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QUANTITATION OF ALKYL SULFONATES USING UV DETECTOR
SENSITIVE "ION-PAIR" REAGENTS IN REVERSED-PHASE LIQUID CHROMATOGRAPHY

Bohdan Sachok1 and Stanley N. Deming
Department of Chemistry
University of Houston

and

Brian A. Bidlingmeyer
Waters Associates, Inc.
Milford, Massachusetts 01757

1Presen+ Address:
Stuart Pharmaceuticals
Route 202 and New Murphy Roads
Wilmington, Delaware 19897

ABSTRACT

Amplification of detector response by means of detector-sensitive
ion-pairing reagents demonstrates good sensitivity, linearity, and
precision for the quantitation of alkylsulfonate ions by means of
ultraviolet absorbance detection at 254 nm.

INTRODUCT | ON

UV detection of non-UV-absorbing samples was recently shown fo be

feasible in reversed-phase LC systems by using detector-sensitive "ion-

389
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390 SACHOK, DEMING, AND BIDLINGMEYER

pairing" reagents in the eluent (1-5). This visualization technique is
accomp | ished without the aid of any reaction type detector or extraction
step, and provides novel methods for controlling both retention and detect-
ability which are of value to analytical chemistry methodology from both
practical and mechanistic points of view. The explanation of UV visual-
ization in this reversed-phase system is based upon the ion-interaction
model (1, 4, 6) which has recently been supported by others (7, 8). This
paper identifies the constraints in the use of the UV visualization as a
quantitative tool and suggests some guidelines for its successful applica-

tion.

EXPERIMENTAL

The chromatographic system has been described elsewhere (6) and
consisted of a Model 6000A pump (Waters), 4-cm x 4-mm i.d. Porapak C|8

precolumn (Waters), and a 30-cm x 4-mm i.d. uBondapak CI8 main column
(Waters). The UV detector signal was digitized by a Model ADC-12QZ
analog-to-digital converter (Analog Devices) interfaced to a Model 9830A
digital computer (Hewlett-Packard) (9). Chromatograms were drawn from
the digitized data on a Model 9862A plotter (Hewlett-Packard).

The mobile phase was prepared from HPLC grade methanol and distilled
water containing stated amounts of phenethylamine (Fisher) or p-ethyl
benzenesul fonate (Rutgers-Nease). The mobile phase was adjusted with
hydrochloric acid or perchloric acid (1M) to a nominal stated pH as

measured by a glass electrode. Sodium pentane- and hexanesul fonate samples

(Eastman Red Label) were usually prepared in the eluent. At 25°C and



Response Sensitivity Of Method

A mobile phase consisting of 6 mM phenethylammonium ioq in methanol-
water 35:65 was used fo visualize non-UV-absorbing straight chain alkyl

sulfonates. Figure 1A shows the retention behavior of increasing amounts
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Figure 1. Visualization of alkylsulfonates. UV detector, 254 nm. Mobile
phase was methanol-water 35:65, 6 mM phenethylammonium ion,
pH = 3 with hydrochloric acid. All samples were made up in the
mobile phase. A: Chromatograms obtained for 1, 3, 5, and
10 uL of 10 mM phenethylammonium ion. B: Chromatcgrams obtained
for 1, 2, 5, 10, and 15 uL of 50 mM pentanesul fonate. C:
Chromatogram obtained for 10 uL of 25.0 mM each pertanesulfonate

(3.5 min) and hexanesul fonate (6.0 min).
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of phenethylammonium ion injected as a sample. Figure 1B shows chromato-
grams obtained for increasing amounts of pentanesulfonate injected as a
sample. The positive peak at about 3.5 minutes is caused by the co-
elution of excess UV-absorbing phenethylammonium ion with the
non-UV-absorbing pentanesulfonate (10). The two deficiency peaks at
approximately 1.5 and 1.8 minutes are a result of the depletion of
phenethylammonium fon from the bulk mobile phase. Note that the second
deficiency p=ak occurs at the same retention time as phenethylammonium
ion in Figurz 1A. Response sensitivity from the injection of phenethyl-
ammonium ion (Figure 1A) was 2.62 AU-sec/umole. Sensitivity to pentane-
sulfonate (Figure 1B) was 2.08 AU-sec/umole, suggesting that approximately
equal numbers of phenethylammonium and pentanesul fonate ions co-elute.
Finally, Figure 1C shows the UV detector responses for the separation of
pentanesul fcnate and hexanesulfonate using phenethylammonium ion as the

UV-absorbinc ion-pairing reagent.

Calibration Methods

The chromatograms of Figure 2A are the results of constant volume
injections of serial dilutions of 25.0 mM each of pentanesulfonate and
hexanesul fonate. The samples were made up in and diluted with the mobile
phase. Chromatograms in Figure 2B resulted from different volume
injections of the 25.0 mM sample of pentanesulfonate and hexanesul fonate.
Both the deficiency peak areas and the positive peak areas are seen to be
related to the amount of sample injected and not to the concentration or
volume injected. Integration of peak areas showed that for a given

injection, positive and negative peak areas were equal within measurement
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Figure 2. Comparison of constant volume and constant concentration
injections of pentanesulfonate (2.8 min) and hexanesul fonate
(4.3 min). UV deftector, 254 nm. Mobile phase was methanol-
water 35:65, 5 mM phenethylammonium ion, pH = 3 with perchloric
acid. All samples were made up in the mobile phase. A: 16 ulL
of 1.6, 3.1, 6.3, 12.5, and 25.0 mM each pentanesul fonate and

hexanesul fonate. B: 1, 2, 4, 8, and 16 uL of 25.0 mM each.

Comparison of the peak retention times of Figure 2 (5 mM phenethyl-
ammonium ion) and Figure 1 (6 mM phenethylammonium ion) indicates increased
retention of the sulfonates with increased concentration of phenethyl-
ammonium ion as expected (6, 9).

Table | contains regression parameters (11) for eight sampling
situations, showing the sensitivity |inearity, and precision obtained in

each case. Figure 3 is a representative regression plot of peak area vs.
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Figure 3.
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Regression plot of peak area vs. umoles injected. Data from
16 uL injections of 1.6, 3.1, 6.3, 12.5, and 25.0 mM pentane-
sul fonate. UV detector, 254 nm. Mobile phase was methanol-
water 35:65, 5 mM phenethylammonium ion, pH = 3 w' th perchloric
acid. All samples were made up in the mobile phase. Confidence

bands are for the 99.9% level.

umoles of sample injected (11) for constant concentration injections of

pentanesul fonate. At higher detection sensitivity, a relative imprecision

(standard deviation/mean) of 3% at 3 nanomoles of pentanesu fonate was

obtained.

It can be seen from Table | that the slope is noT affected by

the mode of calibration (constant concentration or constant volume);

however, constant volume calibrations appear fo give smaller absolute

intercept.
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It has been reported that in UV visualization, variation of k' with
sample size has |imited quantitation when using peak heights (5). This
data confirms that observation, but suggests that the use of peak area can
improve the quantitation. Furthermore, the k' change as sample concentration
increases seems fo be independant of the charge on the "ion-pairing"

reagent. Figure 4 demonstrates the applicability of the visualization
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Figure 4. Visualization of octylammonium ion by p-ethylbenzenesul fonate

ion. UV detector, 254 nm. Al!| samples were made up in the
mobile phase. Mobile phase was methanol-water 50:50, 5 mM
p-ethylbenzenesul fonate, pH = 3 with hydrochloric acid.

Chromatograms obtained for 2, 5, 6, 10, 15, and 20 plL of
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technique in a system of interchanged charges; I.e., a negatively charged
"ion-pairing" reagent and a positively charged sample. UV chromatograms
for a sample of octylammonium ion were obtained for a mobile phase that
contained 5 mM UV-absorbing p-sthylbenzenesul fonate in methanol-water
50:50 at pH 3.

Table | also shows that the slope of the calibration curve for an
ionic species is decreased by the presence of other alkyl sul fonates in
the sample. Therefore, when using this technique for guantitative
analysis, it will be important to investigate the contribution of other
ions, both inorganic and organic, present in the sample matrix.

Figure 5 is @ plot of the detection sensitivities for pentane- and
hexanesulfonate vs. the square root of the conductivity of eluents
containing 5 mM phenethylammonium ion and added amounts of potassium
perchlorate. The lower ionic strength mobile phases give more sensitive
visualization., The slope of the line for hexanesulfonate is about twice
that for pentanesul fonate indicating that in this study the less retained

compound is less affected by increased ionic strength.

Deficliency Peaks

Figure 6 is z set of chromatograms for constant volume injections of
different concentrations of the single sampie, hexanesulfonate. As the
concentration of hexanesulfonate is increased, both of the negative
deficiency peaks increase In area, and the ratio of the flrst deficiency
peak tc the area of the second deficiency peak remains constant. Again,
in each chromatogram the two deficiency pesks have the same total area as
the positive psak. This Indicates that the two deficlency peaks are not
an effect arising from the number of sample components but instead are

characteristic of paired-ion chromatography. It is believed that the first
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Figure 5. Sersitivity vs. conductivity of eluent. Mobile phase was
methanol-water 35:65, 5 mM phenethylammonium ion, pH = 3 with
perchlorate. @ = pentanesulfonate (in mixture),@= hexanesul fonate

(ir mixture).

peak is induced by equilibration of the local eluent composition upon
injection, and that the second deficiency peak is a vacancy peak for the

"jon-pairing" reagent (6, 12, 13).

Mixed lon-Pair Reagents

In reversed-phase ion-pair LC, mixed reagents have been used to

control retention. However, in UV visualization the presence of additional
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Figure 6. Individual chromatograms for 16 uL injections of 1.6, 3.1, 6.3,

12.5, and 25.0 mM hexanesulfonate. UV detector, 254 nm. All
samples were made up in the mobile phase. Mobile phase was
methanol-water 35:65 5 mM phenethylammonium ion, pH = 3 with

perchloric acid.

ion-pairing reagent to adjust the retention time of the sample and a second
UV-absorbing ion-pairing reagent to visualize the sample. Mobile phases
composed of methanol-water 35:65 with 5mM octylammonium ion (the retention
adjusting reagent) and either 1.0 mM or 2.0 mM phenethylammonium ion (the
visualizing reagent) were prepared. The sensitivities in Table 2 confirm
that both octylammonium ion and phenethylammonium ion participate in the
retention of alkyl sulfonate (4,10). Thus, less of the UV-active phenethyl-
ammonium ion co-elutes with the alkyl sulfonate, which results in a

decreased sensitivity for the alkyl sulfonate (6).
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The use of detector-sensitive ion-pairing reagents for the quantitation
of otherwise non-detectable ionic compounds is an alternative fo pre- and
post-column derivatization techniques. Because only compounds of opposite
charge are visualized by a UV-absorbing ion-pairing reagent, this technique
enjoys an additional selectivity: the detection of neutral and similarly
charged compounds will not be enhanced (2, 6). Although this work has
used UV-absorbing ion-pairing reagents to demonstrate the amplification of
detector response in reversed phase systems, the technique is applicable
to other forms of detection as well, (e.g., electrochemical or fluoresence
detection). This visualization technique offers a unique mechanistic probe

intfo the fundamental nature of ionic inferactions in liquid chromatography.
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SULFATED OLIGOSACCHARIDES FROM K-CARRAGEENAN AND
OLIGOGALACTURONIC ACIDS SEPARATION BY H.P.L.C.

Alain Heyraud, Cyrille Rochas

Centre de Recherches sur les Macromolécules

Végétales, Laboratoire propre du C.N.R.S.,

Associé a 1'Université Scientifique et

Médicale de Grenoble, 53 X, 38041 Grenoble-
Cedex - France -

SUMMARY

Sulfated oligosaccharidesproduced from enzymic hydrolysis of
K-carrageenan have been separated up to DP 13 on a column of
u-Bondapak C-18 or a Radial Pak cartridge "Dextropak"
with sodium nitrate as the mobile phase. Moreover, the separation
of oligogalacturonic acids has been performed by the ion pair
method on the same supports with 0.05 % dodecyltributylammonium
chloride in a sodium nitrate solution as eluent.

INTRODUCTION

High performance Tiquid chromatography has been widely used
in determination of sulfated disaccharides produced from chondroi-
tin sulfates (1-3) or heparan sulfate and heparin (4). Meanwhile,

there is no paper on the separation of the sulfated oligosaccha-
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rides from kappa-carrageenan . Recently, we have shown that frac-
tionation up to DP 10 was ©obtained on a column of Bio-Gel P6 (5)
but classical gel permeation chromatography is time consuming ;
so it was interesting to solve this problem with a rapid and per-
formant method. In a same way, we have tried to separate by
H.P.L.C. the oligogalacturonic acids. These oligosaccharides have
been studied with several chromatographic systems, and the most
results have been summarized in a large review dealing with the
separation of mono and oligosaccharides by Tiquid chromatography
(6) 5 high performance liquid chromatography has never been used

for this fractionnation.

EXPERIMENTAL

Materials

Kappa-Carrageenan is a copolymer (ab)n purified as previously
described (7-8). The enzymic hydrolysis was performed at pH 8.2 in
0.1M NaCl - 2.005M NaHCO3 at 40°C with a kappa-carrageenase kindly
given by Dr. Yaphe from Mc Gill University (Canada). The oligogalac-

turonic acids were obtained as a much appreciated gift from J.F.

Thibault (Nantes - France) (9).

Apparatus

A1l separations were made using Waters Associates equipment :



was a Servotrace instrument (Sefram - France). The chromatographic
supports were a prepacked column (4 x 300 mm) of a u-Bondapak C-18
and a Radial Pak cartridge "Dextropak" for the radial compression

system RCM-100 manufactured by Waters.

RESULTS AND DISCUSSION

Separation of sulfated oligosaccharides

In gel permeation chromatography process when a charged solute
is chromatographed on different supports an electrostatic exclusion
effect has to be taken into account and it is necessary to screen
it by addition of an electrolyte to the eluent (10-12). The same
phenomenom is observed on a reverse phase support ; so with the aim
to suppress ionic effect and to obtain the same properties of the
C-18 phase as found in the separation of neutral mono and oligo-
saccharides (13) a sodium nitrate solution has been used as the

2M - 1M. The chromato-

mobile phase in the concentration range 5.10°
grams obtained are reproduced in Figure 1. The resolution is impro-
ved by increasing the ionic strength and ina 1 M NaNO3 eluent sul-

fated oligosaccharides of kappa-carrageenan can be obtained up to

DP 13. In opposite, there is no separation on the Dextropak cartridge
when the salt concentration of the eluent is under IM NaNO3 ; the results
are shown on Figure 2. The mechanism of separation of carbohydrate on a

reverse phase column is due to hydrophobic interactions (13). Considering
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A)

B)

Figure 2 :

Separation of K-Carrageenan oligosaccharides on "Dextropak"
cartridge.

A - eluent : H20 ; flow rate 1 ml/mn 5 T = 20°C.

B - eluent : 0.1 M NaNO3 ; flow rate 1 ml/mn ; T = 20°C

C - eluent : 1 M NaNO3 ; flow rate 0.1 ml/mn 3 T = 20°C

The degree of polymerization is indicated by numbers over
the peaks.
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the structure of the molecule (Figure 1) the hydrophobic anhydro-
galactopyranosyl unit promotes the interactions ; the interaction
strength with the support is controlled by the salt concentration.
The sulfated polysaccharide is not kept back on the phase but it
is excluded and eluted before the DP 1. In this case it seems
that the charge density is too high and the hydrophobic inter-

actions do not control the elution.

The behaviour observed on both columns can be explained by
differences in hydrophobic interactionsand structure of the two
phases. In Dextropak, the paking is formed by more regular
u-spherical silica particles ; the surface silanol groups are mo-
dified by reacting with dimethyloctodecylchlorosilane but
u-Bondapak C-18 is more hydrophobic (14) due to an additional

treatment with trimethylsilyl group on residual silanol groups.

As it has been found, hydrophobic bonds are enhanced when the
salt concentration is increasing (15) ; so in 1 M NaNO3 eluent,

the hydrophobicity of both paking should become nearly the same.

Separation of oligogalacturonic acids :

The galacturonic acid unit has a weak hydrophobic character,
due to the presence of the carboxylic sites, so no separation
occurs in NaNO3 media. The reverse phase system based on the ion-
pair chromatography (16) can be applied. In this method, the ionic

form of the solute is suppressed by addition of an appropriate
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counterion to the mobile phase. Generally the retention time is
depending on the pH of the eluent and the nature and the concentra-
tion of the counterion used. A1l experiments have been performed on
the "Dextropak" cartridge. We have tested, without success, tetra-
methylammonium and tetrabutylammonium ions ; whatever the pH is,
there is no retention. A counterion more hydrophobic has been tried:
‘with 0.05 % dodecyltributylammonium ionin water, the com-
plex formed is so strong and so hydrophobic that he can't be eluted
from the column. So we have eluted with 0.05 % dodecyltributylammo-
nium chloride in sodium nitrate solution. The results obtained in
0.1 Mand 0.2 M NaNO3 are illustrated in Figure 3. When the concentra-
tion of the sodium nitrate is 0.1 M, the first five DP are resolved.
In 0.2 M, the resolution of the upper DP is increased but in 1 M
NaNO3 there is no more separation. It was concluded that, by adding
electrolyte, the complex is destabilized by a competition bet-

ween the electrolyte and the hydrophobic counterions.

CONCLUSION

High performance liquid chromatography on C-18 supports has
been proved to be an excellent method to analyse the oligosaccha-
rides produced from kappa-carrageenan by enzymic hydrolysis or to
fractionate a mixture of oligogalacturonic acids. In the first
case, the mechanism is based on hydrophobic interactions between
C-18 chains and the arhydrogalactosyl unit after

suppression of the ionic exclusion with elution by a sodium ni-
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trate solution. This system is not available with oligogalactu-
ronic acids, but the separation can be performed by the ion-pair
method ; the hydrophobic counterion used is dodecyltributylammo-
nium. A concentration of 0.05 % in a sodium nitrate as the mobile
phase allows to get good results, the resolution of different DP

being checked by the ionic strength.

Acknowledgements : the authors wish to thank Prof. RINAUDQ for
helpful advice and Dr. J.F. THIBAULT for the gift of the oligo-
galacturonic acids.
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USE OF A PROGRAMMABLE POCKET CALCULATOR FOR DATA
REDUCTION IN GPC: CALCULATION OF MOLECULAR WEIGHTS
AND MOLECULAR WEIGHT DISTRTBUTTON

Alberto A. Navas
Mobil Chemical Company, Films Research and Development
Technical Center, Macedon, New York 14502

ABSTRACT

A short program was written for a pocket programmable calcu-
lator (HP-29C), to reduce data from a Gel Permeation Chromatogram.
The output of this program consists of weight- and numbsr-average
molecular weights, polydispersity, and normalized weight distri-
bution. All were uncorrected for dispersion. Mathematical approx-
imation of the GPC calibration curve was made by exponential fit,
also performed on the programmable calculator. The program and
its application to NBS 706 and one narrow-molecular weight distri-
bution (NMWD) polystyrene standards are presented. With slight
modification, the program can be used on newer, more powerful
calculators such as the HP-41C, on which dispersion correction
subroutines could be performed.

INTRODUCTION

The advent of low-cost minicomputers has made the use of on-—
line GPC data acquisition and reduction economical and practical
in the laboratory. However, these systems cost several thousand
dollars. An inexpensive alternative to these systems is the use
of a programmable pocket calculator, such as the Hewlett-Packard
29C.

A GPC calibration curve was generated, also on the calculator,
by exponential fit of elution volumes of narrow-moleculer weight
polystyrene standards (NMWD) vs. peak molecular weight for each
standard. Use was made of Hewlett-Packard's Curve Fitting Program.
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The expression thus generated was of the form:

My = ax e®X Ve (1a)
or: InMW; =1Ina+bVe (1p)
where: a = intercept
b = slope

Ve = elution volume, mil.

The constants (a and b) were used to initialize the GPC pro-
gram. In use, chromatogram heights (Hj) are entered in succession,
immediately following the display of the molecular weight (MW;)
corresponding to the elution volume (Ve;). When the last chroma-
togram height entered is zero, Mw, Mn, and the polydispersity are
displayed, followed by a normalized cummulative distribution.

The equations used in the program were(l):
Mo = I(Hi x Mj) 2)
IHy
Mn = L ( 3)
T (Hi/M;)
Polydispersity = Mw/Mn (4)

The normalized distribution is defined as:
Normalized distribution = —4—— x 100  (5)

IH;

METHOD

Narrow molecular weight polystyrene standards, purchased from
Waters Associates (Milford, Mass.), were used as received. The
set consisted of PS 3600, 50000, 240000, and 2700000. NBS 706
(Office of Reference Materials, National Bureau of Standards,
Washington, D.C.), was also used as received.
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of BHT in 10.0 ml. of u.v.—grade THF (J.T. Baker, Co.). NBS 706
was used as a solution of 25 mg. in 10 ml. THF.

The GPC column set consisted of four uStyragel columns of
nominal exclusion range 10° i, 104 A, 103 A, and 102 A. The
solvent used was uninhibited tetrahydrofuran (THF), purchased
from the J.T. Baker, Co.

A Waters Associates HLC/GPC 244 Liquid Chromatograph was
used in the analysis. Flow rate was 2.0 ml./min.; detection was
with the Model 440 U.V. Absorbance Detector (254 nm), 1.0 AUFS.
A1l solutions were filtered through a 0.5 uym Teflon filter prior
to analysis, using Waters' Sample Clarification Kit. All analyses
were performed at room temperature. A modified internal standard
method was used to correct for slight fluctuations in flow rate(2).

THE MOLECULAR WEIGHT PROGRAM AND ITS USE
First, a GPC calibration curve was generated, using data from
the liquid chromatograph. For this purpose, Hewlett—-Packard's
Exponential Curve Fit Program was used, entering elution volumes
vs. molecular weight for each standard (see Table 1). The cali-

bration data were as follows:
The Exponential Curve Fit Program then gave the following
expression, after Equation (1p):

10

In MW; = 1In 5.3489455 x 10 — 0.468683685 x Ve (6)

with r2 = 0.9994 (correlation coefficient), and
a = 5.3489455 x 1010
b = -0.468683685

TABLE 1.
Elution Volumes and Corresponding Molecular Weights

Ve, ml. PS Peak MW
21.10 2.7 E6
26.34 2.4 E5
29.74 5.0 E4
34.90 3.6 E3

41.34 2.22 E2 (BHT)
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Both a and b will be needed to initialize the GPC program.
All decimals should be carried out, for improved fit of the data
to the regression curve.

The program keystrokes and their corresponding key codes are
listed below. These must be entered with the calculator set to
PROGRAM mode ("PRGM").

STEP KEY ENTRY KEY CODE STEP KEY ENTRY KEY .CODE
1 glIBL2 01 15 13 02 26 1 26 oL
2 RCL 2 02 24 02 27 ” 27 73
3 GSB 3 03 12 03 28 5 28 05
4 RCL 1 04 24 01 29 g l/x 29 15 74
5 X 05 61 30 STO +2 30 23 51 02
6 geX 06 15 42 31 GSB 2 31 12 02
7 RCL 3 07 24 03 32 glIBLl 32151301
8 X 08 61 33 RCL 5 33 24 05
9 ST10 4 09 23 04 34 RCL 7 34 24 07
10 fFIXO 10 14 11 00 35 + 35 71
11 R/S 11 74 36 R/S 36 74
12 g x=0 12 157 37 RCL 7 37 24 07
13 GSB 1 13 120 38 RCL 6 38 24 06
14 STO i 14 23 22 39 3 39 71
15 STO +7 15 23 51 07 40 R/S 40 74
16 X 16 61 41 3 41 71
17 STO 45 17 23 51 05 42 f FIX 2 42 14 11 02
18 RCL i 18 24 22 43 R/S 43 74
19 RCL 4 19 24 04 44 2 44 02
20 + 20 71 45 9 45 09
21 STO +6 21 23 51 06 46 STO 0 46 23 00
22 9 22 09 47 0 47 00
23 RCL 0 23 24 00 48 ST0 1 48 2301
24 £y 24 14 51 49 gIBLS5 49 15 13 05
25 g DSZ 25 15 23 50 RCL i 50 24 02
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STEP KEY ENTRY KEY CODE STEP KEY ENTRY KEY CODE
51 g LBL 7 51 15 13 07 64 RCL i 64 24 22
52 R 7 52 24 07 65 R/S 65 74
53 s 53 71 66 g DSZ 66 15 23
54 1 54 01 67 GIO 5 67 13 05
55 Q 55 00 68 g LBEL 8 68 15 13 08
56 0 56 00 69 RCL 1 69 24 01
57 x 57 61 70 R/S 70 74
58 STO +1 58 23 51 01 71 GIo 7 71 13 07
59 £ PSE 59 14 74 72 g LBL 3 72 15 13 03
60 9 60 09 73 RCL 8 73 24 08
61 RCL 0 61 24 00 74 + 74 51
62 f x=y 62 14 71 75 g RIN 75 15 12
63 Gro 8 63 13 08 76 R/S 76 74

The GPC program is "initialized" (prepared to run), with the
calculator in "RUN" mode, as follows:

INSTRUCTION INPUT KEYS ouTPUT
1. Set all memory registers
to zero: f REG 0
2. Set program to step O: g RIN 0
3. Enter calibration curve
parameters:
a) slope b in Register 1(Rp): b STO 1 b
b) first Ve at H; # 0, in Rp: Hi(l)# 0 STO 2 Hi(l) #0
c) intercept a in R3: a STO 3 a
4. Enter indirect register
address in R;: 29 STO O 29
5. Store correction to Ve
(Sample) in Rg: (¥) Ve STO 8 (+) Ve
(correction)

[if Ve (Internal Standard Sample) > Ve (Internal Standard, Run 1),
then correction is negative.]

The calculator is now ready to execute the program. By press-—
ing R/S, the MW; corresponding to the first non-zero chromatogram
height is displayed (the mplecular weights will be displayed start-
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ing with the higest, and proceeding through intermediate MW's, to
is entered, and R/S is again pressed:

lowest MW's). The first Hi

10.

11.
12.

13.

14.

(1)
INSTRUCTION

Press R/S:

Enter chromatogram height
(Hi(l)) corresponding to
Mﬂi (and Ve(l)) displayed:
Enter remaining chromato-
gram heights, until last

H; (last) = 9

When Hi (1ast)= 0,

My is displayed:
Calculate Mn:

Calculate Mw/Mn:

Start display of % polymer
fraction and % cummlative.
Program pauses after %

fraction is displayed, and

INPUT KEYS OUTPUT

R/S First MW at
B )7 0

Hi (1) #0 R/S Second MWi

stops after each % cummila-

tive:

If the number of data points

is greater than 20, "9" is
displayed after the 20th

data point is entered. Re-

enter the 20th point, and

continue with the remaining

| P
Hi S:

Final % cunmnilative mist
always be 100.00%:

Hy

e 3 e & 2

R/S Mw
R/S M
R/S  Mv/Mn

R/S % cumulative

R/S % cummulative

R/S 100.00

Memory register contents are as follows:

29. Indirect register address.
9 for storage of chromatogram heights, R:}_,9 - R9

a) GPC Calibration curwe slope (b), for calculation of Mw's.
b) Cummulative % (during MAD calculation).
Vel, initially set to elution volume for which Hi # 0.

Controls Registers 29 through
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Ry: GPC Calibration curve intercept (a).

x Hl)'

+ MW§).

: Ve correction from internal standard,

Chromatogram heights, starting at R29 for first non-—-
zero H, .
i

The GPC program can be summarized as follows:

R4: MWi.
Rg: I (MWi
R6: T (Hi
R7: % Hi'
By 0 Bagt
STEP NO.

Al

12

14

15

16

18

22

26

31

32

44

to

STEP NO.

11

13

17

21

25

30

43

48

FUNCTION
Generate MWi "

If last Hi = 0, then calculate Mw, Mn,
and Mw/Mn (Subroutine 1).
Store Hi in R29 > R9, by using indirect
address "i".
ZH.

i
MWi x Hi’ and Z(MWi x Hi).

H. +- MW., and Z(H. = MW.).
6 | i i i

Memory register automatic decrement,

from R29 - R9.

Automatic counter. Permits selection
of specific time intervals for which

Hi's will be collected.

Return to Subroutine 2, to calculate
next MWi, if Hi # 0.

Calculate Mw, Mn, and Mw/Mn, and
display each.

Reset indirect address, to start cal-
culation of % polymer and % cummul-—
ative distribution.

(first run - current run).
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STEP NO. to STEP NO. FUNCTION

49 61 Calculate % polymer and ¢ cummilative.

62 65 If register is R,, go to Subroutine 8
and enter excess Hi's manually (if >
20 heights).

66 67 If register is > R,, then decrement

9,
register number, and continue with
MWD calculation.

68 71 If register = R9, enter excess Hi's
manually.

72 75 Correction to Ve, due to flow rate
variations.

