile method for prepar-
ing diastereomers from enantiomers [25,26]. As
the indirect separation approach requires that
the analyte contains a functional group, deri-
vatization is not possible’ for tofisopam and
camazepam.

The racemic benzodiazepine standards, with
exception for dihydrodiazepam, were derivatized
with (S)-trolox methyl ether. While the deri-
vatization of flutazolam, oxazepam, lorazepam
and ethyl loflazepate gave a quantitatively yield,
ethyl loflazepate, otazolam and cloxazolam could
not be quantitatively derivatized. Using an open
tubular column coated with biphenyl methyl-
polysiloxane (7.5 m x50 um I.D.) and super-
critical carbon dioxide as mobile phase all de-
rivatives eluted. While the temazepam deriva-
tives were baseline separated (Fig. 4), the sepa-
rations of the derivatives of oxazepam,
lorazepam, otazolam, cloxazolam and ethyl lofl-
azepate were poor due to peak tailing. No
separation was obtained for the flutazolam de-
rivatives, presumably because the derivatization
takes place too far away from the chiral centre.

When tested in GC the (§)-trolox methyl ether
derivatives did not elute, even from a short (5 m)
open tubular column coated with SE-30 (methyl-
polysiloxane, d; = 0.4 uwm) at temperatures up to
350°C.

The (S)-trolox methyl ether derivatives were

Fig. 3. Structure of (S)-trolox methyl ether.

3 Il I Il Il
L T T T 1

5 10 15 20 25
t (min)

Fig. 4. Separation of (S)-trolox methyl ether derivatives of
racemic temazepam using an open tubular column (5 m X 50
pm) coated with biphenyl methylpolysiloxane, d, = 0.25 pm.
CO, at 0.75 g ml"*, 60°C.

also chromatographed using a packed fused-silica
capillary column with diol functionality, and
subcritical methanol-modified carbon dioxide as
mobile phase. The large surface area of packed
columns contains residual silanol groups that can
cause adsorption of polar solutes, an effect that
is not seen in deactivated open tubular columns.
Addition of a polar modifier decreases adsorp-
tion in packed columns via competition for these
active sites. The change of the mobile phase
density (at constant temperature and pressure)
and polarity when adding a modifier, will also
facilitate the solubility of more polar solutes [27].
Elution of the (S)-trolox methyl ether derivat-
ized analytes in approximately 1 h was observed
at a methanol concentration of 8% (as defined in
the Carlo Erba software) or higher. All sepa-
rations were carried out in the subcritical region,
at isothermal conditions (80°C), with methanol
concentrations between 8.5 and 10%, and at
isopycnic conditions. Fig. 5 shows the separation
of racemic oxazepam derivatized with (S)-trolox
methyl ether, using the above-mentioned con-
ditions. The small rise in background signal
before the peaks, is believed to be due to a
minor change in flow-rate, leading to a change in
the amount of added modifier. As shown in
Table 3, the (S)-trolox methyl ether derivatives
of temazepam, lorazepam, oxazepam and ethyl
loflazepate were separated with a resolution
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3 1 Il
T ¥ U U T
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t (min)

Fig. 5. Separation of (S)-trolox methyl ether derivatives of

- racemic oxazepam using a packed capillary column (30 cm X
320 pm), LiChrosorb Diol (5 pm). CO,-MeOH (90:10) at
0.65 g ml™*, 80°C. :

higher than 1.0 when using the packed capillary
column.

In conclusion, racemic lorazepam, oxazepam,
ethyl loflazepate and dihydrodiazepam were
separated using a chiral B-cyclodextrin column in
open tubular SFC. The peak shapes and FID
responses were enhanced by a derivatization
with AA. The racemates of temazepam, ox-
azepam, lorazepam and ethyl loflazepate were,
after a chiral derivatization with (§)-trolox
methyl ether, separated using a packed capillary
column in SubFC. The temazepam derivatives
were also separated using a non-chiral open
tubular column in SFC. Flutazolam that was

anhydride and (S)-trolox methyl ether, could not
be separated using either of the discussed ap-
proaches, possibly as the derivatization takes
place too far away from the chiral centre.
Otazolam, cloxazolam, tofisopam and
camazepam, could not be separated using the
direct method and the two latter could not be
derivatized due to the lack of a functional group.
Although derivatization was possible for clox-
azolam and otazolam, no separation was ob-
tained for the (§)-trolox methyl ether deriva-
tives.

The direct separation method is recommended
since additional steps in the analysis are ex-
cluded. A disadvantage with the direct approach
employing SFC is, at present, the lack of com-
mercially available chiral open tubular columns.

GC and SFC are complementary methods in
this area, but when analysing thermolabile and
highly polar compounds like the benzodiazepines
it must be concluded that SFC or SubFC is
usually preferable over GC. Compared to LC,
packed-column SFC and SubFC are techniques
well worth considering since the analysis times
often can be shortened.
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Abstract

A simple SFE apparatus is presented. Particular emphasis is placed on the design of the restrictor, whereby the
advantages of a special restrictor nozzle are discussed in relation to problems in conjunction with the use of
capillary restrictors. The rubber additives, fullerenes and soil constituents used as example application underline

the possibilities offered by the new restrictor presented here.

1. Introduction

Supercritical fluid extraction (SFE) is today
frequently used as an alternative to Soxhlet
extraction, because substance solubility and dif-
fusion coefficients in supercritical fluids can be
varied over a wide range [1] and, for example,
biogenic and anthropogenic compounds can be
extracted mildly from very different matrices.
Currently a shift in interest from supercritical
fluid chromatography (SFC) to SFE can be
observed [2]. On the one hand, this is due to the
fact that, in spite of all the advances made in the
field of chromatography and spectroscopy, there
are still crucial unsolved problems involved in
specimen preparation procedures; on the other
hand, particularly SFE can provide very promis-
ing initiation points for specimen preparation
procedures in the future [3-7]. Particular em-
phasis is placed on on-line and off-line coupling

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00543-1

of SFE with chromatographic and spectroscopic
techniques.

Compared with conventional extraction meth-
ods (e.g. Soxhlet), SFE can provide a drastic
reduction in the time required for the extraction
and relocation of substances from a wide range
of analytes. Furthermore, the solvent quantities
required for extraction are considerably reduced.

A basic problem in SFE, which will continue
to be a point of study in the future, is the strong
matrix dependency of the extraction yield. In
order to facilitate an easier detachment of the
analytes from the matrix, modifiers such as
alcohols, methylene chloride or carbon disul-
phide may be added to the supercritical carbon
dioxide, as applicable from case to case. This
eases the extraction of more polar compounds
[8-12]. In our applications only pure, un-
modified carbon dioxide was used.

The solvent characteristics of supercritical car-
bon dioxide (0.8-0.9 g/ml) have been compared
with those of benzene [13] and toluene [14].

Besides the difficult methods involved in

© 1994 Elsevier Science B.V. All rights reserved
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procedural development, on-line SFE methods
have the disadvantage that only small amounts of
specimen can be used. They are well suited for
trace analysis in matrices that are not co-ex-
tracted [15]. The advantage of off-line extrac-
tions is that traces of substances are enriched and
subsequently extracts can be analysed using the
~ established analytical procedures HPLC and GC
or GC-MS, respectively. Off-line extraction is
thus particularly suited for instances where larger
specimen amounts are available [15], and it was
therefore used in our applications.

Although positioned at the end of the ap-
paratus —as seen in the solvent flow direction—
the restrictor unit is the crucial component of
every SFE apparatus, and it will accordingly be
dealt with in more detail here. However, in
discussing the restrictor design, the problems
involved in off-line extraction will also become
evident [7,15-18]. As a result of the Joule—
Thompson effect, the tip of fused-silica capillary
restrictors commonly used in commercial extrac-
tors cools down when the carbon dioxide transits
from the supercritical state to the gas phase. As
a result, the extracted components fall out more

_easily and block the restrictor.

Burford et al. [18] present three different
types of restrictors, with particular consideration
being given to their heatability and the transfer
of the extracted substances to different recipient
vessels. The most effective arrangement was
found to be with the capillary directly submerged
‘in the recipient liquid and the upper part heated
in a heater block.

For these reasons we led the restrictor nozzles
directly into simple recipient vessels.

2. Experimental

HPLC columns were used as extraction cells.
Stainless steel capillaries 1/16-inch (1.6 mm)
O.D. having an internal diameter of 0.25 mm
were used as connecting capillaries; the screw
connections were based on the Knauer Dynaseal
system. A column thermostat was used to pro-
vide the correct temperature for the extraction
cells.

A Knauer HHPN nozzle was used as a restric-
tor. This nozzle is normally part of the hydraulic
high-pressure nebulizer system used for injecting
specimens in atomic absorption spectrometry,
and is suitable for pressures up to 40 MPa.It was
not absolutely necessary to make changes in the
nebulizer system, but it is planned to lengthen
the nozzle mount in order to optimize the
restrictor outlet. The o-ring is not used in SFE;
instead of a polyether ether ketone (PEEK)
capillary we used a stainless steel capillary.

To feed the liquid carbon dioxide, we used on
the one hand the injection pumps used in com-
mercial SFC units by Fisons and Dionex (density
programming possible) and, on the other hand,
the isocratic HPL.C double-piston pump L-6000
by Merck. To provide a means of cooling the
pump head of the Merck L-6000, this pump head
was bored and threads were tapped from both
sides to accommodate coolant tubes; the pump
head was then integrated into a coolant circuit.

The Merck pump can be flow controlled as
well as pressure controlled. The Teflon tube on
the suction side was replaced by steel capillaries
(0.5 mm diameter) and the valve mount on the
suction side was replaced by a valve mount on
the pressure side.

3. Results and discussion

The following solutions are apparent for pre-
venting restrictor blockages, currently the main
problem in off-line SFE [15,18]:

1. Minimising the pressure drop between the
extraction cell and the restrictor outlet

2. Heating the restrictor

3. Using a ‘“suitable” solvent in which the
substances are dissolved when the supercritical
fluid expands

4. Extracting smaller amounts of specimen

5. Using restrictors which afford a greater
amount of flow

Fig. 1 shows the cross section of the entire
nozzle. The nozzle plates are offered with laser
boreholes of various sizes (one each). Nozzle
plates (thickness 0.3 mm) having bore diameters
of 5, 10 and 20 um were tested for their
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1 nozzle holding screw 6  PEEK copillory

2 nozzle 7 splil-grooved clomping ring
3 nozzle plote { Pt / Ir ) 8  polymer seol

4 nozzle seal 9 DYNASEAL bushing

5 o-ring

Fig. 1. Cross section of nebulizer nozzle (restrictor) and

nozzle mount Z. (expanded plot). Reproduced with permis-
sion of Dr. Ing. H. Knauer GmbH.

suitability. Compared with fused-silica capillary
restrictors, this nozzle is easier to handle in
off-line operation because the nozzle plates can
readily be replaced and blockages in the nozzle
openings can easily be eliminated by turning the
nozzle plate around.

Thus, once the nozzle plates have been ac-
quired, when the task for which the equipment is
being used is changed, it presents no problem to
clean the nozzle plates and reuse them. On the
other hand, capillary restrictors block up rela-
tively quickly when in use, particularly in con-
junction with soil extractions, and have then to
be discarded and replaced with new ones [16].

A further advantage of the tested restrictor is
that the supercritical medium only expands when
it reaches the borehole in the plate; the expan-
sion does not take place over a length of feed.
This provides an exceptional solution for meet-
ing the requirement stated under item 1.

Table 1
SFE conditions

149

Temperature control of the restrictor ( ~ 50°C)
may serve not only to prevent blockages but also
to facilitate ‘“‘fine-tuning” of the volume flow
[18]. Since the nozzle mount is made of titanium,
temperature control can be provided by wrap-
ping heater wire around the upper part of the
nozzle mount and the capillary connection, and
then heating (item 2). The temperature can be
measured at the upper part of the nozzle mount
beside the Dynaseal bushing. That part of the
nozzle mount that extends into the recipient
liquid (20 ml of toluene at room temperature) is
to be inserted in a PEEK or PTFE tube to avoid
heat transition from the nozzle mount to the
recipient liquid.

Toluene was used as the recipient liquid since
it proved to be a universally applicable solvent
for compounds having aromatic structure com-
ponents (item 3).

Blockages only occurred with soil extractions,
not with fullerenes or rubber additives, using
5-um nozzles without heating. In our applica-
tions with soil extractions, heating of the nozzle
was not necessary when nozzle plates with a
larger bore diameter, e.g. 20 um were used
(item 5); this resulted in a higher consumption of
liquid carbon dioxide and an occurrence of
bigger gas bubbles in the recipient vessel.

Table 1 shows the experimental conditions of
three applications using SFE with this restrictor.

Extractions of rubber additives are chosen
because they are less frequently described in the

literature.
The main components of the extracted addi-

Rubber additives Fullerenes Soil extract
Extraction cell Empty column 30 X 4 mm I.D. 30 x4 mm I.D. 60 x 4 mm I1.D.
Weighed specimen Finely ground rubber, 0.05 g Soot, 0.04 g Air-dried soil, 1 g
Oven temperature 70°C 40°C 40°C
Pressure of CO, 41.5 MPa 25 MPa 30.5 MPa
Density of CO, 0.87 g/ml 0.88 g/ml 0.92 g/ml
Volume flow 2 ml/min liquid CO, 2.4 ml/min 1 ml/min
Nozzle aperture 20 um 20 pm 10 pm
Extraction time 30 min 30 min 30 min
Recipient liquid Toluene Toluene Toluene
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tive of the rubber specimen in our example are
N-(1,3-dimethyl-butyl)-N’-phenyl-p-phenylene-

" diamine, alkylated phenols and alkylphenylic
sulfonates.

Fig. 2 shows the SFC chromatograms created
on the Dionex SFC unit of the extract on SB-
Biphenyl-30 and, for comparison, the following
components: N-(1,3-dimethyl-butyl)-N’-phenyl-

p-phenylene-diamine, octylated diphenylamine, .

alkylphenylic sulfonates and stearic acid.

A total of 9.4% extractable components [ap-
proximately 90% of the amount of extractable
components that can be attained with Soxhlet
extraction (1 h) using acetone] was found.

A further example of the possibilities offered
by SFE using pure carbon dioxide is shown with
the extraction of fullerenes.

Fig. 3, lower trace, shows the HPLC sepa-

FID - Signal

u\\
i 4
! |
i 1
U
I [ A
10 20 min 30

Fig. 2. SFC chromatograms of the rubber extract (lower
trace), of stearic acid, octylated diphenylamine and N-(1,3-
dimethyl-butyl)-N'-phenyl-p-phenylene- diamine (in this
order, middle trace) and of alkylphenylic sulfonates (upper
trace). SFC conditions: Column, SB-Biphenyl-30 (ID 50 pm;
10 m); temperature, 120°C. Density program: initial density
0.2 g/ml, increase to 0.6 g/ml at 0.025 g/ml/min, then
increase to 0.65 g/ml at 0.002 g/ml/min.

UV - Signal

0 10, min 20
Fig. 3. HPLC chromatogram of fullerenes C,, and C,,
following their SFE with pure carbon dioxide (lower trace)
and with carbon dioxide/10% acetone (upper trace). HPLC
conditions: Column, Inertsil ODS 2, 150 A, 5 um; flow: 1.0
ml/min; dimensions, 250 X 4.6 mm 1.D.; injection, 20 ul;
eluent, CH,CL,-MeOH (60:40, v/v); detector, UV, 260 nm.

ration of C¢, and C,, out of the SFE recipient in
accordance with the described example in Table
1. The extraction using supercritical carbon diox-
ide yielded 6% extractable components. The
fraction of C,, and C,, is unknown [19].

Fig. 3, upper trace, shows the result of the
SFE for C,, and C,, using supercritical carbon
dioxide and 10% acetone as a modifier in accord-
ance with Ref. 20. A lower yield was obtained
under similar SFE conditions using carbon
dioxide—10% acetone.

As investigations by Jinno et al. [21] show, the
yield can be increased through the addition of
toluene as a modifier.

Our third application example involves a soil
extraction. Before a soil-humus complex is char-
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Fig. 4. GC-MS chromatogram of an SFE extracted soil in the Dahlem test field, Plot 21, soil horizon 1. ..

30 cm. (a) alkylated

benzenes; (b) polyaromatic hydrocarbons; (c) hydrocarbons (eluting in this order out of the column). GC conditions: column,
DB1 (30 m x 0.25 mm I.D., 0.25 um film thickness); injection 2 ul; injector, 270°C. Temperature program: initial temperature
50°C, hold 3 min, then increase to 100°C at 15°C/min, then increase to 280°C at 9°C/min, hold 20 min.
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acterized, it is necessary to separate from it any
unincorporated organic components, and to do
s0 in such a way that its primary structure is not

considerably denaturalised, so that subsequent

fractionation of the humin substances into fulvic
acids, humic acids and humin can provide a
realistic interpretation of the structural composi-
tion of the individual fractions. This can be
achieved through the mild SFE process, where-
by, if necessary, modifiers may be added.

In our example, a soil from an exposed posi-
tion on the Dahlem test field of the Federal
Biological Research Centre for Agriculture and
Forestry (BBA) was selected for presenting the
results. The components were extracted from 1 g
of soil each ranging from 1...30 cm soil
horizon, and were determined using GC-MS
(Finnigan MAT).

Fig. 4a, b and c are parts of the same GC-MS
chromatogram. Fig. 4a shows alkylated benzenes
eluting first out of the column (8 to 12 min
elution time), then polyaromatic hydrocarbons
(Fig. 4b) and hydrocarbons up to 46 min elution
time (Fig. 4c). Evidence of approximately 20
compounds of the classes alkylated benzenes
(Fig. 4a) and hydrocarbons (4¢), and approxi-
mately 10 compounds of the class polyaromatic
hydrocarbons (Fig. 4b) was found in the soil
extract.

4., Summary

The point of emphasis in the above paper is
the presentation of a new restrictor design as
part of a simple SFE apparatus. The advantages
of the restrictor nozzle are discussed in com-
parison with capillary restrictors.

Handling of the presented restrictor nozzle
proved to be good, as shown by a number of
selected examples in SFE practice.

