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SUMMARY

The influence of the sample volume on peak height and resolution in elution
column chromatography wis studied. Graphs which enable the choice of the optinmum
sample volume are given, The quantitative analysis of estrogens by column liquid--
liquid chromatography with ultraviolet detection was investigated.

The method has been applied to the rapid quantitative determination of estriol
in urine. After preparing the urine sample for chromatography, the quantitative in-
formation can bue obtained in 20 min with o precision of 59, for a concentration of
3 mg L The noise of the sample-free detector corresponds to 6o ng of estriol,

NTRODUCTION

The analysis of steroid hormones in body fluids is characterized by the large
number and variety of compounds and the wide range and low values of concentra-
tions. In urine, several hundred steroids are known to oceur and the number of steroids
in blood is even higher, The amounts of the individual steroids are generadly very low
and correspond to o daily excretion level in the nanogram to milligrium range. A\
number of methods have been developed for the determination of steroids in body
Muids. It would be ideal if o physical quantity could be measured which depended
only on the compound to be determined. In general, however, a physical measurement
adone is not specitic enough, In order to increase the speciticity of the analysis method,
chemical reactions and separations from interfering compounds have to be carried out
prior to the physical measurement. Separation and measurement can be combined
off-line and on-line. The second procedure is less laborious and more precise than the
first. B

The oldest method for the chemical analysis of estrogens is based on a highly
spueeilic colour reaction! followed by colorimetric or fluorimetric measurement, The
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identitication and determination ol the individual estrogens, however, requires an
officient separation which can be performed only by extraction and chromatography,
More than too piapers deal with the application of chromatography to the chemieal
analyvsis of estrogens in body fluids. This Titerature is discussed in o munber of re-
views? -2 oawith exception of the most recent papers® S8 The fiest step in the analysis
of estrogens in body fluids is the hydrolysis of the conjugites, followed by the extrie-
tion of the free estrogens and other phenolic compounds, chromatographic separation
of the phenolic fraction and the determination of the components by o selective
measuring method. In many cases derivatives have to be prepared to inerease the
speciticity of the separation or detection, In gas chromatography, the preparation of
derivatives seems to be o necessity for high performanee. Tn elassical Tiquid chromato-
Cgraphy, the separation is slow and the detection is generally performed ofl-line, As o
result of these factors, both methods are not vet fully satisfactors with respect to
speed, simplicity and reliabilits, Automation can not be achieved casily, The use of
modern ligquid column chromatography should ensure o great improvement. In this
paper it is shown that o rapid and precise determination of low levels of estriol in the
phendolie fraction of human urine can be achieved by column Hoguid--liguid ehromato-
graphy with on-line UV detection,

THEORY

The deseription of the chromitographic transport ol o compound is hased on
the mass badanee in o seetion of the column which is deseribed by o partial differentinl
copation, With some assumptions and simplifications, it is possible to find o single
solution for given boundary and initial conditions, This solution is called the transport
function, ~¢* [(z.0), and it deseribes the concentration™, o of the samplein the
moving Nuid as a function ol the coordinate, 2, in the direetion of low and the time, ¢,

A partial form of the transport function'is the temporal distribution function,
et oy o 1)z, which deseribes the concentration as o function of time at o given
location, The temporal distribution functions at the beginning (¢ - o) and the end
(z - 1) of the column are called the input and output functions, respectively.