RESULTS: APPLICATION OF THE GPC PROGRAM TO NBS 706 & PS 110,000
As Table 2 shows, excellent agreement between the calculator-

generated molecular weights and the published molecular weights

was obtained. The number average molecular weights are off some-

what, since no corrections for dispersion were made;

TABLE 2.

Calculator-Generated Molecular Weights: NBS 706 & PS 110,000

Mw Mn Miv/Mn
NBS 706 (GPC): 256,990 119,997 2.14
257,8002 136,500
259,4644 124,789d 2.08d
PS 110,000 (GPC): 112,376 103,601 1.08
110,000¢ 111,000P
116,447d 106,4474 1.09¢

a: NBS value from light scattering measurements.
b: NBS value from osmometry.
c: GPC peak molecular weight, from Waters Associates.
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The calculation time per sample, including chromatogram hand-
ling, is between ten and fifteen minutes.

Tables 3 and 4 show the worksheets used to calculate the mole-
cular weights and MWD.

Initially, only Ve and MWi make up the tables. Hi's are
obtained from the Gel Permeation Chromatogram, and the GPC Program
generates the % polymer and % cummlative values. As these tables
also illustrate, the data point interval can be changed readily,
to accommodate various polydispersities.

TABLE 3.
NBS 706
Ve, ml. H, MW, % polymer % cummulative
22.00 0 1,779,262 0.00 0.00
22.67 0.8 1,301,794 0.40 0.40
23.33 4.2 952,455 2.00 2.51
24.00 9.5 696,861 4.77 7.29
24.67 16.5 509,857 8.29 15.58
25.33 23.7 373,036 11.91 27.49
26.00 28.9 272,931 14.52 42.01
26.67 30.3 199,689 15.23 57.24
27.33 27-3 146,102 13.72 70.95
28.00 21.6 106,896 10.85 81.81
28.67 14.1 78,210 7.08 88.89
29.33 8.3 57,222 4.17 93.07
30.00 5.1 41,866 2.56 95.63
30.67 3.5 30,584 1.76 97.39
31.33 2.4 22,411 1.21 98.59
32.00 1.4 16,397 0.70 99.30
32.67 0.8 11,997 0.40 99.70
33.33 0.4 8,778 0.20 99.90
34.00 0.2 6,422 0.10 100.00

34.67 0.0 4,699 0.00 100.00
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TABLE 4.
PS 110,000
Ve, ml. H, M@i $ polymer cummulative
26.00 0 272,931 0.00 0.00
26.33 0.4 233,455 0.35 0.35
26.67 22 199,689 1.95 2.31
27.00 6.8 170,807 6.03 8.34
27:33 14.7 146,102 13.04 21.38
27.167 22.5 124,971 19.96 41.35
28.00 2551 106,896 22.27 63.62
28.33 20..2 91,435 17.92 81.54
28.67 12.0 78,210 10.65 92.19
29.00 5.4 66,898 4.79 96.98
29.33 2.2 57,222 1.95 98.94
29.67 0.8 48,946 0. 7L 99.65
30.00 0.3 41,866 0.27 99.91
30.33 0.1 35,811 0.09 100.00
30.67 0.0 30,631 0.00 100.00

Although the GPC program is written to accept a large number

of data points, the interval must be varied to keep the number of

points between twenty and thirty.

So long as only the molecular

weight averages are desired, regular data entry is required. But,

for a number of data points greater than twenty, manual re-entry

of each Hi in excess of twenty must be done if the MWD is desired.
As Table 2 shows, the number average molecular weights differ

somewhat from published values.

However, as long as the GPC work

is done on a comparative basis, obtaining a perfect match for Mw,

Mn, and Mw/Mn is not necessary. The GPC program presented here
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CONCLUSIONS

It has been shown that a pocket programmable calculator is a
versatile and convenient tool in the reduction of Gel Permeation
chromatography data. The short program presented here can be used
as a back-up for existing laboratory minicomputers, or as a totally
portable system. The GPC program could be modified slightly for
use on newer, more powerful calculators such as the HP-41C, on
which dispersion correction subroutines could be easily performed.
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CHARACTERIZATION OF DEXTRANS BY SIZE EXCLUSION
CHROMATOGRAPHY USING DRI/LALLSP DETECTOR SYSTEM
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Canada L8S ALT

ABSTRACT

Herein is reported an experimental investigation of the
molecular weight characterization of dextrans by aqueous SEC with
a DRI/LALLSP detector system. Methodology for -the determination
of the molecular weight calibration curve and peak broadening
parameter o2 (variance of a Gaussian instrumental spreading
function) across the chromatogram have been developed. A blend of
dextran standards permits, with one injection, measurement of the
molecular weight calibration curve over a wide range of retention
volumes. Measurements with salt-free water as mobile phase have

confirmed that some dextran chains may have a negative charge.

INTRODUCTION
The use of an LALLSP detector with SEC is a relatively recent
development1'8. In fact, to date, use of aqueous SEC with a

LALLSP detector with dextrans has been reported only once8.
Dextran was chosen as a test solute to develop the technique as

previous studies showed that aqueous SEC of these polymers was

425
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relatively straightforward with the absence of significant ion
exclusion and adsorption and with a wide range of well
characterized broad MWD standards available commerciallyg.
Generalized equations which correct for dispersion in the detector
cell and which are applicable for the case of a nonlinear
molecular weight calibration curve and peak broadening parameters
which change with retention volume and molecular size have

recently been published1o'11.

These correction equations form the
basis for the method of determining the molecular weight
calibration curve and peak broadening parameters across the

chromatogram of a broad MWD polymer developed herein.

THEORY
It is assumed that Tung's integral equation adequately

describes peak broadening in the aqueous SEC of dextrans.

F(v) = [ w(y) G(v,y) dy (1)
o

A distribution function w(v,y) which describes peak broadening in
the detector cell is now defined. w(v,y) dvdy is the area under
the detector response at retention volume, v-v+dv due to species
with mean retention volume, y-y+dy. This distribution function

has the Zollowing properties.

wiv,y) = w(y) G(v,y) (2)
[ w(v,y)dy = F(v) 3
0
[ wv,y)dv = w(y) (u)
o

It is now assumed that the instrumental spreading function, G(v,y)

is Gaussian with a variance, 02(v) which depends on retention
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F(v)
/21 o(v)

wiv,y) = exp((v - T(v))2 /2 ;(V)z) (5)

The mean y(v) and variance E(v)2 of w(v,y) can be related to o(v)2
the variance of the instrumental spreading function and to D2(v)
the local slope of the molecular weight calibration curve which is
given by

M(y) = D1(v) exp (- D2(v)y) (6)
as follows

_ : F(v + Dy(v) 6()?)
y(v) = v+ (V)ln( ] 7N
2 2 2
/F(v—Dz(v)o(v) )'F(v+D2(v)c(v) )

F(v-D,(W)o(1)?) e F(vaD, (V)5(v)%)

;(v)2 = o(v)2 + 21 n(

) (8)
D,(v) F(v)g2

It is clear that y(v) and E(v)2 should not depend on D,(v) and
indeed this has been shown11. For computational convenience
equations (7) and (8) are used with any convenient value of D2(v).

Once ¥(v) and E(V)2 are known, the corrected response for the mass
concentration detector is given by

w(v) = F(v)(a(v)/a(v))exp(-(v - y(v))2/23(v)2) (2a)

The correction equation for the weight-average molecular weight in
the detector cell follows.

W (viue) F(v - D2(v)°(v)2) »
T e exp((Dz(v)o(v)) /2) 9)

This equation is later used to determine o(v ) across the
chromatogram and then equations (7), (8) and (9) are used to

determine the corrected detector response, w(v).

EXPERIMENTAL

Operational details of the aqueous SEC chromatograph employed
follow:
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Packing: 3/8 inch ID columns (4 foot long approx.)
dry-packed with CPG10 200/400 and 120/200 mesh

glass packings

Mobile phase: 0.05 M KZHPOu (NaOH to pH = 7.0) in deionized

distilled water
Flowrate: 1ml/min.
Sample size: 0.4 ml at 0.5-1.0 wt% solution
Temperature: ambient
Inline filter: 0.22 micron Millipore

Detectors: Waters R-403 DRI and Chromatix KMX-6 with angle
6-7° and field stop 0.15.

Polymer Samples: Pharmacia dextran standards and special
blends of these standards with a desired molecular
weight distribution.

A published specific refractive index increment (dn/de =
0.1378) for dextramn in 0.05 M K HPO, (pH = 7.0) at a wavelength A
= 632.8 nm was used in this investigation . A second virial
coefficient (A2 = 0.41 x 10_3 ml/gmole) was determined for dextran
standard T250. Setting A2 = 0 in the measurement of ﬁw(v,uc)
introduced an error of less than 2%, however. This correction for
polymer solute concentration was therefore neglected for all the

dextran samples characterized.

RESULTS AND DISCUSSION

To optimize pore size for the dextran standards, single

columns containing one pore size were calibrated. Molecular
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Figure 1. Molecular weight calibration curves obtained using
Pharmacia dextran standards with CPG10 packings, mobile
phase - 0,05M KZHPou(pH=7.O) at 1.0 ml/min.

13 pore sizes of TOOA, 5008, 240A and 75A gave

suitable peak separation and were used in this investigation.

investigation

With a proper choice of column length for each pore size a column
combination was selected which gave an almost linear molecular
weight calibration curve over a wide molecular weight range. To
construct the calibration curve the root-mean-square (/ﬂnﬂw) or
Mrms molecular weight is assigned to the peak position. This
procedure is in general not valid for all broad MWD standards,

however it does provide a good first guess of the molecular weight
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calibration curve. The molecular weight calibration curves for
the chosen column combination using ﬁrms at the peak position and
SEC/DRI/LALLSP are shown in Fig. 2. The M was calculated using
M, and ¥, values supplied by Pharmacia. The SEC/DRI/LALLSP
calibration curve was found by setting M(v} = ﬂw(v,uc) at the peak
position of the broad MWD standards. An examination of equation

() Mrms .
(b) SEC/DRt/LALLSP A
10° ~ (c) STANDARD-X -

~ (a)

MOLECULAR WEIGHT
<)
o>
T

1 1 ] ] L
85 100 15 130 145 160 175
RETENTION VOLUME (ml)

Figure 2. Molecular weight calibration curves for optimized
column combination of CPG10 packings using Pharmacia
dextran standards (M__ , SEC/DRI/LALLSP) and dextran
standard-X (SEC/DRI/LAELSP).
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(9) reveals that the correction for peak broadening is small near
the peak position justifying the assumption, M(v) = M (v,ue).
Typical responses obtained from SEC/DRI/LALLSP are shown in
Fig. 3. The noise in the LALLSP response clearly shows that
particulate matter and deformable micelles pass through the inline
0,22 um filter and enter the detector cell. To obtain a
relatively smooth LALLSP response the mobile phase is pumped

continuously at a low flowrate (0.1 ml/min) when the chromatograph

LALLSP

| S Sy S S Py (N S N | VO
00 110 20 130 140 IS0 160 170 180
RETENTION VOLUME (ml)

Figure 3. SEC/DRI/LALLSP chromatograms for Pharmacia dextran
standard T70,
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is not being used. To prepare the system for use the flowrate is
increased to the desired level (1 ml/min in this study) and run
for 5-6 hours before a polymer sample is injected. We have
observed that with the initial startup of an SEC/DRI/LALLSP from
zero flowrate, it can take up to a week of operation before an
LALLSP response has an acceptable signal-to-noise ratio.

The calculational procedure for finding o(v) across the
chromatogram of a single broad MWD standard is now discussed. The
calibration curve M(v) and its slope D2(v) have already been
determined (SEC/DRI/LALLSP in Fig. 2). Mw(v.uc) is measured by
SEC/DRI/LALLSP leaving one unknown o(v). o(v) was found using a
single-variable search (Fibonnaci search in this study) across the
chromatogram. Typical results for the two detector responses and
o(v) are shown in Fig. 4. It is encouraging that the magnitude of

0(v) per unit column 1length and the dependence of o(v) on

12.0 _
10.0 _
'g 8.0 —
i
o 6.0 —12.0
=
T
4.0 | 80
2,0‘— — 4.0
[ )
0.0 1 1 1 | 0.0
80 100 120 140 160 180

RETENTION VOLUME (ml)

Figure 4. SEC/DRI/LALLSP chromatograms for a blend of Pharmacia
dextran standards (71% T250 and 29% T40) and calculated
peak broadening parameter o(v).

o(v),ml



We now discuss a technique of finding the true molecular
weight calibration curve using one very broad MWD standard having
a designed chromatogram shape. The broad MWD standard is obtained
by mixing a number of broad MWD Pharmacia standards to obtain the
desired chromatogram shape. An observation of equation (9)
reveals the required shape. One would 1like the ratio
ﬁw(v,uc)/M(v) to be as close to unity as possible over a wide
range of retention volumes so that an ﬂw(v,uc) measurement gives a
point on the molecular weight calibration curve. The exponential
factor is always greater than unity and it is therefore desirable
that the pre-exponential factor be less than unity hopefully to
almost compensate and give a ratio close to one. A very broad MWD
standard (STANDARD-X) was made by mixing T250(53wt.%), T40(29wt.%)
and T10(18wt.%). The SEC/DRI/LALLSP responses are shown in Fig.
Bl Standard X is now used to determine the molecular weight
calibration curve. The molecular weight calibration curve is
taken to be linear over a narrow retention volume range (vi to

Vi+1). Equation (9) is now rearranged to give
M (v, ,uc) D2
Wi

2 2
- vi) + 5 (Oi

-0 2) +
i+1

(9a)

2
s41 = Dafyyq)F(yy)

Given Gi across the chromatogram, one can solve equation (9a) for
D2 and then equation (9) for D1 across the chromatogram. The
molecular weight calibration curve is thus established. The
drawback of having to know oi is not a serious one. In fact, the

determination of the molecular weight calibration curve with

specially prepared Standard-X is very insensitive to o; as is

shown in Table 1. The first column of ﬁw(v.uc)/M(v) values were
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Figure 5. SEC/DRI/LALLSP chromatograms for a blend of Pharmacia
dextran standards called standard-X (53% T250, 29% T40
and 18% T10).

obtained using the previously measured o(v) values. To illustrate
the lack of sensitivity of this ratio to o(v), values of up to 50%
lower and 50% higher were employed and ﬂu(v,uc)/M(v) calculated.
These calculations clearly indicate that the designed shape of the
chromatogram for Standard-X has served the purpose of giving
ﬂw(v.uc)/M(v)'- ratios close to unity over a wide range of retention
volumes. They also indicate that when Standard-X is used to
obtain the molecular weight calibration curve a precise knowledge
of o(v) is not required. In other words peak broadening
parameters are not required when using Standard-X to obtain the
molecular weight calibration curve (0(v) can be set equal to zero

with small error).
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TABLE 1

Standard-X - Sensitivity to Peak Broadening Parameter

ﬁw(v,uc)/M(v)
Retention
volume
(ml)
a(v) 0.8 o(v) 0.50(v) 1.2 0(v)* 1.5 c(v)*
actual

110.6 0.922 0.951 0.981 - -
115.6 0.915 0.952 0.983 - -
120.6 0.972 0.983 0.994 0.961 -
125.6 1.011 1.006 1.002 1.019 1.036
130.6 1.036 1.024 1.010 1.052 1.076
135.6 1.028 1.018 1.007 1.032 1.057
140.6 1.032 1.021 1.008 1,045 1.067
145.6 1.032 1.020 1.008 1.045 1.072
150.6 1.026 1.016 1.006 1.038 1.060
155.6 1.018 1.011 1.004 1.026 1.041
160.6 1.017 1.011 1.004 1.024 1.038
165.6 1.018 1.012 1.005 1.026 1.040
170.6 1.019 1.012 1.005 1.027 1.042
175.6 1.025 1.016 1.006 1.036 1.059
180.6 1.015 1.010 1.004 1.021 1.031

* Calculations at low retention volumes were not possible
because of excessively large a(v).

The molecular weight calibration curve obtained using
Standard-X was fitted by equation (10)

1n M(v) = 17.80 - 1.695x1072 V - 2,158x10~
and is shown plotted in Fig. 2.

The use of the analytical solution for w(v) (given as
equation (2a)) for Pharmacia standard T70 is shown in Fig. 6. As

oyl (10)
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Figure 6. SEC/DRI chromatograms (raw and corrected for peak
broadening) for Pharmacia dextran standard T70.

expected a greater correction for peak broadening is required at
the high molecular weight end of the chromatogram. The o(v)
values used for the correction are those shown in Fig. 4.

Molecular weight characterization data (MN and ﬂw) measured
for a number of Pharmacia dextran standarda are prcocnted in Table
2. Molecular weight averages for the whole polymers corrected for
peak broadening (ﬁN(c). ﬁw(c)) were calculated using two
calculation paths.

The first calculation path employed equations (11a) and (11b)

o

My (o) = (£ Fy (V) My (v,ue)dv)™! (11a)

F (V)M (v,uc)dv (11b)
N W

Mw(C)
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TABLE 2

Molecular Weight Characterization of Dextrans by SEC/DRI/LALLSP

Using Two Calculation Paths (equations (11a,b) and equations
(13a,b)).

Sample MN Mﬁ MN Mw MN Mw
Pharmacia (Equations (11a,b)) (Equations (13a,b))

X107 - %10~ %107
T250 112.5 231.0 100.3 226.0 90.0 256.0
T150 86.0 154.0 76.9 141.0 69.6 139.1
T110 76.0 106.0 79.2 100.5 72.3 100.3
TT70 2.5 70.0 43.0 70.4 40.1 69.4
T40 28.9 by y 25.6 42,7 25.7 42,2
T20 15.0 2243 16.9 22.7 14,7 22.7

where Fy(v) is the normalized DRI detector response and ﬁw(v,uc)
is the weight average molecular weight measured by SEC/DRI/LALLSP
with no corrections for peak broadening. ﬁN(v.uc) was calculated

using equation (12).

F(v)2

M (v,ue) = M (v,uc)(
i o F(v4D,5(v)o(v) 2 Flv-D,(v)a(v)?)

exp (~(D, (Vo (v))?) (12)

where D2(v) is obtained from the molecular weight calibration
curve and c(v)2 with the peak broadening calibration procedure

described earlier.

The second calculation path employed equations (13a) and
(13b).

(o) = (f wivmn ™ lav)™ (13a)

(o]
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Figure 7. SEC/DRI/LALLSP chromatograms for Pharmacia dextran
standard T150 with water free of salt as the mobile
phase showing the so called "ghost" peak.

ﬁw(e) = £w(v)M(v)dv (13b)

where w(v) is the DRI detector response corrected for peak
broadening via equation (2a) and normalized. The values for HN
and ﬁw found using the two calculation paths are in good agreement
(probably within experimental error). The recommended procedure
is to use SEC/DRI/LALLSP to determine the molecular weight
calibration curve and the peak broadening parameter o(v)2 across

the retention volume range of interest as described and then for
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Figure 8. M (v,uc) measured by SEC/DRI/LALLSP for Pharmacia
dextran standard T150 with water free of salt as the
mobile phase showing the effect of the "ghost" peak.

further dextran characterizations to use SEC/DRI and equations
(13a,b). The use of LALLSP online with SEC need only be made for
the initial calibration.

Finally, it was decided to investigate the so called "ghost"
peaks found with dextrans and SEC when pure water free of salt is
used as mobile phaseg. Typical detector responses for
SEC/DRI/LALLSP using water free of salt as mobile phase are shown
in Fig. 7. The apparent high molecular weight peak had ﬁw(v,uc)
values whlch were smaller than expected on the basis of a

molecular size separation (see Fig. 8), Apparently, some dextran
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chains may have a negative charge and experience ion exclusion
from the CPG10 packing.

SUMMARY

A methodology for the use of aqueous SEC/DRI/LALLSP with
dextrans has been developed. This includes procedures for the
determination of the molecular weight calibration curve using a
broad MWD standard with a designed chromatogram shape. Also
included are procedures for the determination of the peak
broadening parameter, 02 (variance of a Gaussian instrumental
spreading function) over a wide retention volume range using a

single broad MWD standard.
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PREPARATIVE LIQUID CHROMATOGRAPHIC SEPARATION OF
AMINO ACIDS AND PEPTIDES ON AMBERLITE XAD-4

Donald J. Pietrzyk, W. J. Cahill, Jr., and J. D. Stodo]a1
University of Iowa
Chemistry Department
Towa City, Iowa 52242 (U.S.A.)

ABSTRACT

Amberlite XAD-4, a polystyrene-divinylbenzene copolymic
reversed phase adsorbent which has a 750 m2/g surface area and
508 porosity, was used as the stationary phase for the
preparative Tiquid chromatographic separation of amino acids and
peptides. Mixtures of > 40 mg and > 100 mg sample load were
separated on 8.0 and 20.5 mm i.d. columns, respectively. Mixed
solvent and acidic and basic solutions which cannot be used with
silica and alkyl-modified silica, were evaluated as mobile phases.
Mixtures of amino acids, diastereomeric di-and tri-peptides,
diastereomeric dipeptides obtained from the reaction of tert-
butyloxycarbonyl-L-amino acid-N-hydroxysuccinimide esters with
D,L-amino acids, and enkephalin peptides were separated. Major
and minor sample components were isolated.

INTRODUCTION

High performance 1iquid chromatography (LC) has become an
increasingly powerful analytical cool for the separation and
determination of amino acids (AA), AA derivatives, and peptides.
1
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Successful analytical liquid chromatography (ALC) of these
compounds has been achieved on alkyl-modified silicas (1-4).
Recently, it has been shown that many of these mixtures are
separable on porous, high surface area polystyrene-divinyl-
benzene copolymers which are nonpolar adsorbents and are useful
stationary phases for reversed phase chromatography. The most
useful ones are Amberlite XAD-2 and -4 (5) and Hamilton PRP-1
(6); only the latter is commercially available as bulk form or
prepacked columns. In general, the LC trends are similar for
these stationary phases, however, the level of retention for a
given mobile phase may differ due to difference in surface area.
If XAD (7) and PRP-1 (6) microparticles are used efficiencies
approaching that of alkyl-modified silicas of similar particle
size are obtained.

A major advantage of the copolymers over silica or alkyl-
modified silica, which are the two most used stationary phases in
PLC, is that the copolymers are stable throughout the pH range of
1 to 13. Thus, strongly acidic and basic mobile phases, which
often are the optimum eluting conditions for AA and peptide
separations and cannot be used with the silica type stationary
phases, are readily used on the copolymers. Other useful factors
in PLC applications are: 1) the copolymers have large loading
capacities, 2) eluting conditions on the copolymers have been
well characterized (5,6), 3) prep columns are relatively
inexpensive, and 4) efficiencies can be increased if required
by reducing the copolymer particle size.

This report describes the use of XAD-4 for the PLC
separation of AA and peptides. The XAD-4 surface area is the
largest and thus it provides the highest loading capacity of the
available XADs. Optimization of XAD-4 column variables such as
flow rate, column diameter, particle size, packing density,
volume and mass overload, capacity, recovery, and eluting
conditions (8) is discussed elsewhere. Mixtures that have been
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purified on prep XAD-4 columns include organic acids, bases, and
polyaromatics (8), drug metabolites (9), and 2':3'-, 3':5'-cyclic
nucleotides (10).

The separations described here were chosen to: 1)
illustrate the range of useful mobile phase conditions with an
emphasis on those that cannot be used with silica and alkyl-
modified silica and 2) identify the ones which are especially
useful in peptide chemistry. Often the success of a peptide
synthesis is determined by development of separation
procedures, removal of unwanted peptide chains, and/or puri-
fication of a single peptide from the synthetic process.

MATERIALS

The AA and peptides were obtained from Sigma Chemical Co.
Several dipeptides were synthesized by the reaction of an amino
acid or peptide with tert-butyloxycarbonyl-L-amino acid-N-hydroxy-
succinimide ester (11). Ethanol (95%) and HPLC grade CH3CN was
obtained from Matheson, Coleman, and Bell. Distilled water was
further treated by passage through a mixed bed ion exchanger,
charcoal, and a 0.2 ym millipore filter disk., Solvent composi-
tion is expressed as per cent by volume. A1l inorganic reagents
were analytical grade and used as received. Amberlite XAD-4 was
obtained from Mallinckrodt Chemical Works. Procedures for
cleaning, crushing, sizing, and column packing the 37-44 um
(325 to 400 mesh) and 75-105 ym (140 to 200 mesh) XAD-4 particles
are described elsewhere (8). Columns used were 8.0 mm i.d.

(3/8 in 0.d.) x 25 cm and 20.5 mm i.d. (1 in 0.d.) x 32 cm,
respectively, equipped with 15 um end fittings (Jones
Chromatography, Inc.).

Instrumentation

Instrumentation used was described previously (8). ALC was
done on an Altex Gradient LC Model 332 equipped with an Altex 210
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injector using either a 8.0 mm i.d. x 25 cm, 37-44 ym XAD-4 column
orad4.l mmi.d. x 15 cm, 10 um Hamilton PRP-1 column,

Procedures

Mixtures were prepared from standards using water or mixed
solvents (EtOH-H20) and acid and base only when necessary except
for samples obtained from the Boc reaction (11). Literature LC
data (5,6) and separations with analytical level (ug quantities)
samples were used to establish the eluting conditions prior to
scale up of the procedure to a preparative level. Conditions for
the separations are listed in the Figures and/or discussion and
represent an optimum eluting condition for the amount and type
of mixture being separated.

RESULTS AND DISCUSSION

Mobile Phase Conditions

AA and peptides are ampholytes whose ionic form changes from
cation, to zwitterion, to an anion as a function of pH. If the
side chain groups contain ionization sites these also can con-
tribute to the overall charge depending on their ionization
constants and the pH.

Retention of AA and peptides on analytical XAD and PRP-1
columns is dependent on the ionic form of the sample (4-6).
Thus, retention is high in acidic and basic solution where the
sample is a cation and anion, respectively, and at a minimum at
the isoelectric pH where it is the zwitterion form. If the side
chain has an acidic or basic group the formation of an additional
cationic (acid solution) or anionic (basic solution) site signif-
icantly reduces the retention. If all the ionization steps are
accounted for, capacity factor, k', can be quantitatively related
to mobile phase pH and jonization constants of the acid-base
groups; this has been experimentally verified for AA and peptide
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retention on the XAD and PRP-1 copolymers (5,6). Side chain
polarity will have a significant effect on retention. Thus,
retention changes in the order Leu > Val > Ala > Gly which
correlates to the change in hydrophobicity for the side chain
group; these effects are discussed in detail elsewhere (3-6).
These same trends were observed when determining pH effects on
retention of AA and peptides at large mass loadings on the prep
XAD-4 column. Thus, the ALC data (5,6) are an excellent guide
for predicting mobile phase conditions on the prep XAD-4 column.

Column selectivity (a) for a given pair of AA or peptides
changes as a function of pH (5,6). In some cases the elution
order can be reversed when switching from an acidic to basic
mobile phase. The adjustment of mobile phase pH can then be
used to make o as large as possible and thus permit a higher
column loading. Often a strongly acidic or basic mobile phase,
which are conditions that cannot be used with silica or alkyl-
modified silica, rather than one with an intermediate pH
provides the optimum a.

Addition of buffers, acids, or bases to the mobile phase
might be undesirable for certain AA and peptide preparative
separations. Resolution can often still be achieved by careful
control of the type and amount of organic solvent in the organic
solvent-water mobile phase. Even a completely aqueous mobile
phase can be useful. In the absence of pH control, chroma-
tographic bands tend to be broader and complete resolution for
compounds with closely related k' values is often more difficult
to obtain than in the presence of pH control. The addition of
salts and/or counterions to the mobile phase sharpens chroma-
tographic peaks on XAD-4 (12), but their presence also
complicates recovery of the AA or peptide. Retention of AA and
peptides on the prep XAD-4 column, like ALC on XAD-4 (4,5),
increases as the percent organic solvent in the mobile phase
decreases. The effect on eluting power follows the order
CH3CN > EtOH > MeOH. An elutropic order for other solvents has
also been established (4-7, 13).
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In general, k' on the prep XAD-4 column does not change
appreciably if the AA or peptide mass load is well below the
mass overload Timit providing a volume overload is not present.
When comparing different AA and peptides in a given mobile phase,
the mass overload 1imit decreases as the k' for each increases.
Furthermore, increasing the sample load above the limit
decreases k'. These observations are consistent with those
observed for the separation of other samples on the XAD-4 prep
column (8). For AA and peptide separations at an acceptable
resolution it is therefore important to consider the maximum
amount to be loaded, the k' at this loading level, and the
mobile phase conditions when attempting to establish the optimum
separation conditions. The separations cited here focus on the
advantages of the absence and presence of pH control in the
mobile phase particularly at pHs where silica and alkyl-modified
silica cannot be used, use of mixed solvents in the mobile
phase, separation of closely related components, isolation of
minor and major components, and separation of modest to gross
mass overloads. Not all separations were done at or above the
mass overload 1imit nor was it always determined. As is often
the case in PLC the 1imiting factor is the solubility of the
sample in the injection volume used and not the overload limit.