The apparatus is suitable for extraction with
supercritical carbon dioxide as well as with

mixtures of carbon dioxide and modifiers. In
order to set solvent gradients for SFE, it is
necessary to use 2 pumps and a mixing chamber.
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Abstract

Applying capillary zone electrophoresis with UV detection, both UV-absorbing and UV-transparent components
can be present in electropherograms as negative peaks (dips) or as positive peaks. Starting from Kohlrausch’s
regulation function, derived for fully ionized monovalent ionic constituents and under the assumption that the
molar absorptivities of the UV-absorbing compoaents are identical, eight different cases can be distinguished and in
several cases components can occur both as peaks or as dips depending on their mobilities and those of the co-ions
of the system. Applying background electrolytes containing two co-ions, system peaks are present, with a mobility
that is between the mobilities of the two co-ions and determined by the concentration ratio of these two co-ions. In
the background electrolytes studied, containing the co-ions potassium and histidine, UV-transparent sample
components with a mobility higher than that of the system peak migrate as a positive peak, whereas UV-
transparent components with lower mobilities migrate as negative peaks. System peaks themselves can also be
peaks or dips depending on the sample composition. Sample peaks in the vicinity of system peaks interact with the
system peaks through which both sample and system peaks are enlarged and quantitative properties are lost.
Similar phenomena can be measured for anions in background electrolytes containing the co-ions phenylacetate
and acetate, indicating that these phenomena are probably not associated with adsorption phenomena of cations on

the fused-silica surface.

present in the background electrolyte (BGE),
whereby the concentration of the limit of detec-
tion, ¢, op, can be determined by

CLop = ¢m/RD, (1)

1. Introduction

Most commercially available capillary zone
electrophoresis (CZE) apparatus is equipped
with selective detectors, such as UV and laser-

induced fluorescence (LIF) detectors, and not
with a universal detector, such as a conductivity
detector. Applying selective detectors, e.g., a
UV detector, UV-absorbing components can be
measured in the “‘direct UV mode”. UV-trans-
parent components, however, often have to be
detected in the indirect mode. With indirect
detection, the analyte displaces a chromophore

0021-9673/94/$07.00
SSDI 0021-9673(94)00501-Y

with ¢,, is the concentration of the BGE con-
stituent that is being monitored, R is the re-
sponse factor or transfer ratio and D, is the
dynamic reserve, equal to the signal-to-noise
ratio (S/N) [1]. From Eq. 1, it could be con-
cluded that a low c¢,,p, can be obtained by
applying low c,, values and a high D, [1-3],
although in practice also D, decreases at lower

© 1994 Elsevier Science B.V. All rights reserved
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cy values [4]. Nielen [5] calculated the response
factor, dependent on the mobilities. Foret et al.
[6] discussed that the highest sensitivity can be
achieved for sample ions having an effective
mobility close to the mobility of the absorbing
co-ion. So far, less attention has been paid to the
presence of more than one UV-absorbing com-
ponent in CZE systems. In that case both UV-
absorbing and UV-transparent components can
be met as negative or as positive peaks, depend-
ing on their molar absorptivity and transfer ratio.
In this paper we discuss the question “‘peaks or
dips?”, due to the presence of both UV-absorb-
ing counter- and co-ions, and the effect of the
presence of two co-ions in a BGE on system
peaks in UV detection and the influence on
calibration graphs.

2. Theoretical

Assuming only the presence of fully ionized
monovalent ionic constituents, the electropho-
retic separation mechanism can be approximate-
ly described by Kohlrausch’s regulation function

7}

¢ )

2, T )
where ¢; and m; represent the ionic concen-
trations and absolute values of the effective
mobilities of all ionic constituents and the nu-
merical value of the Kohlrausch function w is
locally invariant in time-[8]. If the separation
compartment in CZE is filled with a background
electrolyte AC, consisting of a co-ion A and a
counter ion C, for the relationship between the
concentration of the co-ions in the BGE, cﬁGE,
and in a sample zone S, ¢, containing also the
sample ions i, can be derived [9,10]:

cBCF =5 + ¢k, 3)

with

= Tt me my
oom,tm, om;

4)

The superscripts BGE and S refer to the compo-

sition of the pure background electrolyte AC and
the sample zone, respectively. The concentration
of the counter ion C is determined by the
electroneutrality condition.

The transfer ratio or response factor, often
denoted as R, is defined as the number of
molecules of the BGE displaced by each analyte
molecule and is in fact equal to the constant k; in
Eq. 4:

BGE _ S
¢ -c Ac

R=—"— 2 el (5)
c; c

i i

Applying a UV detector, the measured absor-
bance A will be

A=ecl (6)

where € is the molar absorptivity (1/mol-cm)
and !/ is the effective path length in the detector
(cm). For the carrier electrolyte this means

APCF = (e, + €.)chOF1 (7)
For a sample zone the absorbance will be
AS = (e + €)cal + (¢, + )l (8)

For the UV signal of a sample zone, applying
Eq. 3, we can derive

dA =A% AP°F = C?l[(ei + €c) — (€4 + €0)K ]
=cSle, — ke, — (k, — 1ec] = c}IK, &)

1f the bracketed term in Eq. 9 is indicated by K,
the spatial peak area will be proportional to
K;Q;,; and the measured peak area on a tempo-
ral basis to K,Q, t;, where O, ; is the injected
amount and ¢, is the migration time of a sample
ion i [10].

If sample components have an equal concen-
tration c; in their zones, the peak heights are
proportional to K. Generally, the concentrations
¢; will not only be determined by the sample
concentration but by several other factors such
as the concentrating effect, electrodispersive
effects and diffusion.

‘From Eq. 9, all possible situations in UV
detection in CZE can be deduced. If for ease of
survey components are considered to be UV
transparent or UV absorbing with equal molar
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Table 1

All possible combinations of (+) UV-absorbing or (—) UV-transparent sample components i, co-tons A and counter-ions C, the
expressions of K; values according to Eq. 9 and values for K, for the UV modes and indirect UV modes assuming equal molar

absorptivities e for the UV-absorbing ionic species

No. Component K;: K,
€ — ke, —(k; — e

i A C UV mode Indirect UV mode
1 + + + € — ke, — (k, — 1)ec (2~2k,)e
2 + + - € — ke, (1-k;)e
3 + — + € =~ (k; — 1)ec (2—k;)e
4 + - - € €
5 - + + ~ ke, ~ (k; — 1)ec (1-2k,)e
6 - + - — ke, —ke
7 - - + —(k,— e (1-k)e
8 - - No UV absorption

absorptivities €, ecight different cases can be
distinguished as indicated in Table 1. In Table 1
the values of K, are given for all combinations of
the ionic components i, A and C if they are UV
absorbing (+) or are UV transparent (—). The
concepts usable in UV detection of “direct UV
mode” and “indirect UV mode”, whereby gener-
ally a BGE is chosen without any UV-absorbing
properties or a BGE the co-ion of which has
UV-absorbing properties respectively, corre-
spond to cases 4 and 6 in Table 1, respectively.
However, we shall use the term “direct UV
mode” for cases 1-4 where the sample com-
ponent has UV-absorbing properties and the
term ‘“‘indirect UV mode” for cases 5-7 where
the sample component is UV transparent and
these modes are given in the columns “UV
mode” and “indirect UV mode”. Case 8 is not
useful, because no UV signal will be observed.

2.1. Optimization in UV detection

From Table 1, it is clear that there are several
ways to optimize the UV signal. In all cases in
Table 1 an optimum UV response (optimum K,)
value can be obtained for minimum k; values or
very large k; values, except for case 4 (K is
always €) and case 6 where a maximum (nega-
tive) K, value is obtained for a maximum k;
value. This means that the crucial point in the
optimization of the absorbance A is the value of

K; and by this maximizing or minimizing the
value of k;. To give an indication of the values of
k;, in Fig. 1 calculated lines of constant k, values
are given, corresponding to sets of m, and m
values and a constant value for a sample ionic
mobility m, of 40-10"" m?/V-s. The arrows
indicate increasing k; values. From Fig. 1 (and
Eq. 4), it can be seen that for m, =m,, the k,
values and therefore the transfer ratios are
always unity. Minimum k;, values are obtained
for a minimum mobility of the A ions, and
maximum k; values for a maximum mobility of
the A ions, both at a maximum mobility of the C
ions. It should be noted that minimum &, values,
obtained for m; >m,, mean that one ion of the
BGE is displaced by more than one sample ion,
through which the total ionic strength increases.

2.2. Peaks or dips?

The question of whether components can be
detected as peaks or dips is answered by the
values of K, given in Table 1. For positive values
of K; positive peaks and for negative values of K;
negative peaks (dips) are obtained. For an im-
pression of the size of the UV signals in the
different modes of UV detection, in Fig. 2 the
calculated parameter K,/e is given for all (A, C)
direct UV modes and (B, D) indirect UV modes
for varying mobilities of the (A, B) co-ions A
and of (C,D) the sample ions i. All other
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Fig. 1. Calculated lines of constant k, values for various
mobilities of the co-ions 71, and of the counter ions m for a
constant mobility of the sample ionic species of 40. All
mobilities are givén in 1077 m*/V-s. The lines are indicated
with numbers refering to the constant k; values of the
corresponding lines. Maximum and minimum values of k; are
obtained for a maximum and minimum value of m,, respec-
tively, in combination with a maximum mobility of the
counter ions C. The arrows indicate increasing k; values.

mobilities are always taken as 40-10™° m*/V-s.
From Table 1 and Fig. 2, some interesting
conclusions can be drawn. For the conventional
direct UV mode, case 4, the K,/e value is always
1 (see Fig. 2A and C). For cases 1 and 2, positive
peaks are obtained if m,>m,. Negative peaks
(dips) are obtained, however, if m; <m,. This
means that the UV signal, although the sample
and co-ion are assumed to have the same molar
absorptivity, can be positive or negative depend-
ing on the mobility of the sample component.
The explanation is simple. If the sample ionic
mobility is lower than that of the co-ions, the
response factor is larger than one through which
the total ionic strength decreases, and although
both ionic species are UV absorbing, the net UV
signal decreases. If m; = m, the transfer ratio is
just one and the UV signal is constant. For case

3, negative peaks are obtained for very low
mobilities of the sample ionic species.

If m,>m, the application of UV-absorbing
counter-ions (K,/e =2 — k,) gives the best re-
sults. For the conventional indirect UV mode,
case 6, and for case 5 (see Fig. 2B and D)
generally negative UV peaks will be obtained.
Positive peaks can, however, be obtained apply-
ing UV-absorbing counter ions C, case 7 (K,/e =
1—k,), for m, > m,. Further, it is always favour-
able to apply both a UV-absorbing counter- and
co-ion (K,;/e =1—2k;) for m,<m,.

3. Experimental

For all CZE experiments a P/ACE System
2000 HPCE system (Beckman, Palo Alto, CA,
USA) was used. All experiments were carried
out with a Beckman eCAP capillary tubing (75
pm [L.D.) with a total length 46.7 cm and a
distance between injection and detection of 40.0
cm. The wavelength of the UV detector was set
at 214 nm. All experiments were carried out in
the cationic mode (anode at the inlet) and the
operating temperature was 25°C. Sample intro-
duction was performed by applying pressure
injection, where a 1-s pressure injection repre-
sents an injected amount of ca. 6 nl and an
injected length of 0.136 cm. Data analysis was
performed using the laboratory-written data
analysis program CAESAR.

4. Results and discussion

In the theoretical part, the different indirect
and direct UV modes have already been pointed
out, and assuming an equal molar absorptivity
for UV-absorbing components, eight different
cases could be distinguished. The K;/e values in
Fig. 2 are a measure of the UV signal. In
practice, molar absorptivities are different for
the different components, through which both
the k;, determined by the mobilities of all ionic
species, and the e values of all ionic species play
a role in the size of the UV signal.

For a demonstration of the different effects
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Fig. 2. Calculated values for the parameter K,/e, assuming an equal molar absorptivity € for all UV-absorbing components, for
(A, C) direct UV modes and (B, D) indirect UV modes for various mobilities of the (A, B) co-ions A and of (C, D) the sample
ions i. All other mobilities are always taken as 40-10~° m*/V-s. The lines are indicated with encircled numbers refering to the
cases in Table 1 and with the values of K;/e. For further information see text and Table 1.
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playing a part in the UV detection, an equimolar
solution of five UV-transparent cations, potas-
sium, sodium, tetramethylammonium (TMA),
tetracthylamonium (TEA) and tetrabutylam-
monium (TBA), is used, which will be denoted
as the MIX. In the electropherograms, peaks for
the different components of the MIX are indi-
cated with the numbers 1, 2, 3, 4 and 5 for the
ions potassium, sodium, TMA, TEA and TBA,
respectively. In Fig. 3 the electropherograms are
given for the separation of 5-s pressure injections
of 5-107* M of the MIX applying BGEs con-
taining UV-absorbing co-ions (case 6) and con-
taining both UV-absorbing counter and co-ions
(case 5). The BGEs containing UV-absorbing
co-ions consisted of 0.01 M histidine (HiAc) and
0.01 M imidazole (ImAc), respectively, adjusted
to pH 4.2 by adding acetic acid. For all BGEs,
histidine or imidazole was chosen as the UV-
absorbing co-ion because their pK values are ca.
6 and 7, respectively, through which these cat-

R HiAc 1 23 4 5
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8 ImAC
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@
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Fig. 3. Electropherograms for the separation of 5-s pressure
injections of 5-107* M of the MIX applying BGEs of
histidine acetate (HiAc), imidazole acetate (ImAc), histidine
benzoate (HiB) and imidazole benzoate (ImB). All BGEs
consisted of 0.01 M of the cations, adjusted to pH 4.2 by
adding the buffering acids. The applied voltage was 5 kV. For
further information, see text.

ions are protonated for the larger part at the
working pH. In the case of HiAc, the mobility of
histidine is lower than that of imidazole, the last
peaks on the electropherogram are larger and
more symmetrical, whereas in the BGE ImAc
the first peaks are larger, although the molar
absorptivity of imidazole is only about two thirds
of that of histidine. This corresponds to the
guideline that the mobility of the co-ions of the
BGE must be as close as possible to that of the
sample component, in order to diminish the
effect of electrodispersion. For BGEs with both
UV-absorbing counter and co-ions, we adjusted
0.01 M solutions of histidine (HiB) and imida-
zole (ImB) to pH 4.2 by adding benzoic acid.
Although the molar absorptivities of histidine,
imidazole and benzoic acid are not equal, so that
Fig. 2D is not valid, we can see the effect that by
addition of UV-absorbing counter ions to the
BGE, all peaks for components with high mo-
bilities are much smaller than those in the
corresponding BGE with only UV-absorbing co-
ions. This can easily be understood. The transfer
ratio is smaller than unity for components with a
high mobility through which the total ionic
strength increases and therefore also the con-
centration of the UV-absorbing counter ions
increases, counteracting the decrease in UV
signal by the lower concentration of the co-ions.
For the system HiB the resulting peaks for
potassium and sodium are very small. This effect
is smaller in the system ImB because of the
higher mobility of imidazole.

In Fig. 4 the relationship between calculated
K,/e values and the mobilities of sample com-
ponents are given for BGEs with UV-absorbing
counter ions (case 7), viz., 0.01 M Tris, 0.01 M
lithium and 0.01 M potassium ions adjusted to
pH 4.2 by adding benzoic acid. In the calcula-
tions no corrections are made for activities and
relaxation and electrophoretic effect. Because all
ionic species are monovalent, changes will be in
the same order of attitude for all ionic species.
Just as expected according to Fig. 2D, positive
peaks can be expected for sample components
with m; >m,. The positions of the components
of the MIX are indicated with the dotted lines in
Fig. 4.
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Fig. 4. Relationship between calculated K,/e values and the
mobilities of sample components for BGEs with UV-absorb-
ing counter ions (case 7), (A) 0.01 M Tris—, (B) 0.01 M
lithium- and (C) 0.01 M potassium—benzoate at pH 4.2. The
dotted lines indicate the values of K,/e of the cations of the
MIX on the curves.

In Fig. 5 the electropherograms are given for
the separations of 5-s pressure injections of 5-
107* M of the MIX applying (A) 0.01 M Tris—
benzoate, (B) 0.01 M lithium—benzoate and (C)
0.01 M potassium—benzoate. The applied voltage
was 5 kV. According to the theory (see Fig. 4),
potassium ions are not visible in system C,
whereas all components are dips. In system B
the first three components are peaks and the last
two are dips, whereas in system A only the last
component is a dip, in accordance with the
positions indicated in Fig. 4.

4.1.. System peaks in CZE

Beckers [11] described that moving boundary
zones can originate from discontinuities in the
concentration of the co-ions and/or pH of the
BGE and showed that injected block-shaped
discontinuities in concentration and/or pH of the
BGE split up in a migrating part with a mobility
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Fig. 5. Electropherograms for the separations of 5-s pressure
injections of 5-107* M of the MIX applying (A) 0.01 M
Tris~benzoate, (B) 0.01 M lithium~benzoate and (C) 0.01 M
potassium-benzoate at pH 4.2. Applied voltage, 5 kV.

determined by the composition of the BGE and
a part migrating with the velocity of the electro-
osmotic flow (EOF) at the position of the origi-
nal disturbance. System peaks are the result.
Although the system peak migrating with the
velocity of the EOF is at the same position as
system peaks described by De Bruin et al. [12],
we think that the natures of these system peaks
are different. The system peak described by De
Bruin et al. are a result of the adaptation to the
value of the local Kohlrausch function w, where-
as the systemn peaks described by Beckers [11]
are also dependent on discontinuities in, e.g.,
pH through which Kohlrausch’s regulation func-
tion is not constant. The discontinuities are only
observable for UV-absorbing BGEs. The con-
centration of the UV-absorbing co-ions in a
system peak can be higher or lower than that of
the BGE and we shall denote these system peaks
as “‘positive” or “negative” peaks, respectively.
Further, the local electric field strength Eg, can
be higher or lower than that of the BGE, Eg;,
depending on the mobilities and concentrations
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of all ionic species concerned. If Eg, < Eg the
peaks are diffuse at the front-side and for Eg, >
E;Ge, as in ITP, they are sharp at the front-side.

All parameters, such as the mobility of such a
system peak, the concentration of all ionic
species and the pH in the system peak, can be
calculated with a mathematical model [11]. In
Fig. 6 the four types of system peak shapes are
shown schematically. Positive peaks can be of
the type A or C, respectively sharp and diffuse at
the front-side, and negative peaks of the type B
or D, respectively diffuse and sharp at the front-
side. For a smaller system peak, i.e., a system
peak with a concentration of the co-ion closer to
that of the BGE, the peak shape is given by
dotted lines. For a specific BGE composition
generally the pairs A-B or C-D are obtained as
system peaks. Whether the positive or negative
system peak appears depends to the kind of
discontinuity introduced.