The output function, —¢ 1, = (¢}, approximates asymptotically: to o Garoussian
function™ if: (i) the varianecof the input function, af,,, is much smaller than that of the
output function, o7, and (i) the standard deviation, @y, of the output function is
much smaller than the retention time, /g For these conditions, the output funection
cin be written as:
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where
oy = coneentration of o cempenent Jin the moving phase sz averaged over the
flow cross-section at the end of the column
- maximum Colue of - ¢ oy,
{ - residence time
Lpio= retention time = average residence time
M)y, = variance of the output function arisen in the column
L= Tength of the column

P R TTHEN
Oy

caes Teid veloeity averagued over the eross-section of flow
Ky oooveiodoed distribution coceflicient
g - VeV = volume ratio of the stationary and moving phase

AT L) et g - theoretical plate height
(¢ - amount of the component injected,
The equation for the maximum concentrition can be moditied if the expressions
O == il g and Wiy - w2 A(af), are substituted:

moonEs, ocio
<Cy o>l SRR eeeremimee (2)

where 1, and ¢, are the injection volume and the concentration of the component in
the original sample, respectively, and e is the flow rate,

For accurate quantitative analysis, o sufficiently high concentration in the
detector is required to ensure a high signal-to-noise ratio, Necording to eqn. 2, the
maximum concentrition ol a compound in the detector can be inereased by increasing
the injection volume as well as by concentrating the component in the sample before
the injection,

The concentration which may be injected is limited by (i) the saturation con-
centration in the mobile Houid, which may be vers low, and (i) the non-linearity of
the distribution isotherm which causes additional non-symmetric peak broadening,

CTheinput varinnee contributes to the output varianee aceording to the equation
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An expression for the dilution of the sample as a function of the injection volume
can be derived® i it is assumed that the output function remains Gaussian so that
after replacement of (i), by i, cqn. 2 can be applied. Together with eqn. 3, the
following expression is obtained:
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“The first term describes the dilution at the injection, the second term the dilu-
tion in the column. I the output function is not Gaussian, eqn. 4 may not be applied.
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Nevertheless, the influence of the injection volume on the dilution will [ollow the same
trend.

In order to optimize the simple loading, it is necessary to take the resolution
into aceount. The resolution of two compounds A and 13 is defined as:

lpnn—tna
Rpg = ——me (3)
71,

The standard deviation of the component A or I3 as well as their average value may be
chosen for ayy,. Owing to the influence of the varianee of the input lunction on the
viriance of the output function, the resolution will decrease with inereasing sample
loading, Substitution of eqn. 3 in eqn. 5 gives the relation between the resolution and
the width of the input curve:

2 —-1/2
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where
/\"(Irlillx' = ({pn— //.'.4),’*/- '('T:I:)ln

On the basis of cqns. 4 and O, it is possible to determine the practical optimunt be-
tween the gain in peak height and loss in resolution,

APPARATUS
The chromatographic apparatus (IFig. 1) is similar to that described carlier®®,

Separation wunit

The cluent flow was provided by a pulsating pump (Orlitac DMP 1513) fitted
with a Bourbon tube manometer and a capillary restriction as a damping device.

The sample was injected by a precision syringe (Hamilton) into the eluent
stream in an injection port which effected only negligible mixing, Two coexistent
phises of the ternary system water-cthanol-z,2 g-trimethylpentane® (molar ratios
0.220:0.080:0.091 and 0,019:0.177:0.804) were used as the stationary and moving
phases. This phise svstem has proved to be useful for thes eparation of estrogensttdt,
Dintomaceous earth with particle diameter 28-32 g was coated with the water-rich

Sample

Eluent~{ T {2 3 {4 -5 }-[€ F=Fractions

1
Chromatogram ‘
g, 1. Block dingram of o ligquid chromatograph. © = thermostatted eluent reservairy 2« pump
with dimiping device; 3 - sampling system; == sepintittion column with thermostat; 5 o des
tector; O = fraction collector; 7 - recorder,
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phase and packed tightly into o thick-walled borosilicate glass tube of length 50 cm
and LD, o.27 em. The water-poor phase was pumped through the fixed bed. The
cluent stock and columns were kept at constant temperature (22 1 0.2') by use of a
thermostat, The column was connected to the detector with a capillary tube of length
semand LD, 0.5 mm, the contribution of which to the peak variance was negligible.