PLC of Amino Acids

Figure 1 illustrates PLC separation of two AA mixtures
using an acidic mobile phase where the weight ratio of DL-Dopa,
L-Tyr, and D-Phe (total weight of about 12 mg) is about 10:1:0.1
and 0.1:1:10, respectively. The k' values for the mobile phase
using an analytical load are 3.6, 6.4, and >20, respectively.

In the former mixture the last two AA are well below the mass
overload 1imit while the first is at the mass overload limit.
The opposite is the case for the latter mixture. The first two
AA are the most difficult to separate (they differ by a -OH
group in position 3 on the side chain) and the resolution of
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DL-Dopa, 535 mg/ml
D-Phe, 437 mg/ml

L-Tyr, 0.48 mg/ml

DL-Dopa,
0.037 me/ml

absorbance

|
2 ml injection 1S min 30 min

L-Tyr, 0.62 mg/ml
D-Phe, 0.105 mg/ml

— |

20 min 40min

2 ml injection

FIGURE 1
PLC of an Amino Acid Mixture

A 8.0 mm i.d. X 250 mm, 37-44 um XAD-4 column was used
with a 1.25% EtOH (95%)-98.75% H20, pH = 2 (H3PO4 buffer
or 0.01M HC1), 0.1M ionic strength mobile phase at a flow
rate of 5.6 ml/min. Sample injection was 2 ml.

this pair can be improved by decreasing the % EtOH in the 0.01M
H3P04 mobile phase; this also permits greater loading. If the
mobile phase is at the zwitterion pH or in the absence of buffer
or salt, resolution is significantly reduced. A basic pH is
probably the optimum eluting pH (6, 7, 13) because of the acidic
sites on the side chains of DL-Dopa and Tyr. This can't be used
since DL-Dopa rapidly oxidizes in a strongly basic solution. A
stepwise elution of increased % EtOH can be used to reduce the
separation time for Phe removal.

DL-Dopa and Tyr are not very soluble. The sample load in
Figure 1 was obtained by dissolving the mixture in a HCI
solution. Since the sample solvent is a weaker eluent than the
one used for the separation, it has Tittle effect on peak shapes.
The mixtures in Figure 1 also illustrate examples of the separa-
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tion of a major and a minor sample component. In one case the
DL-Dopa is about 88% of the sample while the Phe is at a 1.6%
level. In the other the DL-Dopa is the minor constituent while
the Phe is the major one. A separation of an Ala-Ile-Tyr
mixture at a ratio of 21:7:0.1 using total loading levels of 7.1
and 14.2 mg was also carried out on the 8.0 mm i.d. XAD-4 column
with an acidic mobile phase (8).

Figure 2 illustrates that PLC of more closely related AA is
possible and that this can be done at high loads. At the condi-
tions used and at an analytical load k' values in Figure 2A are
"0, 0.5, 2.1, and 16, respectively, while in Figures 2B and C
they are ~0, 0.36, 1.2, and 1.9, respectively. Increasing the

mg/ml
a. DL-Ala 93
b. Dl-Val 82 b
b c. Di-Te 49
d. DL-Leu 18
112 mg DL-Ala
c d
; cd
B " lomin
%T 4 ml injected
44 mg DL-Val
10min
[0.2ml injected
14 mgD-Phe
14 mg DL-Ile
AL '
5ml injected 60 min

FIGURE 2
PLC of Amino Acid Mixtures on a Large Diameter Column

A 20.5 mm i.d. x 320 mm, 75-105 um XAD-4 column was used
for A, B, and C. An aqueous 0.02M H3P04 mobile phase was
used for A while a 0.02M NapHPO4 mobile phase was used
for B and C. Flow rates were 22 ml/min.
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column diameter to 20.5 mm permits larger loading. The total
load is 184, 96.8, and 248 mg in Figures 2A, 2B, and 2C.

In Figure 2A only the highly retained Phe is above the mass
overload Timit. This accounts for its elongated peak shape.
The Phe elution time can be reduced and its peak shape improved
by increasing the pH or adding more EtOH to the mobile phase
stepwise after the appearance of Ile, or initially, if
resolution of the first three AA is not desired. It should be
noted that Phe, which is about 7.7% of the sample, can be easily
separated from the mixture in a single pass at even much Tower
levels.

In Figures 2B and C all AA are below the mass overload limit
even at the higher sample Toading. The inability to obtain a
better resolution is due to their similarity in k' values. It
should be noted that Ile and Leu are isomeric and differ from Val
and Ale by only one and two side chain carbons, respectively.
Using an acidic eluent did not improve resolution while a more
basic eluent than used in Figures 2B and C gave a slight
improvement.

PLC of Peptide Diastereomers

The ALC data for dipeptide diastereomers is readily
available (4-6, 11). For all examples studied the L-L and D-D
dipeptides always coelute first and are followed by the coelution
of the L-D and D-L dipeptides. This order has been explained by
considering the spatial arrangement around the chiral centers.

A mixture of dipeptide diastereomers, made by mixing pure
L-Leu-L-Tyr (10 mg) and D-Leu-L-Tyr (4 mg), was separated on a
8.0 mm i.d. XAD-4 column. A 5:95 95% EtOH-H20 mixture without
pH control was used as the mobile phase. This sample loading
is well above the mass overload 1imit. Since retention
(k'LL = 7 and k'LD 2 13) 1is high for this eluent the mass
overload Timit for the column is reduced and the peaks tend to
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broaden. If the sample load is reduced resolution and peak
shape are improved. Decreasing the % EtOH also increases
resolution. However, this also increases the separation time
and lowers the mass overload limit particularly for the second
component.

A commercially available DL-Ala-DL-Val sample was also
separated on the 8.0 mm i.d. XAD-4 column (9). An acidic
aqueous mobile phase was used and quantities as high as 48 mg
total dipeptide were separated into D-D, L-L and D-L, L-D
components in a single pass through the column.

The reaction between an AA or peptide and the appropriate
tert-butyloxy-carbonyl-L-amino acid-N-hydroxysuccinimide ester
is often used in peptide synthesis to increase the chain length
by one unit (11). This is illustrated in reaction 1 where a
DL-amino acid is the starting material. Since the Boc reagent

0
o 7 NaHCO3 CF3CO2H
eoc-NHg:Hco—N/\j + HNCHCOH  ThrRg ’
R » R
0]
Boc-L-AA-OSu DL-Amino Acid M
o o 0o o9 % 9
HZNS:HCNHC':HCOH + HZNC'HCNH('ZHCOH + HON<__J + CF300H + L-AA
R R R R N
L,L-Dipeptide L,0-Dipeptide

introduces a L-amino acid, the final mixture should contain an
equivalent amount of L-L and L-D dipeptide. Reaction 1 is
useful in peptide synthesis because 1t goes to completion
rapidly without loss of optical activity and many Boc reagents
are commercially available. The reaction has even been used for
the determination of optical purity of D,L-amino acids and
diastereomeric dipeptides (11).
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Several Boc reactions where carried out and the products
separated on the prep XAD-4 column to illustrate the column's
usefulness in peptide synthesis. To obtain the dipeptides from
reaction 1 it is necessary to separate them from each other,
from the blocking groups and other reagents used in the
synthesis, from the L-amino acid introduced from the Boc reagent
if used in excess or if the reaction is incomplete, and from the
amino acid or peptide reactant if it is used in excess or if the
reaction is incomplete. Figure 3 illustrates the PLC for three

a. byproducts d.byproducts, L-Phe g. byproducts,L-Lev
b. L-Phe-L-Ser, L-Phe e.L-Phe-L-Ala h. L-Leu-L-Val
j c. L-PM_D-ST W rf. L-Phe-D-Ala H M H -‘ i. L-Leu-D-Val
c
c
[
g
%T a 8 %T
2
g © F
d f d|le f
l4mg 56mg 7mg I7mg|
| | | |
AI’J 6 min l’J 6 min BIJ 15 min I_J 15 min
OS5 mlinjection 0.5 ml injection 2 ml injection 5ml injection I ml injection

FIGURE 3
PLC of Three Different Boc Reaction Mixtures

The column in Figure 1 was used for all three
separations. The mobile phases were 100% H20 for A

(k' = 1.3 for L-Phe-L-Ser and 2.3 for L-Phe-D-Ser),
5:95 95% EtOH:H20 for B (k' = 1.7 for L-Phe-L-Ala and
3.8 for L-Phe-D-Ser), and 1:9 95% EtOH:Hp0 for C

(k' = 1.4 for L-Leu-L-Val and 4.2 for L-Leu-D-Val) at a
flow rate of 5.6 m1/min.
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different mixtures based on reaction 1. ALC separations with
standards verified the peak designation.

In Figure 3A the reactants were DL-Ser and Boc-L-Phe-0Su
and after workup a 0.5 ml sample containing 14 or 56 mg of the
dipeptides (assuming 100% conversion) was injected and
separated. The L-Phe is due to the excess Boc-L-Phe-0Su used
in the reaction and appears in the L-Phe-L-Ser peak. No
attempt was made to separate the L-Phe-L-Ser from the L-Phe,
however, this mixture has been separated at an analytical level
using pH control (5,6). A lower % EtOH will improve the
separation of the dipeptides from the by-products but since the
bands tend to broaden due to overloading resolution of the two
dipeptides is not improved. At Tower loading the resolution can
be improved. In Figure 3B DL-Ala and Boc-L-Phe-0Su was used in
reaction 1. After workup a 2 and 5 ml aliquot containing about
7 and 17 mg of dipeptides, respectively, (assuming 100% con-
version) was injected and separated. Even at the larger mass
overload a baseline separation of the dipeptides was obtained.
Consequently, it should be possible to separate the mixture on
the 80 mm i.d. column at a gross overload. In Figure 3C the
sample was obtained from the reaction of DL-Val and Boc-L-Leu-
OSu. After workup a 1 ml aliquot containing about 20 mg of
dipeptides (assuming 100% conversion) was injected and
separated. Resolution of L-Leu-L-Val from the by-product peaks
can be increased by reducing the EtOH in the mobile phase,
however, the retention time and peak broadening of the L-Leu-D-
Val is significantly increased.

The prep separations in Figure 4 were carried out with
an aqueous-EtOH mobile phase. The inorganic compounds are
from the reaction mixture and appear in the by-product peak.
Thus, recovery of the peptides from appropriately collected
fractions is simplified. If pH control 1s used, resolution in
most cases can be markedly improved (5,6), however, this requires
an additional step to remove the buffer salts from the peptide.
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6.9 mg/ml
—\ a. D(L)-Ala-D(L)-Leu-Gly
b. D(L)-Ala-L(D)-Leu-Gly

I 1

absorbance

M Jleudl

59mlinjection 25min frac.l frac.3
Preparative Separation Fraction Analysis

FIGURE 4
PLC of a Diastereomeric Tripeptide

The preparative separation was done on the column used

in Figure 1 using a 5:95 CH3CN:H20 mobile phase at a flow
rate of 5.6 m1/min. The fraction analysis was done on a
4.7 mm i.d. x 150 mm, 10 um PRP-1 column using a 3:97
CH3CN:H20, pH = 6 (phosphate buffer), 0.1M ionic strength
mobile phase at a flow rate of 1.4 m1/min.

Often this can be achieved on the same XAD-4 column using a salt
free mobile phase.

Figure 4 illustrates the PLC separation of a commercially
available sample of the tripeptide, DL-Ala-DL-Leu-Gly, on a
8.0 mm i.d. XAD-4 column. The L-L and D-D tripeptides (k' = 6.3)
coelute as the first peak while the L-D and D-L tripeptides
(k' = 15.7) coelute as the second peak. The sample was injected
as 5.9 ml of 6.93 mg DL-Ala-DL-Leu-Gly/m1. At this 40 mg load-
ing level, which is a gross mass overload, a baseline separation
is obtained, because of the large difference in k' values. (At
Tower loadings resolution and peak shapes are even better.)
Fractions were collected and these are indicated by number in
the prep chromatogram in Figure 4. Purity of these fractions



456 PIETRZYK, CAHILL, AND STODOLA

was established by ALC on a PRP-1 column (6). Only the ana-
lytical chromatograms for fractions 1 and 3 are shown in Figure
4, The major peak is off scale and the chromatogram focuses on
the trace quantity. By comparing peak heights or peak weights,
the purity of the major diastereomer is estimated to be greater
than 99% after a single pass through the prep column. No
attempt was made to recycle the peak to improve purity. Since
resolution is so favorable even a greater mass overload than
shown in Figure 4 would be tolerable. Also, the option of
improving peak shape and resolution through pH control of the
mobile phase is still available.

PLC of Peptides

The enkephalins are peptides that have been isolated from
brain extracts and are reported to be natural opiate receptor
agonists. Figure 5 contains an analytical and preparative level
chromatogram, where the total load is 27 mg (9 mg of each
peptide), for the separation of three enkephalin peptides. The
mixture was prepared from commercially available enkephalins.
Since retention for the three enkephalins is high, k' values are
4.2, 7.6, and 12.2, respectively, the extent of mass overload
increases as the peptide retention increases. This accounts for
the increased broadening of the peaks as the retention times for
the three enkephalins increases. To demonstrate that the three
enkephalins can be isolated in high purity and good yield,
fractions of the prep-chromatogram were collected; these
fractions are identified by number in Figure 5. Analysis of
each fraction was done by ALC. Only the chromatograms for the
key fractions, numbers 1, 3, and 6, which correspond to each of
three enkephalins, are shown in Figure 5. Clearly, the separa-
tion in terms of yield and purity is favorable in a simngle pass
through the prep column. To improve enkephalin yield, the cross
contaminated fractions (fraction 2 for the first pair of
enkephalins and fractions 4 and 5 for the second pair of
enkephalins) could be recycled.
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ENKAPHALINS
Analytical Separation

a. Gly-Gly-L-Phe-L-Leu
b. L-Tyr-Gly-Gly-L-Phe-L-Met
c. L-Tyr-Gly-Gly-L-Phe-L-Leu

T
0.0IA
1
—~
8 40 min
5
g Preparative Separation Fraction Analysis
S
0.02A
a b c
b
a G ab
20mi
18mlinjection frac.1 frac.3 frac. 6
FIGURE 5

PLC of a Mixture of Enkaphalin Peptides

The preparative and analytical separation was done on the
column used in Figure 1 using a 17:83 CH3CN:H20, pH = 2.2
(H3P04 buffer), 0.1M ionic strength mobile phase at a
flow rate of 5.6 m1/min. The fraction analysis were done
on a PRP-1 column (see Figure 7) using the above mobile
phase at a flow rate of 1.4 m1/min.

Using a mobile phase without pH control would be preferred
if the enkephalin is to be isolated. However, suitable resolu-
tion at a reasonable loading was not obtained in the absence of
pH control. A basic pH will not only decrease the level of
retention but also it will change the elution order to
b <c <a. This is due to the influence of the additional
charge site on the Tyr that forms in basic solution. Depending
on which peptide is being sought the basic mobile phase might be
preferred.

Separation of the three enkephalins is rapidly achieved at
an analytical level even though the peptides are very similar.
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For example, the Leu enkephalin and Met enkephalin (b and ¢ in
Figure 5) are 5-unit peptides that differ only in the fifth unit,
the former contains L-Leu at unit-5 while the latter contains
L-Met at unit-5. The difference in polarity between these
unit-5 side chains accounts for the elution of the methionine
enkephalin prior to the Leu enkephalin. The [des Tyr1]-Leu
enkephalin (a in Figure 5) is a 4-unit peptide and is similar to
unit-2 to unit-5 in the Leu enkephalin. The additional side
chain provided by the Tyr at unit-1 in the Leu and Met-
enkephalins accounts for their greater retention over the

[des Tyrl]-Leu enkephalin. The correlation of a significant
change in chromatographic retention with a modest change in
peptide structure has been observed before (3-6).

The dipeptide separations shown in Figure 6 clearly
illustrate a key advantage of a prep XAD-4 column in peptide
separations, namely its utility with either a strongly acidic or
basic mobile phase. Neither of these can be used with silica or
alkyl-modified silica columns. Also changing the mobile phase
pH from an acidic to basic one often leads to an elution order
reversal.

In the 0.01M HC1 mobile phase the k' values for L-Phe-L-Ser
and L-Ser-L-Phe at an analytical load are 1.0 and 3.5,
respectively, while in the 0.0TM NaOH mobile phase retention is
reversed so that their k' values are 3.1 and 1.4, respectively.
The prep chromatograms for the separation of these two dipeptides
for the two mobile phases are shown in Figure 6.

In Figure 6A, where the acidic mobile phase is used,
L-Phe-L-Ser is separated from L-Ser-L-Phe at ratios of 400:1 and
1:100. The same separations, but with a reversed elution order
due to the basic mobile phase, are shown in Figure 6B. It is
readily seen that if recovery of L-Phe-L-Ser as the minor com-
ponent is desired the basic mobile phase is best, while for
recovery of L-Ser-L-Phe as the minor component the acidic mobile
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L-Phe-L-Ser L-Ser-L-Phe
I0mg 10mg
L-Ser-L-Phe
0.025mg d
3 *|-Phe-L-Ser
E H \0.Img
3
C
L-Ser-L-Phe L-Phe-L-Ser
10mg 20mg
k|_-Ser-L-Phe
0.05mg
L-Phe-L-Ser
0./mg
H
12 min—
FIGURE 6

PLC of a Dipeptide Mixture by a Strongly
Acidic and Basic Mobile Phase

The column in Figure 1 was used with a 0.01M HC1 5:9 95%
EtOH:H20 mobile phase in A and a 0.01M NaOH 5:95 95%
EtOH:HZO mobile phase in B. Flow rate was 5.0 m1/min.

phase is best. For major component recovery the reverse is best,
that is, an acidic mobile phase for L-Phe-L-Ser and a basic one
for L-Ser-L-Phe. The chromatograms in Figure 6 suggest that
larger total mass loadings could still be separated. However,
the Timitation is sample solubility in the injection volume used
rather than effects due to excessive mass overloading. Although
not shown here reversals in elution order for other peptide
mixtures are possible on the prep XAD-4 column.

Summary

Preparative LC columns packed with 37-44 um XAD-4 particles
can be used to separate a variety of AA and peptide mixtures at

459
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large mass loadings for purposes of purification, and are viable
alternates to silica and alkyl-modified silica columns. Of
particular significance is that only the XAD-4 can be used with
strongly acidic and basic mobile phases which often are the ones
that provide the best resolution of AA and peptide mixtures. The
acid, base, or buffer can then be usually removed from the
isolated AA or peptide by passing the collected fraction through
a XAD-4 column using a mixed solvent mobile phase where only the
AA or peptide is retained.

In general mass overloading occurs at about 0.23% and 0.25%
wt/wt for the 8.0 and 20.5 mm i.d. XAD-4 column, respectively, at
k' values of about 2. Useful column efficiencies are still
obtained even when k' > 10 and often at modest to gross overloads
particularly when k' for the sample components differ appre-
ciably. Depending on the mobile phase the 37-44 um XAD-4
columns at preparative mass loadings develop efficiencies of
about 500 to 1500 plates/meter. Increased efficiencies can be
obtained by using smaller XAD-4 particles. Not all separations
can be done at or above a mass overload because, as is often the
case in PLC, sample solubility in the injection volume is not
high enough to permit the large overload.
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ABSTRACT

Conventional high performance 1iquid chromatography instrumentation
and packing materials can be inexpensively and rapidly utilized for the
qualitative and quantitative analysis of various metal cations or anions.
The final approaches utilize reversed phase HPLC in the form of paired-ion
separations. The detection of individually eluted, fully resolved metal
cations or anions is possible via conventional refractive index or inductively
coupled plasma emission spectroscopic detection. In many cases, unresolved
mixtures of metal cations, eluted as a single peak on HPLC, can be resolved
and identified via the use of ICP dctcction. Both metal calivns and anions
can be easily resolved, according to oxidation states, using paired-ion
techniques, in combination with ICP detection. Final data representation can
be in the form of conventional, continuous RI and/or ICP chromatograms, via
pulsed data ICP presentations, and/or via tabular ICP data presentation.

INTRODUCTION (1)
Inorganic metal toxicity has long been an area of intense biological,

toxicological, and medical interest. The apparent toxic properties of most,

* Author to whom correspondence and reprint requests should be addressed.
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if not all, metals (free metals, cationic/anionic valences, chelates, and/or
organometals) have been elucidated and extensively described for several

decades (2-6). Unfortunately, the vast majority of published metal toxicity
studies have never involved appropriate analytical methodology. Wherein
analytical methods have been used as part of the biological studies, these
provided total metal concentrations or levels, rather than the more desirable
specific metal speciation profiles for the particular biological, toxicological,

or medical samples of interest (7-17). Some of the more commonly employed
instrumental methods of analysis for total metal determinations have been:
direct flame/flameless atomic absorption spectroscopy (FAA, GFAA), direct
current (DCP) or inductively coupled plasma (ICP) emission spectroscopy,

flame emission spectroscopy, atomic fluorescence spectroscopy, anodic stripping
voltammetry, pulse polarography, spark source mass spectrometry, X-ray
fluorescence, and others (18, 19).

Within recent years it has become apparent to most scientists and some
decision makers that partial or complete metal speciation of environmental,
biological, toxicological, and/or medical type samples must be undertaken
on a regular basis. That is, only when all or most metal species present
in any sample are accurately known, can we then appropriately describe and
ascribe biological, medical, or toxicological properties to that particular
mixture of metals and/or metallic compounds/ions. Many metals exist as the
free metal, various cationic and/or anionic oxidation states, organically
bound chelates/complexes, and/or organometals. Obviously, the final speciation
of metals in a complex sample matrix, often in the presence of other metals
and their species, must involve some sort of an initial separation process.
Considerable attention has been devoted in recent years towards the HPLC
separation and detection of various metal species, usually employing UV,

AA, ICP, or electrochemical detection (8-17, 20-31). Initially, HPLC was
applied to the separation and identification of mainly organometals and/or
metal chelates/complexes. Within the past few years, a tremendous interest

has emerged towards inorganic metal cation/anion analyses, especially in the
use of ion chromatography (IC) and/or high performance ion-exchange type
chromatography, together with conductivity and/or electrochemical detection
(15, 20-22, 32-39). It has become obvious that IC, especially via the use of
commercially available instrumentation, has become quite popular, very useful,
and can be readily utilized with pre-concentration methods for trace environ-
mental and/or toxicological studies. Unfortunately, such chemical instrumenta-
tion has become quite expensive ($15,000-$25,000/unit), and must be dedicated
to the performance of inorganic/organic cation or anion type analyses. IC does
not lend itself to the performance of conventional HPLC separations via
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liquid-solid, liquid-liquid, bonded phase, reversed phase, paired-ion, or
gel permeation techniques and approaches.

Unfortunately, relatively 1ittle non-IC or non-ion-exchange type work
has been reported in recent years, especially with regard to utilizing any
commercial type HPLC instrumentation for performing inorganic metal cation/
anion type analyses. Quite obviously, this situation should be remedied, and
the work described here, in part, has been designed with this goal in mind.
A1l of this work has utilized conventional reversed phase type packing materials,
618’ with paired-ion modified mobile phases. In the recent past, others have
briefly reported on the use of such approaches for the separation of various
cations and anions, but such work was most often not interfaced with the
latest advances in ICP detection. That work which has used ion-exchange HPLC
and/or chelation chromatography has generally used conductivity detection,
atomic absorption spectroscopy, and/or electrochemical detection (8-16, 20-39).
Very 1little work has been described with regard to metal cation or anion
separations via conventional reversed phase HPLC interfaced with ICP detection.
The work of Gast et al. is a notable exception to this last statement (30).
Valenty and Behnken have described the use of 018 type columns together with
paired-ion reagents for the complete separation of certain positively charged
ruthenium complexes, followed by UV detection (40). Some inorganic anions
have recently been analyzed using paired-ion reversed phase HPLC approaches,
using UV, RI, and/or graphite furnace AA detection (11, 12, 26, 41-45).
Perhaps Molnar et al. have reported the most extensively on the possible
applications of paired-ion RP-HPLC for the separation of inorganic cations
and anions, but this particular work involved conductivity detection (45).
The overall detection Timits in this study were quite impressive (ppb).

We describe here results utilizing paired-ion RP-HPLC techniques for
metal cation and anion separations, wherein this is interfaced with RI and/or
ICP detection methods. Paired-ion RP-HPLC allows for the separation of each
group of cations combined with speciation within a cation group via ICP
detection. This same approach also allows for the separation and ICP speciation
of various arsenic containing oxyanions, as in the original work of Gast et
al. (30). Thus, by applying these different separation methods together with
RI and/or ICP detection, it is now possible to quickly and easily separate and
speciate for a large number of metal cations and anions.

EXPERIMENTAL

Reagents
Inorganic salts, reagent grade, were obtained from the following sources:

Baker analyzed reagents from VWR Scientific, Inc. (Boston, Mass.); Fisher



466 BUSHEE ET AL.

ACS certified grade from Fisher Scientific, Inc. (Medford, Mass.); Pfaltz &
Bauer, Inc., grade unspecified (Stamford, Conn.); and Alfa/Ventron Inorganics,
Inc., grade unspecified (Danvers, Mass.). The ion-pairing reagents, PIC A or
PIC B, were obtained from Waters Associates, Inc. (Milford, Mass.), and the
mobile phase water was purchased from the J.T. Baker Chemical Co. (Phillips-
burg, N.J.), or used directly from a Corning Mega-Pure still (Corning Corp.,
Corning, N.Y.).

Apparatus

We have utilized a number of HPLC instrumental arrangements for the
present work, and all have proven satisfactory. A typical HPLC arrangement
consisted of a Laboratory Data Control (LDC) (Riviera Beach, Fla.) Model
711 solvent delivery system, modified with a special pulse dampener (Analabs,
Inc., North Haven, Conn.), or a newer LDC Constametric III pump, a Rheodyne
Model 7125 syringe injection valve (Rheodyne Corp., Cotati, Calif.), an Altex/
Beckman variable wavelength UV-VIS detector (Altex/Beckman Corp., Irving,
Calif.), a Waters Model 401 RI detector (Waters Assocs.), or a Micromeritics
Model 771 RI detector (Micromeritics Corp., Norcross, Ga.), a modified
Instrumentation Laboratory Model Plasma-100 inductively coupled plasma
emission spectrometer (Instrumentation Laboratory, Inc., Wilmington, Mass.),
and a Linear Corp. (Irvine, Calif.) or Honeywell Corp. (Minn., Minn.) dual
pen recorder. The RI/ICP data were obtained via a dual pen recorder, and/or
a separate ICP print-out from the Plasma~100 system. Often, both the recorder
ICP chromatogram and the tabular data format from the ICP were obtained at
the same time. At other times, the tabular data presentation could be manually
used to reconstruct a pulsed type or continuous type HPLC-ICP chromatogram.
This was done knowing the timed integration sequence of the tabular data
presentation. In later runs, the Plasma-100 system was operated to present
both pulsed type chromatograms, as below, and simultaneous tabular data
presentations. This provided additional confirmation of the ICP results for
the final metal speciation.

In the work described, the HPLC columns were all of the C18 type, and
were usually obtained commercially, as follows: 1) Hibar II RP-18 pre-packed
column (4.6mm x 25cm)(MCB Chemicals, Inc., Cinc., Ohio); 2) Alltech C-18
(4.6mm x 25cm)(Al1tech Assocs., Inc., Deerfield, I11.); 3) Altex/Beckman
Ultrasphere ODS (4.6mm x 15cm)(Altex/Beckman Corp.); or 4) slurry packed
in-house columns using Lichrosorb RP-18 (4.6mm x 25cm)(MCB Chemicals, Inc.).

Methods
In all studies involving paired-ion RP-HPLC, using the PIC B-5 or PIC
B-8 counter-ions, the mobile phase consisted of the PIC reagent (0.005M)
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prepared exactly according to the manufacturer's directions, at a final pH=
2.9-3.0. It would appear that a Tow pH is necessary for successful metal
cation separations by a paired-ion RP-HPLC approach. Use of the PIC A reagent
(0.005M) for arsenic oxyanion separations involved its preparation also
according to the manufacturer's directions, with a final pH = 7.15. Specific
flow rates, effluent split ratios, and more specific HPLC-detector operating
conditions are presented below. An approximately 50:50 effluent split ratio
was used in almost all of the dual detector studies, making use of a fixed
ratio "T" type splitter (Alltech Assocs., Inc.).

In all of the paired-ion work, a mobile phase saturation, silica gel
pre-column was used, on-Tine and just before the injection valve, in order
to extend column lifetimes. The recommendation of Waters Assocs. was followed
with regard to washing the C18 columns at the end of each day with 50:50
MeOH:HOH. Columns protected in these ways have lasted for at least six months,
with no apparent change in overall column efficiencies or retention times.
The analytical column was always thermostated in a constant temperature water
bath at or about 25°C, in order to improve retention time reproducibility and
decrease ambient temperature effects on capacity factors.