As an illustration, in Fig. 7 the electrophero-
grams are given for the separation of a 5-s

Fig. 6. Schematic representation of four types of system peak
(SP) shapes. Positive peaks can be of type A or C, respec-
tively sharp or diffuse at the front-side, and negative peaks of
the type B or D, respectively diffuse and sharp at the
front-side. For smaller system peaks the peak shape is given
as dotted lines. For further information, see text.
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Fig. 7. Electropherograms for the separation of a 5-s pres-
sure injection of 0.0002 M of the MIX on applying BGEs
consisting of 0.01 M histidine adjusted to a pH of (A) 4.0 and
(B) 4.5 by adding formic acid and (C) 4.5 and (D) 5 by
adding acetic acid. The mobilities of the system peaks S are
higher for lower system pHs. Applied voltage, 5 kV.

pressure injection of 0.0002 M of the MIX on
applying BGEs consisting of 0.01 M histidine
adjusted to a pH of (A) 4.0 and (B) 4.5 by
adding formic acid and (C) 4.5 and (D) 5 by
adding acetic acid. Clearly a system peak of type
D can be seen in all instances. The mobility of
the system peaks is larger for lower system pHs.

4.2. BGE with two co-ions

Often, BGEs consisting of more than one co-
ion are applied. For example, De Bruin et al.
[12] added potassium chloride to the BGE to
determine the effect of the ionic strength on
sensitivity and efficiency. Sometimes two co-ions
are used, where one has UV-absorbing prop-
erties whereas the other acts as buffer or com-
plexing ions. On applying BGEs with two co-
ions, system peaks, with a different character as
discussed above (see Fig. 7), often occur. It is
remarkable that the mobilities of the sample
components determine whether a positive or
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negative system peak occurs and the mobilities
of the system peaks determine whether a positive
or negative component peak is present for the
UV-transparent components.

In all our experiments it appears that if the
mobility of a component was higher than that of
the system peak S, the UV-transparent com-
ponent gave a positive peak. If the mobility was
lower, a negative peak was the result. System
peaks belonging to components with a mobility
higher than that of the system peak are negative
by themselves, otherwise they are positive. As
an illustration, in Fig. 8 the electropherograms
are given on applying a BGE consisting of 0.004
M histidine and 0.006 M potassium ions adjusted
to pH 5 by adding acetic acid for 5-s pressure
injections of 0.0005 M solutions of the ions (B)

—————> ABSORBANCE (AU)

————— > TIME (MIN)

Fig. 8. Electropherograms for the separations of 5-s pressure
injections of 0.0005 M solutions of the ions (B) potassium,
(C) sodium, (D) TMA, (E) TEA and (F) TBA and (A) a
mixture of these components on applying a BGE consisting
of a mixture of 0.004 M histidine and 0.006 M potassium ions
adjusted to pH 5 by adding acetic acid. The applied voltage
was 7 kV. If the mobilities of the sample components are
higher than that of the system peak S, the sample com-
ponents are positive peaks, otherwise they are negative. If
the system peak is in the vicinity of a sample component,
both peaks are enlarged.

potassium, (C) sodium, (D) TMA, (E) TEA
and (F) TBA and (A) a mixture of these com-
ponents. The applied voltage was 7 kV. Although
in all the electropherograms two system peaks
were present, the EOF dip and the system peak
just before the EOF dip are not shown. In Fig.
8B potassium is not visible, because the BGE
contains potassium. As its mobility is higher than
that of the system peak, the system peak S is
negative. The mobilities of (C) sodium and (D)
TMA are higher than that of the system peak S,
hence these components show a positive com-
ponent peak, whereas the system peaks S
belonging to them are negative. For (E) TEA
and (F) TBA the mobilities are lower than that
of the system peak and therefore the component
peaks are negative and the system peaks S are
positive.

If a system peak and the component peak are
close together there seems to be an interaction
between the two peaks. Both peaks are en-
larged, as if the first peak sucks empty the
second peak. Remember that a positive peak
means a concentration of UV-absorbing co-ion
higher than that in the BGE, whereas in a dip
this concentration is lower than that in the BGE.
In (A) the electropherogram for the separation
of all components is given. Sodium (2) and TMA
(3) are positive peaks and TEA (4) and TBA (5)
are negative peaks. The resulting system peak S
is a negative peak. The type of the system peaks
S depends on the mobilities of the sample
components injected and are of the A-B type
from Fig. 6.

In Fig. 9A the relationship between the mea-
sured mobilities of the system peaks S and the
concentrations of potassium ions is given for
BGESs consisting of the co-ions potassium and
histidine at a total cationic concentration of 0.01
M adjusted to a pH of 5 by adding acetic acid.
Because the values of the mobilities of system
peaks can very considerably, as this mobility is
determined from a large positive peak or nega-
tive system peak (see Figs. 6 and 8), we calcu-
lated the mobility of the system peak S as the
average from a positive and negative system
peak. It is remarkable that in Fig. 9 the mo-
bilities of the system peaks seem to vary between
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Fig. 9. Relationship between the measured mobilities of the
system peaks S and the concentrations of potassium ions for
BGE:s consisting of the co-ions (A) potassium and histidine
and (B) potassium and imidazole at a total cationic con-
centration of 0.01 M adjusted to pH 5 by adding acetic acid.
The mobilities indicated at ¢+ values of 0.000 and 0.010 M
are the measured mobilities of the potassium and imidazole
and histidine ions, respectively.

the mobility of the potassium ions and that of the
histidine ions. Therefore, we measured again the
mobilities of the system peaks for BGEs consist-
ing of mixtures of potassium and imidazole at a
total cationic concentration of 0.01 M and at a
pH 5 by adding acetic acid. The results are given
in Fig. 9B. Again the mobilities of the system
peaks vary between the mobility of imidazole
and potassium ions.

To give a complete survey of all the foregoing
effects for different compositions of the BGE, in
Fig. 10 the electropherograms are given for the
separations of 5-s pressure injections of 0.0005 M
of the MIX applying BGEs consisting of varying
concentrations of potassium and histidine at a
total cationic concentration of 0.01 M and ad-
justed to pH 5 by adding acetic acid. The
electropherograms are indicated with a number
referring to the concentration of the histidine ion
is in the BGE. Applying the BGE with 0.01 M
histidine, the components potassium (1), sodium
(2), TMA (3), TEA (4) and TBA (5) are all
visible as negative peaks in the indirect UV
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Fig. 10. Electropherograms for the separation of 5-s pressure
injections of a mixture of 0.0005 M of the MIX applying
BGEs consisting of varying concentrations of potassium and
histidine at a total cationic concentration of 0.01 M, adjusted
to pH 5 by adding acetic acid. The electropherograms are
indicated with a number refering to the concentration of the
histidine ions in the BGE. The applied voltage was 7 kV. The
mobility of the system peak S varies considerably. Com-
ponents with mobilities higher than that of the system peaks
are peaks and components with lower mobilities are dips.

mode. In the BGE with 0.009 M histidine (and
0.001 M potassium) the potassium peak is not
visible because the BGE contains potassium. A
small dip marks the position of potassium. In the
BGE with 0.008 M histidine a system peak S is
present. Because the mobility of the system peak
S is higher than that of any sample component,
all sample peaks are negative and the system
peak is a positive peak. In the BGE with 0.007
M histidine the system peak and the sodium
peak are very close, hence these peaks are
enlarged. In the BGE with 0.005 M histidine the
system peak passed the sodium peak, so sodium
is a positive peak. The system peak is still a
positive peak and because it is close to the TMA
peak, these peaks are enlarged. In the BGE with
0.004 M histidine the system peak passed the
TMA peak and lies between TMA and TEA as a
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negative peak. Sodium and TMA are positive
peaks and TEA and TBA are still negative
peaks. In the BGE with 0.002 M histidine the
system peak S and TEA are close together and
both enlarged. It is not clear which peak is the
system peak and TEA. In the BGE with 0.001 M
histidine the system peaks passed TEA and is a
negative peak between TEA and TBA. Sodium,
TMA and TEA are positive peaks, small owing
to low concentration of histidine, whereas the
system peak S and TBA are negative peaks. In
all cases were measured all components separ-
ately to identify carefully all peaks, although it is
difficult to identify the peaks if a system peak
and a component peak are close together.

4.3. Calibration graphs in BGEs with two
co-ions

As already indicated, system peaks appear on
applying BGEs with two co-ions and their mo-
bilities are between the mobilities of the two
co-ions. In all systems measured, components
with a mobility higher than that of the system
peak are positive peaks whereas the system
peaks themselves are negative, and vice versa.
Further, if the system peak and component peak
are close together, both peaks are enlarged and
the quantitative properties seems to be lost.

To study this effect, calibration graphs were
measured by injecting 0.0002 M of the MIX for
several pressure injection times applying a BGE
consisting of 0.005 M histidine and 0.005 M
potassium adjusted at pH 5 by adding acetic
acid. The applied voltage was 5 kV. As can be
seen in Fig. 10, sodium and the system peak are
positive, whereas TMA, TEA and TBA are
negative peaks. The system peak S and the peak
of TMA are close together and enlarged. Com-
pared with several other BGEs the TMA peak is
generally smaller than those of the TEA and
TBA peaks.

In Fig. 11 the relationship between measured
peak area (mAUSs) and pressure injection times
(s) of 0.0002 M of the MIX is given for all
components. As can be seen, there is linear
relationship between peak area and pressure
injection time for sodium (positive peaks) and
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g
3 o
£
-50 |
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A —100Ff
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r h
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0 5 10 15 20
————— >ty (8)

Fig. 11. Relationship between measured peak area A
(mAUs) and pressure injection times (s) of 0.0002 M of the
MIX applying a BGE of 0.005 M potassium and 0.005 M
histidine adjusted to pH 5 by adding acetic acid. The applied
voltage was 7 kV. A linear relationship between peak area
and pressure injection times is obtained for sodium (positive
peaks) and TEA and TBA (negative peaks) with regression
correlation coefficients larger than 0.999. For the system
peak S and the TMA peak the linear relationship is lost and
these peaks are much enlarged.

TEA and TBA (negative peaks) with regression
correlation coefficients larger than 0.999. For the
system peak S and TMA peak the linear rela-
tionship is lost and these peaks are much en-
larged.

5. Conclusion

Starting from Kohlrausch’s law, derived for
fully ionized monovalent ionic constituents, an
expression for the response factor can be derived
showing that the response factor is small if the
mobility of the sample ionic species is higher
than that of the co-ion of the BGE. In that case
the total ionic strength in the sample zone
increases. On applying UV-absorbing counter
ions, the total UV absorbance can increase, even
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if the sample components are UV transparent.
UV-transparent components can show positive
peaks in this way. For sample components with
very low mobilities the response factor can be
very large. If the BGE has UV-absorbing prop-
erties, the net UV signal is lower and even
UV-absorbing components show dips in such
cases. If BGEs are applied with two co-ions,
system peaks are the result. This means that the
ratio of the concentrations of the two co-ions is
not constant in the electrolyte system. The
mobility of the system peak is between those of
the co-ions and is dependent on the ratio of the
concentrations of the co-ions. For BGEs con-
taining potassium and histidine as co-ions, UV-
transparent sample components with a mobility
higher than that of the system peak appear as
peaks, whereas UV-transparent sample compo-
nents with lower mobilities are dips. Also, the
system peaks themselves can be positive peaks or
dips. If the sample component is a peak, the
system peak is a dip and vice versa. For complex
sample mixtures the system peak is a peak or a
dip dependent on the sample composition. If the
peaks of a system peak and a sample component
are close together, they interact, resulting in an
enlarged peak and dip, through which quantita-
tive aspects are lost.

Denkert et al. {13] reported that sometimes
samples give positive or negative peaks depend-
ing on their charge and retention relative to the
UV-absorbing ionic component in the mobile
phase in reversed-phase ion-pair chromatog-
raphy, and these phenomena seem to be in
accord with phenomena described in this paper
for CZE. To answer the question of whether
these phenomena in CZE are associated with
adsorption phenomena since the UV-absorbing
ions are cations that can adsorb on the fused-
silica surface producing system peaks just as in
chromatography, experiments were carried out
to separate anionic species by applying BGEs
consisting of mixtures with various concentra-
tions of a UV-absorbing and a UV-transparent
anion. Also in the separation of anionic species,
system peaks were present and if system peaks
and sample components are close together they
interact, resulting in enlarged peaks.

In Fig. 12 the electropherograms are given for
the separation of 10-s pressure injections of a
mixture of 2-10™* M propionic acid (P) and
butyric acid (B) with BGEs consisting of mix-
tures of phenylacetic acid and acetic acid at
various concentrations, (1) 0.01 and 0 M, (2)
0.008 and 0.002 M, (3) 0.004 and 0.006 M and
(4) 0.002 and 0.008 M, adjusted to pH 8.1 by
adding Tris. In electropherogram (1) applying
only the UV-absorbing anion phenylacetic acid,
propionic and butyric acids are present as a dip
in the indirect UV mode. Applying a BGE with
two co-ions a system peak S appears. In electro-
pherogram (2) the mobility of the system peak is
higher than that of both anionic species and they
are dips. In electropherogram (3) the system
peak is in the vicinity of the peak of propionic
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Fig. 12. Electropherograms for the separation of 10-s pres-
sure injections of a mixture of 2- 10™* M (P) propionic acid
and (B) butytic acid applying BGEs consisting of mixtures of
phenylacetic acid and acetic acid at concentrations of, respec-
tively, (1) 0.01 and 0 M, (2) 0.008 and 0.002 M, (3) 0.004
and 0.006 M and (4) 0.002 and 0.008 M adjusted to pH 8.1
by adding Tris. The applied voltage was 15kV. Just as for
cationic components, sample components with a mobility
lower than that of the system peak are dips, whereas sample
components with higher mobilities are peaks. For further
explanation, see text.
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acid and both peaks are enlarged. In electro-
pherogram (4) the system peak has a mobility
lower than that of propionate, through which
propionate is a peak whereas the butyrate and
system peaks are enlarged since they interact
together. The mobilities of the system peaks are
between those of the anions of the BGE. From
Fig. 12, it can be concluded that phenomena as
described for cationic components also occur for
anionic species, indicating that these phenomena
and the presence of system peaks seems not to
be associated with adsorption phenomena as in
chromatography. The nature of these system
peaks is under further investigation.
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Abstract

One of the historical means of determining the ionization constant of a solute relies on the ionized and neutral
states of a molecule having different absorption coefficients at an analytical wavelength. An ionic distribution curve
can be constructed by directly determining the ratio of neutral species to ionized species in a series of buffer
solutions of differing pH. This method is complementary to a recently developed procedure which utilizes
electrophoretic mobilities to determine ionization constants. The same data system used to generate mobilities at
different pH values also includes information on peak areas, which correlate with the absorbance of a species.
Thus, absorbances regressed against pH yields ionization constants which can corroborate those derived from

electrophoretic migration.

1. Introduction

Aqueous-phase potentiometric titration, the
most widely used method for determining pK,
values requires that the concentration of an
analyte be at least 0.1 mM; otherwise, interfer-
ences are caused by the presence of dissolved
CO,. A common alternative for determining the
pK, at low concentrations is UV-Vis spectro-
photometric titration, which relies on the neutral
and ionic states of a molecule having different
absorption coefficients at an analytical wave-
length [1]. Recently, capillary electrophoresis
(CE) has been introduced as a method for
convenient and precise aqueous pK, determi-
nation [2-4]. The method takes advantage of the

* Corresponding author.

SSDI 0021-9673(94)00462-1

relation between electrophoretic mobility and
fractional ionization of a compound at different
pH values. In this paper we demonstrate that the
spectrophotometric method can also be used in
conjunction with CE by relating peak areas to
absorbance. Moreover, it is possible to deter-
mine pK, by the two methods using the same CE
data set, thereby providing an internal check on
each method.

2. Theoretical
2.1. Relating pK, to mobility

The thermodynamic equilibrium constant,
K", for the dissociation of a weak acid e.g.
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HZoH +Z° 1)
is defined as

[H'][z7]
K" =7, %y THZ] ©)

where y is the activity coefficient and 7, is
assumed to be 1. Activities can be calculated
from Debye—Hiickel' theory according to the
relation

4 _0.5092°vm
%8 Y =1+0.328a/5 ’

1 m
w=y-2Cz 3)

where a is the hydrated diameter of an ion in A
[5], z is the valency of the ion and u is the ionic
strength of the solution. In general, the exact
value of the parameter a4, which can range from
1-11 A, will not be known; in this study, the
value 5 A was assumed.

A relation between pH versus electrophoretic
mobility plots and titration curves has been
known for quite some time [6,7]. Morris and
Morris [8] derived an equation for calculating
mobilities at different pH values when the pK, of
an acid was known. Similarly, it has recently
been shown that the pK, of an acid/base can be
determined when the mobilities are known at
different pH values [2-4].

Since m_ = am,, where m, is the net electro-
phoretic mobility, m, is the electrophoretic
mobility of the fully deprotonated species Z~,
and a is the fraction ionized (0 <a <1), Eq. 2
can be rearranged to give (at 25°C):

th _ 1o _me
pK, =pH - log

m,—m

0.509z°\/i i
t140328ayp (acids) )

The analogous equation for a base, B, is given
as:

K™ =pH +lo — e
P, =pH +log (5—"-

0.509z°v/;
T 17 0.328avE (0ases) ©)

where m, is the electrophoretic mobility of the
fully protonated species, BH".

