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attenuated to 2.2 V d.c. for our data system.
Calibration of the sensor output with known
targets shows the response to be linear in the
+ 2 to + 9 mm range, d (distance between target
and sensor in mm) and V (output in V) being
related by d = (0.20 ± 0.01)V + (0.18 ± 0.06).

Unlike in our previous work [8], the sensor
was hanged from a stand and the steel target was
clamped to the compression piston, in such a
way that an increase in target distance means an
increase in the column length. Depending on the
movement of the piston, the distance between
the sensor and the target increases or decreases.
Because of the nature of the device, a change of
0.01 mm in the column length can be detected
easily, while the actual column length is known
within only 0.1 cm. The actual length of a
packed column was measured by attaching a
long, thin electric wire to the piston rod, just
below the piston head, stretching it with a small
weight, and measuring the position of a small
mark on this wire. The zero reference is ob­
tained by raising the piston in an empty column
until it touches the top flange. This device
permits a measurement of the column length
with an accuracy of 0.1 cm.

2.8. Data acquisition system

The data system consists of a Waters System
Interface Module (SIM) with two AID conver­
tors (Milford, MA, USA). This SIM is capable
of the simultaneous monitoring of four sensors
andlor detectors and can control three HPLC
pumps. The digitized data from the SIM was
collected by Waters Maxima 820 version 3.31
software loaded on a NEC computer. All the
data files were translated to ASCII format for
further use and uploaded to the computer net­
work of the University of Tennessee. For treat­
ment of these data, various DOS- and VMS­
based software was developed in our laboratory.

2.9. Methods

In the experiments reported here, two solvents
were used as the eluent. These were methanol
(solvent A) and a mixture of 40% methanol and

60% water (v/v, solvent B). The test samples
were low-concentration solutions of acetone (1.6
mIll), phenol (0.4 gil), and m-cresol (0.5 gil) in
the eluent. Sample volumes for HETP measure­
ments were 1.5 ml, injected by filling an appro­
priate loop. For economic and waste manage­
ment reasons, the solvents were pumped in
closed circuit, with a 15-20 I reservoir on the
solvent line. The solvent was replaced when the
baseline absorbance became significantly higher
than that of fresh solvent.

Three outputs were recorded in most of the
experiments, the UV-detector signal and the
outputs of the displacement and the pressure
sensors. The data from the pressure transducer
were converted to pressure units (bar), and the
output from the sensors to changes in the column
length (cm) and the pressure (bar). The chro­
matographic data were used to calculate the
column efficiencies, from the width at peak half­
height, and the retention factors. The reduced
velocities (v = u dp/D m , with u the linear ve­
locity, d p the average particle size, and D m the
molecular diffusivity) and reduced plate heights
(h = Hldp , with H the actual column HETP)
were fitted to the van Deemter equation [9],
using a nonlinear least-squares fit. The classical
Wilke-Chang [10] equation was used to estimate
the diffusion coefficients of the compounds used.
It gives as the molecular diffusivities of acetone,
phenol, and cresol, in solvent B, at 25°C, 7.39'
10-6

, 6.59· 10-6
, and 5.98' 10-6 cm2 Is, respec­

tively.

3. Results and discussion

The characteristics of the columns studied are
summarized in Table 1. The results of a long­
term stability test of the axial compression col­
umn are reported in Table 2. During this study,
several similar determinations of the dependence
of the column efficiency on the mobile phase
flow-rate were completed. Flow-rates and col­
umn efficiencies were converted into reduced
parameters, viz., reduced velocity and reduced
plate height, and fitted to the classical van
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Fig. 4. Plot of the effective axial compression pressure versus the flow-rate for the axial compression column. The initial
compression pressures set were 20.5, 41.0, and 65.5 bar. Solvent: methanol-water (40:60, vIv).

compression pressure falls below the inlet pres­
sure. The bed remains compressed like the gas in
a tire as long as the pressure in the driving jack is
not released. Small leaks are possible, however,
and there is a slight compression release of the
bed, as we see now.

3.6. Column length and effective axial
compression pressure

The column length measured during the ex­
periments just described is plotted against the
effective axial compression pressure (EACP) in
Fig. 5. In this case, the EACP is varied by
varying the flow-rate at constant applied com­
pression pressure. As expected, the column
length decreases with increasing EACP and
tends toward a constant limit. The higher the
axial compression pressure applied, the lower
this limit. Fig. 6 shows the result of a com­
plementary experiment. It gives a plot of the
column length versus the EACP, at constant

flow-rate (110 ml/min) and with different values
of the axial compression. A similar behavior is
observed. Finally, the plot of the inlet pressure
versus the EACP shown in Fig. 7 illustrates the
relationship between the effective compression
pressure, that is the stress actually applied to the
bed, and the inlet pressure for a constant flow­
rate. The increase of the column inlet pressure at
constant flow-rate corresponding to an increase
of the EACP of 30 atm is 6% (31.5 bar to 33.5
bar).