Detection Timits by RI were determined directly from the resulting
chromatograms, using minimum settings possible on the detector together with
a signal:noise ratio of at Teast 3:1 in each case. Detection limits by ICP
were determined using a 2:1 signal:noise ratio from the tabular data format,
wherever this was feasible and practical.

RESULTS AND DISCUSSION
The use of an organic counter ion in the mobile phase to perform paired-

ion reversed phase (RP) -HPLC has been described for many years, but almost
exclusively with regard to organic ion separations (46-48). This method has
proven to be an extremely useful alternative to traditional ion-exchange type
HPLC for organic compounds that are able to form ion-pairs in aqueous
solutions. Its use for inorganic cation/anion HPLC separations has been
described much less, and the recent work of Molnar et al. just indicates
some of the potentials which this approach holds (45). Wherein this approach
has been described for inorganic ions, it has mostly been applied to the
separation of anions, with much less work having been reported for metal
cations (41-45).

We have been quite interested in demonstrating the possible uses of
ion-pairing for metal cation and anion separations, and with the eventual
interfacing of such approaches to ICP detection (49). A1l of the work that
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we describe here has used a commercially available Cl8 type reversed phase
column, of various dimensions, with mobile phases consisting of either

PIC-B or PIC A type ion-pairing reagents at a single concentration. Quite
obviously, other combinations of column packings, column dimensions, mobile
phases, mobile phase concentrations, and final flow rates could be used in
the future to improve or modify the final separations. Table I summarizes
some of the results obtained using both the PIC B-8 and PIC B-5 type reagents,
both for univalent and divalent metal cations. These RI results have been
confirmed in almost all instances via ICP detection under similar HPLC
conditions. In the case of the PIC B-8 reagent, it was not possible to get
the divalent metal species to elute within a reasonable amount of time

after observation of the univalent species. We therefore investigated the
use of the analogous PIC B-5 reagent, Table I, wherein the univalent cations
elute just after the solvent front, as a group, and the divalent species

now elute at about 8.0 mins (tr)’ again as a single peak on the RI. It is to
be emphasized that in all of this metal cation ion-pairing work, we have not
yet attempted to resolve either the +1 or +2 species from one another, but
rather we have emphasized the overall group separations of +1 from +2.

TABLE I
Paired-Ion Reversed Phase HPLC of Metal Cations With RI Detection
Mobile Phase Metal Cation t, {mins) k' (cap. factor)
PIC B-82 Na* 8.25 6.2

it 8.6 6.5

Li* 8.15 6.1

cut 8.2 6.1
PIC B-5° K+ 2.85 0.36

cut 2.85 0.36

cu*e 7.8 2.7

n*2 7.9 2.8

cdte 8.0 2.8

Fe*2 8.1 2.9

pp*2 7.6 2.6

a. HPLC-RI conditions: Alltech RP-18 column (4.6mm x 25cm) with a mobile
phase of 0.005M octane sulfonic acid (Waters PIC B-8), pH = 2.9, flow
rate of 3.0ml/min.

b. HPLC-RI conditions: Alltech RP-18 column (4.6mm x 25cm) with a mobile
phase of 0.005M octane sulfonic acid (PIC B-5), pH=2.85, flow rate 2.0
ml/min, Waters Assocs. Model 440 RI detector at 4X.
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2 from Zn+2 or

Thus, as in Table I, we have not attempted to resolve Cu+
Cd+2, but instead have tried to obtain useful group separations of all the
+1 cations from the +2 cation group. Molnar et al. in their earlier work,

+1, and NH4+1 from each other,

described the successful resolution of Na+l, K
using similar paired-ion techniques, but these workers had to use three

Cig type columns placed in series to achieve this resolution (45). Their

use of a non-selective conductivity detector necessitated the initial
chromatographic resolution of each +1 species, in order to qualitatively and
quantitatively identify each species present. Our desire to interface this
HPLC method with ICP detection does not demand complete HPLC resolution of
either the +1 or +2 species, as demonstrated below.

Fig. 1 illustrates a typical paired-ion RP-HPLC-RI separation of Cu+1

and Cu+2, injected initially as 26.8ug Cu+1 in the form of CuCl (cuprous
chloride). This was an old sample of CuCl from the Chemistry stockroom at
the University, prepared in the mobile phase, which apparently existed more
as Cu+2 than the expected Cu+1. Clearly, the reading of bottle labels does
not guarantee the contents of a bottle are as represented at the time of
sale. A recently purchased sample of CuCl showed via this method almost no
Cu+2 ion present. When a new sample of cupric acetate (Cu(OAc)Z) was
prepared and analyzed, this sample existed almost entirely as Cu+ , with
only a very small contribution from the peak at tr = 2.85 mins, which is
that of Cu+1. Also, when solutions of Cu+1, prepared from old CuCl were
analyzed by paired-ion RP-HPLC-RI-ICP techniques, the ICP clearly showed
the presence of two distinct forms of copper, as expected from the above.

We have observed that under certain sample preparation conditions,
depending on which acid may be used to dissolve the initial copper salts,
it is possible to bbserve three distinct copper containing ionic species
via paired-ion RP-HPLC-ICP conditions. In order to dissolve certain copper
salts, we have used, in some instances, hydrochloric or sulfuric acids
(dilute concentrations), and these final solutions were then used for
the paired-ion analyses. In certain instances, we have clearly observed via
both RI and ICP detection, three distinct copper containing species. Two
of these are as already indicated, Figure 1, and a third copper containing
species has a retention time in between those for the Cu+1 and Cu+2 species.
It is possible that this third species is a mixed ligand, Cu+2, tripartite
ion species, perhaps containing only one counter-ion derived from the PIC
B-5 reagent and the remaining ion Cl'l.

It has, of course, now been possible to interface a large number of
paired-ion RP-HPLC separations of metal cations, such as those in Table I,

directly to the ICP. In this manner, element specific ICP chromatograms can
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be readily obtained, either in continuous print-out or tabular formats.

These tabular formats are then readily converted into either a pulsed or
continuous type chromatogram, and this can be done manually or instrumentally.
The true analytical capabilities for metal cations or anions resides, in part,
in the multi-element capabilities of the ICP detector. That is, in order to
determine how much of each possible valence state a metal may exist as in any
given sample, it is really only necessary for the analyst to physically
separate all of the +1 species from the +2s, or the +2s from the +3s, and

so forth. Once the different valence states are all resolved from each other,
chromatographically or otherwise, then the ICP can resolve each individual
metal species present within a mixture of +1s, +2s, +3s, etc. Indeed, using
this approach, but purely as an illustration of the possible capabilities

and potentials of HPLC-ICP analyses for metal ions, Figure 2 indicates a
synthetic mixture of three separate divalent metal cations. These are Fe+2,
Cd+2, and Zn+2, injected as a mixture of all three, at the levels indicated,
Figure 2, using a split of the column eluent to both RI and ICP detectors.
Naturally, the RI detector shows only a single peak for all three divalent
species, since these are not chromatographically distinguishable from each
other on the non-selective RI. Indeed, if one only used the non-selective

RI detector, then it would be impossible to know that more than one species
was present under the single chromatographic peak. However, the ICP is able
to monitor a number of emission wavelengths, in rapid sequence, and to
measure each light intensity at these various wavelengths as a function of
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time. It is then able to store this information, as pre-determined by the
particular program that operates the ICP, and to integrate each 1light emission
at the appropriate wavelengths every one, two, five, or x seconds during

the entire HPLC process. One therefore obtains an ICP print-out, Figure 2,
here re-constructed manually from the tabular format, for each metal species
wavelength of emission. The wavelengths used here are indicated, wherein we
have previously determined no spectral interferences for any of the three
metal wavelengths involved. In essence, one has three distinct HPLC-ICP
chromatograms for all of the metal cations present in the initial sample.

We have performed analogous, illustratuve studies, using other +1 and +2
species, wherein all of the +1s are separated from the +2s, and where the

ICP is then able to determine how much of each +1 and +2 species were present
in the original, simulated mixture of metal ionic species. This is therefore
true metal speciation, wherein the analyst now has the ability to determine

a very large number of metallic cations present in the same sample matrix,
all with a bare minimum of sample work-up, handling, and preparation prior

to the HPLC-ICP. This method avoids any form of sample derivatization before
injection onto the HPLC-ICP system.
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We, as well as others, have investigated the capabilities of paired-ion
RP-HPLC-ICP for performing metal anion analyses, with the initial emphasis
here on the speciation of various arsenic containing oxyanions. We have also
applied these same techniques for the speciation of chromium ions, viz.,
chromate and chromic ions, but this work will be presented elsewhere (50).
The analysis-speciation of arsenic containing compounds is of intense current
interest, as evidenced by the number of Titerature references within recent
years (11-14, 25, 26, 30, 51). Most of the reported work with arsenic oxyanions
has involved the use of ion-exchange packings in conventional HPLC, but some
work has been done using paired-ion RP-HPLC in combination with graphite
furnace AA (11) or ICP (30, 51). We have investigated the paired-ion RP-HPLC
resolution of three distinct arsenic species, viz., sodium arsenite (NaAst),
sodium dimethyl arsenate (sodium cacodylate, Na(CH3)2A502.3H0H), and sodium
arsenate (NazHAsO4.7HOH). Using the PIC A type reagent, it has been possible
to satisfactorily resolve all three arsenic oxyanions within about 10 mins.
HPLC-RI, Figure 3, indicates the presence of at least three compounds, but
there are a number of additional RI peaks present in the synthetic mixture of
standards. Using RI alone, it would not be possible to assign individual
peaks to any of the arsenic oxyanion materials. However, once the paired-ion
RP-HPLC separation is interfaced with ICP detection, it becomes apparent
precisely which chromatographic peaks are indeed the correct arsenic
containing species. Figure 3 is a typical, manually re-constructed HPLC-ICP
chromatogram of the three arsenic species involved, all clearly baseline
resolved within about 10 mins. The arsenic emission was monitored here at
a wavelength of 228.83nm, in combination with an integration time of about
1 sec. Each intensity reading at these 1 sec intervals was then used, after
background subtraction, to produce the final ICP chromatogram.

We have intentionally omilled any discussion here of minimum detection
limits via HPLC-ICP or HPLC-RI. However, from the data presented thus far,
it should be apparent that our detection limits in either detection mode do
not fall below the ppm levels for any of the metals studied here. In other
work, we have made direct comparisons of direct-ICP and HPLC-ICP detection
limits, especially for cadmium and chromium (50). Because of the band
broadening present within all HPLC-detector interfacing, due to the nature
of the HPLC process and the interfacing hardware dead volume, there must
always be a worsening of the detection 1limits in the interfaced mode. One would
automatically expect that this difference should be about 15-25 fold worse
for the HPLC-ICP case, but we and others have seemingly found this difference
to be somewhat more than this estimated value. In some instances, the overall
difference between direct-ICP and HPLC-ICP can be as much as 2-3 orders of



METAL CATION/ANION SPECIATION 473

R.l. RETENTION TIME (mins)

0 2 4 6 8 10 12
w T T T T T T
7}
Z
o
o
wn jﬁ
w 4
o 3
v d
o
5
lfl—J Solvent
o front
=)
o
NGASOZ
£ sodium arsenite (23ug)
=9
® NapHASO,
g Na(CHy), AsO,-3H,0 sodium arsenate
o sodium dimethy! arsenate (29ug)
= (14ug)
fe
B
gg 1 2 I
u
'—
Z
Z
(=]
n
2 )
=
w
o
o L 1 ] ] ] 1 ] | 1 ] |
- 0 2 4 6 8 10
I.C.P. RETENTION TIMES (mins)
FIGURE 3

magnitude, and we are currently trying to understand the specific reasons for
this effect. Obviously, for any HPLC-ICP method to have value in real world
applications, there must be detection limits which rival or equal those already
possible via direct-ICP. At the same time, we are somewhat surprised and truly
impressed by those reports in the literature which report HPLC-ICP detection
limits which are equal to or, in some cases, better than those possible/
reported for direct-ICP. What is called for in these studies is a direct
comparison of direct-ICP vs. HPLC-ICP for the same analytes and absolute
amounts, but such studies are somewhat lacking in the existing literature

(30, 51).
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CONCLUSION

We have attempted to develop and perfect a variety of HPLC approaches
for the successful and efficient resolution of a wide variety of inorganic,
metallic cations and anions. We have especially wanted to use the tremendous
amount of information and expertise that has evolved over the past few years
with regard to paired-ion RP-HPLC methods/applications. There is every reason
to believe that alternative methods of performing inorganic ionic separations
will provide just as much useful, overall results as those described here.
However, in the case of low pressure ion chromatography, the question remains
of the general applicability of this approach for performing inorganic,
metal ion analyses in combination with ICP, wherein this would mean the
virtual exclusion of all other forms of HPLC separations. On the other hand,
the reversed phase columns that we have utilized for RP-HPLC-RI-ICP are still
readily available for performing other types of organic HPLC analyses, using
the exact same type of HPLC instrumentation and hardware. This would appear
to be a very significant advantage in using reversed phase HPLC approaches
for inorganic, ionic or organometallic type separations.

The combination of ionic chromatography and element specific ICP
detectionis quite obviously an extremely powerful method for inorganic
type analyses. ICP apparently has fewer matrix interference and salt
interference problems as compared with either flame AA or graphite furnace
AA methods of today. Most importantly, ICP has true multi-element capabilities
something which conventional AA and/or GFAA do not really possess. ICP can
also be quite compatible with high salt concentrations in the HPLC mobile
phase (49, 50), without producing spectral or sample matrix interferences
for the metal of interest. This may not be the case with FAA and/or GFAA
approaches. Also, ICP would appear to be somewhat more compatible with
gradient elution IIPLC methods, cspccially with those which would involve
the use of methanol, ethanol, or isopropanol. We and others have noted this
potential for using mixed aqueous:organic type solvents in ICP operations,
at times with increased signal responses for particular analytes. A number
of other organic HPLC solvents may also prove compatible with routine ICP
operation, and considerable more work remains to be undertaken in this area
(16, 30, 52). Obviously, it would be extremely advantageous to undertake
gradient elution RP-HPLC separations in combination with ICP detection, for
this approach would then allow for a complete metal speciation profile
determination for a very large number of metal elements/species. Quite
clearly, our work here is but one step in that direction.

We have only briefly discussed detection 1imits in the HPLC-ICP mode,
but the literature does already contain a certain amount of information in
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this regard. It is our belief that, in general, an insufficient amount of
work has been devoted to maximizing HPLC-ICP sensitivity and minimizing

its detection limits. These must be brought more in 1ine with the correspond-
ing HPLC-GFAA or direct GFAA Timits/sensitivities. Thus far, most reports of
HPLC-GFAA detection 1imits indicate a significant advantage over the
analogous HPLC-ICP detection 1limits for the same samples and HPLC conditions.
Unfortunately, there are very few meaningful direct comparisons of HPLC-GFAA
and HPLC-ICP for the same HPLC conditions and analytes of interest. It is

our hope, as well as that of others, that the future will bring forth greatly
improved Timits of detection for HPLC-ICP methods, and that this approach
will take its rightful place as a highly versatile and quite useful method
of trace element analysis and speciation.
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DETERMINATION OF GLUTAMIC ACID DECARBOXYLASE ACTIVITY
IN SUBREGIONS OF RAT BRAIN BY HIGH PRESSURE
LIQUID CHROMATOGRAPHY

Mack R. Holdiness
Louisiana State University
School of Medicine
1900 Perdido Street - Room B-96
New Orleans, Louisiana 70112

ABSTRACT

A quantitative high pressure liquid chromato-
graphic (HPLC) assay has been developed for the deter-
mination of glutamic acid decarboxylase (GAD) activity
in subregions of rat brain. GAD activity was deter-
mined indirectly by measurement of gamma-aminobutyric
acid (GABA). Fluorimetric detection was made possible
by derivatization with ortho-phthalaldehyde and the
limit of detection was 11 ng GABA.

INTRODUCT ION
Gamma-aminobutyric acid (GABA) has been identified
as a principle inhibitory neurotransmitter in the
central nervous system of veterbrates (1). However,
GABA is distributed in glial cells as well as within
neurons, while glutamic acid decarboxylase (GAD) the

enzyme that decarboxylates glutamic acid (GA) to GABA,
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is found only within the neurons (1). Therefore GAD
activity is used as a marker of GABAergic neurons.

GABA projections from neostriatum to globus pallidus
(GP), entopeduncular nucleus (EP), and substantia nigra
(SN) (2,3) as well as from SN to ventromedial thalamus
(VM) (4) have been reported. Decreased GAD activity has
been found in the striatum and SN of postmortem brains
of humans afflicted with Parkinson's disease and
Huntington's chorea (5,6).

A number of procedures have been developed for the
indirect analysis of GAD activity via measurement of
GABA formation. A radiometric method for GAD activity
by measurement of 14C02 from the decarboxylation of
l4c-1abeled GA has been described by Roberts and
Simonsen (7). Lowe et al (8) reported a fluorimetric
procedure for the determination of GAD activity in
neural tissue by measurement of GABA formation.
Recently, Holdiness et al (9) reported a modification
of the Lowe et al (8) method for measurement of GAD
activity in subregions of rat brain. Values reported
for GAD activity were 7.91 + 1.47 (GP), 6.87 + 2.07
(EP), 3.38 + 0.69 (VM), 13.80 + 2.14 (SNM) and 8.23 +
2.26 (SNp) ug GABA/hour/mg protein.

In this paper is reported an HPLC method for deter-
mination of GAD activity in rat brain tissue using

fluorescent detection.
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EXPERIMENTAL

Materials

The chemicals used in this study were sodium-L-
glutamate (Pfaltz and Bauer, Inc., Stamford, CN), tri-
chloroacetic acid, gamma-aminobutyric acid and 5-amino-
valeric acid (Sigma Chem. Co., St. Louis, MO). Pyridoxal
5-phosphate, triton x-100 (scintillation grade), ortho-
phthalaldehyde and 2-mercaptoethanol were procurred from
Eastman Kodac Co. (Rodchester, NY). The internal
standard was prepared by dissolving 2.0 mg of 5-amino-
valeric acid in 25 ml of a solution consisting of 0.50
M KCL, 0.010 M EDTA, 0.5% triton x-100 and 0.40 M

sodium phosphate buffer pH 6.40.

Instrumentation

A Waters Associates 202 HPLC with a 6UK injector
was used with a stainless steel column (1 m by 4.6 mm
I.D.) packed with Zipax strong cation exchange resin
(DuPont, Wilmington, DE), 10 um particle size.
Fluorescence was accomplished with a Perkin-Elmer MPF-4
spectrofluorimeter with an excitation wavelength of 335
nm (6 mm slit width) and as emission wavelength of 450
nm (10 mm slit width) and a dynode voltage of 500 volts.
Post column derivatization was accomplished with a
second Waters 6000A solvent delivery pump which connec-

ted after the column by a three way tee union. Thirty
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feet of teflon tubing was required between the union and
the spectrofluorimeter to allow for complete derivati-
zation. The tubing, column and 30 ul quartz flow cell

were maintained at 40°C.

Operating Procedures and Conditions

The mobile phase consisted of 0.50 M sodium acetate
buffer adjusted to pH 5.0 and degassed for 30 minutes.
The derivatizating agent was prepared by mixing 220 mg
ortho-phthalaldehyde in a minumin amount of methanol
with 200 ul of 2-mercaptoethanol dissolved in 0.50 M
sodium phosphate buffer adjusted to pH 10. The flow
rate was set at 2 ml/min and 0.10 ml/min for the mobile

phase and derivatizating agent, respectively.

Sample Collection and Preparation

The sample collection procedure has been previously
described (9). From each 1 mm thick brain tissue slice,
two tissue punches were taken from symmetrical loca-
tions in the left and right hemispheres. Each set of
punches was immediately transferred to a 12 ml poly-
propylene Eppendorf tube containing 100 ul of internal
standard solutior and sonicated for 10 seconds under
low power sonication. After sonication, 50 ul of this
solution was transferred to an identical tube containing
20 ul of 3% trichloroacetic acid (TCA). This second

tube served as a blank and its concentration of GABA was
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subtracted from the orginal sample. The substrate-
buffer was prepared as previously described (9) and 50
ul of this solution was added to both the sample and
blank tubes before they were incubated for two hours at
38°C. The enzyme was inactivated by addition of 20 ul
of 3% TCA to the orginal sample tube and all tubes were
centrifuged at 950 x g for 20 minutes. Injections of
40 ul of the supernate were made into the HPLC. The
precipitated tissue was analyzed for protein as de-
scribed by Lowery et al (10) and GAD activity has been

reported in ug GABA/hour/mg protein.

RESULTS AND DISCUSSION

Figure 1 shows a typical chromatogram of GABA and
internal standard isolated from rat brain. The reten-
tion times for GABA and internal standard are 4.70 and
6.80 minutes, respectively. Positive identification
was achieved by peak superimposition, i.e.. by addition
of GABA and 5-aminovaleric acid standards (300 ng) to
the extracts and observing increased peak height at the
corresponding retention times.

The lower 1imit of detection (2/1 signal to noise)
of this procedure is 11 ng GABA. Repetitive injections
of standards gave good reproducibility of retention
times (standard deviation + 2%) and peak heights

(standard deviation + 2.5%). Standard curves were
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Figure 1. HPLC chromatogram of GABA and 5-aminovaleric
acid (internal standard) extracted from rat brain
tissue. The retention times of GABA and internal stan-
dard are 4.70 and 6.86 minutes, respectively.

linear in the range of 10 to 3000 ng and day to day
reproducibility varied less than 3.1% (standard
deviation). The recovery for GABA was 96 *+ 6% and
overall 1 to 3 fold GABA increases were observed for
samples in this procedure.

The tissue punch placement is presented in Figure
2. All tissue slices are 1 mm thick and left and right
hemispheric punches are combined for each nuclei. The
first punch is the GP at AP 7.0 and the other locations

are AP 6.0 (EP and VM) and AP 3.0 (SNM and SNL) based
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TISSUE PUNCH
PLACEMENT

AP 7.0

VM

AP 3.0

Figure 2. Tissue punch placement. The first punch was
from a 1 mm thick tissue slice containing the globus
pallidus (GP). The second slice contains the entopen-
duncular nucleus (EP) and ventromedial thalamus (VM).
The third slice contains the substantia nigra medial
(SNM) and lateral (SNr) punches. The numbers on the
left refer to the anterior-posterior (AP) axis coordi-
nates in the brain atlas of Pellegrino and Cushman (11).
Punch diameter, 1.30 mm.
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upon the atlas of Pellegrino and Cushman (11). An
average weight of representative tissue samples from
combined left and right brain punches (n = 20) is 2.30 +
0.33 mg tissue (wet weight) with an average protein
content of 0.110 mg protein/mg tissue. The average GAD
activity values (+ standard deviation) found by this
method in each brain region (n = 5) are 7.81 + 1.08
(GP), 6.73 + 1.58 (EP), 3.75 + 0.71 (VM), 13.70 + 1.75
(SNy), and 8.17 # 1.68 (SN;). These values are in close
agreement with the previously reported activities deter-
mined by the fluorimetric procedure (9).

In conclusion, the HPLC method described is suffi-
ciently sensitive and specific for analysis of GAD

activity in subregions of rat brain tissue.
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EVALUATION OF NEW MICROPARTICULATE PACKINGS FOR AQUEOUS
STERIC EXCLUSION CHROMATOGRAPHY

Thomas V. Alfredson, C. Timothy Wehr, Lori Tallman, and
Fred Klink
Varian Associates
Walnut Creek Instrument Division
2700 Mitchell Drive
Walnut Creek, CA 94598

ABSTRACT

Two types of high performance aqueous size exclusion columns
have recently been developed, one a rigid spherical silica-based
packing containing a new hydrophilic bonded phase (MicroPak TSK Gel
Type SW) and the other an organic-based, semi-rigid gel (MicroPak
TSK Gel Type PW). Characteristics of MicroPak TSK SW and PW columns
were compared to other commercially available aqueous SEC columns
packed with similar supports. Chromatographic performance of pre-
packed columns containing microparticulate support materials were
compared for exclusion separations of water-soluble organic polymers,
biopolymers, and small water-soluble oligomers. Amino acid probes
were used to investigate non-exclusion effects of MicroPak TSK SW
and PW columns.

INTRODUCTION
Steric exclusion chromatography (SEC) carried out in aqueous
mobile phases, traditionally referred to as gel filtration chroma-
tography, is widely used for the separation and characterization of
natural and synthetic water-soluble polymers. The technique has been
primarily employed to study biopolymers using crosslinked dextrans

(e.g., Sephadex™) and agaroses (e.g., Sepharose”, Bio-Gel A™). Such
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gels are of limited utility in HPLC because their inherently low
compressive strengths require operation at low pressures and flow
velocities.

Controlled-pore glasses (CPG) and silica packings allow analy-
sis at pressures and flow velocities typical of HPLC, Microparti-
culate silica supports offer greatly reduced separation times com-
pared to the soft gels traditionally used in aqueous SEC; however,
their active surface sites often result in adsorption and other non-
exclusion effects (2). Silica-based packings which contain a chemi-
cally bonded phase such as glyceryl propyl ether (diol) reduce ad-
sorption (i.e., chemically deactivate the silica) but often exhibit
low pore volumes compared to carbohydrate gels, thus reducing reso-
lution.

New HPLC packings for aqueous SEC have utilized both micropar-
ticulate, hydrophilic polymer gels (3,4) and silica supports con-
taining hydrophilic bonded phases (5,6). Several of these silica-
based supports have recently been characterized by Pfannkoch, Lu,
Regnier, and Barth (7) from the standpoint of both SEC performance
and attendant non-exclusion effects. A comprehensive review of com-
mercially available aqueous exclusion packings and chromatographic
practices has been published by Barth (8).

Two types of microparticulate aqueous exclusion packings have
been developed by Toyo Soda Mfg. Co. (Tokyo, Japan). One is a rigid,
silica-based packing with a new hydrophilic bonded phase (TSK Gel
Type SW) and the other a hydrophilic, polymer-based, semi-rigid gel
(TSK Gel Type PW) (9, 10, 11).

In this report, the chromatographic performance of MicroPak TSK
columns containing these two support materials has been compared for
SEC separations of water-soluble organic polymers, biopolymers, and
small water-soluble molecules. Column characteristics and chromato-
graphic performance have also been contrasted with other commercially
available aqueous SEC supports of similar nature. Amino acid probes
were used to investigate non-exclusion effects on MicroPak TSK SW

type and TSK PW type columns.
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EXPERIMENTAL

Chromatography was performed on Varian Model 5000 LC systems
equipped with a refractive index detector and a UV-50 variable wave-
length absorbance detector. Chromatographic separations were car-
ried out at 25°C using Varian MicroPak TSK SW and TSK Gel PW type
columns (7.5 mm x 30 cm) at a mobile phase flow rate of 1 ml/min.
Sample injection volumes were 100 ul using a Valco manual loop in-
jector. Solvents used were 0.01 M KHZPO4 (pH 6.8) for amino acid
probe samples, 0.1 M KHyPO, + 0.1 M KC1 (pH 6.8) for proteins, and
deionized water for polyethylene glycol standards.

Samples of polyethylene glycol (PEG) standards were obtained
from Toyo Soda Mfg. Co. Ltd. (Tokyo, Japan) and Jefferson Chemical
Co. (Austin, Texas). Aqueous solutions 0.1% w/v were used through-
out this study. PEG standards above MW 10,000 were dissolved in
aqueous solutions containing 0.5% ethanol to aid dissolution and re-
tard chain scission of the standard (12). Detection of PEG stan-—
dards was accomplished by a refractive index detector.

Proteins and amino acid probe samples were obtained from Sigma
Chemical Co. (St. Louis, Missouri). Detection of proteins was at

280nm and detection of amino acids at 210nm in the UV.

RESULTS AND DISCUSSION

Characteristics of Commercially Available Aqueous SEC Microparticu-

late Supports
A. Surface-Modified, Silica-Based Packings

Tables 1 and la list all commercially available columns packed
with surface-modified, silica-based aqueous SEC supports. Character-
istics for each column type specify chemical nature of the bonded
phase (or surface modification), packing name, available pore sizes,
particle size and shape of the silica, molecular weight separation
ranges, and a list of manufacturers and suppliers. Several of the
support materials in this table are marketed by a variety of sup-

pliers under different trade names. For example, SynChropak GPC
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packing is also sold under the names of Aquapore and Bio-Sil GFC
columns, and TSK Gel SW packing is sold under names of uSpherogel
TSK SW, MicroPak TSK SW, and other column names.,

SynChropak high performance modified silica was the first com-—
mercially available glycophase-type packing for aqueous SEC. Silyl-
propylglycerol bonded phases of this type also include LiChrosorb
Diol and more recently LiChrospher Diol. Although largely employed
in the separation and characterization of water-—soluble biopolymers,
all of these packings can be used with organic solvents for analysis
of synthetic polymers and other applicatioms.