2.2. Relating pK, to peak area

Assuming that Beer’s law is valid, the ab-
sorbance, A, of an acid HZ at some analytical
wavelength is the sum of the absorbances of the
molecular species, A,,, and the ionized species,
A1)

A=A_+A, (6)

Provided the same total concentration is used
for measurements at different pH values, the
absorbance at each pH can be expressed in terms
of a, A; and A :

A=a(A—-A_ )+ A, for A;>A, @)
A=a(A,—A)+ A for A >A, ®

From these expressions, it follows directly that

Z] o« A-A,
[HZ] " 1-a A4,-4 ordi>4, ®)

2] o A,-A
HZ] " 1-a« A-4, for A, > A, (10)

While in CE it is peak area, A, not absor-
bance, that is directly measured, these parame-
ters are related through the expression A xA/t,
where ¢ is migration time required for the solute
band to travel the distance from the capillary end
to the detector [9-11]. Using this relation with
Egs. 9 and 10, Eq. 2 can be rearranged to give:

A

h 7 An
t —_— p— ———
pK, =pH —log A
A - ry
0.509z°\/u _
+‘m (acids, A;>A,) (11
4.4
th _ _ t !
pK, =pH —log A
A, -
t
0.509z2%v/1

+170328ava 1 0.328aVE (acids, A, > A} (12)
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Analogous expressions for bases are as fol-
lows:

A
" A7
pK, =pH +log 3
__Am
t
0.509z*\/
~T1+0328av/p (0ases, 4> Aq)
(13)
A4
th _ t I
pK. =pH +log A
A [
m t
0.509z°v/p
T 1+03Bayp (03 An> 4y
(14)

3. Experimental

All buffer and sample solutions were prepared
in filtered and deionized water. The zwitterionic
buffers shown in Table 1 were generated by
titrating 20 mM solutions with 1 M NaOH until
the desired pH was reached, as determined with
an Orion EA 940 pH meter equipped with a

Table 1
Buffer series spanning pH range 6 to 11

Ross combination electrode. The series was
designed so that the maximum gap between data
points is 0.6 pH units.

Where applicable, electrophoretic mobilities
were calculated according to the relation m, =
My — Meop, Where m,,, is the apparent mobility
of an analyte and m,, is the electroosmotic
mobility. The electroosmotic mobility was de-
termined by monitoring a species added to the
sample vial, in this study 200 uM mesityl oxide,
which remains neutral throughout the entire pH
range.

A SpectraPHORESIS 1000 (Thermo-Separa-
tion Products, Fremont, CA, USA) CE instru-
ment was used for all experiments. Instrument
parameters included the following: voltage 25
kV, temperature 25°C and hydrodynamic injec-
tion time 2 s. Since the hydrodynamic injection
rate for this instrument is nominally 6 nl/s for a
70 cm X 75 um untreated fused-silica capillary
(Polymicro Technology, Phoenix, AZ, USA),
approximately 12 nl were loaded onto the col-
umn. Absorbance was monitored at 237 nm. The
wash cycle performed prior to each run in a
sequence consisted of 2.5 min with each of 0.1 M
NaOH and deionized water followed by a 5-min
rinse with the running buffer.

The buffers given in Table 1 were run in
sequence from high to low pH. The Spec-

Component

pH HZ] (2] &~ —logy*

MES, Morpholinoethanesulphonic acid
ACES, 2-[(2-amino-2-oxoethyl)amino]ethanesulphonic acid
MOPS, 3(4-morpholino)propanesulphonic acid

HEPES, N-(2-hydroxyethyl)piperazine-N’-ethanesulphonic acid

6.10 0.010 0.010 0.010 0.044
6.65 0.012 0.008 0.008 0.040
7.20 0.010 0.010 0.010 0.044
7.65 0.008 0.012 0.012 0.047

HEPPSO, N-(2-hydroxyethyl)piperazine-N’-2-hydroxypropanesulphonic acid 7.90 0.009 0.011 0.011 0.046

Tricine

TAPS, N-tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid

TAPS

8.10 0.010 0.010 0.010 0.044
8.40 0.010 0.010 0.010 0.044
870 0.007 0.013 0.013 0.049

AMPSO, 3-[(1,1-dimethyl-2-hydroxyethyl)amino]-2-hydroxypropanesulphonic acid 9.00 0.010 0.010 0.010 0.044

CHES, 2-(N-cyclohexylamino)ethanesulfonic acid

CAPSO, 3-(cyclohexylamino)-2-hydroxy-1-propanesulfonic acid

CAPSO
CAPS, 3-(cyclohexylamino)-1-propanesulfonic acid
CAPS

9.30 0.010 0.010 0.010 0.044
9.60 0.010 0.010 0.010 0.044
10.0 0.006 0.014 0.014 0.050
104 0.010 0.010 0.010 0.044
11.0 0.004 0.016 0.016 0.053

* Sign of correction is + for acids and — for bases.
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Fig. 1. Plot of net electrophoretic mobility (m_, X 10° cm®/
V's) vs. pH for 200 uM p-nitrophenol with superimposed
curve fit.

traPHORESIS 1000 is equipped with a single
reservoir for the buffer at the detector end of the
column. This reservoir was filled with 20 mM
N-[tris(hydroxymethyl)methyl]glycine (Tricine)
at a pH of 8.1. Since each run was 10 min in
length, the total analysis time per sample was
just under 5 h.

Peak areas and migration times were com-
puted using the SpectraPHORESIS 1000 soft-
ware package. The nonlinear regression was
performed using Kaleidagraph (Synergy Soft-
ware, Reading, PA, USA).

4. Results

Fig. 1 shows a plot of net electrophoretic
mobility vs. pH for 200 uM p-nitrophenol along
with the superimposed curve fit to Eq. 4. Values
of pK, and m, as determined from the two-
parameter non-linear regression are given in
Table 2. For an independent data set acquired
using the same sample, Fig. 2 shows a plot of
peak area divided by migration time vs. pH with

Table 2

60_ SOMLIEAAR A B LR R BLELELEL
50 |

40 | / .

Peak area /t
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20F 7/ ]

10 L b e be v b b
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Fig. 2. Plot of peak area divided by migration time (arbitrary
units) vs. pH for 200 uM p-nitrophenol with superimposed
curve fit.

superimposed curve fit to Eq. 11. The three-
parameter non-linear regression yields values of
the parameters pK,, A; and A given in Table
2. The pK, values determined by both methods
have precisions of better than 1% and agree with
the literature to within experimental error.

5. Discussion

An assumption of the spectroscopic method is
that the total concentration of molecular and
ionic species of a solute remain constant. As
such, the method as described herein is strictly
valid only with respect to hydrodynamic injec-
tions, where a constant amount of solute can be
loaded onto the column in each run by simply
specifying the injection period. In an elec-
trokinetic injection, the total amount of an
analyte loaded onto a column in a given period
of time is not necessarily constant but depends
on such factors as the relative ionic strengths and
pH values of the sample solutions and running
buffers.

Comparison of CE-determined pK, values with literature value for p-nitrophenol at 25°C [1]

Data source pK, m, A, AL
(X10°cm?/V s) (arb. units) (arb. units)

Literature 7.15 - - -

Mobility 7.15+0.02 42.8+0.3 = -

Area 7.19x0.07 - 53.0x0.5 11.9+1.8

Errors are given as standard deviations, where n = 14.
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The spectroscopic method is not appropriate
for an analyte at the solubility limit. Solubility,
S}, is described according to the relations [1]:

Sy =8,[1+10C"PX)] (acids) (15)
Sy =81+ 10C®%PH] (bases) (16)

where S, the intrinsic solubility, is usually de-
termined in 0.01 M HCI for an acid and in 0.01
M NaOH for a base. For a saturated solution of
an analyte, the relation between peak area and
pH is governed not only by the relative absorp-
tion coefficients of the neutral and ionized
species, but also by the relative solubilities of
these species. Any attempt to apply the spectro-
scopic analysis to such a system must account for
both of these effects.

The limitations of the spectroscopic method
characterized above stem directly from the meth-
od’s reliance on amplitude data. In contrast,
mobility-based analysis relies essentially on fre-
quency data and as such is not limited by the
above consideration. In addition, mobilities are
generally more reproducible than peak areas
[12]. All these -factors support the conclusion
that mobility-based analysis should be more
universally applicable and precise than the
spectroscopic method when detection limit is not
an issue.

Variation in temperature is undoubtedly a
source of error for both methods, since mobility
varies by 2.7% per °C [13] and buffer pH is
temperature-dependent. However, the air-based
cooling system of the instrument is quoted as
being stable to < = 1°C, so that this effect is
minimized. It is also possible that the tempera-
ture inside the capillary is higher than the sur-
roundings due to the effects of Joule heating.
Several studies have recently attempted to ex-
amine the magnitude of this difference both
experimentally [14-19] and computationally [13].
Because of the low ionic strengths of the buffers
used in this study, the current is so low (<20
®A) that internal heating is presumed to be
insignificant.

6. Conclusions

In the determination of the ionization constant

of p-nitrophenol from electrophoretic mobility,
spectroscopic analysis based on peak areas was
used as corroborating data. Peak areas divided
by migration time versus pH for a constant
solute concentration gave an ionic distribution
plot which was fit using a non-linear regression.
In order to emphasize the independence of the
mobility- and spectroscopic-based methods of
analysis, each was applied here to a different
data set. However, the information required for
both methods is supplied in each CE data set. As
such, it is possible to perform two independent
analyses concurrently, thereby providing an in-
ternal check on each method.
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Abstract

The use of diode-array detection allows the non-destructive identification of tryptophan and tyrosine residues in
complex peptide mixtures separated by capillary electrophoresis. Second-order derivative spectra of both amino
acids show significant differences while zero-order spectra are overlapping to a great extent. A mixture of peptides
containing tryptophan and/or tyrosine residues was used to evaluate this method. Tryptic peptide maps of carbonic
anhydrase and of the bacterial chaperonin protein GroEL, and of an autodigest of trypsin were characterized for
tryptophan- and tyrosine-containing peptides. Automated spectra library search was performed successfully.

1. Introduction

Diode-array detectors have the major advan-
tage that spectra of eluting or migrating com-
pounds can be stored in a digital form and then
manipulated by a variety of algorithms to ascer-
tain, for example, the purity of an eluting peak
[1-3]. Such spectral data, in combination with
monitoring of the eluate at chosen discrete
wavelengths, greatly increases detection specifici-
ty over that available from single-channel detec-
tors.

Peptides and proteins exhibit UV-absorption
spectra characteristic of their component amino
acids [4-6], particularly the aromatic residues
tyrosine and tryptophan, and also phenylalanine
to a lesser extent. However, analysis of peptides

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00551-J

and proteins for the detection of constituent
aromatic residues by UV-Vis spectroscopy poses
problems because of overlapping absorption -
bands of tryptophan and tyrosine. Derivative
spectroscopy, in particular second-order deriva-
tive spectroscopy which transforms peaks and
shoulders into minima, enhances resolution of
minor spectral features, thus overcoming some
of the problems of similar UV spectra. The great
use of diode-array detection in combination with
reversed-phase HPLC for the specific identifica-
tion of aromatic amino acids-containing peptides
during their elution under gradient conditions
followed by protein sequencing has been shown
in detail [7,8].

Application of capillary electrophoresis (CE)
for peptide separations and analysis is signifi-
cantly increasing due to the high resolution of
this technique, high speed of analysis and small

© 1994 Elsevier Science B.V. All rights reserved
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amount of sample required. Also fractionation of
peptides on CE followed by protein sequencing
has been shown already [9]. Hence, the powerful
features of two-dimensional UV spectra de-
scribed above for HPLC are also available for
CE and are invaluable for the identification and
characterization of peptides.

In this paper we show that the diode-array
detector and associated software implemented in
the Hewlett-Packard *°CE system allows to
obtain the same valuable information as de-
scribed for the HPLC system. Automatic evalua-
tion of tyrosine- and tryptophan-containing pep-
tides from peptide maps using spectral library

search functions and second-order derivative
spectra are demonstrated.

2. Materials and methods
2.1. Peptides and proteins

All peptides and proteins except the bacterial
chaperonin protein GroEL were obtained from
Sigma (St. Louis, MO, USA). Peptides were
dissolved in water at a concentration of 0.5 mg/
ml and proteins in water at a concentration of 3
mg/ml. Purified recombinant GroEL at a con-

mAau mAU
so
140 a
20 45
1
E
c 40
o 100
(@)
o~ 3s
@ 80
[¥]
c 301
S 80
ey
8 2s ]
o) 40
<C
204
20 1 A
15
ol
T T T T e T T T T T T Y
5 10 15 20 260 280 300
. mAu
mAaL
400 4
b 354
380
30
€
c 300 4
8 254
b 2504
& 204
o
< 2004
<
o
S 1504 154
7
Q
< | 100 10
s0 l
s
°
T T T T © T T T T T T T
L3 10 PV 20 260 2890 300
Time (min) Wavelength (nm)

Fig. 1. (a) Electropherogram of tryptophan with recorded zero-order spectrum. (b) Electropherogram of tyrosine with recorded

zero-order spectrum.
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centration of 4.5 mg/ml was kindly provided by
Dr. A.A. Gatenby (DuPont, Wilmington, DE,
USA).

2.2. Proteolytic digestion

Carbonic anhydrase and GroEL were incu-
bated with 5% (w/w) trypsin at 37°C for 20 h.
An autoproteolytic digestion of trypsin was run
at 37°C for 20 h.
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2.3. CE system and separation

All experiments were carried out on the Hew-
lett-Packard *PCE system with built-in diode-
array detector. The system was controlled and all
data processing and evaluations were performed
using an HP *PCE ChemStation. Peptide sepa-
rations were performed on 50 pm and 75 pm
bare-fused-silica capillaries with a 3 X extended
light path for enhanced sensitive detection. Total
length of the capillaries was 64.5 cm, effective
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Fig. 2. (a) Second-order derivative spectrum of tryptophan. (b) Second-order derivative spectrum of tyrosine. (¢) Overlay of
zero-order spectra of tryptophan and tyrosine. (d) Overlay of second-order derivative spectra of tryptophan and tyrosine.
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length 56 cm. For the separation of the amino
acids and synthetic peptides 20 mM phosphate
buffer pH 3.0 was used. Protein digests were
separated using 50 mM phosphate buffer pH 2.5.
30 kV was applied to the capillaries resulting in
about 25 uA for the pH 3.0 buffer and about 67
KA for the pH 2.5 buffer. Separations were run
at 25°C. Pressure injection for 200 mbar s was
used for sample loading into the capillaries.
Other conditions were identical.

2.4. Detection system and second-order
derivative spectra

Peptides were monitored with the diode-array
detector at both 200 and 280 nm. Simultaneous-
ly, all spectra were collected during the runs.
Second-order derivative spectra for the range
250-320 nm, which is characteristic for the
aromatic amino acid residues tyrosine and tryp-
tophan, were automatically calculated using the
standard software of the HP *’CE ChemStation.
A spectra library of the second-derivative spectra
of tyrosine and tryptophan was created and
automated library search was performed using
the same software.

3. Results and discussion

In order to evaluate the potential of this
method and to create a library with the second-
order derivative spectra of tryptophan and
tyrosine both amino acids were electrophoresed
and zero-order spectra were recorded using
diode-array detection as shown in Fig. 1. Using
the standard software of the HP *’CE Chem-
Station the algorithm calculating the second-
order derivatives was carried out. The resulting
second-derivative spectra of tryptophan and
tyrosine (Fig. 2a and b) were then used for
creating the library for automated search of
tryptophan- and tyrosine-containing peptides
separated by CE. Whilst the zero-order spectra
of tryptophan and tyrosine are overlapping with
an absorption maximum of about 278 nm for
both amino acids (Fig. 2c), the second-order
derivative spectra show significant differences.

Table 1
Synthetic peptides used for method evaluation

Peak 1: VHLTPVEK

Peak 2: DRVYIHPF

Peak 3: SISGLAK

Peak 4: AGCKNFFWKTFTSC
Peak 5: ELYENKPRRPWIL
Peak 6: EGKRPWIL

Peak 7: WMFDamide

Peak 8: YGGFL

Tyrosine residues (Y) and tryptophan residues (W) are
italicized.

The second-order derivative spectrum of trypto-
phan shows a main minimum at 290 + 2 nm and
a first side minimum at 280 = 2 nm while that of
tyrosine shows the main minimum at 282 + 2 nm
and the first side minimum at 274 +2 nm (Fig.
2d).

For evaluation of the automated second-order
derivative spectra library search a mixture of
short synthetic peptides of known sequence
(Table 1) containing either tryptophan, tyrosine,
both of them or none were separated. All
peptides were almost baseline separated within
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Fig. 3. Electropherogram of 8 synthetic peptides separated by
capillary zone electrophoresis (see Table 1 for identification).
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17 min (Fig. 3). Peptides containing tryptophan
(peaks 4-7) clearly can be identified by their
second-order derivative spectrum with the
characteristic minimum at 290 =2 nm (Fig. 4).
The -presence of a tyrosine residue besides tryp-
tophan in peptide peak 5 did not affect the
identification of tryptophan. Automated library
search of those peptides resulted in match factors
of about 750-990 for tryptophan and of about
0.02-1.0 for tyrosine. A match factor of 1000
would be the ideal match factor, while matches
> 750 indicate undoubtful presence and matches
< 100 absence of the search species, respectively.

Similarly, tyrosine-containing peptides can be
clearly identified by their characteristic second-
order derivative spectral minima around 282 = 2
nm as shown for peptides in peak 2 and 8 (Fig.
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Fig. 5. Second-order derivative spectra of peptides 2 and 8
containing a tyrosine residue.

5). Match factors for tyrosine and tryptophan are
in the same range as shown for tryptophan-
containing peptides.
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Fig. 4. Second-order derivative spectra of peptides 4-7 containing a tryptophan residue. MF = Match factor.
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Fig. 6. Second-order derivative spectra of peptides 1 and 3
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As negative control Fig. 6 shows the charac-
teristic second-order derivative spectra of two
peptides (peaks 1 and 3) which contain neither
tyrosine nor tryptophan residues. No clear mini-
mum can be observed in the wavelength range
between 250 and 320 nm and no matches were

R. Grimm et al. /| J. Chromatogr. A 679 (1994) 173180

found. In this case typically spectra look like
“baseline noise”.

The peptide containing one tryptophan and
one tyrosine residue (peak S) resulted only in the
clear identification of tryptophan with a match
factor of 780, but not of tyrosine which resulted
only in a match factor of 80 due to the overlap of
the major minimum of tyrosine with the side
minimum of tryptophan (Fig. 4). This is coinci-
dent with the finding of Grego et al. [7] who
stated that tyrosine can only be determined in
the presence of one tryptophan residue, if three
tyrosine residues are present. In this case, the
major minimum of tyrosine at around 282 nm
will be larger then that of tryptophan at around
290 nm [7].