Detector unit

The detector was o UV spectrophotometer (Zeiss PMO LT with o hone-made!®
floww cell ol capacity 7.5 ¢l The flow cell was evlindrical with a diameter of 1 nmum and
apath length of to mm. The absorption measurements were carrvied out at a constant
wavelength of 281 nm, corresponding to the absorption maximum of the estrogens,
The spectrophotometer amplifier had @ range of 10 m\V. The relation between the con-
centration in the detector cell and the output potential is

1 — log U7 s [0 = pde (7)

where U7 is the potential (V), 77 is the absorbance, ¢ is the concentration, ¢ is the molar
absorbance and o is the optical path length,

Thedetector signal was fed to a logarithmic recorder (Servogor RE 514.9) inorder
to obtain a deflection which is proportional to the concentration. The voltage may be
considered to decrease proportionally to the concentrition, howesver, in the range
1o == {7 = S mV, corresponding to the absorbance range of o -2 19 < o.1.

For the measurement of low concentrations, scale expansion was therefore
applied and the signal in the range 8 < 727 1o mV was recorded with o 2-mV orecorder
(Servogor tvpe RIEE 511) which was provided with a ball and dise integrator in order
to record the line integral of the recorder deflection, For the determination ol the noise
level, the voltage was amplitied 1oo-fold by o DC-Millivoltmeter (Philips M 2430),

QUANTEIIATIVID ANALY SIS OF TEST SOLUTIONS

Samnple feed

The influence of the increase in the siumple volume was investigated. In order to
find o correlation with eqn. 3, the relation between the volume variance of the output
function and the square of the injection volume was considered. An example of the
plotting of the results is givenin Fig, 2. [t can be scen that a linear relationship exists,
which corresponds to eqn. 3 if it is assumed that o inereases in proportion to the
injection volume. JA(af), can be found by extrapolation from graphs according to
IVigr, 2. ‘

~The influence of the injection volume on the concentriction in the detector can
be demonstrated by plotting the concentration ratio, - e c00 as funetion of
0/ e 120 In order to obtain o general plot, dimensionless. numbers are used,
Fig. 3 shows an example of such a graph. The results agree satisfactorily with eqn, 4 if
the ratio /175 is assumed to be constant.

Anincreasein the maximum concentration in the detector due to the inerease of
the injection volume is coupled with an increase of the peak width and therefore with
a loss of resolution. The influence of the injection volume on the resolution can be
shown in general by plotting the relation in dimensionless numbers, Fig, 4 gives an
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example of such o plot. The results agree fairly well with eqn. 6 il the ratio gf. /173 is
assumed to be constant,

The injection volume has opposite effects on the maximum concentration in the
cdetector and the resolution. In quantitative analysis, the systenutic error increases if
the resolution decreases and the statistical error increases if the peak height decreases,
A different optimum value for the injection volume is found, therefore, in different
cises. From Figs. 3 and 4, it can be concluded that the maximum concentration in the
detector is hall of the sample concentration, and o Joss of 25 ¢, in resolution occurs if
the injection volume I, = 1.7 [A(a3)2]"5

Drecision
~The precision of the analytical results in chromatography is determined mainly
by sumpling, detection and data processing.

The detector responds also to other influences in addition to the sample concen-
tration, so that the output signal fluctuates even if o constant concentration is fed to
the detector, T'he random variation of the signal is called the noise and is characterized
by the standard deviation of the signal amplitude, The noise-to-signal ratio determines
the precision of the measurement, The noise of the absorbance has been determined
for different values of the input signal (= concentration). Fig, 5 shows i typical
example of the noise which is recorded when only eluent flows through the detector
cell, In terms of absorbance, the standard deviation of the noise for zero input signal is
found to be opg = 4010,

o ol e

t [min)

Fig. 5 Typical noise pattern of the base line of o low noise UN detector (Zeiss MO T,