UBondagel packing is a silica-based support containing an ali-
phatic ether bonded phase. Its primary application has been the
characterization of synthetic polymers and polysaccharides in both
aqueous mobile phases and organic solvents such as tetrahydrofuran
(THF) . Recently, Waters Associates has developed a proprietary
Protein Column designed specifically for characterization of bio-
polymers such as proteins. The nature of the silica surface modi-
fication has not been published although it is known to contain a
neutral, hydrophilic phase covalently bonded to silica.

TSK Gel Type SW packing is believed to consist of a glycol
ether-type bonded phase similar in nature to the glycophases. The
surface of TSK SW packing is known to be highly hydroxylated, al-
though the exact packing structure has not been published. This
surface-modified silica support exhibits little tendency for adsorp-
tion and high efficiency for analysis and separation of biopolymers

such as proteins and enzymes.

B. Organic Gel-Based Packings

Characteristics of commecrcially available organic gel-based
packings for aqueous SEC are listed in Tables IT and ITa. The
chemical nature of the support, packing name, available pore sizes,
particle size and shape, molecular weight separation ranges, and pH

range of operation are listed for each material along with a list

of manufacturers and suppliers.
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Spheron packing is a poly(hydroxyl methacrylate) copolymerized
with ethylene dimethacrylate. The packing particles are aggregated
to form macroporous beads capable of withstanding pressures up to
3000 psi. The support is compatible with both water and organic
solvents, allowing a wide range of applications (53).

Shodex OHpak support is believed to be composed of a glycerol
methacrylate copolymer although the exact structure of the packing
has not been published. Shodex OHpak B-804 packing is the only
pore size available of this type and has been employed in the char-
acterization of both polysaccharides and biopolymers.

Shodex IonPak is a sulfonated poly(styrene divinylbenezene)
gel offering high efficiency and a wide variety of pore sizes for
aqueous SEC. Applications of this gel have focused on characteri-
zation of polysaccharides and neutral, synthetic polymers,

TSK Gel Type PW packing is a crosslinked, hydroxylated poly-
ether gel whose exact structure has not been published. Most of
the pore sizes available with this packing are known to contain
residual carboxyl groups and the smaller pore sizes (1000PW and
2000PW) additionally contain residual amino groups. This support
material has been employed in a wide variety of aqueous SEC appli-
cations and has been found to be particularly well suited to the
analysis of water-soluble synthetic polymers, including poly-

cations.

Comparative Characterization of MicroPak TSK SW and TSK PW Columns

A comparison of the characteristics of MicroPak TSK SW and TSK
PW columns serves to illustrate some of the fundamental differences
between silica-based and organic gel-based supports for aqueous SEC
as well as provide additional information on these two column types.
MicroPak TSK SW column packing is a rigid, hydrophilic, spherical,
and porous silica that contains a chemically bonded phase thought to
be a polyether-type coating. The surface of the packing is covered
with hydroxyl groups (13). MicroPak TSK PW column packing is a
semi-rigid, hydrophilic, crosslinked polymcr-based gel containiug

the group -CH,CHOHCH,0- as the main backbone component (14).
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A comparison of the characteristics of MicroPak TSK SW and TSK
Gel PW columns is shown in Table 3. Exclusion limits, typical
efficiencies, ratio of pore volume (Vj) to interstitial volume (V,),
particle sizes, and pore sizes are listed for each column type.
MicroPak TSK SW type columns have higher efficiencies and (Vi/Vo)
ratios than the PW type columns, and therefore should offer higher
resolution. The PW type columns operate over a larger molecular
size range than do the SW columns due to the wider range of pore
sizes available. MicroPak TSK PW columns also allow operation over
a wider pH range (2 to 12) than the silica-based SW columns (2.5 to
7.5) (see reference 9).

Figure 1 displays a vanDeemter-type plot of linear velocity
versus plate height (HETP) for some MicroPak TSK SW and PW type
columns. Plate height increases with flow velocity and is found
to plateau at high flow velocities. In comparing the 3000PW to the
4000SW column, it can be seen that the 4000SW column has a higher
efficiency at all flow rates examined. The 3000SW column has a
smaller particle size packing (10 p) than either the 3000PW or
4000SW column packing (13 p) and, consequently, lower plate height
at all flow velocities. 1In practice, flow velocities of 0.04 to
0.06 cm/sec, roughly corresponding to 0.8 to 1.3 ml/min mobile phase
flow rate, have been found to offer the best compromise between
speed and efficiency for both column types.

Polyethylene glycol (PEG) calibration curves for SW and PW
columns are shown in Figures 2 and 3, The slopes exhibited in the
linear region of the calibration curve have been found to be indic-
ative of the resolution attainable with steric exclusion columns
(15). Lower slopes usually correspond to higher resolution values

for a given column pore size.

Comparative Performance of Aqueous SEC Columns

Chromatographic column performance has been traditionally ex-
pressed in terms of the number of theoretical plates or efficiency:

v
N o= 16D (0
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500
.06 |- /
3000 PW
~ .05 | 4000 SW
£ v
E
o
=
w
I
3000 sw LEGEND:
e 3000 PW Column (7.5 mm x 30 cm)
.04 |- dp = 13p
O 4000 SW Column (7.5 mm x 30 cm)
dp = 13p
A 3000 SW Column (7.5 mm x 30 cm)
dp - 10p
1 1 ] 1 1 L 1 1
.02 .04 .06 .08 .10 12 .14 .16

LINEAR VELOCITY (cm/sec)

FIGURE 1. VanDeemter—-type plot of linear velocity (cm/sec) versus

plate height (HETP in mm) for MicroPak TSK 3000SW (dp = 10 n),
4000SW (dp = 13 p), and 3000PW (dp = 13 p) columns. Column dimen-
sions: 7.5 mm x 30 cm; Mobile phase: H20

where Vi is peak retention volume and W the peak width at baseline
as measured by a peak triangulation technique.

The resolution (or separation efficiency) of a two-component
mixture has also been used as a column performance parameter as

described by the following equation:

. 2(Vpo=Vry) 2)
S Wl + W2
where le and VR2 are Lhe elution volumes of two solutes and W1 and

W2 their respective peak widths.
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1 MILLION |-
COLUMNS:
100,000L- 2000 SW
3000 SW7.5 mm x 30 cm
E 4000 SW
0] MOBILE PHASE: H0
w 10,000 |- FLOW: 1 ml/min
S SAMPLES: 100 ul 0.1% PEGS
g
= |
o 1,000 |-
w
-
o
=
100 |~
LEGEND:
10 X 2000 SW
® 3000 SW
A 4000 SW
1 " | 1 1 A 1 s 1 n 1
4 6 8 10 12 14

ELUTION VOLUME (MLS)

FIGURE 2. PEG standard calibration curves for MicroPak TSK SW
type columns. Mobile phase: H0; Flow rate: 1 ml/min; Injection
volume: 100 pl; Loading: 0.1%Z PEG. Column dimensions: 7.5 mm x

30 cm.

The values of R, and N calculated by these equations, however,

S
are highly dependent on column dimensions and on the solutes chosen
to characterize performance. Additionally, in steric exclusion

chromatography, it would be very desirable to relate chromatographic
resolution to molecular weight since separation is based upon mole-

cular size discrimination.
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1 MILLION

T

COLUMNS:
1000 PW
2000 PW
3000 PW
4000 PW
5000 PW

MOBILE PHASE: H5O0

FLOW: 1 ml/min

SAMPLES: 100 ul 0.1% PEGs

T

100,000

7.5 mm x 30 cm

10,000

1,000

MOLECULAR WEIGHT

100 -
LEGEND:

o 1000 PW
X 2000 PW
10+ = 3000 PW
a 4000 PW
¢ 5000 PW

4 6 8 10 12 14
ELUTION VOLUME (MLS)

FIGURE 3. PEG standard calibration curves for TSK PW type columns.
Mobile phase: H90; Flow rate: 1 ml/min; Injection volume: 100 ul;
Loading: 0.1%Z PEG. Column dimensions: 7.5 mm x 30 cm.

The concept of specific resolution, RSP’ was introduced by Bly
(16) who has shown that in the linear region of the calibration

curve of log MW versus V_ for an exclusion column, resolution can

R
be normalized and expressed as a function of molecular weights of

a solute pair:

A YRl SU 1
SP Wl + Wz log(Mwl/sz)

(3)
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where Mwl and sz

pair of solutes with a decade difference in MW, equation (3) re-

are the molecular weights of two solutes. For a

duces to the expression for resolution. Additionally, outside the
linear calibration range for a steric exclusion column, RSP ap-
proaches zero.

Specific resolution, R is independent of the solute probes

>
if the samples have very naifow molecular weight distributions
(MWwD) (17). Thus, RSP is a more descriptive parameter for accurate
performance comparison of steric exclusion column types. This
parameter has been applied by Kirkland and Antle (18) to the per-—
formance characterization of high performance steric exclusion
packings using organic mobile phases.

Table 4 displays a comparison of efficiency, specific resolu-
tion (RSP)’ and pore volume data for several commercially available
aqueous SEC columns packed with surface-modified, silica-based sup-
ports. In SEC, resolution is a function of both column efficiency
and support pore volume (V;). As can be seen from the data in this
table, columns with high efficiency and large support pore volumes
offer high resolution for SEC separations, as for example the TSK
3000SW column.

A comparison of pore volume and efficiency for several commer-
cially available aqueous SEC columns packed with organic gel-based
supports is shown in Table 5. Lack of published data on the per-—
formance of these packings precludes a more incisive comparison.

Specific resolution, R__, values were calculated with a series

SP
of narrow MWD polyethylene glycol standards and protein standards

for both MicroPak TSK SW and PW columns. The average molecular

weight for a pair of standards can be defined as follows:

MW1 + MW2
Average MW = ——— (4)

A plot of RSP

of optimum resolution for a steric exclusion column and provides a

versus Average MW defines the molecular weight range

practical performance criterion for column selection and comparison

in steric exclusion analysis. Such plots have been used by Kato et
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al. to characterize protein separations on SW columns (19). Demon-
stration of the utility of these plots to chromatographic perfor-
mance of MicroPak TSK SW and TSK PW columns has recently been per-—
formed (20).

Specific resolution curves for MicroPak SW columns using PEC
standards are shown in Figure 4. 1In comparing the 2000SW and
3000SW columns, the 2000SW displays higher specific resolution
values for solutes below MW 1000, while the 3000SW column displays
higher resolution values for larger solutes. This fact has also
been observed for protein separations using 2000SW and 3000SW
columns (see reference 19). Although the 4000SW column operates

over a wide range of solute molecular weights, specific resolution

COLUMNS: 2000 SW
3000 sSw 7.5 mm x 30 cm

-
o
T

- 4000 sSw
MOBILE PHASE: H50
FLOW: 1 ml/min

DETECTOR: RI
SAMPLE: 100 ul 0.1% PEG Solutions

LEGEND:

B %—X 2000 SwW
=-—m 3000 SW
A—4A 4000 SwW

SPECIFIC RESOLUTION (Rsp)
w & a o 9 o v
T

2 -

1L A 2000 sSW

0 e L ] 1 A
10 100 1,000 10,000 100,000 1 MILLION
AVERAGE MOLECULAR WEIGHT ('\"_1_*2'_'“;)

FIGURE 4. Specific resolution (Rgp) curves for MicroPak TSK Gel
type SW columns using PEG standards. Mobile phase: Hp0; Flow
rate: 1 ml/min; Injection volume: 100 pl; Loading: 0.1% PEG; Col-
umn dimensions: 7.5 mm x 30 cm.
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values are much lower than those obtained with 2000SW and 3000SW
columns for solutes less than 20,000 in molecular weight.

Specific resolution plots for MicroPak PW columns using PEG
standards are displayed in Figure 5. As column pore size increases,
specific resolution values decrease for PW columns. The extremely
large values of specific resolution obtained with 1000PW and 2000PW
columns reflect the advantage of these columns for analysis of
small water-soluble molecules such as polyethylene glycol oligomers
and oligosaccharides (21).

In comparing specific resolution curves for MicroPak TSK SW
and PW columns, several points are noteworthy:
is In molecular weight ranges applicable to both SW and PW col-

umns, higher resolution is provided by operation with SW col-

umns ;
COLUMNS: 1000 PW

10 - 2000 PW
a 9l 3000 PW 7.5 mm x 30 cm
o 4000 PW
; 8L 5000 PW
P — MOBILE PHASE: H20
o 7+ FLOW: 1 ml/min
3 " SAMPLE: 100ul 0.1% PEGs
g L
w
2 B LEGEND:
e o0—o0 1000 PW
© a4 *—x% 2000 PW
| == 3000 PW
2 3F +~ . 4000 PW
o —
& =l 5000 PW

1+
0 L 1 ]

10 100 1,000 10,000 100,000 1 MILLION

AVERAGE MOLECULAR WEIGHT ( mq + Mz)
2

FIGURE 5. Specific resolution (Rgp) curves for MicroPak TSK Gel
Type PW columns using PEG standards. Conditions same as in Figure
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ii. For solutes of molecular weight greater than 200,000 the PW
columns offer a wider molecular weight range of operation and
higher resolution values;

iii, 1000PW and 2000PW columns are best suited to the analysis of

small water—-soluble molecules.

Comparison of Microparticulate Aqueous SEC Columns for Analysis of

Water Soluble, Synthetic Polymers

The influence of the mobile phase in aqueous steric exclusion
chromatography is particularly important because of its effect on
solute conformation and size. Ionic strength is critical in elim-
inating hydrophilic interactions between the column packing and
charged solutes (polyelectrolytes) that lead to attendant problems
of ion exclusion, ion inclusion, ion exchange, and adsorptive ef-
fects (22). TFor SW and PW type columns, ionic strengths greater
than 0.1 p are preferred, and polyvalent anions seem to be more
effective in eliminating ionic effects for many polymers. Poly-
saccharides, poly(vinyl alcohol), and poly(vinyl pyrrolidone)
polymers can be successfully chromatographed on both SW and PW type
columns using low ionic strength mobile phases such as 0.02 M
KH2P04 (see reference 21).

Shodex IonPak columns have been shown to be effective in the
characterization of high molecular weight polysaccharides, poly-
ethylene glycols, and poly(vinyl alcohol) polymers utilizing water
as a mobile phase (40). However, since the packing is ionic, the
columns would be best employed in neutral to low pH mobile phases
to avoid ion-exclusion or exchange separation mechanisms. In some
cases ion-exclusion and hydrophobic interactions have been exploited
to achieve separation of acidic from neutral compounds and small
organic molecules (41).

u-Bondagel and several glycophase-type packings have also been
applied to the analysis of water-soluble polymers utilizing mobile
phase ionic strengths of 0.1 p or greater (42,43). TIonic interac-

tions caused for example by residual silanol sites can be minimized
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by higher ionic strength mobile phases; hydrophobic interactions
with these supports can usually be controlled by adding organic
solvent modifiers. Due to excellent mechanical strength of the
supports, such packings can also be utilized for synthetic polymer
analysis in organic solvents. p-Bondagel has been used to charac-
terize a number of water-soluble polymers, including sulfonated
polystyrenes, poly(vinyl alcohol), and anionic polyelectrolytes (44).

For very polar synthetic polymers such as polyacrylamide,
poly(acrylic acid), and polyethyleneimine, mobile phase ionic
strengths greater than 0.3 p give satisfactory results for MicroPak
TSK PW type columns but SW type columns exhibit adsorption effects
even at these ionic strengths, as do most other silica-based pack-
ings. The use of acetic acid as a mobile phase modifier has also
been found to decrease non-exclusion interactions with PW type
columns (23). 1In general, PW type columns give better performance
than SW type columns for water-soluble organic polymers due to
availability of larger pore size columns and minimal non-exclusion
effects for polar, water-soluble polymers, Characterization of
cationic polymers has also been reported on PW columns (45,46).

In exclusion chromatography, separation is achieved solely on
the basis of effective molecular size of a solute only when no sig-
nificant interactions take place between the stationary phase and
the sample. For such a separation, the support material must be
inert (i.e., contain no active surface sitcs) with the eluent used
for analysis and the solute must be recovered with 100% efficiency.
In practice, unwanted non-exclusion interactions or the inertness
of a support material can be evaluated from solute elution volume
and recovery in a given mobile phase. Recovery data for water-sol-
uble polymers analyzed on MicroPak TSK 3000PW columns in various
mobile phases is shown in Table 6 (24). Polymer mass recovery was
defined as the peak area ratios of injections made with and without
a column. Polymers studied were poly(vinyl alcohol) (PVA), poly-
(ethylene oxide) (PEO), poly(vinyl pyrrolidone) (PVP), poly(acryl-
amide) (PAM), and poly(acrylic acid) (PAA). Higher recoveries of
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Table 6.
Recovery Data for Water Soluble Polymers on MicroPak
TSK Gel PW Type Columns

3000PW 3000PW
Polymer MW (Water) (0.08 M Tris)
Polyvinyl alcohol (PVA) 125,000 80% 98%
Polethylene oxide (PEO) 50,000 99 -
Polyvinyl pyrrolidone (PVP) 10,000 60 100
Polyacrylamide (PAM) 600,000 40% 80%
Polyacrylic acid (PAA) 90,000 - 84

Sample Loading: 50 to 300 ug
* 3000PW + 5000PW columns in series,

PVP and PAM polymers, both acidic polyelectrolytes, as well as PVA
with 0.08 M tris eluent are due to reduction of hydrophilic inter-
actions between packing and sample as a consequence of increased
ionic strength of the mobile phase. No comparative synthetic poly-
mer recovery data has been published utilizing similar microparticu-—

late aqueous SEC supports.

Comparison of Microparticulate Aqueous SEC Columns for Biopolymer

Analysis
High performance exclusion chromatography is a promising tool

in protein chemistry for purification and molecular weight charac-
terization of proteins. The utility of high speed SEC biopolymer
separations depends upon adequate recovery of proteins in their
native (e.g., active) form after passage through the column. Pre-
vious supports used for high speed SEC separations based on silica
or controlled pore glass have suffered from poor recovery due to
high densities of acidic silanol groups which contribute to adsorp-
tion and denaturation of proteins (25). Pfannkoch et al. (7) have
measured recovery of enzyme activity from several new silica-based
bonded phase support materials. Recovery of trypsin activity from
such columns was greater than 867 for all supports tested and al-
most quantitative for some supports (LiChrosorb Diol; SynChropak
GPC 100; and TSK 3000SW columns). Fukano et al. (26) using TSK

3000SW and 4000SW columns have reported almost quantitative mass
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recovery of a number of proteins and quantitative recovery of acti-
vity for several enzymes.

Mass recovery of two proteins, cytochrome C (MW 13,500) and
fluorescein conjugated rabbit anti-human IgG (MW 150,000) was de-
termined using a MicroPak TSK 3000SW column (27). Protein recovery
was defined as the peak area ratios of injections made with and with-
out a column. As shown in Table 7, recoveries range from 84 to 887%.

To determine recovery of enzyme activity, B-galactosidase
(grade IV from E. coli, Sigma Chemical Co.) was injected using the
assay buffer (0.1 M KHyPO, + 0.01 M KC1 + 0.001 M MgSOj + 0.05 M
B-mercaptoethanol, pH 7.0) as mobile phase. Enzyme activity was
measured with and without a column using a modification of the ONPG
hydrolysis procedure described by Miller (28). R-galactosidase,
which has a molecular weight of about 520,000 daltons, elutes within
the permeation volume from a MicroPak TSK 4000SW column. Activity
recovery of ONPG units was 98%.

Recovery of cytidine kinase activity from MicroPak TSK 3000SW
columns has also been determined (W. Kreis, Sloan-Kettering Insti-
tute, unpublished results). Two 7.5 mm x 30 cm 3000SW columns were
used in series with 50 mM potassium phosphate (pH 6.8) as mobile

phase flowing at 1.0 ml/min; 20 pl (containing 0.6 mg protein) of a

Table 7.
Protein Mass Recovery from MicrpoPak TSK 3000SW Column¥*

Sample Detection Chromophore Recovery **
Anti-Human IgG, 31 ug 495nm Fluorescein 88.1
Anti-Human IgG, 31 ug 280nm Tyrosine,

Tryptophan 84.1
Cytochrome C, 10 ug 280nm Tyrosine,
Tryptophan 84.9

* Conditions: Mobile Phase: 0.01 M KH2P04 (pH 7.2) + 0.1 M KC1
Flow Rate: 1.0 ml/min
Temperature: 30°C

Total Area With Column
Total Area Without Column

** Recovery = X 100
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mouse Ascites homogenate was injected and fractions were collected,
held on ice, and assayed for cytidine kinase activity after the
method of Kreis et al. (29). Activity of the pooled fractions was
70%, 89.3%, and 97.,47% of the uninjected sample for three separate
injections. (Collected fractions were held on ice for two hours
prior to assay, and run-to-run variation may reflect technical vari-
ations in the assay).

Calibration curves for MicroPak TSK SW columns using protein
standards are displayed in Figure 6, The utility of these columns
for biopolymer separations has been demonstrated by Wehr and Abbott
(30). Xato et al. (31) demonstrated the TSK 3000SW column to be
the most useful SW column for protein separations.

Protein calibration curves for selected MicroPak TSK PW type
columns are shown in Figure 7. The adsorption effects of proteins
on 3000PW and 5000PW columns are slightly greater than the SW type
columns; however, recovery of proteins from these PW type columns
is greater than 80% in most cases (32). Hashimoto et al. (33) have
shown TSK 3000PW and 4000PW columns to be suitable for biopolymer
separations. In general, the 3000PW column has been found to be the
most useful PW column pore size for protein analysis.

To compare MicroPak TSK SW and PW columns for protein separa-
tions, specific resolution curves using protein standards were con-
structed for 3000SW and 3000PW columns as shown in Figure 8. These
plots clearly show the 3000SW column to provide higher resolution
over most of the molecular weight region covered by these columns
for protein analysis.

Hara et al. (34) have utilized a TSK 5000PW column and a
3000SW column in series for the analysis of serum lipoproteins.
Such a column set takes advantage of the higher molecular weight
region over which the larger PW column pore sizes operate and the
efficiency gained by use of SW columns.

Spheron packing has been applied to the separation of glyco-
proteins and protoglycans (47). Although hydrophobic interactions

with the packing were found to be significant, such interactions in
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FIGURE 6. Protein standard calibration curves for MicroPak TSK
gel type SW columns. Mobile phase: 0.067 M KHyoPO4 + 0.1 M KC1
(pH 6.8); Flow rate: 1 ml/min; Injection volume: 20 pl; Column

dimensions: 7.5 mm x 30 cm; Detector: UV (280nm) .

some cases were exploited for the separation of peptides, proteins,

and nucleic acids (48,49).

Significant hydrophobic interactions in aqueous mobile phases

of Shodex OHpak has been employed in the separation of amino acids

(50). This packing has also been applied to the analysis of some

peptides.
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MOBILE PHASE: 0.1M KH2POg4 +
0.1M KCI (pH 6.8)
a FLOW: 1 ml/min
103 DETECTOR: UV (280 nm)
103
PROTEIN MW
1. THYROGLOBULIN 669,000
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FIGURE 7. Protein standard calibration curves for MicroPak TSK
3000PW and 5000PW columns, Mobile phase: 0.1 M KH,PO, + 0.1 M KC1
(pH 6.8); Flow rate: 1 ml/min; Column dimensions: 7.5 mm x 30 cm;
Detector: UV (280nm) .

Due to hydrophobic interactions, ethylene glycol or SDS has
been used as a mobile phase modifier with pBondagel columns for
protein characterization (44,51). The Waters Protein Columns have
been employed for separation of proteins with acidic to mildly
basic isoelectric points and enzymes (51,52,54), Apparently, pro—
teins with higher isoelectric points (> 8) experience varying de-

grees of adsorption with these columns.
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FIGURE 8. Comparison of specific resolution (Rgp) curves for
MicroPak TSK 3000SW and 3000PW columns using protein standards.
Mobile phase: 0.1 M KHyPO, + 0.1 M KC1 (pH 6.8); Flow rate: 1
ml/min; Injection volume: 100 pl; Column dimensions: 7.5 mm x 30
cm.

Characterization of Non-Exclusion Effects on MicroPak TSK SW and PW

Columns

Non-exclusion effects resulting from solute-support interac-
tions can be broadly classified as arising from hydrophilic inter-
actions (ionic effects such as ion exchange, ion exclusion, ion in-
clusion) and hydrophobic interactions. Such interactions in aqueous
SEC usually result in various degrees ot adsorption (35,36).

Examples of hydrophobic interactions on a 2000SW column have
been observed for xanthines (205 and pectins (37). In most cases,
addition of small amounts of an organic modifier (5-10% MeOH) over-
come adsorption effects of this type.

Hydrophobic and other non-exclusion interactions on SW and PW
columns were characterized using a series of selected amino acids as
test probes. These compounds were chosen in part due to a previous-
1y measured ''hydrophobicity scale' defined by Rekker (38). Table 8

shows the summation of fragmental hydrophobicity constants for each
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Table 8.
Hydrophobic Fragmental Constants of the Common Amino Acids

Amino Acid Hi
Tryptophan 2.31
Phenylalanine 2.24
Leucine 1.99
Isoleucine 1.99
Tyrosine 1.70
Valine 1.46
Cystine i 1
Methionine 1,08
Proline 1.01
Cysteine 0.93
Arginine -
Alanine 0.53
Lysine 0.52
Glycine 0.00
Aspartic Acid -0.02
Glutamine -0.07
Histidine -0.23
Threonine -0.26
Serine -0.56
Asparagine -1,05
Glutamic Acid -1.09

Where If = Summation of Fragmental Hydrophobic Constants.

amino acid. Negative numbers represent hydrophilic amino acids.
Positive fragmental constants represent hydrophobic amino acids.

The larger the positive summation, the '"more hydrophobic" the amino
acid. Tryptophan, phenylalanine, leucine, tyrosine, valine, and
cysteine were chosen as test probes. To serve as controls, mono-,
di-, tri-, and tetraglycine (MW ~ 100 to 500) were analyzed on each
column to ensure differences in amino acid retention were not due to
molecular size differences. Glycine oligomers coeluted on all col-
umns tested except the 2000PW column which exhibited some separation.
It should also be noted that of the amino acid probes used, trypto-
phan, phenylalanine, and tyrosine are aromatic, and leucine, valine,

and cysteine are nmon-aromatic compounds.
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The amino acid probes were analyzed on MicroPak TSK 2000PW,
3000PW, and 5000PW columns as well as 2000SW, 3000SW, and 4000SW
columns with a mobile phase of 0.01 M KH, PO, (pH 6.8). Results are
displayed in graph form in Figures 9 and 10. Summation of the hydro-
phobic fragmental constant is plotted versus k' for the amino acid
probes. Several points are noteworthy:

i, A non-linear relationship exists between k' and hydrophobicity
as measured by If;
ii. The PW columns seem very sensitive to aromatic compounds which

exhibit greater retention (higher k's) than the non-aromatic

1.0
0.8 -
LEGEND:
MOBILE PHASE: 0.01M KH,PO4 (pH 6.8)
0.6 |- COLUMNS:
*—e 2000 SW
~a—4 3000 SW
bl B o—a 4000 SW
0.4 -
0.2 -
0+
a
1 VI N (NS (N1 (OO N | | 1 1 1 I 0 & ¢ . f
1.0 1.5 2.0

HYDROPHOBIC FRAGMENTAL CONSTANTS
OF AMINO ACIDS (Lf)

FIGURE 9. Comparison of hydrophobic interactions of MicroPak TSK
SW type columns as measured with amino acid test probes. Mobile
phase: 0.0l M KH,PO, (pH 6.8); Flow rate: l ml/min; Injection
volume: 100 pl; Column dimensions: 7.5 mm x 30 cm.
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FIGURE 10. Comparison of hydrophobic interactions of MicroPak
TSK Gel 2000PW, 3000PW, and 5000PW columns as measured with amino
acid test probes. Conditions same as in Figure 9.

compounds. This is clearly demonstrated for tyrosine (Ef =
1.7);
iii. The sensitivity to aromatic compounds of the PW columns great-
ly increase with decreasing pore size,
Ion exchange and ion exclusion interactions were evaluated
using charged and neutral amino acid test probes of similar molecular

weights:
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Pair 1: Methionine - neutral, MW 149
Lysine - net charge (+), MW 146
Pair 2: Threonine - neutral, MW 119

Aspartic acid- net charge (-), MW 133

These pairs of hydrophilic amino acid test probes were analyzed on
PW and SW columns in mobile phases of increasing ionic strength.
Ionic effects as measured by retention volume (k') as a function of
ionic strength were negligible on both SW and PW columns using amino
acid solute probes. However, Pfannkoch et al. (see reference 7)
have shown TSK 3000SW column packing to have negative Eharge, resul-
ting in ion-exclusion behavior with citric acid. Increasing mobile

phase ionic strength above 0.12 M was shown to eliminate this effect.