The method was then applied to tryptic digests
of the enzyme carbonic anhydrase, GroEL and
the protease itself. Carbonic anhydrase was used
due to its high content of tryptophan residues
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Fig. 7. Electropherogram of the tryptic digest of carbonic anhydrase with three representative second-order derivative spectra of

peptides. Electropherogram was recorded at 200 and 280 nm.
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while GroEL contains only tyrosine residues and
no tryptophan residue. As shown in Figs. 7-9, in
the various digests tryptophan- and tyrosine-con-
taining peptides can be easily discriminated and
identified by their characteristic second-order
derivative spectra. In the electropherograms of
Figs. 7 and 9 peptide detection was recorded at
200 nm and in addition at 280 nm to generally
identify the aromatic amino acids-containing
peptides. In the electropherogram of the tryptic
digest of GroEL detection was recorded only at
200 nm. Detection at 280 nm was neglected to
show that with diode-array detection and associ-
ated software second-order derivative spectra
can automatically be calculated and automatic
search can be performed allowing unambiguous
identification of tyrosine residues in this par-
ticular protein digest.

In this paper it was shown that second-order

179

derivative spectroscopy is a very valuable tool
for the unambiguous identification of trypto-
phan- and tyrosine-containing peptides separated
by CE using diode-array detection. In peptides
containing both amino acids with the same
number only the presence of tryptophan can be
clearly identified. The method described will be
especially useful for micropreparative isolation
of these peptides for further analysis by protein
sequencing, similar as previously described for
the separations and fraction collection of trypto-
phan-containing peptides by HPLC [7].
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Abstract

A purified, soluble form of the epidermal growth factor receptor (sSEGFR) was found, by isoelectric focusing in
immobilized pH gradients, to consist of three major isoforms (with p/ values 6.45, 6.71 and 6.96, respectively) and
ca. a dozen minor components. This wild-type SEGFR, while producing crystals, has so far defied any attempt at
decoding the structure, due to the very poor diffraction pattern. When the wild-type sSEGFR was purified in a
multicompartment electrolyzer with isoelectric Immobiline membranes, it yielded the three major isoforms as
single-p/ components, collected in three separate chambers of the recycling electrolyzer. The p/ 6.71 and the p/
6.96 isoforms produced large crystals of apparent good quality. However, while the former produced a high-quality
diffraction pattern, which may lead to decoding of the three-dimensional structure, the pI 6.96 produced crystals
which did not diffract at all. It is concluded that, in the case of ‘“tough” proteins (large size, heterogeneous
glycosylation, high water content of crystals), purification to single-charge components might be an essential step
for growing proper crystals. The unique advantage of purification via isoelectric membranes is that the protein is
collected both isoelectric and isoionic, i.e. uncontaminated by soluble buffers (such as the carrier ampholytes used

in conventional focusing).

important role in normal and pathological
growth control. The receptor is an M, 170 000

1. Introduction

The epidermal growth factor (EGF) receptor
mediates the biological effects of polypeptide
mitogens such as EGF and TGF-e, playing an

* Corresponding author.

0021-9673/94/$07.00
SSD1 0021-9673(94)00492-R

membrane glycoprotein consisting of three func-
tional domains: an EGF binding cell surface
domain which is heavily glycosylated, a short
transmembrane region, and a cytoplasmic do-
main with tyrosine kinase activity (for reviews,
see [1] and [2]).

© 1994 Elsevier Science B.V. All rights reserved
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Since overexpression of EGF receptors has
been observed in many types of human tumors,
structure-based drug design for therapeutic
modulation of receptor functions would be of
high medical interest. Crystallization of mem-
brane proteins like the EGF receptor, however,
is a formidable problem, mainly due to the high
extent of glycosylation and to the hydrophobicity
of membrane spanning domains. In the case of
the EGF receptor one of these problems could
be overcome by crystallizing a secreted form of
the receptor (‘“sEGFR”) which is produced by a
human tumor cell line [3]; it represents the M,
100 000 external domain of the EGF receptor
with functionally intact ligand binding. Crystalli-
zation of this hydrophilic receptor ectodomain
had been accomplished in the presence of the
ligand EGF [4]. Diffraction of these crystals,
however, had been only about 10 A; data collec-
tion using these crystals had not been possible so
far.

A possible explanation for the poor quality of
initial SEGFR crystals may come from the strik-
ing charge heterogeneity of the protein: more
than 10 components are separated by isoelectric
focusing. Since it is known that the presence of
several isoforms can induce perturbation of crys-
tal growth, we purified single-p/ species of the
sEGFR protein by using a multicompartment
electrolyzer with buffering, isoelectric mem-
branes [5,6]. In this system, the protein is always
kept in a liquid vein (thus it is not lost by
adsorption onto surfaces, as customary in chro-
matographic procedures) and it is trapped into a
chamber delimited by two membranes having p/
values encompassing the p/ value of the protein
being purified. Thus, by a continuous titration
process, all other impurities, either non-isoelec-
tric or having different p/ values, are forced to
leave the chamber, in which the protein of
interest will ultimately be present as the sole
species, purified from both macromolecular con-
taminants and buffering and salt ions as well.
This technique has been applied to the purifica-
tion of single EGF receptor isoforms with re-
markable results on the quality of the crystals
obtained.

2. Experimental
2.1. Materials

Acrylamide, N,N’-methylenebisacrylamide
(Bis),  N,N,N’,N’-tetramethylethylenediamine
(TEMED) and ammonium persulphate (APS)
were from Bio-Rad, Hercules, CA, USA. The
following Immobiline species: pK 3.6, pK 4.6,
pK 6.2, pK 7.0 and pK 8.5 were from Phar-
macia-LKB Biotechnology, Uppsala, Sweden.
N-(2-Hydroxyethyl)piperazine-N'-(2-ethanesul-
phonic acid) (HEPES) and r-histidine (free
base) were from Sigma, St. Louis, MO, USA.

2.2. Biologicals

EGF ligand was prepared from adult mouse
submaxillary glands [7]. A monoclonal anti-
sEGFR E30 antibody was developed using im-
munoaffinity purified protein as antigen [8] (this
antibody is now commercially available from E.
Merck, Darmstadt, Germany). Monoclonal anti-
body E30 recognizes a non-carbohydrate epitope
located between residues 332 and 589 of the
EGF receptor in its native as well as in its
denatured conformation.

2.3. Preparation of de-sialo sSEGFR

Serum-free medium (Dulbecco’s modified
Eagle’s medium + Ham’s F12 medium, mixed
1:1) was conditioned by confluent cultures of a
special A431 variant cell line selected for maxi-
mal biosynthesis of EGF receptor; supernatants
were freed from cellular debris, stabilized with 1
mM EDTA, 100 U/ml Trasylol (Bayer) and
concentrated by ultrafiltration prior to immuno
affinity chromatography [9]. sSEGFR was eluted
from the immuno adsorbent with 0.1 M acetic
acid, 0.05 M sodium chloride and immediately
neutralized with trisodium phosphate. Purified-
sEGFR (30 mg, 8 ml) was then dialyzed against
50 mM sodium acetate pH 5.5, in presence of 4
mM calcium chloride, and digested for 3 days at
room temperature with 1 unit of neuraminidase
(1 mg/ml, from Vibrio cholerae; Boehringer
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Mannheim) immobilized on 0.3 ml of tresyl
chloride-activated agarose (Pharmacia). Dialysis
against 10 mM Tris acetate buffer, pH 7.4,
added with 15% glycerol represented the final
step prior to the immobilized pH gradient (IPG)
separation.

2.4. Preparation of analytical IPG gels

These gels were of 25 x 10 cm size and 0.5 mm
thick. An IPG pH 5.0-8.0 was set in a 5% T,
4% C polyacrylamide matrix' (the recipe can be
found in Ref. 10). Note that, after preparing the
two limiting, acidic and basic mixtures, they are
titrated (with a weak acid and a weak base) to
pH values close to neutrality. This is important
in order to ensure uniform polymerization and
efficient monomer conversion throughout the
preformed pH gradient. Upon gel washing (4 X
30 min) in distilled water, all added titrants (as
well as catalysts and ungrafted monomers) are
efficiently removed. The gels are then equili-
brated for 30 min in 2% glycerol solution, dried
in air and reswollen in 15% (v/v) glycerol solu-
tions. The protein samples (ca. 50 pg in 20 ul)
are usually applied in surface wells both close to
the anode and to the cathode. Focusing is
continued (at 5000 V after an initial 1 h period at
500 V) for 6 h at 10°C. Staining is carried out in
Coomassie Brilliant Blue R-250 in presence of
Cu’" according to Righetti and Drysdale [11].

2.5. Preparation of isoelectric immobiline
membranes

After determining, in the above analytical pH
5.0-8.0 gels, the precise pl values of the SEGFR
isoforms, seven isoelectric membranes are made
having the following pI values: 5.90, 6.34, 6.63,
6.76, 6.92, 7.05 and 7.35. The first and last
membranes, being adjacent to the anolyte and
catholyte compartments, respectively, are made
ina 10% T, 5% C matrix, whereas the other five
are polymerized in a 5% T, 4% C poly-
acrylamide. The membranes have a diameter of

' T = (g acrylamide + g Bis)/100 ml solution; C =g Bis/%T.

4.7 cm and a thickness‘of ca. 1 mm. Note that
the membranes are supported by glass fibre
filters (see Ref. [5] for a detailed description of
their properties). After washing and equilibra-
ting the membranes in 15% (v/v) glycerol, the
multicompartment apparatus is assembled and
the entire protein amount (40 mg) equally dis-
tributed into the two sample chambers closer to
the anodic reservoir. In order to avoid sample
dilution, no reservoirs have been connected to
the six recycling chambers, so that the total
sample volume has been limited to 39 ml total
(6.5 ml per chamber). After an initial, low-
voltage run (500 V) for eliminating excess salt in
the sample, purification has been achieved at

-2500 V (over a 12 cm electrode distance) in less

than 10 h. The anolyte was 52 mM HEPES (pH
5.27, conductivity: 9.1 uS) and the catholyte 14
mM L-histidine (pH 7.56; conductivity 11.5 uS).
The supporting solution in all chambers was 15%
(v/v) glycerol. No circulating coolant was utilized
and joule heat was dissipated in air in a cold
room (5°C). Under the above conditions, the
temperature rise in the liquid in the electrolyzer,
at steady state, was only 3°C.

2.6. Crystallization and X-ray investigation

Crystals were grown at a controlled tempera-
ture of 20°C by the hanging as well as sitting
drop vapour diffusion technique [12]; droplets of
20 wl sEGFR (15 mg/ml) complexed with
equimolar amounts of EGF were mixed with 7
wl precipitant (1.95 M ammonium sulphate or
sodium phosphate, pH 7.5) and exposed to 5 ml
reservoir solutions (same as precipitant); crystals
grew within variable time spans (>1 week).
Crystals were analyzed on the X11 synchrotron
beam-line in the EMBL Outstation at DESY
(Deutsches Elektronen-Synchrotron, Hamburg,
Germany). The storage ring was operated in
main user mode with 4.465 GeV and 20-45 mA.
Rotation images were recorded on a MAR 300
mm image plate scanner at room temperature.
Exposure times were set to about 6 min for 1°
rotation images using a wavelength of 0.92 and a
crystal-to-plate distance of 500 mm. Images were
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processed with a version of the XDS integration
package [13]. Some crystals were analyzed using
a GX21 rotating anode generator (Nonius, Delft,
Netherlands) operating at 40 kV and 75 mA (we
acknowledge the assistance of Drs. R. Hilgenfeld
and H. Bertchold for these experiments).

3. Results

Affinity-purified EGF receptor ectodomain
(SEGFR) exhibits one single band in electro-
phoresis on sodium dodecyl sulphate gels; how-
ever, >25 bands can be separated by isoelectric
focusing (not shown). Since the charge hetero-
geneity is mainly caused by variable presence of
terminal sialic acid residues on numerous oligo-
saccharide side chains (11 N-glycosylation sites),
the receptor protein was extensively digested
with neuraminidase. Desialylation resulted in an
increment of p/ values by ca. 0.5 pH units and a
reduction of microheterogeneity, but not on its
elimination. Fig. 1 shows the results of an
analytical Immobiline gel (pH 5-8) of de-sialo
sEGFR: three major isoforms are well separated
(with pI values of 6.45, 6.71 and 6.96) together
with about a dozen minor components. In order
to ascertain the origin of these bands, they were
blotted and stained with monoclonal anti-sEGFR
antibodies (alkaline phosphatase detection). It is
seen that all the different bands are isoforms of
the sEGFR.

Fig. 2 shows the results of a preparative run in
the multicompartment electrolyzer (mounted
with six sample chambers plus the two electrodic
reservoirs) for the purification of SEGFR. It is
seen that the unfractionated sample is composed
of three major isoforms and a number (> 6) of
minor components. Upon purification, we could
collect, as single bands, six isoforms, with the
three major components collecting in chambers
2, 3 and 5 (pl values 6.45, 6.71 and 6.96,
respectively).

As the p/ 6.71 and 6.96 isoforms represented
the most abundant components, and were in a
state of high purity, attempts were made at
crystallizing them. Fig. 3A shows a crystal of the
pl 6.71 isoform. This crystal could be grown to

b {
‘ ¥
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Protein Immuno
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Fig. 1. Analytical isoelectric focusing gel of affinity-purified
sEGFR. The gel contained an immobilized pH gradient
(IPG, pH 5-8) grafted on a 5% T, 4% C matrix. The protein
samples (ca. 50 ng in 20 ul) were applied in surface wells at
the cathode. Focusing was at 10°C for 6 h at 5000 V. Staining
with Coomassie Brilliant Blue in presence of Cu®* (left gel
strip). The right strip is a blot on cellulose nitrate followed by
immuno fixation with monoclonal anti-sEGFR antibodies and
alkaline phosphatase detection.

the remarkable size of 1.3 x 0.5 X 0.3 mm®. The
pl 6.71 isoform exhibited the best diffraction
ever achieved with this protein (see Fig. 3B). It
allowed data collection up to 6 A for the first 10
images; then diffraction patterns decreased to 10
A during the following 10 exposures because of
increasing radiation damage. A number of 2942
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Fig. 2. Analytical IPG run (pH 5-8) of the content of the multicompartment electrolyzer. Lanes 1-6: content of each of the six
chambers of the electrolyzer assembled with seven isoelectric membranes with p/ values as given in the Experimental section. All
other conditions as in Fig. 1. Ctrl. = control, unfractionated SEGFR. The pI values of the three major isoforms are given on the

left side. Note the high purity of each isoform.

reflections was merged to yield a reliability factor
(R. symm) of 5.4%. The reduced data set
showed a completeness of 26%. The space group
was assigned to be orthorhombic P2,22 or
P2,2,2 with pseudo-tetragonal unit cell parame-
ters of a=116.3 A, b=119.5 A and ¢ =204.5
A. These values yield a unit cell volume of
2.8 10° A’ and a packing parameter V), of 3.58
Al assuming two molecules each of receptor
and ligand in the asymmetric unit. The fractional
volume occupied by solvent was calculated to be
65% which is higher than found in most other
proteins (40-60%) but observed also for virus
crystals. This fact indicates a loose arrangement
of the molecules in the crystal lattice and may
explain the fast radiation decay. Additional
crystals of the pl 6.71 isoform could be grown
from a different sSEGFR protein batch. These
crystals of 1.2 mm diameter were used to test
whether the crystal quality would allow data
collection with a conventional X-ray source (as
opposed to synchrotron radiation). Even under
these far-from-optimal conditions, using a rotat-
ing anode generator, data collection was possible
to about 7 A, thus helping in refining the cell
dimensions. Interestingly, several crystals could
be grown also from the pl 6.96-sEGFR isoform
(Fig. 4) and were analyzed by synchroton radia-
tion; although these crystals had a comparably
well-shaped morphology and remarkable size,
they did not diffract at all (in Fig. 4 the diffrac-
tion pattern is substituted by a question mark).

4. Discussion
4.1. Protein isoforms and crystal habits

Our data clearly prove that the crystal quality
of protein isoforms may differ significantly. In
our particular case, we could grow crystals from
both isoforms, highly purified in the multicom-
partment apparatus. However, while the crystals
produced by the pl/ 6.71 isoform gave a good
diffraction pattern, the crystals of the pl 6.96
band did not diffract at all. This might explain
the failure at decoding the structure of such
crystals so far, since they were up to tne present
time grown from the entire spectrum of different
isoelectric forms. The pf 6.71 crystal allowed, for
the first time, collection of a partial diffraction
data set. The present crystal quality, therefore, is
sufficient, in combination with cryotechniques,
to search heavy atom derivatives (it should be
noted that at the same time a SEGFR crystal of
comparable quality was grown also from the
wild-type protein during a space shuttle flight;
apparently the microgravity conditions could
compensate for the negative influence of charge
heterogeneity of the protein which —in this
study— is eliminated by preparative isoelectric
focusing). Purified receptor isoforms tend to
form crystals with sharper edges (as opposed to
the more roundish forms of the wild-type pro-
tein, i.e. the protein still containing all the
different isoforms). But —most important— they
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Fig. 4. Picture of some crystals of the p 6.96 isoform as recovered from chamber 5 of the multicompartment electrolyzer. Also
this isoform gave large-size crystals, but no one of them produced a diffraction pattern (as indicated by the question mark in the

lower part of the figure). Scale: 1.2 cm corresponds to 0.1 mm.

tend to grow to a larger size. The p/ 6.71 crystal
had the surprising size of 1.3x0.5%0.3 mm®,
which had never been obtained before. For the
crystallography of such ‘“‘tough” glycoproteins
like EGFR with their high solvent content and

loose crystal lattice the crystal volume can be
regarded as the limiting parameter. Therefore,
since the higher homogeneity achieved by iso-
form separation seems to favour growth to a
large crystal volume, the isoelectric focusing in

Fig. 3. (Top) Picture of the crystal of the p/ 6.71 isoform as recovered from chamber 3 of the multicompartment electrolyzer. The
crystal has a size of 1.3X0.5%0.3 mm® and is shown mounted in the glass capillary of the synchrotron beam line. (Bottom)
Picture of the diffraction pattern, showing the high quality of the diffracting crystal. Scale: 1.7 cm corresponds to 0.1 mm.
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the multicompartment electrolyzer reveals to
represent an ideal or even an essential step in
crystallographic projects.