3.7. Replacement of the top flange

It is frequently necessary to open the column
and change the top flange. Done without special
care, this operation results in a loss of stationary
phase, which can cause a problem, for example
when the exact amount of packing material used
needs to be known. This operation can be done
without loss or any disturbance of the packing by
the following procedure. A solvent which wets
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Table 1
Observed changes in retention

Initial TFA ACN/min Temp. Retention time Width at th
ACNconc. (%) (%) (%) (0C) (min) (min)

35 0.1 1.0 30 10.87 1.41
32 0.1 1.0 30 12.95 1.29
30 0.1 1.0 30 15.72 1.14
27 0.1 1.0 30 18.15 1.19
25 0.1 1.0 30 20.02 1.22

27 0.2 1.0 30 17.82 1.19
27 0.4 1.0 30 20.20 0.99

27 0.1 2.0 30 11.56 0.60
27 0.1 1.5 30 12.91 0.88
27 0.1 1.0 30 15.37 1.26
27 0.1 0.5 30 22.13 3.32

27 0.1 1.0 30 15.81 1.17
27 0.1 1.0 35 16.08 0.93
27 0.1 1.0 40 16.12 0.70
27 0.1 1.0 45 15.83 0.47
27 0.1 1.0 50 15.93 0.23
27 0.1 1.0 55 15.84 0.23
27 0.1 1.0 60 15.75 0.23
27 0.1 1.0 65 15.94 0.23

Values in bold face indicate the changed values.

altered peak width to a small degree only, and
complicated detection due to increased back­
ground. By increasing the gradient slope, it was
found that peak width could be reduced; how­
ever, the peaks appeared to be somewhat
asymmetric. Significant improvements were
made in the peak shape by increasing tempera­
ture (Fig. 1). With a 20 min gradient time and a
27-47% acetonitrile linear gradient, the peak
width decreased from 1.17 to 0.23 min on going
from 30 to 50oe, respectively. No additional
improvement was seen at 55 to 65°C.

The retention of proteins in reversed-phase
chromatography is complicated by conformation­
al changes that can occur on the column [16,17].
Hearn and co-workers [9] suggest that at a
constant gradient time, significant changes in
peak width are typically observed over a discrete
temperature range. They attribute the tempera­
ture effects to alterations in the conformation of
the protein in both the mobile and stationary
phases. Our observation of a five-fold decrease

in peak width over a 200 e range (30-50°C) is
consistent with this hypothesis. No improvement
in peak width was observed above 50oe, sug­
gesting that conformational changes were no
longer being induced.

One concern with the elevated temperatures is
that degradation might occur on the column. In
fact, at 500 e small shoulders were observed after
the main peak which were not observed at lower
temperatures (see Fig. 2). Were these due to
improved resolution or to degradation? The
areas of the peaks were analyzed to determine if
their size increased with increasing temperature.
The peak areas of the two late-eluting peaks do
increase with temperature, and thus, may repre­
sent degradation of TGF-133 on the column (Fig.
3). These data suggest that on-column degra­
dation should be minimal if a temperature of
45°e or less is utilized. To study this further, a
short-term stability study of 0.1 mg/ml drug in
mobile phase under approximate elution con­
ditions was conducted. Elution was calculated to
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Fig. 5. Chromatogram of a TGF-133 sample degraded at pH
12 (NaOH) and 25°C for 28 h. Fig. 6. Chromatogram of a TGF-133 sample treated with

excess hydrogen peroxide for 6 h at 5°C.
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mass indicative of the monomer. The degra­
dation product observed in the chromatogram
for the peroxide-stressed sample (Fig. 6) has
poor resolution from the TGF-f33 peak*. SDS­
PAGE of this sample indicates no change in the
molecular mass from that of TGF-f33, suggesting
that the dimer is still present with some modi­
fication (presumably oxidation). Consistent with
the temperature study performed during method
development, a late-eluting shoulder was ob­
served for the heat-treated sample (Fig. 7) I. The
area percent of the late-eluting peak was
0.952%. As in the above stressed samples, the
assay was unable to resolve this peak from the
parent peak. In general, the assay does not
provide baseline resolution of TGF-f33 from all
potential degradation products. Thus, com-

1 ft.t the time this chromatogram was obtained, the retention
time for TGF-133 had changed to just under 17 min. We
beheve this change occurred due to a partially clogged
Ill-hne filter, which led to a slightly reduced flow-rate
(replacement of the filter returned retention times to under
16 min).

plimentary analytical techniques will need to be
developed in order to assess all of the potential
degradation pathways, as is done for most other
therapeutic proteins [18].