Ext.
54107

W

In general a linear relation exists between the peak area and the amount of
siumple:

e == Sl : (S)

where @y is the amount of sample compound 7 injected, NS¢ the sensitivity of the detec-
tor with respect to @, and .1y the peak arca. The sensitivity was determined for
estrone, estradiol and estriol with calibration mixtures of known composition, and was
‘constant over the investigated range, 0.5 < @ << 10 pg. The sensitivity values are
included in Table I. If the sensitivity is known, it is possible to calculate the absolute
amount of the compound present in a sample of unknown composition from the peak
arei. ‘ '
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TABLIE

SENSTTIVETY DATA FOR THE UV DETECTOR FOR ESTROGEIENS

(,'UIH/HIHII(/ i S A ff,', o3 /f}',
[ SNey! 4 3 ~
(gl (1. ’ fi
lostrone 21,7 1o 0000 1.OS2 TRTRN
Fistrivdiol 143.3 17.5.4 0,052 1.000
Fstriol 2.8 tgort 0,00} 0.8 30 0,020

The standard devintion of the peak aren is caused by random variations of the
base line and of the signal. The relative standard deviation of the peak area was found
to- be 0,03 in the range 2o0-130 (arbitrary) integration units (I.U.) corresponding to
g 1og-10 i of estrioll Below the peak area of 20 TLU., the relative standard deviation
increases, presumably because of the base line noise, The contribution of the random
fluctuation of the base line can be estimated from the repeated integration of the base
line with respect to an arbitrary zero line. The standard devintion of the base ling
integral over 3 min, which corresponds approximately to the integration time of the
estriol peak, was determined to be 0.85 LU,

From the experimental results, it can be concluded that the standard deviation
nl the peak arca may be described by the equation

o 2172

A = [ma0 - (AA)7] ()
where a4 is the total standard devintion of the peak arci, 40 is the standard deviation
of the corresponding base line integral (0.85 I.U.), and 4 is a constant (0.035).

IFig. 6 shows the system characteristics for estriol, The average peak area, A, is
plotted as a function of the mass, (), together with aconfidence limit band of 4 1 3 a,.

A T 200
(r.u]

|
0.01 0.02 Q.04 04 Q.2 0.4 1 2 10
— 0 [Hg] \
IFig. 0. Characteristics of the chromatographic system for estriol, T'he solid line represents the

average value 4 and the broken line the confidence limit aut 4: 34 The stmnu lines m(lu,.ttc the
measured range.

J. Chromatogr, ,‘ 62 (1971) 709-01



ESTROGENIC STEROIDS IN PREGNANCY URINE BY LIQUID=LIgUID CC 87
The plot is obtained by the correlation of the experimental data according to the feast
scquares method, The confidence lines in the range which was not measured were
caleulated according to eqn. .

B ——

o 5 10 1% 20 25
——e[min]

IPig, 7. Low-level chromatogram. Sample: 100 g of estrone, 2.1 g of estradioland o g of estriol
in 30 4l of cluent.,

A chromatogram of the three estrogens is shown in Fig, 7 in which the base line
noise is noticeable, Tt illustrates that estrogens at alevel of ca. 1 g can still be deter-
mined without a significant decrease in the precision due to the base line noise, Tt can
be shown from Fig, 6 that the standard deviation of the noise of the base line integral
(0.85 [.U.) is equivalent to an amount of about 6o ng of estriol. Fig, 4 shows that an
injection volume of 3.5 {/A(i)2]"7, which is about 1 ml, is allowed in order to retain a
resolution of 0 for estrone and estradiol, forwhich the maximum resolutionis 13.8. The
resolution of estradiol and estriol is not critical since this value is much larger, There-
fore, an estriol peak with an arcea cquivalent to the noise of the corresponding base line
integral can be obtained with complete resolution of the three estrogens from a solution
which contains 60 g/l of estrol, ‘

The error causced by the sampling is eliminated to o great extent by using the
relative sensitivity, fre, of @ component ¢ with respect to an arbitrary chosen standard
component s, The relative sensitivity is defined by the expression

.