4.2. Chromatography vs. electrophoresis

The fact that chromatography so far has had
the lion share in down-stream protein processing
is well-documented in the literature- [14,15].
Boschetti [16] has recently reviewed advanced
sorbents for protein separation, while Narayanan
[17] has covered preparative affinity chromatog-
raphy of proteins. Yet, there are hints that we
are witnessing a revival of electrophoretic tech-
niques as well. With our multicompartment elec-
trolyzer, based on the Immobiline technology,
we have now purified a number of r-DNA
proteins, including superoxide dismutase [18],
human growth hormone [19], monoclonal anti-
bodies against the gp41 of AIDS virus [6], eglin
C [20], glucoamylase [21] and SEGFR [22]. This
technique is in general very mild to proteins and
allows full recovery of enzyme activities coupled
to high yields (typically >80%). The other
unique advantage of our recycling technique is
that the protein is recovered both isoelectric and
isoionic, i.e. uncontaminated by any kind of
soluble buffer or counterion. Conversely, in
conventional isoelectric focusing in soluble, am-
photeric buffers, the protein is always contami-
nated by the amphoteric ions cofocusing in the
same (and neighbouring) region. It has been
reported quite often that these amphoteric buf-
fers, at the isoelectric state, have a tendency to
adhere to the protein surface, thus paradoxically,
hampering crystallization even of species purified
to single-p/ isoforms. With the Immobiline tech-
nology this situation can never occur, since the
isoelectric membranes are thoroughly washed
free of any leachable contaminant. Other elec-
trophoretic techniques are emerging as well.
Thus, Bier’s group is now offering simple buffers
for their recycling isoelectric focusing unit, in-
stead of the ill-defined carrier ampholyte mixture
[23,24]. Also preparative isotachophoresis in
agarose gels [25], in sucrose density gradients
[26] and in the recycling free-flow mode [27] is

being evaluated and discussed with increasing
frequency [28]. Additionally, a new wave of
interest is rising on protein purification by con-
tinuous-flow electrophoresis (CFE; the ‘“Han-
nig” technique) [29]. CFE has never become
quite popular, due to a number of problems
connected with sample stream deformation (sedi-
mentation, thermal convection, electroosmosis
and, most deleterious of them all, elec-
trohydrodynamic distortion) [30]. There are now
hints that the latter problem could be cured by
superimposing onto the a.c. field responsible for
the separation a d.c. field transverse to it and to
the flow direction, with an appropriate fre-
quency, and an effective strength equal to that of
the d.c. field [31]. As operative problems in
preparative electrophoresis are solved with in-
creasing frequency, it will be of interest to see
how these different modes of protein purification
will develop and grow in the years ahead.
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Abstract

A peptide that contained one of the continuous epitopes of recombinant human lymphotoxin (thLT) (amino acid
residues 139-154) has been located by epitope mapping. The branched form of this peptide was synthesized by the
multiple antigen peptide procedure with an octameric branched resin and was subsequently used to elicit
anti-epitope antibody in rabbits. The resulting anti-epitope was then used as an immunoaffinity ligand in affinity
chromatography to purify the parent protein, rhLT, from the host cell lysate directly.

It is suggested that this approach would be a general way to create novel biospecific ligands for affinity

separations.

1. Introduction

Immunopurification is one of most selective
and powerful methods of protein purification [1].
Antibodies, for example, can readily distinguish
between very similar antigens and therefore can
overcome many of the separation problems that
no other method can resolve. Both polyclonal
and monoclonal antibodies can be used as the
affinity ligand for this method of purification, but
both have their unique advantages and limita-
tions.

Polyclonal antibodies can be conveniently pro-
duced by injecting a purified antigen into a
suitable animal and then harvesting the anti-
bodies after 1-2 months time. However, since

“the resolution of separation is based on the

* Corresponding author.
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specificity of an antibody, which in turn is mainly
dependent on the purity of an antigen, an
elaborate and often time-consuming purification
protocol for the antigen usually has to be de-
veloped in advance. On the other hand, mono-
clonal antibodies are more specific in their inter-
action as they can recognize the epitope of a
protein, but elicitation of monoclonal antibodies
needs additional expertise and facilities for cell
fusion. Therefore, it is thought that when the
epitope(s) of an antigen is/are known (e.g.,
through epitope mapping), anti-epitope antibo-
dies would be useful alternative affinity ligands
for separation.

Several continuous epitopes of recombinant
human lymphotoxin (thLT or TNF-g) have been
located and their topographies studied in our
laboratory [2]. In this communication we wish to
report on a branched epitope-carrying peptide
that has been used as immunogen to elicit anti-

© 1994 Elsevier Science B.V. All rights reserved
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epitope antibody; the resulting antibody sub-
sequently worked as an affinity ligand of chroma-
tography to purify the parent protein (rhLT)
efficiently. Because a branched peptide can be
chemically synthesized with an automatic peptide
synthesizer and its immunogenic property was
reported to be stronger than the linear peptide,
the branched peptide might be a common way to
produce anti-epitope antibodies that exhibit simi-
lar specificity as a monoclonal antibodies, but
which can be produced as conveniently as for a
polyclonal antibody.

2. Materials and methods
2.1. Materials

Escherichia coli cell lysate containing rhLT
was obtained from recombinant HB101 host cells
[3]. Purified thLT, which was used as a standard
in sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE), Western blotting
and for coating enzyme-linked immunosorbent
assay (ELISA) plates, was purified from this cell

lysate [4].
Freund’s adjuvants and keyhole limpet
hemocyanin were purchased from Sigma.

Glutaraldehyde was obtained from Fluka. CNBr-
activated Sepharose and SDS-PAGE molecular
markers were from Pharmacia. Nitrocellulose
membrane was purchased from Schleicher &
Schuell while ELISA plates were from Nunc.
Other chemicals and reagents not specifically
mentioned were obtained from standard com-
mercial sources.

2.2. Methods

Peptide synthesis

Peptides were synthesized with an ABI 431A
peptide synthesizer using 9-fluorenylmethoxycar-
bonyl (FMOC) chemistry. A FMOC 8-branched
multiple antigen peptide (MAP) [S5] resin was
used to synthesize the peptide based on the
recommended procedure of the manufacturer
[6]. Amino acids and other synthesis chemicals

were purchased from Applied Biosystems (Fos-
ter City, USA).

Conjugation of peptide

The epitope-carrying peptide was coupled to
hemocyanin using a two-step glutaraldehyde
method [7].

Immunization

Emulsion solutions were prepared by mixing
equal volumes of complete Freund’s adjuvant
with either branched peptide, peptide conju-
gated to hemocyanin or pure peptide separately.
Two to three rabbits were used for immunization
in each group. Complete Freund’s adjuvant was
used in the first injection, whereas incomplete
adjuvant was used in subsequent booster injec-
tions. Rabbits were injected subcutaneously (at
multiple points in the back region) at a dose of
0.5 mg peptide per animal. Booster injections
were carried out at 2, 4 and 6 weeks after the
first injection.

A polyclonal anti-thLT antibody was similarly
elicited by using purified rhLT as the immuno-
gen.

ELISA

An indirect antibody ELISA method was used
to measure the specificity of antibodies to rhLT.
ELISA plates (96 wells) were first coated with
purified rhLT (in 0.05 M carbonate—hydrogen-
carbonate buffer, pH 9.5) at 1 ug/well, followed
by blocking with 1% (w/v) albumin. Antibodies
diluted in 5% (w/v) skimmed milk solution were
added to the wells and incubated overnight at
4°C, washing four times with washing buffer
(0.05% Tween 20 in phosphate buffered saline,
pH 7.4), then reacted with anti-rabbit immuno-
globulin—horseradish peroxidase conjugate for 1
h at 37°C. Finally, after washing phenylenediam-
ine dihydrochloride (OPD) was added as sub-
strate and the absorbance was measured at 492
nm.

Affinity chromatography

Sera were bled on the 68th day from rabbits
immunized by the branched peptide. The im-
munoglobulin was purified from pooled sera by
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DEAE-cellulose ion-exchange chromatography
[8]. Affinity separation was performed on a
column prepared by coupling the purified im-
munoglobulin to CNBr-activated Sepharose (8 X
1 cm). The column was pre-equilibrated with 10
mM Tris buffer, pH 7.5. After removing the
unbound fraction, the bound fraction was eluted
with 100 mM triethylamine, pH 11.5. These
collected fractions were neutralized with 0.5 M
HCI immediately.

Protein estimation

Protein estimation was performed according to
the method of Bradford [9] using the reagents
purchased from Bio-Rad Labs.

SDS-PAGE and Western blotting

SDS-PAGE was carried out based on Laemm-
li’'s procedure [10] and the separated proteins
were visualized by Coomassie Brilliant Blue or
silver staining. Western blotting was performed
at room temperature and 30 V overnight using a
mini-transblot cell (Bio-Rad Labs.). The blotting
membrane was blocked with 5% (w/v) skimmed
milk powder before being incubated with anti-
rhLT antibody overnight at 4°C. This was fol-
lowed by incubation with anti-rabbit antibody-

144

Fig. 1. The apparent molecular mass of branched epitope on
SDS-PAGE. Lanes: 1. 2 =branched epitope: 3 = molecular
mass markers (M, indicated in kilodalton).

horseradish peroxidase conjugate (Silenus Labs.)
for 1 h at room temperature. The membrane was
finally developed with 4-chloro-1-naphthol.

3. Results and discussion

3.1. Multiple antigen peptide of human
lymphotoxin epitope

Peptide mapping studies of rhL'T showed that
the peptide with the sequence
FQLTQGDQLSTHTDGI (residues 139-154,
molecular mass 1761) displayed the strongest
antigenicity when cross-reacted with anti-hL'T
antibodies among the rhLT fragments investi-
gated. This peptide was subsequently shown to
contain an epitope, FQLTQGDQL, residues
139-147 of this cytokine [2]. This 16 amino acid
residue peptide FQLTQGDQLSTHTDGI was
synthesized as an 8-branched MAP to elicit anti-
peptide antibodies. The branched peptide dis-
played a single broad peak on reversed-phase
HPLC and gave the expected amino acid compo-
sition (data not shown). SDS-PAGE analysis
showed that it had a higher apparent molecular
mass of approximately 26 000 (Fig. 1) as com-
pared to the expected value of 14100

0.4

0.3

0.2

A 492 nm

0.1 4

0.0 T T T
0 50 100 150 200

Days
Fig. 2. Specific binding of antibodies to parent protein, rhLT.
O = antibody vs. branched epitope; @ = antibody vs. conju-
gate of epitope-hemocyanin; A = antibody vs. the linear
peptide-carrying peptide.
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(FOLTQGDQLSTHTDGI x 8 = 1761 X 8). This
could be due to the extensive branching of the
MAP which may have in some way retarded the
mobility of the peptide and/or reduced the
expected stoichiometric binding of SDS (1.4 g
SDS/g protein) to the peptide.

3.2. Anti-peptide titre and specificity of rabbit
antibody

For comparison, the immunogenicity of the

branched peptide was compared with that of two
other immunogenic methods: peptide coupled to

(A)

Marker

94 ~
67

43
30

20.1
14.4

(B)

hemocyanin and the linear peptide itself being
used as the immunogens. The results showed
that significant antibody titres were obtained in
the branched peptide and peptide—hemocynin
groups after 6-8 weeks, whereas there was little
response being observed in the linear peptide
group after the same period of time.

ELISA was carried out to evaluate the specific
binding of the antibodies to rhLT. Although
both antibodies from the branched peptide and
the peptide—hemocynin conjugate displayed
specific binding to rhLT, the antibody from the
branched one exhibited a stronger response (Fig.

~«— hLT

 ~a— hLT

Fig. 3. SDS-PAGE (A) and Western blot (B) of the fractions derived from affinity chromatography. Lanes: 1 = purified rhLT (as
standard); 2 = bound fraction; 3 = unbound fraction; 4 = cell lysate before separation. M, indicated in kilodalton.
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2). These results seemed to confirm that branch-
ed epitope are better immunogens in producing
anti-peptide antibodies [11,12].

3.3. Immunoaffinity chromatography

When purified rhLT was applied to the affinity
gel column (prepared by coupling purified im-
munoglobulin against the branched peptide to
activated Sepharose 4B), the parent protein,
rhLT, was adsorbed to the column quantitatively
and the capacity of the affinity gel was propor-
tional to the amount of antibody coupled to the
gel matrices (data not shown).

When the cell lysate containing rhLT obtained
from recombinant E. coli HB101 cells was
loaded directly onto the affinity column without
any pretreatment, the rthLT was also specifically
retained. The bound fraction could be easily
recovered by applying elution buffer. Fig. 3
shows the SDS-PAGE (A) and corresponding
Western blot (B) profiles of the bound and
unbound fractions obtained from this chromato-
graphic separation step. It clearly demonstrated
that rhLT was separated from most of the E. coli
proteins in a single step. These separations were
highly reproducible and more than 100 runs were
performed in the same column without any
decrease in efficiency.

The results reported here demonstrated that a
protein epitope synthesized as a branched pep-
tide is a valuable alternative for eliciting anti-
peptide antibodies as affinity ligands for protein
purification. Although it was reported that some
synthetic linear peptides might be good immuno-
gens [13], other peptides, such as the peptide
used in this study (residues 139-154 of hLT),
was unable to induce antibody production effi-
ciently. Some procedures, such as coupling of
the pure peptide to a carrier protein or by
peptide cyclization, were used to overcome this
problem [14], but these methods often need
additional chemical manipulations and exhibit
variable efficiency on a case to case basis. On the
other hand, a branched epitope peptide can
enhance the immunogenicity without introducing
extra foreign sequences. Moreover, the branched

peptide can be synthesized automatically on a
peptide synthesizer.

Recently several more rapid epitope mapping
methods have been developed [15]. Some of
these methods are based on the so-called random
peptide library approach in which epitope map-
ping is performed without any prior knowledge
of the protein sequence [16,17]. As the branched
epitope procedure can be readily linked with
epitope mapping to produce biospecific ligands
for affinity chromatography, this may lead to a
wider application of anti-epitope antibodies for
protein purification in the future.
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Abstract

A reversed-phase high-performance liquid chromatographic method has been developed for the analysis of
purine and pyrimidine bases, uric acid and nucleosides largely relating to the purine synthetic and degradation
metabolic pathways, with particular attention to the separation of hypoxanthine, xanthine and guanine. Complete
separation and quantitation of the purines has been accomplished in the nanogram-microgram scale on
conventional 4.6 mm I.D. columns with a standard gradient HPLC instrumentation as well as on 1 mm L.D.
microbore columns with a dedicated isocratic micro-HPLC system using a dioxane—sodium acetate buffer. For the
definite identification of components in excreta of ticks a GC~-MS method has been described involving formation
and GC of the trimethysilyl derivatives on a 25-m DB-5 column directly coupled with an ion trap detector. The
methods are demonstrated on the analysis of the purine metabolites having an assembly pheromone effect on
argasid ticks.

1. Introduction

Blood-feeding arthropods living on high pro-
tein diet, such as ticks, excrete relatively high
amounts of nitrogenous metabolites into the
environment, in particular hematin and purine
bases [1-4]. An interest in products of the purine
metabolism has recently been stimulated by the
finding that certain purine compositions excreted
by argasid ticks represent their assembly phero-

* Corresponding author.
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mones which induce ticks’ clustering in natural
habitat [5-7]. Since ticks obtain food in variable
long-term intervals, the concentration of indi-
vidual purines in physiological fluids, excretory
organs and waste material varies with their
physiological stage. As a result, assembly effica-
cy of the pheromone composed of guanine
(Gua), hypoxanthine (Hyp) and xanthine (Xan)
is also affected and there is a need of reliable
monitoring of large-range purine levels in the
excretory products of various arthropods by a
sophisticated analytical method [6].

© 1994 Elisevier Science B.V. All rights reserved
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With the advent of high-performance liquid
chromatography (HPLC) accurate and sensitive
analysis of small nucleic acid constituents in
physiological samples has become a routine
technique. A number of studies has appeared on
this subject including those dealing with the
separation of intermediates of purine metabolism
(see, e.g. reviews [8,9]). The experimental
knowledge accumulated in recent years shows
that reversed-phase (RP) HPLC is particularly
suited for the separation of purine metabolites.
Generally, octadecylsilica packing materials and
0.001-0.1 M potassium dihydrogenphosphate or
sodium acetate buffers with a methanol gradient
as a mobile phase have been most widely used
for the analysis of this class of compounds [8-
15].

Searching a suitable analytical method for the
determination of purines in our samples of tick
excretory products we encountered that guanine,
xanthine and hypoxanthine are eluted very close
together on the RP-HPLC columns [11-14] so
that their separation is difficult, particularly if
one component predominates. The present in-
vestigation was therefore undertaken to develop
a RP-HPLC method with emphasis on the sepa-
ration of the three purines in a large range of
concentrations. We also examined 1 mm I.D.
microbore columns and a micro-HPLC dedicated
instrumentation to this subject. As a com-
plementary method, identity of individual com-
ponents in the excretory samples was confirmed
by gas chromatography (GC)-mass spectrometry
(MS) using an ion-trap detector.

2. Experimental
2.1. Chemicals

Purine and pyrimidine bases, uric acid and
nucleosides were obtained from: guanine (Loba
Chemie, Fischamend, Austria), uric acid, hypo-
xanthine, adenosine, xanthosine, inosine,
guanosine, thymidine, cytidine, uridine, cyto-
sine, thymine, uracil (Merck, Darmstadt, Ger-
many), guanine hydrochloride, xanthine,
adenine (Lachema, Brno, Czech Republic). Sol-

vents and other chemicals were purchased from:
acetonitrile  (Fluka, Buchs, Switzerland),
pyridine (Loba Chemie), methanol, dichlorome-
thane, n-butanol, n-hexane, sodium acetate,
phosphoric acid, hydrochloric acid (Lachema),
bis(trimethylsilyl)trifluoroacetamide =~ (BSTFA)
(Supelco, Gland, Switzerland). Water, organic
solvents and buffer solutions used in HPLC were
filtered through a 0.22-pum Durapore membrane
(Millipore, Bedford, MA, USA). Pyridine and
acetonitrile were dried and distilled before to
use.