CONCLUSION

Most commercially available microparticulate supports charac-
terized and compared in this work exhibit varying degrees of non-ex~
clusion effects in aqueous SEC separations. All the surface-modi-
fied, silica-based supports function as weak cation exchangers (see
reference 7). All organic gel-based supports have some tendency
toward hydrophobic interaction with a variety of solutes. In many
instances, however, such non-exclusion effects can be exploited to
achieve the desired chromatographic separation.

Chromatographic performance of commercially available aqueous
SEC columns seems to be best judged by comparison of specific reso-
lution values over the molecular weight range of operation. How-
ever, due to lack of comparative data of this type for most aqueous
SEC columns, performance can be estimated based upon the slope of
the calibration curve in the selective permeation range (linear mol-
ecular weight separation range) as well as efficiency and pore volume
data.

A comparison of MicroPak TSK SW and PW columns reveals SW type
columns have a more limited molecular weight separation range than
PW type columns, although SW columns exhibit higher efficiency and
resolution. Due to both limited pore size range and adsorption ef-

fects of polar, synthetic, water-soluble polymers on SW columns, PW
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columns are recommended for the analysis of synthetic water-soluble
polymers. SW type columns offer higher efficiency and resolution
than PW type columns for protein analysis (3000SW most useful).
Small pore size PW columns (1000PW and 2000PW) are best suited for
small molecule analysis (MW 100 to 1000) as evidenced by large

specific resolution values for PEG standards.
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RAPID ISOLATION OF ECDYSTEROIDS FROM CRUSTACEAN TISSUES
AND CULTURE MEDIA USING SEP-PAK C18 CARTRIDGES

R. Douglas Watson and Eugene Spaziani
Department of Zoology, University of Iowa
Iowa City, Iowa 52242

ABSTRACT

A liquid chromatographic method for isolating ecdy-
steroids from crab tissues and crustacean tissue culture
media is reported. The method employs commercially-available
Sep-Pak Cl8 cartridges containing a reversed phase packing
that retains ecdysteroids. The technique is simple and
rapid; it typically yields recoveries in the range of 85-90%
for extractions of tissues, and 90-95% for extractions of
media.

INTRODUCTION

Ecdysteroids are steroid hormones that regulate growth
and molting in arthropods (cf. 1). Among the ecdysteroids,
ecdysone, the apparent secretory product of arthropod molting
glands, and ecdysterone, a 20-OH metabolite which stimulates
the cellular events that lead to growth and molting, are of
primary interest.

A reliable quantitative assay for ecdysteroids, in terms
of specificity, resolution, and sensitivity, is UV absorbance

at 254 nm coupled with high pressure liquid chromatography
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(HPLC) (2). However, the method applied to extracts of
arthropod tissues requires removal of numerous contaminants
prior to HPLC. The clean-up procedure, usually solvent
partition, is tedious, time-consuming, and expensive, with
losses of ecdysteroids attending the several steps.

We report a rapid, efficient method for isolating
ecdysteroids from crustacean tissues and culture media
using Sep-Pak C18 chromatographic cartridges. Coupled
with HPLC, the procedure reduces the preparation steps

by 50% and the time involved by 75%.

MATERIALS AND METHODS

Chemicals and Supplies

Sep-Pak C18 cartridges (approximately 1 cm x 1 cm,
containing octadecylsilane bonded phase retained between
two filters), were purchased from Waters Associates, Inc.
(Milford, Mass.). High purity water and glass distilled
MeOH were from Burdick and Jackson Laboratories, Inc.
(Muskegon, Mich.). Ecdysone was from Simes (Milano, Italy)
and ecdysterone from Rhoto Pharmaceutical (Osaka, Japan);
both were purified on HPLC before use. Medium 199 (10X
concentrate with Hank's salts and T.—glutamine) was pur-
chased from GIBCO (Grand Island, N.Y.). The salts used
in Pantin's crustacean saline (3) were reagent grade.

Fluoropore filters were from Millipore (Bedford, Mass.).

Experimental Animals

Cancer antennarius crabs (male, 5-10 cm in breadth)

were purchased from Pacific Bio-Marine (Venice, Cal.).
They were maintained in artificial sea water in compartmented
marine trays, exposed to a photoperiod of 15L:9D, and fed

pieces of fish every other day.
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High Pressure Liquid Chromatography

A Waters Model 6000 pump with Waters U6K injector and
ISCO UA5 absorbance monitor and Type 6 optical unit (ISCO,
Lincoln, Neb.) were used for HPLC analysis. Quantitation
of ecdysteroids was at 254 nm using a LDC Model 308 computing
integrator (LDC, Riviera Beach, Florida). A uPorasil
column from Waters was used with a solvent system of CHC13/
95% EtOH (86:14) pumped at 2 ml/min (1200 psi). HPLC
solvents were Burdick and Jackson glass distilled and were

filtered before use.

Procedure

Standard procedure was to connect a Sep-Pak Cl18 cartridge
to a luer-tip glass syringe, and to prime the cartridge
by washing sequentially with 2 ml of methanol (MeOH) and 5
ml of HZO' A sample was then placed in the syringe and
injected through the cartridge. Subsequent washing and
elution varied with experimental objective and is described
below.

Recovery of ecdysteroids was monitored by adding ecdysone
and ecdysterone standards to samples intended for extraction
and Sep-Pak processing (all standards were made up in CHClB/
95% EtOH (86:14)). Recoveries were calculated by dividing
yield by the starting amount of standard, each determined
by HPLC. 1In the case of blood and tissue extractions, a
control blank (containing blood or tissue but not standards)
was included; values of any endogenous ecdysteroid were
subtracted from yields of the experimental samples before
calculating recovery. Control blanks were not included with
the two media extracted since repeated measurements before-
hand showed the media did not contain endogenous ecdysteroids.

To determine the MeOH concentration required to elute

ecdysteroids from Sep-Pak cartridges, 10 ul each of ecdysone



528 WATSON AND SPAZTANI

(181.5 ug/ml) and ecdysterone (179.0 ug/ml) were added to
test tubes and allowed to air dry. Five ml of 1 of 11

test solvents were added to each tube: H20, MeOH diluted
with water to concentrations of 10-100%. After priming

a Sep—Pak cartridge, a test solvent was injected, and the
resultant elutant collected, dried down on a rotary evaporator
(BUCHI Rotavapor, Switzerland), and taken up in 1 ml CHC13/
95% EtOH (86:14). Each sample was then injected through a
0.5 um fluoropore filter, dried under a stream of N2, taken
up in 250 ul CHCl3/95% EtOH (86:14), and the recovery of
ecdysteroids quantitated on HPLC.

For the extraction of ecdysteroids from Pantin's saline,
standards were added in 3 quantities: 5, 10, or 15 ul each
of ecdysone (181.5 ug/ml) and ecdysterone (179.0 ug/ml).

After allowing the standards to dry, 5 ml of Pantin's

saline were added to each tube and vortexed. The Sep-Pak
procedure: 1) prime cartridge, 2) inject sample, 3) rinse
with 10 ml of HZO’ and 4) elute ecdysteroids with 10 ml of
100% MeOH. The elutant was dried on a rotary evaporator and
prepared for HPLC analysis as described above. Individual
assays were performed on 5 separate tubes for each set of
standards.

Three sets of standards were also used in the extraction
of Medium 199: 10, 20, and 30 ul each of ecdysone (101.7 ug/ml)
and ecdysterone (107.5 ug/ml). After the standards had dried,
2 ml of Medium 199 were added to each tube. The Sep-Pak
procedure: 1) prime cartridge, 2) inject sample, 3) rinse
with 10 ml of HZO’ 3) rinse with 15 ml of 20% MeOH, and 5)
elute with 10 ml of 1007 MeOH. Five trials were conducted
on each set of standards.

For the extraction of ecdysteroids from crab tissues,

a male Cancer antennarius (intermolt, body wt.: 488.5 g)

was exsanguinated and sacrificed. A window was cut in the
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dorsal carapace with a bench dental drill (EMESCO, N.Y.,
N.Y.), and tissue samples dissected free and weighed on a
Roller-Smith balance. Tissues were homogenized by hand
in 10 ml of 100% MeOH using a ground glass tissue homogenizer.
A one ml aliquot of the homogenate was pipeted into a
centrifuge tube to which ecdysteroid standards had been
added (20 ul ecdysone (101.7 ug/ml) and 20 ul ecdysterone
107.5 ug/ml)), and one ml was pipeted into a control tube
to which no standards had been added. This was repeated
5X for each tissue, with vigorous vortexing between each
pipeting. The homogenate was centrifuged for 15 min at
2000 RPM, and the supernatant removed and saved. After
adding another ml of MeOH to the pellet, the sample was
recentrifuged and the second ml of supernatant added to
the first. The combined supernatants were dried on a
rotary evaporator, and the dried residue taken up in 5 ml
of H,O and added to a primed Sep-Pak cartridge. After

2
rinsing with 10 ml of H,O0 and 10 ml of 207 MeOH, the

cartridge was eluted wiih 10 m1 of 1007% MeOH and the elutant
dried down and prepared for HPLC.

The crab blood was allowed to clot, centrifuged for
15 min at 2000 RPM, and the serum removed. One ml of serum
was pipeted into a centrifuge tube to which standards had
been added (20 ul ecdysone (101.7 ug/ml) and 20 ul ecdysterone
(107.5 ug/ml)), and one ml was pipeted into a control tube.
Blood samples were then injected into a primed Sep-Pak

cartridge. The rinse and elution procedure was as for

crab tissues.

RESULTS
The effect of MeOH concentration on the elution of
ecdysteroids from Sep-Pak Cl8 cartridges is shown in Table 1.

Water, 10% MeOH and 20% MeOH do not elute ecdysteroids
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TABLE 1

The Effect of MeOH Concentration on the Elution of Ecdysteroids
From Sep-Pak C18 Cartridges

Percent Recovery

Solvent
Ecdysone Ecdysterone
H,0 0 0
MEOH 10% 0 0
207 0 0
30% 6.2 + 8.3 24.0 + 7.0
40% 42.5 + 2.8 74.2 + 4.9
50% 69.1 ¢ 2.3 83.1 + 4.5
60% 85.4 + 3.2 92.1 + 10.3
70% 90.2 + 5.9 93.9 + 3.9
80% 89.7 + 13.9 90.2 ¥ 10.0
90% 88.6 + 0.2 95.5 + 8.4
100% 89.7 + 0.6 90.2 ¥ 2.5

from the cartridges. Accordingly, these more polar solvents
can be used to de-salt samples, and to wash components

such as sugars, amino acids, hydrophilic proteins, and

other polar organics from biological extracts that contain
ecdysteroids.

As the MeOH concentration of the solvent is increased,
the recovery of ecdysteroids in the elutant also begins to
increase (TABLE 1). The difference in percent recovery
between ecdysone and ecdysterone seen with solvents of
intermediate polarity (e.g. 40% MeOH) is a reflection of
the relative polarities of the two ecdysteroids, i.e., the
less polar ecdysone is retained more strongly by the
octadecylsilane bonded phase of the cartridge than is the
more polar ecdysterone.

Concentrations of MeOH greater than 70% can be used
to elute ecdysteroids quantitatively from Sep-Pak cartridges.

(TABLE 1). 100% MeOH was chosen for use in future experiments
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because, compared to solvents containing water, it dries
more quickly and is less prone to loss of yield through
bumping during rotary evaporation.

Pantin's saline and Medium 199 are among the culture
media that have been utilized for in vitro studies on the
synthesis and secretion of ecdysteroids by crustacean
molting glands (4,5). That Sep-Pak cartridges can be used
for the extraction of ecdysteroids from these media is shown
in TABLE 2. The Sep-Pak rinse and elution procedure for
Pantin's saline involves only a rinse with 10 ml of HZO to
remove the constituent salts, followed by the elution of
ecdysteroids with 10 ml of 100% MeOH. Medium 199 is a
complete, defined tissue culture medium; when only a water
rinse is used before elution of ecdysteroids with 100%

MeOH and subsequent HPLC analysis, a large contaminating

TABLE 2

Extraction of Ecdysteroids From Crustacean Culture Media

Culture Ecdysone Ecdysterone
Medium Standard Percent Standard Percent
(ug) Recovery (ug) Recovery
0.9075 97.6 + 0.8950 89.9 +
Pantin's 6.3 1.9
Saline 1.815 92.5 + 1.790 96.4 +
5.9 71
2+ 1225 96.8 + 2.685 97.2 +
3.8 3:9
1.017 95.6 + 1.075 102.7 +
Medium i b,
199 2.034 91.0 + 2.150 94.5 +
3.7 5.7
3.051 96.2 + 3.225 87.9 +
3.1 4.3
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peak, migrating with a retention time similar to ecdysone
standard, is found on the chromatographs. A wash with 15 ml
of 20% MeOH effectively removes this contaminant and allows
quantitation of the ecdysteroid standards.

Sep-Pak Cl8 cartridges can also be used to extract
ecdysteroids from aqueous solutions of tissue extracts
(TABLE 3). After injecting the aqueous solution through

the cartridge, a rinse with 10 ml of H, O, followed by 10 ml

2
of 207 MeOH effectively cleans up these samples in preparation
for HPLC. The decrease in percent recovery of ecdysteroids
from tissue samples compared to the percent recovery from
culture media is apparently due to the additional steps
involved in tissue extraction per se (i.e., homogenization,

centrifugation, evaporation and resuspension), which precede

the Sep-Pak procedure itself.

DISCUSSION

The Sep-Pak technique is a simple and effective method
for cleaning up biological samples prior to analysis of
ecdysteroids by HPLC. It is a useful alternative to the
usual solvent extraction and partition methods. Prior to
the development of this technique, analysis of ecdysteroids
in our laboratory was accomplished by the mcthod outlined
in FIGURE 1. This method was developed for use on crustacean
tissues; it is a modification of the methods of Horn et al. (6)
and of Kaplanis et al. (7), and is characteristic of similar
techniques used by others. It requires a chloroform/methanol
(2:1) extraction, two solvent partitions, a silica gel
preparatory column preceding HPLC, and two HPLC steps.
The method has proven effective, but is labor-intensive
and extremely time-consuming. In our hands, recovery of

ecdysteroids using this system is typically in the range
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TABLE 3

Extraction of Ecdysteroids From Crab Tissues

Percent Recovery

Tissue Wet Weight
(mg) Ecdysone Ecdysterone

Gonad 893.0 929 ¥ 7.2 85.5 + 6.6
Gill 943.6 87.2 + 1.4 87.1 + 5.1
Muscle 965.0 84.7 + 2.6 83.7 + 2.9
Hepato- 864.8 79.8 + 15.0 88.2 + 8.2
pancreas

Blood 25.0% 90.0 + 3.2 87.8 + 9.5

milliliters

of 40-50%. In contrast, the Sep-Pak procedure is rapid,
easily performed, uses limited organic solvents, and requires
minimal laboratory equipment. Moreover, recovery is typically
85-90% (TABLE 3). The utility of the method is even more
apparent when one is extracting ecdysteroids from culture
media. In this case, the preliminary solvent extraction
can be eliminated, and the media injected directly through
the cartridge. This decrease in the number of experimental
steps is accompanied by an increase in recovery to 90-95%.
Because Sep-Pak Cl8 cartridges are relatively inexpensive,
many workers will be dissuaded from attempting to reuse them.
However, we have reused cartridges as many as five times
with no decrease in recovery. Cartridges were routinely
washed with 10 ml of 100% MeOH and equilibrated with 10 ml
of H20 before reuse.
The Sep-Pak method reported here should have widespread
applications for both in vitro and in vivo studies on

ecdysteroid physiology and arthropod growth and molting.
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(a)
Homogenize tissue
Lyophilize homogenate

Extract 4X with chloroform/
MeOH (2:1)

Dry combined extracts on
rotary evaporator

Suspend residue in 657 MeOH

Extract 3X with hexane
(removing neutral lipids)

Dry 65% MeOH phase on
rotary evaporator

Add 20 ml 20% (NH4)2804
Extract 3X with 10 ml
2 propanol/hexanes (3:1)
saturated with (NH4)2S04
Dry 2 propanol/hexanes
(3:1) phases on rotary

evaporator

Take up in 1 ml benzene/
MeOH (95:5)

HiFloSil gel column

HPLC 1: Partisil PXS 10/25
0ODS (Whatman) (407% MeOH)

Collect ecdysteroid fractions
and dry on rotary evaporator

HPLC 2: uPorasil (Waters)
(CH013/95% EtOH (86:14))

FIGURE 1.

WATSON AND SPAZIANI

(b)
Homogenize tissue
Extract 2X with 100% MeOH

Dry 100% MeOH on rotary
evaporator

Suspend residue in HZO
Sep-Pak procedure:

1) prime cartridge

2) inject sample

3) rinse with 10 ml H,O

4) rinse with 10 ml 28% MeOH
5) elute with 10 ml 1007% MeOH

Dry MeOH elutant on
rotary evaporator

HPLC: wuPorasil(Waters)
(CHC13/95Z EtOH (86:14))

Extraction and purification of ecdysteroids for

HPLC analysis using (a) solvent partition and (b) Sep-Pak

Cl8 cartridges
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PEPTIDE FORMATION IN THE PRESENCE OF METAL ION PROTECTING GROUPS.
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ABSTRACT

Pentaammine cobalt(III) amino acid and peptide complexes of
the type

0
Il Il
NH3?H C-NH—?H C—O—Co(NH3)5 (BF4)3
R R dn n = 0--4

can be separated rapidly under mild conditions by high pressure
liquid chromatography (HPLC) using octadecyl silane derivatized
columns (RP-18) with 0.27% sodium trifluoroacetate (NaTFA) in
aqueous-methanol at pH 2.5. The retention time of these '
cobalt (III) complexes is a function of the hydrophobicity of
the amino acid or peptide ligand and the total charge on the
complex. In the trifluoroacetate media used for these
separations, the hydrophobic ligand and the number of:
trifluoroacetate counter ions on the cobalt complex contribute
to the selective elution of these complexes.
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INTRODUCTION

A number of cobalt(III) complexes of amino acids and

peptides of the general formula

0

] ]
NH3?H C—NH—?H C-0-Co (NH
R R-4n

(D

3)5 (BF4)3

n = 0-4

have been synthesized using [(NH,)_.Co(III)-] as a carboxyl

3)5
protecting group (1,2). 1In our earlier work we have used ion
exchange (3) and gel filtration methods to purify the metal
peptide complexes synthesized. These methods, although
successful at times, were extremely time consuming especially
when used at every step of the synthesis.

With the development of reverse phase high pressure liquid
chromatography (HPLC) for the analysis of polar and charged
molecules we became interested in developing methods to separate
these metal-peptide complexes (I) using HPLC. The advantages
of reverse phase HPLC over conventional ion exchange techniques
for the separation of charged complexes are a) the speed of
the analysis (ca few minutes), and b) the mild conditions used
(ca pH 3, weakly acidic aqueous-organic solutions). Recently
a number of chromatographic methods for the analysis of a variety
of related cobalt(III) complexes using high pressure liquid
chromatography (4-6) have been reported.

In thiis paper we present systematic methods that we have
developed f'or the separation of [(NH3)SCO(III)—] amino acid and
peptide complexes (2), with hydrophobic and hydrophilic side
chains, using reverse phase high pressure liquid chromatography.

The cobalt pweptide complexes have been synthesized by stepwise
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peptide formation using [(NH3)5C0(III)—] as a C-terminal
protecting group (2).

RESULTS AND DISCUSSION

A number of methods using different salt media in methanol-
water and acetonitrile-water solvents were attempted for the

separation of the [(NH,)_.Co(III)-] amino acid and peptide

3)5
complexes. In most cases broad unresolved peaks were obtained.
In the following section some of these early methods are
presented. These methods were found to be of only limited use.
The separation method that we have adopted for the separation
of cobalt(ITII) amino acid and peptide complexes is discussed
under a separate heading.

All the separations have been obtained using octadecyl-silane
derivatized silica gel columns ( py-Bondapak, 10 p, Waters Assoc.)

with the radial compression module.

I. Early Methods

Ton Pairing with Sodium Heptanesulfonic Acid (NaHSA). At
) 5Co(I11)-L]
where L = Gly, GlyGly, and GlyPhe were selectively eluted from

0.1-0.2% NaHSA in aqueous-methanol the complexes [ (NH

the column with [PheGlyCo(NH3)5]3+ retaining the most and
[GlyCo(NH3)5]3+ retaining the least. A similar separation for

[ProProCo (NH 3+ and [ProCo(NH ]3+ resulted in sharp peaks

3)5] 3)5 3+
with longer retention times for [ProProCo(NH3)5] ¥ When this
solvent system was used for other more hydrophobic cobalt peptides,
e.g. [PheLeuCo(NH3)5]3+, broad unresolved peaks were obtained.
Addition of ammonium acetate (NH4OAc) (1-2%) to NaHSA in aqueous-
methanol extended the usefulness of this system, but here again,
broad unresolved peaks were obtained for hydrophobic di- and

tripeptides.
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II. A General Method for the Separation of Hydrophobic and

Hydrophilic Cobalt Peptide Complexes .

There are a number of reports on the separation of peptides
on reverse phase high pressure liquid chromatography using
trifluoroacetatic acid in aqueous organic solvents (7-10). By
using trifluoroacetate anion (TFA) as a counter ion for the
tripositively charged cobalt complexes, with, for example,

0.2% HTFA (pH adjusted to 2.5 with NaOH) in methanol-water
mixtures varying from 20-60% methanol, we have been able to
obtain good separation for a number of [(NH,)_.Co(III)-amino acid]
and [(NHS)S .
structures. We have been able to resolve [(NH3)SCO(OH2)]

(2.6 min) from [GlyCo(NH3)5]3+ (3.1 min); [GlyGlyCo(NH3)5]3+
(3.2 min) from [PheGlyCo(NH3)5]3+ (5.9 min) and
[ProProCo(NH3)5]3+ (6.3 min) with 20% methanol-water in 0.2%
HTFA (pH 2.5) at a flow rate of 2.0 ml/min.

3)5
Co(III)-peptide] complexes of closely related

A large number of cobalt peptide complexes have been
separated using this trifluoroacetate aqueous-methanol solvent
system. Some representative examples will be shown here.
Figure 1 shows the facile separation of [(NH3)5C0(0H2)]3+
from [MetCo(NH3)5]3+ ( Met = L-methionine).

This separation allows one to monitor the formation of
[MetCo(NH3)5]3+ from [(NHB)SCO(OHZ)]3+ and methionine (eq 1)(2).

[ (NH Co(OHz)]3+ + Met —> [MetCo(NH3)5]3+ (@D

3)5

For a series of [(NH,).Co(III)-] complexes with neutral

3)5
amino acids, the retention time was found to be proportional

to the hydrophobicity of the amino acid side chain. The

complex [PheCo(NH3)5]3+ retained more than [ProCo(NH3)5]3+,
which in turn retained more than [GlyCo(NH3)5]3+, however, the

differences were small (ca fractions of a minute) when using
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(CoOH,)° *
(MetCo)3+

Absorbance (254 nm)

]
0 3 6
Time, Minutes

FIGURE 1.

Chromatographic Separation of [(NH3)SCO(()H2)]3+ from
[MetCo(NH3)5]3+ . (0.2% TFA, pH 2.5, 20% methanol-water,

2 ml/min).

0.2% TFA , pH 2.5, 207 aqueous-methanol. No further separation

of these [(NH3)SCo—amino acid] complexes was investigated.

For the cobalt(III)-peptide complexes, the retention time
increased with the hydrophobicity of the peptide side chains.
For example, [ProProCo(NH3)5]3+ (6.3 min) retained
significantly longer than [GlyGlyCo(NH3)53+ (3.2 min). Figure 2
shows the retention time of two different cobalt peptide complexes
and the effect on the retention time of increasing the methanol
concentration from 20 to 40%. In 407 methanol the retention
time of the two peptide complexes decreased.

The biologically active pentapeptides Leu-enkephalin
(TyrGlyGlyPheLeu ) and Met-enkephalin ( TyrGlyGlyPheMet ) were

synthesized by seqential peptide formation on [(NHB)SCO(III)-—]
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(PheGlyCo)®*

(ProProCo)3™"
A
E
=
Z —
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g (PheGlyco)®t
©
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<
B
(ProProCo)3 +
] 1 L | L

0 3 6 0 3 6
Time, Minutes

FIGURE 2.

Chromatograms of [ProProCo(NH3)5]3+ and [PheGlyCo(NH3)5]3+
in 40% methanol-water {(A) and in 20% methanol-water (B).

(Both in 0.2% TFA, pH 2.5, 2 ml/min).

and the fragments were subjected to amino acid analysis (2).

The retention times of the peptide complexes increased with
increasing number of amino acid residues (2). Figures 3a and 3b
show a comparison between the retention times of the free
peptides and the cobalt-peptides. It should be noted that in
the trifluoroacetate solvent system used, the retention times

of the cobalt-peptide complexes are longer than those of the

free peptides.
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FIGURE 3.

Chromatograms of Free Met-enkephalin (Met-Enk) and its
Corresponding [(NH3)5C0(III)—] Complex (A) and Free Leu-
Leu-enkephalin (Leu-Enk) and its Corresponding [(NH3)5C0(III)—]
Complex (B). (in 40% methanol-water, 0.2% TFA, pH 2.5, 2 ml/min).

(Co = [(NH3)SCO(III)—] )
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The trifluoroacetate solvent system was also used for the
separation of hydrophilic peptide sequences during the synthesis
of the tetrapeptide complex [HisGlyHisGlyCo(NH3)5]5+. Figure 4
shows the chromatographic separation of the intermediates in the
synthesis of [HisGlyHisGlyCo(NH3)5]5+ (in a synthetic mixture
prepared from all the pure components). The fragments
[G1yCo (NH,) 5]3+, [HisG1yCo (NH,) 5]Z‘J', [61yH1sG1yCo (NH,) 5]4+,
and [HisGlyHisGlyCo(NH3)5]5+ are well resolved. These highly

charged species can be well resolved on reverse phase HPLC by

(GlYCO)3 +
T (HisGlyCo)**
= (2)
<
n
o
e 3 (GlyHisGlyco)* *
{ ~1
]
2
o
0
Q
= 2
i)
1 1

Time, Minutes
FIGURE 4.

Chromatographic Separation of the Peptide Fragments
+
the Synthesis of [HisGlyHisGlyCo(NH3)5]5 . (40% methanol-

r, 0.2% TFA, pH 2.5, 2 ml/min). (Co = [(NH3)SCO(III)—] Y
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ion pairing with trifluoroacetate. It is noteworthy that the
separation of a highly charged complex such as
[HisGlyHisGlyCo(NH3)5]5+ from its homologs is very time consuming
by classical ion exchange techniques. 1In the present separation
(Figure 4) the ion pairing with five trifluoroacetate anions
increases the retention time of the cobalt-peptide complex and
makes the separation of the tetrapeptide complex from the

di- and tri-peptide complexes possible in a short period of

time (ca minutes).

Retention Times of [(NH3)5C0(III)—] Amino Acid and Peptide

Complexes

In the trifluoroacetate solvent system (0.2% TFA, pH 2.5,
aqueous-methanol) the retention time of the Co(III) complexes
depends on at least two factors: a) the hydrophobicity of the
amino acid or peptide bound to cobalt(III), and b) the ion
pairing of the cobalt complexes as trifluoroacetate salts.

The cobalt amino acid or peptide complexes with chloride,
perchlorate, or fluoroborate counter ions do not retain on
these C18 columns. Most of the free amino acids also do not

retain appreciably with this solvent system. The interaction

between the derivatized silica gel support and the [(NH Co(III)-]

3)5
amino acid or peptide complexes involves both the hydrophobic
amino acid or peptide moiety and the total number of
trifluoroacetate counter ions with the cobalt complex as a

result of its charge. The combination of these two factors
contribute to the selective retention times that these cobalt (III)
complexes exhibit. The separation techniques used in this study
are not unique to Co(III) and should also prove useful to the
separation of amine complexes of other charged, substitution-

inert metal ions such as Rh, Ru, Ir, and Os complexes. In general

the combination of the overall charge of the complex and the
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hydrophobicity of the ligands on metal complexes can result in
their rapid and selective elution from derivatized silica gel

columns.
SUMMARY

The retention time of the pentaammine cobalt(III) amino acid
or peptide complexes on reverse phase C18 columns is a function
of two factors: a) the hydrophobicity of the sixth ligand
(amino acid or peptide) bound to cobalt and b) the charge on
the Co(III) complex which is ion paired to the trifluoroacetate

counter ion.
EXPERIMENTAL

Materials and Methods

All solvents were HPLC grade (purchased from Baker Chemical).
House distilled water was further purified by passing it through
organic purifiers and ion exchangers (Barnsted System). All
chromatography was carried out at room temperature using isocratic
elution conditions on a Waters HPLC system (two M 6000 A pumps,

M 660 solvent programmer, Model 440 UV detector and a RCM-100
radial compression module) and a Perkin Elmer LC 75 variable
wavelength detector. Radial-Pak 018 columns ( 8 mm ID x 10 cm)
(Waters) were used for all the analyses. The flow rate was
maintained at 1-3 ml/min. Detection of the cobalt-peptides was
done at 254 nm and detection of the free peptides with aromatic
side chains was also done at 254 nm. The syntheses of all the
cobalt amino acid and peptide complexes are described in

references 1 and 2.
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ABSTRACT

A HPLC method for the quantitative analysis of naproxen and its
major metabolite des-methyl-naproxen in biological fluid samples
is described.