A significant finding of this study was the fact
that of all the variables studied, temperature was
the most effective for yielding narrow peaks
widths for TGF-f33. Although this large effect on
band width might not be expected for all pro­
teins, temperature should certainly be investi­
?ated as a method of optimizing chromatograph­
IC performance.
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0.25 ml/min. The influence of the thickness of
the coil on the effect of irradiation was tested
with the original coil from ICT and with the
laboratory-knitted thinner spaghetti coil. The
working standard solution of each tested drug
was injected into the HPLC-photolysis-electro­
chemical or HPLC-photolysis-UV detection sys­
tem and the responses were recorded under the
different conditions with and without irradiation.
To shorten the equilibration time of the ana­
lytical cell, investigations were started at the
lowest potential of + 200 mV and then raised in
steps of + 100 mY.

Table 1
Structures of the compounds

Substance

Hydrochlorothiazide

Butizide

Formula

however, neither reaches the intensity of hydro­
chlorothiazide. Fig. 1 shows the assumed reac­
tions of butizide after UV irradiation.

The different electrochemical signal intensities
of bendroflumethiazide and butizide under UV
irradiation conditions can be attributed solely to
the structures of these drugs. Because there is a
similar phenomenon for two neuroleptics, i.e.,
fluphenazine, which is substituted with CF3 and
not with a chlorine, as in perphenazine, the CF3

group could be responsible for the reduced signal
[18]. The decrease in intensity occurs at higher
operating potentials and it appears that chloride

3. Results and discussion

3.1. Electrochemical detection

Influence of chemical structure
The structures of the compounds investigated

are given in Table 1. It is known that the
chloride substituent in hydrochlorothiazide is
replaced by H, OH or OCH3 in aqueous or
methanolic solutions on photolysis [9,10]. Addi­
tionally, hydrolysis of the thiazide ring occurs
before and after photosubstitution reactions. To
investigate the influence of different substituents
on the electrochemical response, we chose sub­
stances with similar structures, such as bendrofl­
umethizide and butizide.

As the substances flow through a 20-m coil of
J.D. 0.3 mm and 0.0. 1.3 mm, they are ir­
radiated at 254 nm and then detected electro­
chemically. The three benzothiazides show an
electrochemical response at a working potential
of +200 mV vs. palladium. At this potential,
these drugs are not electrochemically active
without irradiation. Comparing the intensities of
the signals for hydrochlorothiazide, bendrofl­
umethiazide and butizide, it could be observed
that the signal for bendroflumethiazide is about
20% smaller and that for butizide is about 50%
smaller than the signal for hydrochlorothiazide.
If these three substances are detected electro­
chemically at a higher working potential of + 500
mV with irradiation, the intensity of the peaks is
reversed. This means that the peak for butizide
is higher than that for bendroflumethiazide;

Bendroflumethiazide

Chlortalidone

Furosemide

Etacrynic acid

o 0
H2NO:zSWS~¥. NH

F,c NH~2--©

Cl CI

H,c-H:zC ~ OH:C-e 0 O-CH,-<
H:zC b 0
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spiked were all in the form of free acids rather
than salts. Some studies have indicated that
inorganic sodium or potassium salts are difficult
to derivatize with BSTFA because they do not
dissolve, although ammonium salts can be de­
rivatized when dissolved in dimethylformamide
[21,22]. This point will be addressed in more
detail later.

Hexane and acetonitrile were compared as
solvents for diluting the BSTFA. No significant
difference was observed for the derivatization
efficiency in hexane compared to acetonitrile.
Hexane was found to give much better chroma­
tography, since the GC peaks from solutions in
acetonitrile can give broad, poorly defined peaks
[7]. It is suspected that this problem is caused by
poor solvent focusing on the non-polar GC
column. The use of an uncoated precolumn or
the initiation of the GC run at 90-100°C, above
the acetonitrile boiling point, improved the chro­
matography.

Using the described methods, the spiked sam-

pIes were prepared, derivatized, and analyzed.
The peaks in the gas chromatogram were posi­
tively identified by using GC-MS. Fig. 2 shows a
total ion chromatogram, top panel, along with
extracted ion chromatograms for the ions of
mass 153, 169, and 225. MPA, which is doubly
substituted with TMS, has a base peak of 225
corresponding to the [M - 15t ion [23]. The
other alkylmethylphosphonic acid derivatives
have a base peak for the fragment ion at 153,
corresponding to the [CH3P03HSi(CH3)2t ion,
making this ion very characteristic of TMS de­
rivatives of these compounds. This ion mass is
also fairly uncommon as the base peak in mass
spectra of other compounds, so it is a preferred
extracted ion for locating the derivatives in a
complex spectrum. The alkylmethylphosphonic
derivatives also give an ion of mass 169, corre­
sponding to [CH3P03H 2Si(CH3)3t. The
alkylmethylphosphonothioic acids have analo­
gous ions at 169 and 185, due to the substitution
of S for 0. A custom library database was
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Fig. 2. GC-MS chromatograms for analysis of a mixture of alkylmethylphosphonic acids. Top panel: total-ion chromatogram.
Bottom panel: extracted ion chromatograms for ions of mass 153, 169, and 225. The peaks corresponding to the TMS derivatives
of the acids are labelled according to the abbreviations in the text.
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