2.2. Sample treatment

Sample collection and bioassays have been
described elsewhere [6]. Collected waste excreta
of ticks (about 3 mg) were dissolved in 10%
H,PO, and further diluted to the final 1%
H,PO,. After centrifugation, 10 ul or 0.5 ul
(micro-HPLC) aliquots were injected into the
HPLC devices. Physiological fluids (coxal fluid,
haemolymph) were analysed directly without
dissolution in H,PO,. In order to study mutual
ratios of purines on the surface of spherulic
excrements, distilled water and 1% NaCl solu-
tion were utilized as extraction reagents instead
of H,PO,.

2.3. HPLC instrumentation

HPLC system [

Studies with conventional packed columns
were carried out on a Varian Vista 5500 ap-
paratus (Varian, Walnut Creek, CA, USA)
equipped with a 10-u1 injection valve (Rheodyne
7126); a UV-200 variable-wavelength detector set
at 254 nm and a DS-604 data station. The
column was a Hypersil ODS; 5 um, 250 mm X
4.6 mm I.D. (Keystone Scientific, Bellefonte,
PA, USA); placed in an oven thermostatted to
30°C. Solvent A was 0.004 M sodium acetate pH
4.5, solvent B was destilled water, solvent C was
acetonitrile—water (80:20). Isocratic elution was
with a mixture A-B (10:90) for 10 min, then a
15-min linear gradient to C-B (10:90) was used.



P. Simek et al. | J. Chromatogr. A 679 (1994) 195-200 197

A constant flow of 1.00 ml/min was maintained
during the analysis.

HPLC system 11

The micro-HPLC system used in this work was
a Carlo Erba Instruments System 20 (Carlo
Erba, Milan, Italy) consisting of a single micro-
processor-controlled syringe pump (Phoenix 20),
a 0.5-ul injection valve (Rheodyne 7520); a
variable-wavelength UV-visible detector (Micro
UVIS 204) set at 254 nm and a SP 4270 inte-
grator (Spectra-Physics, Darmstadt, Germany).
An Alitech C,; (P.N. 8005) column was used,
packed with the Carbosieve C;; HS 5V; 5 pum,
250 mm X1 mm L.D. (Alltech, Deerfield, IL,
USA), held at room temperature. The analyses
were performed in the isocratic mode using a
0.8% solution of dioxane in 0.5 mM sodium
acetate, pH 5.5. The flow-rate was 25 ul/min.

2.4. Derivatization procedure for GC-MS
analysis

About 0.25 mg of the ticks’ excrements were
placed in 2-ml Micro reaction vials (Supelco) and
dried at 80°C for 1 h. A freshly prepared mixture
of BSTFA-pyridine (1:1, v/v) was added (150
w11). The vials were capped with PTFE-lined caps
and heated in an oil bath at 150°C for 30 min.
After cooling, 1-u1 aliquots were analysed.

2.5. GC-MS

GC~MS was carried out on a Varian 3400 gas
chromatograph (Varian, USA) directly coupled
to an ion-trap detector I'TD 800 (Finnigan-MAT,
San Jose, CA, USA). Compounds were sepa-
rated on a 25 mx0.25 mm I.D. DB-5 fused-
silica capillary column (J&W Scientific, Folsom,
CA, USA). The operation conditions were:
injector temperature 260°C, split 20:1; helium
carrier gas velocity about 1 mi/min; column
temperature programme, typically: 1 min hold at
90°C, then 10°C/min to 260°C, 15 min hold;
transfer line temperature 260°C on average. The
ITD 800 was operated under the automated gain
control; the mass range 70-650 u was scanned
every 1 s.

3. Results and discussion

3.1. HPLC separation of hypoxanthine,
xanthine and guanine

The complete separation of the Hyp/Xan/Gua
trio was accomplished by the isocratic RP-HPLC
system [ on a carefully selected 4.6 mm L.D.
octadecylsilica column as shown in Fig. 1a and c.
Separation of bases together with nucleosides
was performed using a methanol-sodium acetate
buffer gradient elution (Fig. 2). The column
must be thermostatted in order to obtain re-
producible retention of components, particularly
nucleosides.

Preliminary experiments revealed that resolu-
tion of purines is largely influenced by the ionic
strength and pH of buffer, organic modifier and
also the performance of the manufactured col-
umn. The desired resolution of the components
was only achieved by means of diluted butfers
below the concentration of 5 mM. The capacity
factors of the purines decrease with increasing
pH and, under the condition used, optimal
resolution was reached either at pH 5.1 (Fig. 1c)
or below pH 4.5 (Fig. 1a).

Having tested various columns in our labora-
tory, we ascertained that optimization of the ion
strength and pH failed in most cases, €.g., also
with our microbore column. Fortunately, res-

AZSL

I L L

B B ml
0 s 1 o0 s 1 0 5 1 0 5 10

TIME [min]
Fig. 1. Elution profile of Hyp (1), Xan (2) and Gua (3).
HPLC system I; ODS Hypersil (250 X 4.6 mm L.D., 5 pwm)
column, isocratic elution with water-4 mM sodium acetate
(9:1, v/v), pH: (a) 4.2, (b) 4.8, (c) 5.1, (d) 7.4; flow 1.0
ml/min, detection at 254 nm. Amounts injected: 7.8 (1), 18.2
(2) and 24.5 (3) ng.
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A251.

1

0 5 10 15 20 25 30
TIME [min)

Fig. 2. Elution profile of bases and nucleosides. HPLC
system I; ODS Hypersil (250 X 4.6 mm I.D., 5 pm) column,
gradient elution, for conditions, see Experimental. Peaks:
1=uracil; 2=Hyp; 3=Gua; 4=Xan; S=uridine; 6=
thymine; 7 = xanthosine; 8 = inosine; 9 = guanosine; 10=
adenosine.

olution can further be increased by using an
organic modifier.

We experimented with the dioxane—sodium
acetate mobile phase, since retention of guanine
on the reversed-phase packing materials is selec-
tively affected by interaction with this solvent
[11]. As an example, the. complete separation of
the Hyp/Xan/Gua trio using the isocratic sodi-
um acetate—dioxane elution on a 1 mm I.D.
octadecylsilica RP-HPLC column (micro-HPLC
system II) is shown in Fig. 3a.

Detection limits were estimated to be about
1-2 ng for purine bases with HPLC system I.
The use of buffers with low pH values (below pH
4.5) caused the increase of the guanine tailing
(Fig. 2) and thus the decrease of its detection
limit to 4 ng. The relationship between the
concentration and the peak area of these com-
pounds was linear from 10 ng to 100 ug. Detec-
tion limits for adenine and nucleosides were
about 2 ng and 0.7-1 ng, respectively. With the
micro-HPLC system II the detection limits were
somewhat lower; about 200 pg for the particular
purine (S/N=2). The standard curves were
linear over three orders of magnitude from 1 ng
to 50 ug of each purine with a correlation
coefficient of 0.998.

_A254

————— ———
0 10 20 0 10 20
TIME [min}

Fig. 3. Separation of the purine triplet Hyp/Xan/Gua on a 1
mm [.D. microbore column. Micro-HPLC system II; Alltech
C; (250 X1 mm I.D., 5 um) column, isocratic elution with
0.5 mM sodium acetate pH 5.5 containing 0.8% (v/v)
dioxane; flow 25 wl/min, detection at 254 nm. (a) Standard
solution: 1=Hyp, 2= Xan, 3 = Gua; amounts injected 3.1,
2.9 and 2.6 ng, respectively. (b) Real sample of tick excreta
of Argas persicus, Hyp (1), Xan (2), Gua (3).

3.2. Analysis of tick excretory products

Because of the poor solubility of guanine in
water, aqueous acids were used for complete
solubilization of the excreta. Since uric acid was
found in excreta in low concentrations which are
readily dissolved in 10% H,PO,, its quantitation
is also possible. At higher concentrations, uric
acid can be determined by a HPLC method using
alkaline buffers [16]. Since guanine predomi-
nates in the excreta of ticks, the buffer with a pH
below 4.2 (Fig. 1a) could only be used for
simultaneous quantitation of Xan, Hyp and Gua
due to the unfavourable resolution of the com-
ponents with the increase of its concentration.
However, if the dioxane-acetate buffer is em-
ployed, the desired resolution of purines can be
accomplished at pH 5.5 as documented in Fig. 3b
on the analysis of the excrements of the tick
Argas persicus.

Mutual ratios of the purines in the excreted
spherules produced by Argas persicus were
found to be about 2% for Hyp and 1-10% with
respect to the total amount of Gua (as 100%)
found as the principle component of the assem-
bly pheromone [5]. The composition of tick
excreta varied slightly with their aging; the
concentration of xanthine increased particularly
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on the surface of excreted spherules, which was
accompanied with the decrease of their
pheromonal activity. Some species of ticks were
found to have similar purine contents in waste

excreta (Ornithodoros moubata, O. tartakovskyi)

or slightly different in concentration of Hyp and
Xan (Argas reflexus, A. polonicus) [6,7]. Thus,
assembly effect of purine pheromones is poorly
specific for different tick genera or species.
Using the gradient method with HPLC system I,
guanosine was found in the excreta of ticks in
some cases in the quantity not exceeding about
0.1% with respect to the total amount of Gua.
The excretion of energetically rich nucleosides is
unusual and, to our knowledge, has not been
reported so far.

Identity of the compounds in the tick waste
material was further established by a GC-MS
method after trimethylsilylation. GC-MS analy-
sis of the standard mixture of nucleic acid con-
stituents of interest and a representative sample
of the ticks’ waste excreta is shown in Fig. 4 and
5, respectively. All glassware used must be
presilylated to avoid adsorption of purines on the
surfaces. Since most trimethylsilyl derivatives of
purines (with the exception of uric acid) tend to
react with active sites in capillary columns, the
column must be carefully selected, as in the case
of the HPLC method. A short, 10-12-m fused-
silica capillary column coated with SE-54 was
recommended for analyses of DNA bases [17].
We used a longer, 25-m DB-5 fused-silica col-
umn in order to achieve complete separation of
the closely eluting uric acid and guanine peaks.

100%

TIC |

100°.
e |

400 450 500 SeA

13:22 15:02 16:42 min

Fig. 5. Representative GC-MS TIC chromatogram obtained
from the analysis of the waste excreta of the tick Argas
persicus. Peaks: 1=Hyp; 2= Xan; 3 =uric acid; 4 = Gua.
Temperature programme: 90°C, 1 min hold, 10°C/min,
170°C, 6°C/min, 260°C.

Under such conditions some purine exhibited
slight tailing. Nevertheless, peak area ratios of
the found purines were in fairly good accordance
with the results obtained by RP-HPLC. The
detection limit for the GC-MS method was
estimated to be about 100 pg per each purine
injected by measuring the peak area representing
the characteristic M™" or (M — 15)" ions. Due to
the high sensitivity of the ion-trap detector in the
full scan mode identification can be easily ob-
tained in the low nanogram range by matching
characteristic electron impact mass spectra of the
components with the standard mass spectral
libraries such as the US National Bureau of
Standards library (the ITD 800 standard option).
Thus, the presence of Hyp, Xan, Gua and uric
acid was unequivocally proved in the waste
excreta of argasid ticks [6].

10

12

LAA AR AR R SRR R R R R R R RERERE R AR AN EA AR RN RA AN RARR RA LA RE SN RE A RE RE | |‘T'—['|'l‘ LA S B S I A A0 00 A B4 R B BA A B3 DA BA AR & RE B4
200 300 400 600 700 soo_ SCAN
6:42 10:02 13:22 20:02 23:22 26:42 mn

Fig. 4. GC-MS total ion current (TIC) chromatogram of bases, uric acid and nucleosides as trimethylsilyl derivatives. Peaks:
1 = vracil; 2 = thymine; 3 = cytidine; 4 = Hyp; 5 = adenine; 6 = Xan; 7 = uric acid; 8 = Gua; 9 =inosine; 10 = adenosine; 11 =
xanthosine; 12 = guanosine. Capillary column DB-5, 25 m. A 20-ng amount of each component was injected. Split injection 20:1.
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4. Conclusions

RP-HPLC separation of hypoxanthine, xanth-
ine and guanine is largely dependent on the
octadecylsilica sorbent used for the column pack-
ing. Using a suitable batch of reversed-phase
material, simultaneous separation of the purines
and related nucleosides has been accomplished.
However, in a large range of concentrations, e.g.
if one purine component predominates in sample
as it is in the case of the ticks’ excretory prod-
ucts, the use of dioxane modifier can further
enhance the resolution of the components re-
quired for quantitation. The method has been
proved valuable in the determination of the
purine trio in excretory products showing an
assembly pheromone effect on the family of
argasid ticks.
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Abstract

Methylene chloride—dichloroacetic acid (80:20, v/v) is used as a room-temperature size-exclusion chromatog-
raphy eluent for a variety of nylons. The eluent was previously shown to be suitable for poly(ethylene
terephthalate), and this application shows its utility for other polymer classes that are difficult to solubilize.
Absolute molecular masses are measured by low-angle light-scattering detection, and a means is provided for
generating narrow-standard calibration curves from polystyrene standards.

1. Introduction

Four approaches have been taken in the
characterization of nylons by size-exclusion chro-
matography (SEC):

(1) High-temperature SEC in phenolic sol-
vents [1-3], benzyl alcohol [4-6] or hexa-
methylphosphoramide [7-9].

(2) SEC in common solvents such as tetrahy-
drofuran after solubilization by trifluoroacetyla-
tion [10-16].

(3) SEC in fluorinated alcohols such as tri-
fluoroethanol [17-22] and 1,1,1,3,3,3-hexa-
fluoroisopropanol (HFIP) [9,23-25].

(4) SEC at room temperature in mixed sol-
vents such as m-cresol-chlorobenzene [3] or
HFIP-toluene [26].

Each approach has advantages and disadvan-

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00516-C

tages discussed in most of the papers referenced
above. Methylene chloride—dichloroacetic acid
(DCAA) (80:20, v/v), containing 0.01 M tetra-
butylammonium acetate (TBAA) is an alterna-
tive for room-temperature SEC of crystalline
polyesters such as poly(ethylene terephthalate)
(PET) [27]. The solvent pair is nearly isorefrac-
tive, allowing the use of light-scattering detec-
tion. It does not significantly degrade PET,
polystyrene standards are suitable for calibra-
tion, it is used at room temperature, and it is
comparatively inexpensive. Application to
nylons is a logical and practical extension of its
use; some of these polyamides are soluble only
in solvents that dissolve PET. The intent of this
study is to evaluate this cluent originally de-
veloped for PET, without modification, with the
practical objective of using the same solvent and
SEC system for both crystalline polyesters and
polyamides.

© 1994 Elsevier Science B.V. All rights reserved
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2. Experimental
2.1. Sample preparation

Narrow molecular mass distribution poly-
styrenes were obtained from Polymer Labs.
(Ambherst, MA, USA). Nylon 6,6, 46K and 32K
standards were obtained from American Poly-
mer Standards (Mentor, OH, USA). All other
nylon samples were obtained from Scientific
Polymer Products (Ontario, NY, USA). Typical-
ly, 25 mg of nylon were dissolved at room
temperature in the SEC eluent containing 0.01%
1-chloro-2,4-dinitrobenzene as a flow marker.

2.2. Size-exclusion chromatography

The SEC was similar to that described for PET
[27]. Eluent was methylene chloride-DCAA
(80:20, v/v) containing 0.01 M TBAA. The
nominal flow-rate was 1.0 ml/min, and sample
injection volumes were 100 pl. A Spectroflow
757 UV detector operating at 310 nm, an LDC
Analytical KMX-6 low-angle laser-light-scatter-
ing (LALLS) photometer, and a Waters Model
401 differential refractive index (DRI) detector
were connected in series after the columns. The
SEC columns and DRI detector were thermos-
tated to 30.0°C. The UV and LALLS detectors
were operated at room temperature. All light-
scattering intensities were measured at 6-7° with
an aperture of 0.15 mm. Flow-rates were cor-
rected using the UV chromatogram and the
retention volume of the 1,2-chloro-2,4-dinitro-
benzene flow marker.

3. Results and discussion
3.1. Dissolution and solution properties

Nylon pellets dissolve in the methylene chlo-
ride-DCAA (80:20) eluent at room temperature
in less than 1 h at a concentration of 2.5 mg/ml.
There is no evidence for phase separation at this
polymer concentration, even after several days in
solution. Dilute solution viscosity is adequately
fitted by the conventional relationships of

specific, N> and reduced, m,, viscosity with
concentration, c:

N = lc + k' []c? €]

In 7, = [n)c + k"M]*c* @)

The intrinsic viscosity [n] of a nylon 6 sample
with weight-average molecular mass of 24 800 is
0.643 dl/g, k' =0.39 and k"= —0.13. It is pos-
sible to use less DCAA acid for SEC; nylon 6,
6/6, 6/9, 6/10, and 6/12 are soluble at a con-
centration of 2.5 mg/ml in dichloromethane
containing 5% (v/v) DCAA. Nylon 11 and nylon
12 require a minimum of approximately 10%
dichloroacetic acid. SEC results in these eluent
compositions have not been investigated exten-
sively; instead, our objective is to show the
general utility of a single solvent system (methyl-
ene chloride-DCAA, 80:20) for both crystalline
polyesters and nylons.

3.2. Chromatography

Typical LALLS and DRI chromatograms of
nylon 6,6 are shown in Fig. 1. A small peak in
the DRI chromatogram from TBAA appears
near the solvent peaks. This salt eliminates
polyelectrolyte effects in polar solvents and is
necessary for reproducible elution of PET. Its
necessity for nylons has not been established.
The salt does not absorb above 300 nm and the
interference is not observed with a UV detector
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Fig. 1. LALLS and DRI chromatograms of nylon 6,6 46K.
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for PET and nylon 6T. However, UV detection
cannot be used with this solvent for aliphatic
nylons, and the low-molecular-mass information
(e.g., number-average molecular mass) obtained
from the DRI is limited if the salt is present. A
similar problem exists with SEC of aliphatic
nylons in HFIP with sodium trifluoroacetate [9].

Previous experience with PET suggests that
sample degradation is most likely at high tem-
peratures, with water concentrations greater
than 1% (v/v), and with standing in the eluent
for greater than four days. Degradation or trans-
amidation is also a concern for nylons in an
acidic eluent. There is no discernible difference
in the normalized chromatograms of nylon 6
samples that sat for 48 h in the eluent at room
temperature. Unlike PET, there is also no
change in nylon 6 after exposure for 48 h to
eluent containing 4% water. Stability at high
temperatures is not an issue since all nylon
samples are dissolved and analyzed at room
temperature. The results show that sample deg-
radation in the eluent is less important for nylons
than for PET.