Two methods of detection are compared: U.V. spectrophometry
and spectrophotofluorometry. In both procedures an internal stan-
dard is used: diflunisal in the U.V. procedure and the ethouy-—
analog of naproxen during fluorometry. The sensitivity of the
fluorometric detection is higher than that of the U.V. detection;
the limit being respectively 0.1 pg and 2.0 ug per milliliter
sample. The fluorescence detection procedure can also be applied to
very small samples (0.05 ml) in the therapeutic concentration rang
range. Both procedures have been applied to clinical and labora-
tory studies in which they appear to be very satisfactory because
of their ease of handling and their suitability for routinely per-
formed analysis.

INTRODUCTION

Naproxen ((+)-6-methoxy—o-methyl-2-naphtalene-acetic acid;

Fig. 1.1) is a nonsteroidal anti-inflammatory drug which is used
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FIGURE 1

Structural formulas of naproxen (I), 6-0-des-methyl-naproxen (II),
ethoxy-naproxen (III) and diflunisal (IV).

extensively for the treatment of arthritic diseases (1). In the
course of a study on the clinical efficacy of several anti-inflam-
matory compounds, we are investigating also the pharmacokinetic
profile of naproxen as related to its therapeutic effectiveness.
For these studies we needed a rapid and accurate procedure for the
quantitative analysis of naproxen in plasma and urine. Since it is
known from literature data (2) that naproxen in man undergoes two
major biotransformations, viz. demethylation to 6-0-des-methyl-
naproxen (11) and conjugation with glucuronic acid, the procedure
should differentiate between these compounds. The analysis of
naproxen in biological samples has been the subject of various
reports. Gas—liquid chromatography has been used (3, 4, 5) but
this requires a derivatization step for estrification of the car-
boxylic acid function of naproxen. We have experience with gas-—
liquid chromatography of naproxen after methylation with diazo-
methane. Although this procedure gives excellent results in
general, it has a major drawback in the fact that the des-methyl-

metabolite (11) yields naproxen itself. Of course it is possible
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to obtain a better specificity by using other derivatization tech-
niques, e.g. butylation (3). An interesting and relatively sensi-
tive analytical method for naproxen makes use of the strong
fluorescent properties of naproxen (6, 7, 8). Direct spectrophoto-
fluorometry however requires rather extensive procedures for ex-
traction and sample preparation and purification. And even then,
application of direct fluorometry to samples of patients, receiv-—
ing sometimes comedication with a number of other drugs, carries

a large risk of interferences.

Since we wanted to avoid complicated sample preparation and
derivatization techniques we developed a specific high-performance
liquid chromatographic method for the determination of naproxen
and its des—-methyl-metabolite in biological fluids. Although
several methods have been described for the HPLC analysis of
naproxen in biological samples (9, 10), in our hands the methods
lack the sensitivity needed for thorough pharmacokinetic studies.
In this paper we report the HPLC analysis of both naproxen and
des—methyl with subsequent detection and quantification by spectro-
photofluorometry. This method is compared with the standard U.V.

detection and its advantages are discussed.

MATERIALS AND METHODS

Materials

Naproxen as well as 6-0-des—methyl-naproxen were kindly
supplied by Syntex Research (Palo Alto, Calif., U.S.A.). Diflunisal
(IV) , used as an internal standard, was kindly supplied by Merck,
Sharp and Dohme (Brussels, Belgium). The other internal standard,
the ethoxy-analog of naproxen (III), was obtained from Syntex
Research (Palo Alto, Calif., U.S.A.). The column packing material

used was Lichrosorb RP 8 (5 ym) which was obtained from E. Merck
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(Darmstadt, G.F.R.). All other chemicals were of analytical grade

and also obtained from Merck.

Apparatus and Chromatography

A Hewlett-Packard 1081 B high-performance liquid chromatograph
was used, equipped with an automatic sampling system and a HP
fixed wave-length (254 nm) U.V. detector. The output of the detec-
tor was fed to the HP 3351 Lab Data System, which was operated in
the internal standard mode. The fluorescence detector used was the
Perkin Elmer model 3000 fluorescence spectrometer which was ope-
rated at an excitation wave-length of 235 mm (slit width 10 nm)
and an emission wave-length of 350 mm (slit 5 nm). The column was
stainless steel, 15 cm x 4.6 mm I.D, and was packed with Lichrosorb
RP 8 (5 um). The mobile phase was a mixture of methanol and citrate
buffer (pH 6.5, 0.0 M). The methanol buffer volume ratio was 50 :
50 for plasma and 40 : 60 for urine. The flow rate was fixed at
1.5 ml/min and the column temperature at 30°C when U.V. detection
was used. In case of fluorometric detection the flow rate was lower
(1.0 m1/min) but the temperature higher (3500). A major factor in
this respect is the large injection peak in case of U.V. detection
which is absent in fluorometric detection. These differences were
desirable for obtaining optimal conditions in both cases. In the
experiments with U.V. detection diflunisal was used as internal
standard. The fluorescence detection necessitated the use of an-
other standard, with fluorescence properties equal to those of

naproxen; for that purpose the ethoxy-analog was used.

Sample Preparation

Plasma (0.5 ml) was pipetted into a stoppered test tube, con-
taining the internal standard, along with hydrochloric acid (0.7

ml, 1.5 N). After homogenization by mechanical shaking for 30 min
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the mixture was extracted with 5 ml of a mixture of diethyl-ether
and n-hexane (1 : 1 volume ratio). After centrifugation for 15 min
at 1500 g, the organic layer was transferred into another tube and
evaporated at 30°C under a gentle stream of dry filtered air. The
residu was reconstituted in 1 ml of the mobile phase and aliquots
of 10 ul were injected into the column. When fluorometric detec-
tion was applied the reconstituted residu of samples containing
over 10 pg/ml was diluted 20-fold prior to the injection of again
10 pul.

When urine samples (usually 0.25 ml) were analyzed the same
procedure was followed, except for the acidification which was
performed with acetic acid (4.2 N) instead of hydrochloric acid.
The reason for this modification was the fact that des-methyl-
naproxen, which is present in most urine samples but never in
plasma samples in measurable amounts, appeared to be unstable
during the sample preparation procedure when hydrochloric acid
was used. For plasma samples we prefer acidification with hydro-
chloric acid because it results in a better precipitation of

plasma proteins.

Calibration and Recovery

Calibration was performed by adding known amounts of naproxen
to blanc plasma or blanc urine samples and by handling these
according to the procedure outlined above. Since urine samples
usually contain both naproxen and its metabolite des-methyl-
naproxen also calibration for the latter had to be performed in
the same way in case of urine samples. Calibration graphs were
obtained by plotting the concentration of naproxen calculated by
the data system against the concentration added. The data system
was operated in the internal standard mode and calibrated with one
of the known added concentrations, usually 50 pg/ml. For the cal-

culations peak height ratios of naproxen to internal standard were
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used. The overall recovery of naproxen and des-methyl-naproxen in
the procedure was determined by comparing peak height ratios ob-
tained after direct injection of standard solutions to peak height
ratios of extracted naproxen solutions to standard solutions of
the internal standard.

In order to estimate the overall precision of the method
samples with various concentrations were analysed in ten times

for calculation of the standard deviation of the measurement.

RESULTS AND DISCUSSION

Under the conditions described no interference from endogenous

compounds in plasma or urine is encountered (Fig. 2a). Table I

o
Tcm= 0.0016 absorbance unit

JE—

-
_

U
I T T 1 r T T T
0O 5 101B 0 5
retention time (mMmin )

FIGURE 2a

HPLC chromatogram of naproxen (A) and diflunisal (B) after extrac-
tion from plasma, using ultraviolet detection.

FIGURE 2b

HPLC chromatogram of 6-0-des-methyl-naproxen (A), naproxen (B),
ethoxy—-naproxen (C) after extraction from urine, using fluorescence

detection.
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TABLE I

Retention Times of Naproxen and Some Other
Anti-inflammatory Drugs in the Chromato-—
graphic System Described in the Text

RT? RT?
(min) (min)
salicylic acid 1.65
6—-0-des—-methyl-naproxen 1.70 2.30
oxyphenbutazon 2.55
naproxen 3.60 4.80
ethoxy-naproxen 5.20 7.00
phenylbutazon 5.70
diflunisal 6.25
mefenamic acid 12.75
flufenamic acid 17.60

a: flow 1.5 ml/min, column temperature 30°C
b: flow 1.0 ml/min, column temperature 35°C

lists the retention times of naproxen, its des-methyl-metabolite

and some other anti-inflammatory drugs in the chromatographic sys-—
tem employed. It ie obviouc that also thcac compounds are not
likely to cause difficulties in the analysis of naproxen. It may
be important to notice already here that in plasma samples we

never were able to detect any des-methyl-naproxen. This metabolite
hower is consistently found in urine samples. Probably the rate of
excretion, augmenled with the rate of further metabolism (conjuga-
tion to glucuronic acid) is so high that the metabolite is elimi-
nated very shortly after it has been formed, so that no appreciable
plasma levels are reached. The recovery of naproxen and des-methyl-

naproxen taken through the whole procedure was 957 on the average,
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without any systematic variations. The other chromatographic para-

meters are dependent upon the method of detection and therefore

they are indicated separately in the following:

Ultraviolet detection

Calibration graphs were constructed for naproxen concentrations
ranging from 1-100 pg/ml. A plot of naproxen concentration as cal-
culated by the data system (y) versus the concentration of naproxen

added (x) yielded a perfectly straight line, fitting the equation:

y = 0.949x + 1,511 (1)
(correlation coefficient = 0.9999, n = 6)

This equation results when calibration is performed with the

50 ug/ml sample. Since the data system neglects the intercepts of
equation 1 it is obvious that optimal analytical results can only
be obtained when the calibration point is as close as possible to
the samples to be analysed.

The overall precision of the method was measured on the basis
of samples with 3 different concentrations. The results of Table
II clearly are illustrating the fact that accuracy is best for
concentrations near to the point of calibration of the data system
(50 ug/ml).

The sensitivity of the procedure is comparable to that of
common G.C. procedures: when using 0.5 ml samples concentrations

of 1 ug/ml can be determined.

Fluorometric detection

Under the circumstances of optimal fluorescence of naproxen
the original internal standard diflunisal did not show any fluor-
escence at all. The fluorescence of diflunisal is optimal at an

excitation wave-length of 235 nm and an emission wave-length of
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TABLE IT

Overall precision of the method with U.V.
detection as illustrated by 10-fold
analysis of three different concentrations
of naproxen added to plasma samples

added found 323?:i§2n
(ng/ml) (ng/ml)

5.08 5.85 0.140 (2.40%)
50.80 50.49 0.361 (0.71%)
101.60 100.50 3.14 (3.13%)

410 nm. The second standard, the ethoxy-analog of naproxen, ap—
peared to be suitable (Fig. 2b). Calibration in this case was per-
formed with the use of two different amounts of internal standard:
for the naproxen range from 0.1-10 pg/ml sample the amount of stan—
dard was 1.25 ng and for the naproxen range from 5-100 pg/ml sample
an amount of 25 pyg was employed. In both cases linear calibration
graphs were obtained by plotting the amount of naproxen calculated
(y) against the amount added (x): for the naproxen range 0.1-10

png/ml sample (calibration 5 pg/ml)
y = 1.029% - 0.012 (2)

(correlation coefficient = 0.9993, n = 5)

and for the naproxen range 5-100 pg/ml sample (calibration 50 npg/

ml)
y = 1.1013x + 0.215 (3)
(correlation coefficient = 0.9995, n = 5)

As compared with equation | it is obvious that the value of the

intercepts in equations 2 and 3 are substantially smaller. This
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indicates a higher sensitivity and better accuracy in the low con-
centration range. It is obvious that the slopesof equations 2 and
3 are very similar. In fact a very satisfactory calibration graph
for the whole concentration range can be obtained by combining all

data in one equation:

y = 1.017x + 0.537 (4)
(correlation coefficient = 0.9997, n = 10)

Although this equation confirms the overall linearity it is clear
that accurate measurements in the lower concentration range can
only be performed by using equation 2 based on addition of the
lowest amount of internal standard.

The precision of the fluorometric method again was measured by
repeated analysis of samples with different concentrations and ap-
pears to be at least as good as that of the U.V. procedure as can
be seen in Table III. The sensitivity of this procedure is defi-
nitely higher than that of the U.V. procedure. When using 0.5 ml

samples concentrations of 0.1 ug/ml can be determined.

TABLE III

Overall precision of the method with fluoro-
melric deleclion of naproxen (¢f. Table II)

added found d:E?Zi?zi
(pg/ml) (ng/ml)
0.154 0.149 0.006 (3.97)
1.536 1.504 0.024 (1.67)
10.24 10.14 0.14 (1.47)
51.20 51.18 0.62 (1.2%)

102.40 103.87 1.24  (1.2%)
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FIGURE 3

Computer fitting of a plasma curve of naproxen sodium, using a
two—compartment model. The concentrations were assessed with the
fluorometric detection method.

CONCLUSION

The procedures described combine ease of handling with accu-
rate and sensitive analyt:ical results. Furthermore they are suit-
able for routine measurements and can easily be adapted to auto-
matic analysis. The procedure with U.V. detection in our experience
is very suitable for the: routine measurement of naproxen plasma
levels of patients durirnig chronic medication. Results of such
measurements combined with their clinical and pharmacological sig-
nificance will be reported elsewhere. When, however, studies of

the detailed pharmacokiinetics of naproxen after single dose are
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TABLE IV

Comparative analysis of 9 plasma samples of a human
volunteer after an oral dose of 250 mg of naproxen,
by U.V. detection and fluorometric detection

time after

administration L Elugranstry
(hr) ( g/ml) ( g/ml)
0.5 65.62 67.16
1.0 60.45 60.96
2.0 49.97 50.59
31 42.89 44,28
4.2 37.04 38.47
6.3 30.74 31.97
8.0 28.58 28.78
12.0 19.31 19.60
24.3 12.29 12.22

concerned or in other cases where the accurate measurement of low
concentrations of naproxen is required, or when only very small
samples are available the fluorometric detection method becomes
necessary when high—performance liquid chromatography is the ana-
lytical method of choice. As an example of such a situation Fig.
3 shows the plasma curve of naproxen after oral administration of
a 250 mg dose to a human volunteer. The plasma curve appears to
obey two-compartment kinetics, although in previous studies a
kinetic analysis according to a single compartment model is pro-
posed (11). Details of this pharmacokinetic behaviour will be
published elsewhere. Finally, Table IV shows a set of experimental
data, viz. plasma concentrations of naproxen in a volunteer, that

have been calculated by high pressure liquid chromatography with
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U.V. as well as fluorometric detection. These data indicate that
both methods are equally reliable in the concentration range in

which the U.V. procedure can be adequately applied.
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ABSTRACT

High performance liquid chromatography has been used to
separate testosterone from its oxidative metabolites (7o -, 16 -
and 6 B-hydroxytestosterone and androstenedione) following in
vitro incubation with rat liver microsomes. The separation was
accomplished in less than 18 minutes on a radially compressed
Cl reverse-phase column using isocratic elution with tetra-
hyc?rofuran:water (24/76, v/v).

INTRODUCTION

Testosterone is an endogenous substrate for hepatic microsomal
monooxygenases (1,2). This steroid is metabolized by rat hepatic micro-
somes to products such as 7a-, l6a- and 6 B-hydroxytestosterone and
androstenedione in reactions that appear to require different forms of
cytochrome P-450 (3). The hydroxylation of testosterone has been utilized
in the characterization of several forms of purified hepatic cytochrome

P-450 (4-6). Therefore, testosterone may be utilized as a single substrate
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to quantify simultaneously the activity of several different enzymes
present within a microsomal incubation mixture. Enzymes catalyzing
specific hydroxylations of testosterone have been induced selectively by
agents such as phenobarbital and 3-methylcholanthrene (7). A rapid and
sensitive method for quantitation of testosterone and its major microsomal
metabolites could be employed in the study of the effects of inducers of
microsomal monooxygenases, such as the environmental contaminants
polychlorinated biphenyls (PCBs) and polybrominated biphenyls (PBBs), on

the microsomal metabolism of testosterone.

Several different methods have been developed for the analysis of
testosterone and its metabolites. Descending paper chromatography has
been the analytical method of choice for several investigators (3,6,7).
However, a major disadvantage of such a technique is the relatively long
sample development time and the necessity for radiolabeled samples. In
addition, the complete resolution of the 4 major microsomal metabolites
and the parent compound cannot be accomplished in a single development.
Recently, thin-layer chromatographic methods have been reported which
can separate all metabolites in a single development (5,8). However, a
radiolabeled substrate of high specific activity is required for quantitation
with this method. Recently, high performance liquid chromatography
(HPLC) has been used in the analysis of testosterone and its metabolites.
Shaikh et al. (8) reported a normal phase system that requires a long
elution time and lacks a high degree of sensitivity. The reverse phase
system reported by van der Hoeven (9) requires gradient elution and does
not adequately separate the 70 - and 68 -hydroxy metabolites. Therefore,
our goal was to develop a highly sensitive rapid isocratic HPLC system for

analysis of testosterone and the four major microsomal metabolites.

MATERIALS AND METHODS

Microsomal Incubations and Sample Preparation

Testosterone and cofactors (Steraloids, Inc., Wilton, NH; Sigma
Chemical Co., St. Louis, MO) were added in 66 mM Tris-HCl, pH 7.4, to
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open screw cap test tubes to give a final volume of 1.06 ml. The reaction
mixture contained approximately 1.15 pmole testosterone, 0.3 nmol
NADH, 0.4 umol NADP, 0.3 umol NADPH, 5.8 u mol glucose-6- phosphate,
1 unit of glucose-6-phosphate dehydrogenase, 3.0 umol MgC12 and 0.8 mg
microsomal protein. Following 1 min of preincubation, reactions were
initiated by the addition of testosterone in 11 pl of dimethyl sulfoxide.
Reaction mixtures were incubated for 0-120 min, usually 30 min, at 37°C in
a Dubnoff metabolic shaker. Reactions were terminated by addition of 5
ml of diethyl ether/chloroform (3:1, v/v). Incubation blanks were prepared

by addition of diethyl ether/chloroform at zero time.

The reaction products were prepared for chromatography using the
following method: samples were extracted with 3x5 ml of diethyl
ether/chloroform (3:1, v/v); the organic fraction was dried by elution
through anhydrous sodium sulfate, evaporated to dryness under N2 and

reconstituted in 1.0 ml of 95% ethanol for chromatography.

High Performance Liquid Chromatography (HPLC)

The HPLC system consisted of a Waters model M6000-A pump
(Milford, MA) with a Model 440 uv detector set at 254 nm and a Model U6K
injector. Samples were chromatographed on a Waters radial compression
module with a 10 um radial pak reverse phase (C18) cartridge (8 mm x 10
cm) at ambient temperature. The solvent was tetrahydrofuran (THF):H20
(24:76, v/v). The flow rate was maintained at 3.2 ml/min with a resulting
column pressure of 800 psi. Peak areas were quantified using an electronic
integrator (Shimadzu Seisakusho Ltd., Kyoto, Japan). Compounds were
identified by their retention times relative to reference standards (Stera-
loids, Inc., Wilton, NH, and Medical Research Council, Steroid Reference
Collection).

RESULTS AND DISCUSSION

Baseline separation of testosterone and the four major microsomal

metabolites (70, 16 o and 68 -hydroxytestosterone and androstenedione) was
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achieved with the THF—HZO solvent system employed in this study.
Interfering peaks were not present in the microsomal sample matrix as is
evident from the chromatograph of the blank incubation (Fig. 1). Analysis
of a single sample required less than 18 min; testosterone was the latest
eluting peak in the chromatogram. Rat hepatic microsomes produced
significant quantities of all four metabolites (Fig. 2). In addition hepatic
microsomes from animals pretreated with PBBs (100 ppms) produced

substantially more of the hydroxylated metabolites as well as several other
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Fig. 1. HPLC profile of mixture of reference standards (7a-, 16a-,
6 B-hydroxytestosterone, androstenedione, and testosterone, left to right)
and a blank incubation. An isocratic elution with THF/H,O (24:76 v/v) was
performed at a flow rate of 3.2 ml/min. UV absorbance was monitored at
254 nm at a full scale sensitivity of 0.02 absorbance units.
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treated rats.

legend for Fig. 1.

unidentified peaks (9).

RETENTION TIME

RETENTION TIME

HPLC profiles of microsomal incubations from untreated and PBB
HPLC conditions were the same as those described in the

However, even in the presence of these peaks,

resolution was sufficient to allow quantitation of all three of the hydroxyl-
ated metabolites (Fig. 2).

Gas chromatography-mass spectrometry (GC/MS) of the methoxime-

trimethylsilyl ethers derivative of HPLC peaks from actual incubation
samples revealed that the major component of each HPLC peak had
retention time and mass spectrum identical to the corresponding reference

standard for the metabolite in question. No additional steroidal compo-
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nents were evident by GC/MS analysis of the isolated HPLC peaks.
Quantitation of testosterone and metabolites was linear over the range of
values encountered in microsomal incubation mixtures. Amounts as low as

10 nanograms of steroid were easily quantified (Fig. 3).

A major advantage of the use of reverse phase chromatography was
the early elution of all the polar microsomal metabolites. This provided

much greater sensitivity than previously reported normal phase systems. In

100
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v
z
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Fig. 3. Calibration curve for the four microsomal metabolites of

testosterone expressed as peak area counts in mV-sec (response) as a
function of varying amounts of metabolite. This curve covered the range
of values encountered in the samples. HPLC conditions were the same as
those described in the legend for Fig. 1.
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addition, the late elution of testosterone in our system reduced the
possibility that the metabolites may be obscured by the precursor in
samples from a microsomal incubation mixture. Both acetonitrile and
methanol have been used without success in the separation of all of the
hydroxylated metabolites of testosterone (10). However, the separation of
7a0- and 16 o-hydroxytestosterone, androstenedione and testosterone by
reverse-phase HPLC utilizing dioxane:water solvent gradient has been
reported (11). Therefore, it is not surprising that another ether, tetra-
hydrofuran, provided baseline separation of all metabolites studied. Per-
haps hydrogen bonding could have accounted for the selectivity gained by
the use of THF. The rapid analysis time was an advantage gained by the

high flow rates attainable with radial compression chromatography.

An HPLC method is now available for the rapid separation of the
major hydroxylated metabolites of testosterone produced by rat hepatic
microsomes. This method provides sufficient sensitivity for quantitation of
these steroids in microsomal incubation mixtures containing less than one
milligram of protein and incubated for less than 10 min under substrate

saturated conditions.
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HIGH PERFORMANCE LIQUID CHROMATOGRAPHIC
METHODS FOR THE QUANTITATION OF
VITAMIN A PALMITATE IN LIQUID
MULTIVITAMIN FORMULATIONS

J. Van Antwerp and J. Lepore*
Quality Control Department
Hoffmann-La Roche Inc.
Nutley, New Jersey 07110

ABSTRACT

Several normal-phase high performance liquid chromato-
graphic methods for the quantitation of Vitamin A palmitate in
liquid multivitamin formulations using both radially-compressed
and conventional silica columns are described. The methods are
reproducible, require minimal sample preparation and resolve the
predominant cis-trans isomers of vitamin A (13-cis, all-trans,
9-cis and 9,13-dicis). Good agreement is obtained between HPLC
and USP assay for samples containing a small amount (67 or less)
of the vitamin A as the 13-cis isomer.

INTRODUCTION

The current compendial method (1) for the determination of
vitamin A esters - acetates, palmitates and propionates - involves
saponification, extraction and subsequent spectrophotometric
quantitation as the alcohol, using the Morton-Stubbs technique

(2,3). The method is time consuming, operator dependent, does

571

Copyright © 1982 by Marcel Dekker, Inc.



572 VAN ANTWERP AND LEPORE

not account for the difference in extinction coefficients, nor
for the difference in biological activities of the predominant
cis—-trans isomers of vitamin A (4-6).

Recently several high—-performance liquid chromatographic
methods for the determination of vitamin A, either separately
(7-12) or simultaneously (13-18) with vitamins D and E, have
been reported. The simultaneous methods, although much faster
than the compendial techniques, still do not separate the pre-
dominant cis-trans isomers of vitamin A, and therefore may over-
estimate the available potency. Most of the single determination
methods have achieved separation of the predominant cis-trans
isomers of vitamin A. However, these methods, like the simul-
taneous determination techniques, are concerned only with
vitamin A acetate. The two reported HPLC vitamin A palmitate
methods (10,13) have not been applied to liquid multivitamin for-

mulations, and only one (13) is capable of resolving the major

isomers.

This report describes several normal-phase HPLC methods suit

able for the quantitation of vitamin A palmitate in liquid multi-
vitamin formulations. The methods require minimal sample prep-
aration, are reproducible and can utilize both conventional steel
and radially-compressed silica columns. Most importantly, the
methods resolve the four predominant sterically unhindered (19)
isomers of vitamin A (all-trans, 13-cis, 9-cis and 9,13-dicis)

and anhydro vitamin A.

EXPERIMENTAL

REAGENTS - Hexane and methyl t-butyl ether were obtained from
Burdick and Jackson. 1,4-Dioxane was obtained from Fisher
Scientific and fluoranthene from Matheson, Coleman and Bell. All
other reagents were analytical reagent grade. The standard is a

vitamin A palmitate dispersed in oil, the potency of which is
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about one million International Units (IU) per gram. It was
characterized by the USP assay, by the direct spectrophotometric
British Pharmacopeia (20) assay and by HPLC against a six-times
recrystallized vitamin A palmitate reference standard. The stan-
dard, which has an all-trans to 13-cis ratio of about 95 to 5,

was overlayed with nitrogen and stored under refrigeration.

INSTRUMENTATION - Two chromatographic systems were used through-

out. One system consisted of a Perkin-Elmer Series 2/2 pump, a
Rheodyne Model 7120-loop injector and a Perkin-Elmer Model LC-75

variable wavelength detector set at 325 nm.

The other system consisted of a Waters Associates Model M45
pump, a Model 710 automatic injector and a Model 440 UV detector
set at 313 nm.

COLUMNS AND MOBILE PHASES - System I - several columns were used.

These were: a Waters Associates pPorasil (30 cm x 3.9 mm), an

E. S. Industries Chromegasorb 100R Silica, 10 p (30 cm x 4.6 mm)
and an E. M. Industries Lichrosorb SI-60, 5 u (25 cm x 4.6 mm).
The mobile phase was a 1% methyl t-butyl ether solution in hexane.

The flow rate can be varied from 1.4 to 2.0 ml/min.

System II - A Waters Associates Radial Compression Module,
RCM-100, fitted with a Radial-Pak B silica cartridge, 8 mm ID,
was also used. The mobile phase, pumped at 1.4 ml/min, was a

hexane: 1,4-dioxane: triethylamine mixture (997:3:0.02).

PROCEDURE - Low actinic glassware was used throughout. Extrac-
tions and dilutions were done with a 0.1% solution of butylated

hydroxytoluene (BHT) in hexane.

weighed vitamin A standard was dissolved and diluted to volume in
a 50-ml volumetric flask (Standard Solution). Approximately
75.0 mg of fluoranthene were accurately weighed, dissolved and

diluted to volume in a 50-ml volumetric flask (Internal Standard).
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A 2.0 ml aliquot of the Standard Solution and 2.0 ml of Internal
Standard were pipetted into a 50-ml volumetric flask and diluted

to volume (Working Standard).

tions - A 2.0 ml sample aliquot was transferred into a 50-ml cen-
trifuge tube. The pipet or volumetric flask was rinsed twice
with 2 ml portions of dimethylsulfoxide (DMSO). The combined
sample-DMSO mixture was extracted with 3 x 25 ml portions of 0.1%
BHT in hexane with the aid of a mechanical shaker (approximately
5 minutes shaking time) and centrifuged. The clear supernatants
were combined and diluted to 100 ml in a volumetric flask

(Method I). Ten ml of this solution and 2.0 ml of the Internal
Standard were pipetted into a 50-ml volumetric flask and diluted

to volume (Sample Solution).