Ii(,;)s ) 5.(,)1'
{,)I'-".« ._\‘().‘.

wn fliy (10)

The composition of an unknown mixture can be determined relative to a stan-
dard component from the peak arcas if the relative sensitivities are known, The relative
sensitivity his to be determined beforehand using a mixture of known composition,
The sensitivity ratios of estrone and estriol relative to estradiol were measured in this
way. Table T gives o compilation of the sensitivity data together with their standard
deviations.

QUANTITATIVE ANALYSIS OF ESTRIOL IN PREGNANCY URINE

Extraction and chromatograpliy

©In connection with the complex character of a hydrolyzed urine sample, the
group of estrogens is first separated by extraction from most of the other urine con-
stituents. The extraction is based on the phenolic nature of the estrogens. Data on the
liquid-liquid distribution of estrogens are available from literature®, from which it
can be calculated that o three-fold extraction of an aqueous solution of estriol with
the same volume of ether viclds 99.9 %, (w/w) of the original amount of estriol in the
cther phase. The collection of estrone and estradiol in the ether phase is even better.
The separation of the phenolic species from the acidic compounds, which are also

1. Chromatogr., 62 (1071) 70-01
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extracted, can be achieved® by extraction of the ether phase with aqueous sodium
bicarbonitte solution or by similar procedures™ 5, T'he further separation of the estro-
gens which remain in the ether fraction can be achieved by column liquid chromato-
gripliy s

The column liquid chromatographic separations of estrogens described in the
literature are slow, Detection is cirricd out discontinously in portions of the effluent
which have been obtained by a fraction collector. Fluorimetry and colorimetry after a
colour-developing chemical reaction have been used as the measuring methods,
Colummn lguid chromatography, however, can be accelerated signiticantIyv#s0 The use
of adetectorwith aflow cell increases the speed and precision of the analysis,

The precision and accuracy of the determination of free estriol in aqueous
solution by extraction and chromatography were studied. Aqueous solutions of estriol
(153.0 mg/1), adjusted to ditferent plrovalues, contidning 2 ), (w/'w) of ethanol in order
to inerease the solubility ol estriol, were analysed repeatedly, 30 mlof the test solution
were extricted three times with 50 ml of ether. The total ether phase was extracted
first with 20 ml of concentrated wwqueots sodium ecarbonate solution (ptl 10.5) and
then with 4 ml of an vqueous solution of 8904 (w/'w) sodium hydroxide adjusted to
pH 10 with sodium bicarbonate, The ether layer was [est wiashed with 4 ml of an
aquenus solution of 800 (w/w) sodium bicarbonite followaed by 3 ml ot water, Finally,
the ether [raction wis evaporated to dryness and dissolved in o known volume of
cluent, Aliquots of the solution were analysed by column liquid-liquid chromato-
graphy as described above, Each step of the extraction procedure was examined by
analysing the ether fraction and the total recovery was found for each step. Tt prov ed
to be important to reduce the pH of the sodinm hyvdroxide solution to 1o as otherwise
i loss of up to 60 %, (w'w) wis observed, The results are sumumarized in Table TT which
demonstrates the u.\'u;llunt accuracy and precision of the combined extraction and
chromatography.

TABLE

ACCURACY AND PRECISTON OF EXTRACTION AND CHROMATOGRAPHY

/ \/uu/mu urm/mnu\ Concentralion

pH Temperature  Added  Fownd — Relative
() (gl (g /) standard
deviation

(“l’))

{7 20 15.0 15.0 g1

ITydrolysis

Estrogens are excreted in the form of water-soluble compounds, mainly glu-
curonides and sulphites, Hydrolysis of the compounds is necessary prior to the ex-
traction, separation and determination of the free estrogens, The two basic methods
suitable for hydrolyzing estrogen compounds are acid hydrolysis®anner-a and on-
zymatic hydrolysis® =5 with f-glucuronidase and sulphatase.