3.3. Specific refractive index increment

The specific refractive index increment of
nylon samples is estimated from the differential
refractometer response by the method of Ber-
kowitz [28]. This method was successfully ap-
plied to PET in this eluent [27]. We note that the

differential refractometer used in the previous
study (Waters Model 410) developed leaks
around the inlet fittings after approximately nine
months of continuous use. The older and simpler
Waters Model 401 has fewer inlet fittings and is a
sturdier substitute with this eluent, which is
corrosive to some stainless-steel ferrules. Specific
refractive index increments of nylons are given in
Table 1.

3.4. Light-scattering detection

Absolute molecular masses are calculated
from the excess Rayleigh scattering, R, , and the
signal from a concentration detector (either UV
or DRI) ¢, at each eluting slice i,

Kc, 1

1

Re,i - Mw,iP(O)i

+2A,c,+3A,0 + ... (3)

where K is the light-scattering optical constant,
P(8), is the particle scattering function and A,
and A, are virial coefficients. The weight-aver-
age molecular mass (M) of the whole polymer
(values reported in Table 1) is obtained from
either the light-scattering signal alone (no DRI)
or from summation of the molecular masses and
concentrations at each slice i of the chromato-
gram, as described in Ref. 27. Results reported
in Table 1 are from integration of the light-
scattering chromatograms (no DRI). Precision is
comparable to that obtained for PET. There is

Table 1

SEC-LALLS of nylons

Sample No. of samples dn/dc * (ml/g) M, B, B,
Nylon 6 10 0.180 = 0.006 24 800 = 1000 -0.372 1.005
Nylon 6,6 46K 10 0.188 = (.008 41 400 = 1300 —-0.758 1.067
Nylon 6,6 32K 10 0.194 = 0.007 31 100 =900 -0.379 1.001
Nylon 6,6 8 0.182 +0.012 33 000 = 1300 —0.657 1.053
Nylon 6,9 10 0.163 = 0.002 30 500 = 1200 - 0.678 1.082
Nylon 6,10 4 0.163 = 0.002 33 700 = 450 -0.703 1.094
Nylon 6,12 10 0.149 = 0.002 25 700 = 700 —-0.128 0.963
Nylon 11 6 0.133 +0.002 26 000 = 900 —1.339 1.197
Nylon 12 6 0.133 +0.004 28 200 = 900 —0.460 1.009
Nylon 6T 8 0.201 = 0.003 36 800 = 400 —0.403 1.021

* Specific refractive index increment.

® Weight-average molecular mass from SEC-LALLS.
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reasonable agreement with vendor values for
nylon 6,6 with weight-average molecular masses
of 46 000 (46K) and 32 000 (32K).

3.5. Calibration curves from light-scattering
detection

Size-exclusion calibration curves can be estab-
lished from the relationship between nylon mo-
lecular mass, M,, and standard molecular mass,
M

log M, =B, + B, log M, “4)

The constants B, and B, are obtained by
plotting the polystyrene log M-retention volume
calibration curve versus the log M-retention
volume curve for nylon measured by light-scat-
tering detection [29]. A similar approach has
been used to convert poly (methylmethacrylate)
(PMMA) equivalent molecular masses to nylon
molecular masses in HFIP with supporting elec-
trolyte [30]. Viscosity measurements and direct
application of universal calibration are not re-
quired. Calibration curves for nylons are ob-
tained by calibrating the column set with narrow
molecular mass distribution polystyrene stan-

2 1 1 i 1. 1 J
16 18 20 22 24 26 28
Ret. Vol. (m!)
Fig. 2. Narrow standard calibration curves for (@) poly-
styrene and (Q) nylon 6,6.

dards. Polystyrene molecular masses are con-
verted to nylon molecular weights using Eq. 4
and the constants provided in Table 1. A typical
nylon 6,6 calibration curve is compared to poly-
styrene in Fig. 2. This calibration curve allows
calculation of absolute molecular mass distribu-
tions from a concentration detector only.

4. Discussion

The eluent composition is optimized for PET
and related crystalline polyesters and may not be
optimized for nylons. As evaluated, the eluent is
compared with the four other approaches for the
SEC of nylons:

(1) Operation at room temperature is desir-
able. There is also no evidence for polymer
degradation; this is a concern in phenolic sol-
vents at high temperatures.

(2) There is no derivatization step. In the case
of trifluoroacetylation, some workers have cited
differences in results depending on the degree of
acetylation and complications in the calculation
of molecular masses by universal calibration
[12,14]. Trifluoroacetyl derivatives are also sensi-
tive to moisture and the eluents must be careful-
ly dried.

(3) The solvent is less expensive than fluori-
nated solvents. However, it causes skin burns
and it is corrosive to stainless steel after long-
term use. Typically, connecting tube fittings
(especially ferrules) and pump parts will require
replacement after 6~9 months of continuous use.
We have been unsuccessful using viscometry
detection because of flow fluctuations that de-
velop from minor leaks in and about viscometer
detectors. It is noted, however, that fluorinated
solvents such as HFIP also pose significant safety
hazards, particularly to the eyes.

(4) Criticism of mixed solvents, including
sensitivity to changes in eluent composition,
selective solvation and complications with light-
scattering detection and DRI baseline stability
are minimized with methylene chloride-DCAA.
There is little difference in chromatograms ob-
tained at 20% and 10% DCAA [27], and the
solvent pair is nearly isorefractive, making it
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suitable for light-scattering. Acceptable DRI
baselines are easily established and remain sta-
ble. Specific refractive index increments in this
eluent are lower than in fluorinated solvents such
as HFIP, thereby reducing the sensitivity of light-
scattering detectors. However, it is relatively
easy to obtain low scattering background with
the higher solvent refractive index and LALLS
cell windows require infrequent cleaning.

5. Conclusions

The methylene chloridle-DCAA eluent used
for crystalline polyesters such as PET can also be
used for the SEC of nylons at room temperature.
There is no evidence for degradation of nylons in
this solvent, and absolute molecular masses are
obtained from light-scattering detection. To its
disadvantage, the low-molecular-mass region is
difficult to quantitate in aliphatic nylons because
of interference from TBAA.
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Abstract

Two different mixtures have been analyzed by CE-UV-MS using selected ion monitoring (SIM) conditions to
evaluate whether this technique can detect trace impurities in such mixtures. The first mixture consisted of two
bioactive peptide analogues which included Lys—bradykinin (kallidin) and Met—Lys—bradykinin. The presence of
0.1% Lys-bradykinin was detected by SIM CE-MS but not by CE-UV at the 0.1% level as it migrated from the
capillary column prior to the major component, Met-Lys-bradykinin. The second mixture consisted of two
antibacterial alkaloids, berberine and palmatine. The presence of 0.15% palmatine was detected by CE-UV and
SIM CE-MS at the 0.15% level as it migrated from the capillary column following the major component,
berberine. These results suggest that SIM CE-MS offers the necessary separation efficiencies and sensitivity to
provide a complementary analytical determination of trace components in such sample mixtures.

1. Introduction

Capillary electrophoresis—mass spectrometry
(CE-MS) offers a promising technique for bio-
medical and biochemical studies to characterize
biomolecules and other compounds of interest
[1-7]. In the chemical, pharmaceutical and bio-
technology industries there frequently is a need
for the characterization of trace impurities in
products or product formulations. To deal with
these needs reports have appeared from several
bioanalytical investigators who have attempted
to characterize the impurities in peptides as well
as drugs and drug products. These include a

* Corresponding author.
* Present address: PerSeptive Biosystems, Inc., 38 Sidney
Street, Cambridge, MA 02139, USA.
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SSDI 0021-9673(94)00572-Q

report of the determination of a 0.1% impurity
in a synthetic peptide [8], a 0.075% impurity in a
nicardipine drug substance [9], a 0.1% drug
steroid impurity [10] and a 1% anticancer drug
minor impurity [11]. A recent report using CE~
MS described the determination of an impurity
in biological matrices where the synthetic pep-
tide impurity was identified and quantitated at
the 0.7% level [12]. This report prompted us to
further explore the analytical utility of CE-MS
for the determination of trace level impurities in
biological samples.

In this CE-MS investigation, two bioactive
peptide analogues, Lys—bradykinin (kallidin)
and Met-Lys—bradykinin, which are important
compounds for dealing with pain as well as
inflammation, were detected by CE-UV-MS
under selected ion monitoring (SIM) conditions.

© 1994 Elsevier Science B.V. All rights reserved
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Moreover,” SIM CE-MS was also used to
monitor trace levels of one antibacterial iso-
quinoline alkaloid, palmatine, in the presence of
the other, berberine. These compounds are
found at low levels in the bark of Phellodendron
chinese Schneid. [13,14]. Comparisons of differ-
ent relative levels of Lys—bradykinin and Met—
Lys—bradykinin as well as berberine and pal-
matine were explored by CE-UV-MS to evalu-
ate the potential of CE-MS to detect a trace
impurity in such sample mixtures.

2. Material and methods

2.1. Chemicals

Bradykinin (Arg—Pro—Pro—Gly-Phe-Ser—
Pro-Phe-Arg, M, =1060.2), Lys—bradykinin
(M, =1188.4, Met-Lys-bradykinin (M, =

1319.6), Ile-Ser—bradykinin (M, = 1260.5), ber-
berine (M, =336.4) and palmatine (M, = 352.4)
were purchased from Sigma (St. Louis, MO,
USA). All solvents, buffers and common chemi-
cals were reagent grade or better and purchased
from Fisher Scientific (Rochester, NY, USA).

2.2. Conditions for ion spray mass spectrometry

A Sciex TAGA 6000E atmospheric pressure
ionization (API) triple quadrupole mass spec-
trometer (Thornhill, Canada) updated to an
API-III with a scan range from m/z 10-2400 was
used for all experiments. The ion spray sprayer
was positioned approximately 1 cm off-axis and 1
cm away from the ion-sampling orifice and
maintained at 4.5 kV with a flow of liquid
nitrogen blow-off nebulizing gas maintained at
45 p.s.i. (1 p.s.i. =6894.76 Pa). Polypropylene
glycol in acetonitrile-water (80:20) (3 mM
NH,OAc) was used for tuning and mass-axis
calibration for each mass-resolving quadrupole
(Q1 and Q3). Electropherograms for peptides
and alkaloids were acquired at a declustering
energy of 60 V and 30 V, respectively. All CE-
MS experiments were carried out in the SIM
mode using the standard PE-Sciex Macintosh-
based software.

2.3. Conditions for CE-MS

A high-performance CE system (Model P/
ACE 2050, Beckman Instruments, Palo Alto,
CA, USA) was used in this study. Separation
was performed on an uncoated 120 cm X 50 pm
I.D. fused-silica capillary (Polymicro Tech-
nologies, Phoenix, AZ, USA).

On-line UV detection (200 nm for the peptides
and 254 nm for the alkaloids) occurred approxi-
mately 17 cm from the inlet of the CE capillary.
The in-house ion spray interface shown in Fig. 1
consists of three concentric capillaries for intro-
ducing a sheath liquid flow and nebulizing gas.
The sheath liquid flow was comprised of 80%
CH,CN and 20% 5 mM NH,OAc at pH 3.5 and
was delivered at 2 ul/min by an infusion pump
(Harvard Apparatus, South Natick, MA, USA).
The three concentric capillaries are coupled with
the two stainless-steel Tee’s [SGE, 1/32 in. (1
in. =2.54 cm), see Fig. 1] for separate but
simultaneous introduction of the sheath liquid
flow and the nitrogen nebulizing gas. This device
affords a robust CE-MS combination coupled
with the ion spray interface. When the concentric
capillaries are appropriately positioned at the tip
as shown in Fig. 1 and the flow of sheath liquid
and nitrogen nebulizing gas are optimized, the
described experiments may be routinely per-
formed. )

The CE separation was accomplished by ap-
plying 30 kV at the anode end-while 4.5 kV was
applied to the cathode via the ion spray interface
high-voltage supply resulting in a potential dif-
ference across the CE capillary of 25.5 kV.
Samples were loaded into the anode end of the
capillary via either a 5-s pressure injection or a
10-s electrokinetic injection at 10 kV. The pres-
sure injection technique was used for 1 mg/ml
samples of the peptides, while the electrokinetic
injection technique was used for the pg/ml
samples of the alkaloids.

All the solutions including the 25 mM
NH,OAc at pH 3.5 for peptides and 100 mM
NH,OAc at pH 4.5 for alkaloids were prepared
fresh daily and filtered through 0.2-um nylon
HPLC syringe filters (Krackler Scientific, Al-
bany, NY, USA) before use.
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Fig. 1. Ion spray CE-MS interface equipped with a coaxial sheath-flow of liquid.

3. Results and discussion

The goal of this work was to determine the
practical CE-UV-MS detection limits for repre-
sentative minor components in simple synthetic
mixtures. Two synthetic mixtures were prepared
for study. One was a binary peptide mixture
where the faster migrating peptide’s concentra-
tion was systematically reduced relative to the
other. This example was chosen to represent an
impurity determination where the minor com-
ponent migrates from the capillary exit before
the major component. The second synthetic
mixture was prepared containing berberine and
palmatine with reduced amounts of the latter,
longer-migration-time component. The minor
component was monitored by CE-UV-MS as
the concentration of this component was reduced
in stages to 0.15% that of the major component.
In each case CE-MS was conducted under SIM
conditions where the abundant protonated mole-
cule ion was monitored.

The corresponding doubly charged ions for the
two peptides chosen for this study, Lys—brady-
kinin and Met-Lys—bradykinin (m/z 595 and
661, respectively) were monitored by SIM fol-
lowing their separation on an uncoated 50 pm
LD. capillary fused-silica capillary column (Fig.
2). Lys-bradykinin and Met-Lys~bradykinin

were selected as a two-component mixture with
lower levels of the former in the presence of the
other. Lys—bradykinin was used as the “impuri-
ty”’ or diminutive component in the presence of
higher levels of Met-Lys—bradykinin. Fig. 2
shows the CE-UV-MS comparison UV and SIM
electropherograms for Lys—bradykinin and Met—
Lys—bradykinin at ratios of 35, 5 and 0.1% by
on-line CE-UV-MS. The Lys—bradykinin com-
ponent present at the 35 and 5% levels in the
binary mixture was readily detected by both UV
and MS detection (see Fig. 2A and B). Although
the peak heights in Fig. 2A appear comparable,
the peak areas are indicative of the 35% level of
the Lys—bradykinin component. It is interesting
to note, however, that the 0.1% level of Lys—
bradykinin is not observed in the CE-UV elec-
tropherogram (Fig. 2C, inset) although it is
readily detected in the corresponding CE-MS
electropherogram (Fig. 2C). This is in part due
to the improved separation afforded in the case
of CE-MS detection where the mixture com-
ponents transit the entire 120 cm of the sepa-
ration capillary prior to detection (see above).
These results demonstrate that CE-MS can be a
complimentary technique to UV for detecting
the presence of trace levels of selected com-
ponents. By CE-MS, however, one has an
increased level of specificity due to the ability to
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monitor one or more ions characteristic of the
target analyte(s). Of course if one has sufficient
sensitivity it may be possible to acquire the full-
scan mass spectrum for an impurity to facilitate
its characterization in the event that it is an
unknown compound.

The second example of combined CE-UV-
MS determination of impurities is shown in Fig.
3. In this case the longer-migration-time com-
ponent was chosen as the “impurity” in a binary
mixture composed of berberine and palmatine.
The percentages of palmatine in berberine in
Fig. 3 were 50, 4 and 0.15%. It should be noted
that both the UV and SIM electropherograms in
these experiments reveal the presence of the
trace component at each level. CE-MS detection
of the minor component at the 0.15% level may
be facilitated by amplification in the y-direction
of the appropriate region in the electrophero-
gram (Fig. 3C). As indicated above the added
specificity benefits of CE-MS include monitoring
ions that are characteristic of the target impurity.
Full-scan mass spectra should also be especially
helpful for characterizing unknown impurities in
mixtures.

In conclusion, the combination of high sen-
sitivity and specificity afforded by CE-MS dem-
onstrated by these studies may provide com-
plementary information for detecting and charac-
terizing diminutive components in synthetic drug
mixtures, drug metabolism profiles, byproducts
of manufacturing and enantiomeric drug prod-
ucts. Recent results from this laboratory suggest
that the determination of chiral mixtures by CE—
MS may provide a new approach to validating
the purity of enantiomeric drugs. Results from
these studies will be published subsequently.
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Practical High-Performance Liquid Chromatography, by V.R. Meyer, Wiley, Chichester, New York,
1993, X1V + 376 pp., price £49.60 (hardbound), £24.95 (paperback), ISBN 0-471-94132-8.

Veronika Meyer’s book on Practical High-Per-
formance Liquid Chromatography appeared in
the original German language in the 7th edition.
The present English version is an updated trans-
lation of the last German edition. These books
give a practical introduction to the principles of
HPLC theory and practice. There are no theo-
retical discussions, and moreover the few equa-
tions required are exemplified and discussed with
real figures and calculations of the important
parameters to demonstrate what the use of a
theory for the practitioner cari—bg. However,
these “Problems” and their solutions sometimes
block the reading of the text, especially when
they apply too simple algebra in too much space
(Problems 22 and 23 may serve as negative
examples). On the other hand, some “Problems”
are summarized in an Appendix.

The introduction to the practice of HPLC is
described via instructive examples. The fun-
damentals are given in a very condensed and
straightforward manner. For those desiring to go
into further detail, supplementary references to

S§DI 0021-9673(94)00580-3

original and review articles are given. Also
included is an extensive summary of review
papers for the separation of individual groups of
components. In more than 40 pages the various
commercially available stationary phases and
columns for dedicated applications are summa-
rized. i

There are minor criticisms on this book. ‘One
is related to the process of preparing consecutive -
editions. Some subjects, still important 15 years
ago (e.g., Fresnel refractometer), are now out of
use, whereas the very important diode-array
detectors are not discussed together with com-
mon UV detectors, but some pages later in the
chapter on ‘“Analytical HPLC”.

Despite these minor deficiencies, the book can
be recommended to every starter in HPLC,
because it gives a good practical introduction to
HPLC with only the important and necessary
theoretical discussions.

H. Engelhardt

Saarbriicken, Germany
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