An alternate preparation (Method II) was also used. To the
DMSO-sample mixture 25.0 ml of the BHT/hexane solution was
pipetted. The mixture was shaken for 5 minutes on a mechanical
shaker and centrifuged. Two ml of the supernatant and 2.0 ml
of the Internal Standard were pipetted into a 50-ml volumetric

flask and diluted to volume (Sample Solution).

- Oil-dispersed formulations were treated in the same manner as
the vitamin A standard. The sample solutions to be injected, how-

ever, were prepared to contain about 35 IU/ml of vitamin A pal-

mitate.

40 ITU/ml of isomerized vitamin A palmitate (about 30% of the
vitamin A exists as the 13-cis isomer) and 20 pl were injected.
The system was considered suitable if baseline separation was ob-
tained between the 13-cis and 9-cis vitamin A peaks. Alternately,

the resolution factor between the all-trans and 13-cis peaks
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should be greater than 3.2 if system suitability requirements are

to be satisfied.

using internal standard peak-area techniques and expressed in terms
of IU per volume or weight. The total area of the vitamin A was
expressed as the sum of the areas of the 13-cis and all-trans
peaks. The extinction coefficients and biopotencies of both
isomers were assumed to be equal. The validity of this assump-
tion will be discussed in a later section. Twenty microliter

injection volumes were made throughout.

RESULTS

An accurate analysis of vitamin A is a fairly difficult
task. The instability of the molecule (5, 8, 9, 21, 22), the pos-
sible presence of several isomers and the lower relative biolog-
ical activity (4-6) of these isomers all contribute to the dif-

ficulty.

The present methods minimize the above problems. The ad-
dition of BHT to the extracting solvent prevents both air
oxidation (21) and possible column degradation/isomerization (8)
of vitamin A palmitate. TIn addition by separating the most prob-
able cis-trans isomers and utilizing the published extinction co-
efficients (6, 7), the calculation of sample potencies with in-
creased accuracy will be possible once reference standard materials

and reliable potencies become available.

Chromatograms of the working standard, and some sample solu-
tions, obtained with system I, are shown in Figures 1-3. A chrom-
atogram of a system suitability solution, obtained with system I,
is similar to the one shown in Figure 3. A chromatogram of this
same solution, obtained with system II, is shown in Figure 4. In

all cases the 13-cis and all-trans vitamin A peaks are separated.



VAN ANTWERP AND LEPORE

576

*a3e3Tured y urmelTa sueil-TTe (G) ¢o3eitured y urtwelTa
STO-¢T (¢) ¢ (paepueig Teuiajul) osuayjueiontd (T)
‘uTw/Tw (Q°g :93BI MOTJ °SUBX9Y UT I3yle TLIng
-31-TAy3aoR %I :oseyq STTIqOR °*YOOT gIoseSswoxy) :umnyo

‘mu ¢T¢ 3I' paepuels Surdaom 9yl Jo weidojewory) T HINIIA

sanuIy
00'8 ozL or'9 09°S [1:3 4 00y 0z'e ove

09°L

08"

| — T T < 1 I T
7 )

Ll

1




577

QUANTITATION OF VITAMIN A PALMITATE

*T *8TJg UT Se UuoTl
-eueTdxX® pUB SUOTITPUO) °IBWOST STO-{T 9YJ SB Y UTWEBITA
9y3 J0 %G Inoqe 3ururejuod o7dwes ® jo weafojewoay) °z FINOIL

sanuiy
00'L oc'9 09's 06y oz 0s°€ 08z oLz o't o

F | \_ _<J T T L T T

4




VAN ANTWERP AND LEPORE

578

*93e3Tured vy UTWEITA STO-6 (V)

‘e3ejTuied v urwelTA STITP-EI‘6 (§) °T °8T4 Ul se uorl

—eueTdX® puB SUOTITPUO) °*ISWOST STO—C] 92U} SEB Yy UTWEITA
9yl 3o %0¢ 3Inoqe Bururejuod oTdwes ® Jo weiSojlrwoay) °¢ MINIII

saanulpy
00’8 0c'L [4) 09°'S 08y 00'¥y 0z'e ove 09°L 08’
)

f T T T T
n J
14




579

QUANTITATION OF VITAMIN A PALMITATE

*o3eaTUTRd

V uTtwelIA sueil-TT® (G) ¢o3eiTuied y UTWEITA STIO-6 (%)
fojeaTwred vy urTwelTA STOTP—-ET‘6 (€) f°3eiTuied y urwelTa
STO-¢T (Z) ‘UTW/Tw 4°T :93®8Y MOTI *(Z0°'0:0:€:L66)
QUTWRTAYI9TI]-9UBXOTp-oUuexay :3seyd STTqol *(°Q°I wu Q)
g Yeg-Terpey :uwnfo) °(I) PABPUBIS TBUIDIUT 3UTUTRIUOD

wu GZ¢ 3B UOTINTOS AITTIQRITNS WISAS B JO weiSojewoxy) '+ FYNOII

saynuiy

oLt 6'6 99 S'S 44 €t

(A4

L'l

T T T j ~




580 VAN ANTWERP AND LEPORE

Two other peaks corresponding to the 9-cis and 9,13-dicis isomers,
are also separated from the main peaks. Both systems are capable
of resolving the 13-cis and all-trans isomers from the low-potency
9-cis and 9,13-dicis isomers. System I, however, gives better
separation between the 9-cis and 9,13-dicis isomers. The best
separation between the isomers was obtained on the Lichrosorb 5 u

column.

Quantitation of vitamin A in the various samples was ac-
complished by adding the areas of the 13-cis and all-trans peaks.
This method assumes equal extinction coefficients and biopotencies
for these two isomers. A calculation based on published extinc-
tion coefficients (6, 7) and some available biopotencies (4-6)
shows that this method of quantitation may overestimate by 4% the
true potency of a sample containing 307% of the vitamin A as the
13-cis isomer (Figure 3). However, there is no overestimation
in samples containing 4-67% of the vitamin as the 13-cis isomer
(Figure 2) since these samples are similar to the standard. The
areas of the low-potency 9-cis and 9,13-dicis isomers were not
considered, even though they could amount to as much as 15% of
the total vitamin A area in some very old samples (Figure 3).

Tt should be noted that the USP method does not correct (6, 12)
for the low biological activity of these isomers even though

they do contribute to the measured absorbance.

Results of vitamin A palmitate HPLC assays in oil and water-—

dispersed multivitamin formulations are shown in Tables I and II.

Table I also shows the agreement between USP and HPLC assay
results. Table II shows the HPLC assay results obtained under
different experimental conditions: 325 nmm versus 313 nm, single
extraction versus triple extraction and system I versus system II.
Identical results were obtained using the Lichrosorb and Chromega-

sorb columns.
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Table I.

581

Comparison of HPLC and USP Vitamin A Assays

of Various Formulations

Sample Description

Vitamin A and
g—Carotene

in 0il

Vitamin A, Dy and
B-Carotene

in 0il

Water-dispersed
vitamin A

Water—dispersed
vitamins A, Dy and E

Water—dispersed
vitamin A and Dy

aSingle extraction, 313 nm

Lot No.

H WNKFE whNh e

Table II.

110
106
110

110
107
103

110

100

110

% Label Claim
UsSP

HPLC

106
107
107

107
109
104

1072

1012

1082

HPLC Results of Vitamin A Assays on Water—-dispersed
Pharmaceutical Dosage Forms

Months Potency, % Claim
Product Lot Shelf-Life Age System T System IT

A 1 36 78 107¢ 1052 104°
A 2 60 120 116 116
A 3 40 123 121

A 4 27 121 119 120
B 1 24 37 84 86

B 2 11 108 114 114
(& 1 24 36 99 96

C 2 16 129 124

D i} 36 43 127 129

D 2 27 126 121 123

aTriple extraction technique, 325 nm
Single extraction technique, 325 nm
Triple extraction technique, 313 nm
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Recovery studies were conducted by adding a solution of the
standard vitamin A to previously assayed water—dispersed formula-
tions and assaying as previously described. Recovery rates were
well within the range of 100 * 47. Sample matrix interferences
were found to be non—-existent by stopped-flow spectral comparison

and absorbance ratioing techniques.

The linearity of the chromatographic methods was determined
between 157% and 230% of the working range by injecting vitamin A
palmitate solutions containing a constant amount of internal stan-—
dard. The relative standard deviation of the peak-area response

ratio was less than 1.87 over the entire range.

The reproducibility of the chromatographic systems was deter-
mined by making six injections of the working standard and
computing the peak—area response ratio. The relative standard

deviation of the response ratio ranged from 0.3 to 1.6%.

Table III.

Results of Replicate Assays from Two lots of
Water—dispersed Multivitamin Dosage Form

% of Claim

System Ia sttemALLE
106 124
107 126
106 122
106 122
108 128
108 124
Average 107 124
Standard 0.98 20 1
Deviation
Rel. Std. 0.927% 2.2%
Deviation

aSample A, lot 1
Sample C, lot 2
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The reproducibility of the methods was determined by con-
ducting six replicate assays of a water—dispersed multivitamin
sample. The results and the relative standard deviations are

shown in Table IIT.
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The HPIC Analysis of Caffeine and
Theobromine in Animal Diets
by
W. Jeffrey Hurst and Robert A. Martin, Jr.
Hershey Foods Corporation Technical Center

1025 Reese Avenue
Hershey, Pennsylvania 17033

An HPIC method is described for the analysis of added caffeine and
theobromine in animal diets using HPIC with samples extracted in CHCl, and
interferences eliminated with a Sep-pak™. This method has good accuracy and
precision but is not suitable for matrixes where the methylxanthines exist as

a integral part of the matrix (e.g., foods).

The HPLC Analysis of Caffeine and

Theobromine in Animal Diets

An animal diet is a complex matrix of many components consisting of
various amount of protein, fat, carbohydrate vitamins and minerals used as a
carrier for a wide variety of drugs and food components. The matrix by virtue
of its complexity presents a formidable analytical challenge for the analyst.
HPLC allows the analysis of a large variety of potential components with great
accuracy and precision in a short analysis time.

A method is described for the rapid accurate analysis of the pure added
methylxanthines) caffeine and theobromine in animal diet using HPLC with

sample cleanup accomplished using a commercially available Sep—pakTM.

585
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Methods and Materials

Extraction of caffeine and theobromine. Place 2.5 g £ 0.1 (weighed to
0.01 g) of animal diet into a flask add 100 ml of (HC1l3 and heat the solution
to 60°C for 30 min. Cool extract to room temperature and bring up to
weight with (HC1l3. Withdraw 10 ml of CHCl3 extract and run through a Silica
Sep-pak™. Elute caffeine or theobromine with 15 ml of CH;0H. Depending on
the level of the compound of interest the sample can be injected directly from
the (H30H or concentrated to an appropriate volume.

The analysis was accomplished by HPLC using a Water's Radial Compression
Module (RQM) with a C;g (Radial Pak A) cartridge. The mobile phase was
74/25/1 Hy0/CH30H/HOAC at a flow rate of 3.0 ml/min. Detection was at 280 nm.
Typical analysis for both compounds was less than 10 minutes. Standard
concentrations were 0.5 yug/ul for theobromine and .025 ug/ul for caffeine.
Figures 1 and 2 show sample chromatograms for standards and samples

respectively.

Results

Precision studies of the method show a %Cv of less than 1% for standards
(n = 10) and less than 2% for sample (n = 10). Recovery studies of additions
to diet are summarized in Table 1.

An additional study of multiple extractions (n = 4) of a spiked sample
(60 mg/100 g theobromine) gave excellent data with data showing differences to
be not significant at a 95% confidence level.

An examination of two rabbit diets with added theobromine gave data that
can be seen in Table 2.

This method provides a fast accurate analysis of added pure
methylxanthines in animal diets. Although it is not suitable for use in
systems where the methylxanthine is in a bound form (i.e. like a food system)

because the energy input from the CHCl; is not sufficiently high as to extract



HPLC ANALYSIS OF CAFFEINE 587

Sample: Xanthine Standards
(20 ul injection size)

Column: Radial Compression Module

(Radial Pak-A)
Mobile 74/25/1  (H20/CH30H/HOAC)
Phase: @ 3.0 ml/min
2
% Detector: 254 nm @ 0.1 AUFS
O 0
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Figure 1. Analysis of Xanthine Standards, 20 ul inj. size; Column:
Radial Compression Module, Rad-Pak-A; Mobile Phase: 74/25/1
(HgO/CHZ0H/HOAc) @ 3.0 ml/min; Detector: UV/254 nm @ 0.1AUFS.
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Sample: Animal Diet Extract
(10 w1 injection size)

M Column: Radial Compression Module
(Radial Pak A)
Mobile 74/25/1 (I:{ZO/CHaOH/HOAC
Phase: € 3.0 ml/min
Detector: 254 nm @ 0.1 AUFS
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Figure 2. Analysis of Animal Diet Extract, 10 ul inj. size;
Operating conditions as in Figure 1.
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Table 1
Recovery Study of Added Caffeine and

Theobromine to Animal Diets

n=2
% Theobromine Added % Theobromine Rec. % Recovery
+.027 .025 95.6
+.068 .067 98.6
+.135 .134 _99.3
x = 97.8
% Caffeine Added % Caffeine Rec. % Recovery
+.002 .0019 95.0
+.004 .003875 93.8
+.008 .00795 _99.4
x = 96.1
Table 2
Amount Added Theobromine Amount Analyzed Theobromine
60 mg/100 g 57.6 mg/100 mg
120 mg/100 g 114 mg/100 mg

all of the bound xanthines. This method will extract 70-75% of the total

compounds in the food system.
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LC NEWS

NEW CATALOG/REFERENCE MANUAL for chromatographers.
This 30@+ page valume contains applications,
useful technical informatiorn and handy referernce
charts, as well as an extensive line of
accessories for GC, HPLC, TLC, and GPRC. Alltech
Associates, Inc., JLC/B2/3, 2031 waukegan Road,
Deerfield, IL, 6@@13, USA.

SAMPLE PREPARATION EDUCATIONAL PROGRAM provides a
foundation in modern techniques for efficient
sample preparation as required for guality
chemical analyses by GC, LC, UV/VIS spectroscopy
and others., The program includes a discussion of
variocus laboratory operations (derivatization,
filtration, extractiorn, etc.) ard sample
preparation methods for selected applications.
Also, special sections of reference data, sample
preparation  abstracts, technical exchange, and a
glaossary of terms are presented in a binder for
easy updating. Zymark Corp., JLC/82/3, 1@2 Scuth
Street, Hopkinmton, MA, 21748, USA.

CHROMATOGRAPHY PRODUCTS CATALDG is a compendium of
standard HPLC, GC, and TLC products liberally
laced with rew and useful additions for the
professional  chromatographer. There are 3@ pages
of applications as well as a comprehensive listing
of  chemical standards such as pesticides,
herbicides, drugs, etc. Supeleao, Inc., JLC/8&/3,
Supelco Park, EBellefornte PR, 16823, USA.

HPLC TECHNICAL BULLETIN contains data on  high
purity solvents for high performance liquid
chromatography. It covers information about the
performance and quality control analysis of high
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purity soclvents and demonstrates some typical HPLC
separations. Alsco featured are tables of polarity

indices and UV cutaffs. Burdick & Jackson
Laboratories, Inc., JLC/B&/3, 1953 6. Harvey
Street, Muskegon, MI, 49442, USA.

RECENT DEVELOPMENTS IN CHROMATOGRAPHY are
highlighted in Chem—Sep News. Scale—-up procedures
from amalytical to preparative liguid

chromatagraphy are covered in the lead article.
Assuming the analytical media is identical to the
preparative media, scale—up can be accomplished
quickly and accurately by modifying only ingection
volume and flow rate. Mass/Volume graphs make

scale-up as easy as reading a chart. Mary
developments in LC, TLC, and icr exchange are
reviewed. Whatmar Chemical Separation, IVic.

JLC/82/3, 9 Bridewell Place, Clifton, NJ, 07014,
usnA.

HPLC METERING PUMP incorporates unique electromic
pulse compensation circuitry used to reduce
pressure  pulsations  at high pressures by
antomatically speeding up the motor duwring both
the refill and piston  chamber pressurization
pericds. A digital flow rate selector provides
precise metering rates from 2.1 to 1@ ml/mn at
pressures up to 6000 psi (420 bar). Automatic
pressure  load protection prevernts the pump  from
exceeding selected upper and lower  pressure
limits. Raimiv Instrument Co., JLE/BE/3, 1719
64th Street, Emeryville, CA, 84608, USA.

HRPLEC SYSTEM FOR ROUTINE ANALYSIS readily performs
methods development, functional research, and
routine amalyses accurately and reproducibly  The
gystem has a flow range from @. 12 to 19.99 ml/mr,
which is continuously variable for both analytical
and preparative applications. A positive
dieplacement method accurately transfers samples
from  their original vials into the mobile phase.
This allows viscosity—-independent delivery of
precise sample volume with wegligible caryover.
Micvromeritics Instrument Corp., JLC/B2/3, S68@
Gosher Springs Road, Norcoross, GA, 30293, USA.
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LC CALENDAR
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MARCH 8 - 12: Pittsburgh Conf. on Amal. Chem. and
Appl. Spectraoascopy, Atlantic City, N, UBA.
Cormtact: Pittsbuwrgh Conf., Inc., P. 0. Box
778@—-1223, Philadelphia, PA, 1918&, USA.

MARCH &8 - APRIL 2: National Amer. Chem. Soe.
Meeting, Las Vepges, NV, USA. Contact: A. T.
Winstead, Am. Chem. Soc., 1155 Sixteenth 5t., NW,
Washington, DC, 220A36, USA.

APRIL 14 - 16: 12TH armual Symposium o the Anal.
Chem. of Pollutants, Amsterdam, The Netherlands.
Comtact: Prof. R. W. Frei, Congress Office, The
Free University, P. 0. Bk 7i61, 1@a7-mMC
Amsterdam, The Netherlands.

APRIL 18 - 21: 6&66th Arrmual Meeting, Federation of
Amer. Soc. for Exp’t?’l. Biocl. (FABER), Louisiana
Superdome, New Orleans, LA, USA. Contact: FASER,
365@ Rockville Pike, Bethesda, MD, 2@@14, USA.

MAY 1& - 18: LCEC Symposium: BRiomedical
Applications of LCEC anmd Voltammetry, Indianapoclis
Hyatt Regency. Contact s K Klippel, LCEC

Symposium, P. 0. Box 2206, W. Lafayette, IN,
479126, USA.

JUNE 7 - 11: 6&th Internat’l. Symposium orn Columrn
Liquid Chromatography, Cherry Hill Irn, Cherry
Hill, NJ. Contact: R. A. Barford, ERRC-SEA, USDA,
&6 E. Mermaid Larne, Philadelphia, PA, 19118, USA.

Jurne 2@ - 23: Int'l. Conf. on Chromatography And
Mass Spectrometry in Riowmed. Sci., Bordighera,
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Italy. Cormtact: Dr. Alberto Fripgerioc, Italian
Group for Mass Spectrometry in Biochem. & Med.,
Via Eritrea 62, 20157 Milano, Italy.

JUNE = - 3@z Analytical Summer Symposium,
Michigarnm State University, East Lansing, MI, USA.
Cormtact: A.I.Popov, Chem. Dept., Michigan State
University, East Lansing, MI, 48824, USA.

JULY 12 - 16&: &nd Int?1l. Symposium on
Macromolecules—IUPAC, Urniversity of Massachusetts,
Amherst, MA, USA.

July 19 - 2Z2: 23rd Prague Micraosymposium on
Macromolecules: Selective Polymeric Borbents -
IUPAC, inst. of Macromolecular Chem., Prague,
Czechoslavakia. Contact: P. M. M. Secretariat,
Inst. of Macromolecular Chem., l62-06 Prague,
Czechoslovakia.

AUGUST & - 5: Int’l. Conf. on Ion Chraom., at the
24th Rocky Mountain Conf., Derver, CO, USA.
Comtact: Diorex Corp., 1228 Titan Way, Surmyvale,
CA, 94@8&, USA. '

AUGUST 15 — 21: 1&th Int?l. Congress of Biocchem.,
Perth, Westerr Australia. Contact: Brian Thorpe,
Dept. Ricchem., Faculty of Sciernce, PAustralian
Naticvmal University, Canberra A Ge Ta cea,
Australia.

SEPTEMEER 12 - 17: Natiocrmal Amer. Chem. Soc.
Meeting, HKansas City, MO, USA. Contact: A. T.
Wirnstead, Rmer. Chem. Scoc., 1155 Sixteenth S5t. NW,
Washingtorn, DC, =036, USA.

1983

MARCH 2@ — 25: wnational Amer. Chem. Soc. Meeting,
Seattle, WA, USA. Contact: A. T. Winstead, Amer.
Chem. Soc., 1155 Sixteenth 5t., NW, Washington,
DC, z2wua3e, USA.

JULY : 3rd Int?’l. Flavor Conf., Amer. Chem. Sac.,
The Ceorfu Hilton, Corfu, Greece. Contact: Dr. &,
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5. Hazewniac, Campbell Inst. for Food
Campbell Place, Camdewn, NJ, @81a1, USA.

The Jowrnal of Liguid
will publish armouncements of

meetings and symposia in each issue
The Jourval. To be listed in  the

Calendar, we will rneed to know: Name of
meeting or SYMPas1um, SPOMSOring
arganizatiorn, whern and where it will be
held, and whom to contact for additional
details. You  are invited to send

armouncemnents  for dnclusion inm the

Calendar to Dr. Jack Cazes, Editor,

Journal  of Liquid Chromatography, P.

Box 144@0-5MS, Fairfield, CT, @643@, USA.
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INSTRUCTIONS FOR PREPARATION OF MANUSCRIPTS
FOR DIRECT REPRODUCTION

Journal of Liquid Chromatography is a bimonthly
publication in the English language for the rapid com-
munication of liquid chromatographic research.

Directions for Submission

One typewritten manuscript suitable for direct
reproduction, carefully inserted in a folder, and two
(2) copies of the manuscript must be submitted. Since
all contributions are reproduced by direct photography
of the manuscripts, the typing and format instructions
must be strictly adhered to. Noncompliance will result
in return of the manuscript to the authors and delay
its publication. To avoid creasing, manuscripts should
be placed between heavy cardboards and securely
bound before mailing.

Manuscripts should be mailed to the Editor:

Dr. Jack Cazes

Journal of Liquid Chromatography
P. O. Box 1440-SMS

Fairfield, Connecticut 06430

Reprints

Owing to the short production time for articles in
this journal, it is essential to indicate the number of
reprints required upon notification of acceptance of
the manuscript. Reprints are available in quantities
of 100 and multiples thereof. For orders of 100 or
more reprints, twenty (20) free copies are provided.
A reprint order form and price list will be sent to the
author with the notification of acceptance of the
manuscript.

Format of Manuscript

1. The general format of the manuscript should be
as follows: title of article; names and addresses of
authors; abstract; and text discussion.

2. Title and Authors: The entire title should be in
capital letters and centered on the width of the typing
area at least 2 inches (5.1 cm) from the top of the
page. This should be followed by three lines of space
and then by the names and addresses of the authors in
the following way (also centered):

A SEMI-AUTOMATIC TECHNIQUE FOR THE
SEPARATION AND DETERMINATION OF
BARIUM AND STRONTIUM IN SURFACE WATERS
BY ION EXCHANGE CHROMATOGRAPHY AND
ATOMIC EMISSION SPECTROMETRY

F. D. Pierce and H. R. Brown
Utah Biomedical Test Laboratory
520 Wakra Way
Salt Lake City, Utah 84108

3. Abstract: Three lines below the addresses, the
title ABSTRACT should be typed (capitalized and cen-
tered on the page). This should be followed by a
single-spaced, concise, abstract comprising less than
10% of the length of the text of the article. Allow three
lines of space below the abstract before beginning the
article itself.

4. Text Discussion: Whenever possible, the text dis-
cussion should be divided into such major sections as
INTRODUCTION, MATERIALS, METHODS, RE-
SULTS, DISCUSSION, ACKNOWLEDGMENTS, and
REFERENCES. These major headings should be sepa-
rated from the text by two lines of space above and
one line of space below. Each heading should be in
capital letters, centered, and underlined. Secondary
headings, if any, should be flush with the left margin,
underscored, and have the first letter of all main words
capitalized. Leave two lines of space above and one
line of space below secondary headings.

5. Paragraphs should be indented five (5) typewriter
spaces.

6. Acknowledgment of collaboration, sources of re-
search funds, and address changes for an author should
be listed in a separate section at the end of the paper.

7. References (including footnotes) in the text will
be numbered consecutively by numbers in parentheses.
All references (and footnotes) should then be aggre-
gated in sequence at the end of the communication.
No footnotes should be shown at the bottom of pages.
The reference list follows immediately after the text.
The word REFERENCES should be capitalized and
centered above the reference list. It should be noted
that all reference lists should contain initials and names
of all authors; et al. will not be used in reference lists.
Abbreviations of journal titles and styles of reference
lists will follow the American Chemical Society's
Chemical Abstracts List of Periodicals. References
should be typed single-spaced with one line space be-
tween each reference.

8. Each page of manuscript should be numbered
lightly at the bottom of the sheet with a light blue
pencil.

9. Only standard symbols and nomenclature ap-
proved by the International Union of Pure and Ap-
plied Chemistry should be used.

10. Any material that cannot be typed, such as Greek
letters, script letters, and structural formulae, should
be drawn carefully in black India ink (do not use blue
ink).

Typing Instructions

1. The manuscript must be typewritten on good
quality white bond paper measuring approximately 8%
x 11 inches (21.6 cm x 27.9 cm). Do not use Corrasi-
ble bond or its equivalent. The typing area of the
article opening page, including the title, should be 5%
inches wide by 7 inches deep (14 cm x 18 cm). The
typing area of all other pages should be no more than
5% inches wide by 8% inches deep (14cm x 21.6cm).

2. In general, the chapter title and the abstract, as
well as the tables and references, are typed single-
spaced. All other text discussion should be typed 1%-
line spaced, if available, or double-spaced. Prestige elite
characters (12 per inch) are recommended, if available.



3. It is essential to use black typewriter ribbon (car-
bon film is preferred) in good condition so that aclean,
clear impression of the letters is obtained. Erasure
marks, smudges, creases, etc., may result in return of
the manuscript to the authors for retyping.

4. Tables should be typed as part of the text but in
such a way as to separate them from the text by a
three-line space at both top and bottom of each table.
Tables should be inserted in the text as close to the
point of reference as possible, but authors must make
sure that one table does not run over to the next page,
that is, no table may exceed one page. The word TA-
BLE (capitalized and followed by an Arabic number)
should precede the table and be centered on the page.
The table title should have the first letters of all main
words in capitals. Titles should be typed single-spaced.
Use the full width of the type page for the table title.

5. Drawings, graphs, and other numbered figures
should be professionally drawn in black India ink (do
not use blue ink) on separate sheets of white paper and
placed at the end of text. Figures should not be placed
within the body of the text. They should be sized to
fit within the width and/or height of the type page,
including any legend, label, or number associated with
them. Photographs should be glossy prints. A type-
writer or lettering set should be used for all labels on
the figures or photographs; they may not be hand
drawn. Captions for the pictures should be typed single-
spaced on a separate sheet, along the full width of the

type page, and preceded by the word FIGURE and a
number in arabic numerals. All figures and lettering
must be of a size to remain legible after a 20% reduc-
tion from.original size. Figure numbers, name of senior
author, and arrow indicating ""top’’ should be written
in light blue pencil on the back or typed on a gummed
label, which should be attached to the back of the
illustration. Indicate approximate placement of the il-
lustrations in the text by a marginal note in light blue
pencil.

6. The reference list should be typed single-spaced
although separated from one another by an extra line
of space. Use Chemical Abstract abbreviations for jour-
nal titles. References to journal articles should in-
clude (1) the last name of all author(s) to any one
paper, followed by their initials, (2) article title, (3)
journal, (4) volume number (underlined), (5) first page,
and (6) year, in that order. Books should be cited
similarly and include (1) author, surname, first and
middle initials, (2) title of book, (3) editor of book (if
applicable), (4) edition of book (if any), (5) publisher,
(6) city of publication, (7) year of publication, and (8)
page reference (if applicable). E.g., Journals: Craig,
L. C. and Konigsber, W., Use of Catechol Oxygenase
and Determination of Catechol, Chromatogr., 10, 421,
1963. Books: Albertsson, P. A., Partition of Cell Parti-
cles and Macromolecules, Wiley, New York, 1960.
Article in a Book: Walter, H., Proceedings of the Pro-
tides of Biological Fluids, XVth Colloquim, Pteeters.,
H., eds., Elsevier, Amsterdam, 1968, p. 367.
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similar to that of ethyl ether so that Mt-BE may be
used for extractions or wherever ethyl ether is used.
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C. J. Little, A. D. Dale, J. L. Whatley and J. A. Wickings, J.
Chromatogr., 169, 381 (1979).
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