The milder conditions involved in enzymatic h\'clx‘nl)ﬁs make it a suitable
method for less stable steroids, However, certain difficulties are encountered -when it

J. Chromatogr., 62 (1971) 79-91
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is uscd for routine estimation of steroids. The sample may contain inhibitors, as in the
case ol urine samples, so that the vield of free steroids is small and irreproducible, The
time required for enzymatic hvdrolysis is rather long as compared with the time for
ncid hydrolysis and the volume of the sample must be small to mininize the quantity
of the expensive enzyvme uscd. The optimization of enzymatic hydrolysis has been
described™™0 A detailed comparison®t of the results obtained by acid and enzymatic
hydrolvsis shows that, as far as estrogens are concerned, identical results ensue [rom
bhoth methods.,

The main advantage of acid hvdrolysis is the fact that o large volunie of urine
may be applied whereby o larger amount of estrogens becomes available for analysis,
Furthermore, the hydrolysis time is usually shorter than the time required for en-
zynutic hydrolysis, The vield of free estrogens depends on o number of viriables
which include acid concentration, heating time and temperature, Optimum conditions
have to be chosen since a loss of estrogens oceurs during hydrolysisdtas “The dis-
advantage of acid hydrolysis is that, under the rigorous conditions required, divmage
can oceur to less stable steroids,

Tuking the characteristic properties of both methods into account, acid hydrol-
vsis is preferred for the quantititive determination of estriol in urine.

The following hvdrolysis procedure, which i widely used for conjugated steroids,
wis applicd. 30 ml of the urine sample were heated to boiling and then 7.5 ml of con-
centrated hvdrochloric acid were added. The solution was heated under reflux for
0.5 h.

Since loss of estriol due to oxidation hias been reported®, this elfect was exame-
ined, First an avqueous solution of estriol wis treated according to the hydrolysis
conditions and analysed by extraction with cther and chromatography. No loss of
estriol was observed. In order to study the behaviour of estriol in o urine matrix, o
known amount of estriol was added to male urine, Total recovery of estriol was found
by extraction and chromatography after treatment according to hydrolysis,

The vield of free estriol after hydrolyzing the conjugates wis studicd with prog-
naney urine. The data in Table IIT demonstrate the influence of the hydrolysis tinw,
[t can be seen that the results obtained with hydrolysis time of 0.3 hhand 1 h agree.
With o hydrolysis time of 18 I, however, about half of the estriol was lost, If o known
amount of estriol was added to o pregnancy urine saiunple, only gr ¢, of the caleulated
concentration increase was found. It can be scen from Table ITI that o concentration
ol about 3 mg/l of estriol in pregnancey urine can be determined with o precision of 5 ),
Comparison of the chromatograms (IFig, 8) of a hydrolyzed pregnancy urine and an
aqueots solution of three estrogens, both separated under the same conditions, shows

AL T

ACCURACY AND PRECISTON OF HY DROLYSIS, ENTRACTION AND CHROMATOGRAPIY

Concentration Hdrolvsis time (min)

30 hHe 1oNo

4 l‘.!‘l‘-‘,

Averagoe vadue (mg/h 3.15 3.1
| b7 10,4

Relative sticndard dessintion ()
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the expected locition of estrone and estradiol in the urine sample. Tt can be seen that

estrone and estradiol are still overlapped by other components. This necessitates a
further separation of the urine sample, which is being investigated further,

(ofrl

5 10 15 20 25
‘ —e= [min)
(b) 1
2
U /3\
o) 5 10 15 20 25
—t= [rin]

Fig, S, Chromatogrioms G0 from so ml of pregnaney arine after hyvdrolysis and estraction, (n from
o test misture of estrone (1), estreicdiol (2 and estriol (30 Column: 50 @ oo27 g digoid diguied
svstem wiater--ethanol 22 g-trimethyipentane, mole frnctions stationary phase o, 200080 10001,

muobile phase o.o1gior 77 08040 volunmie ratio stationary phase to mobile phase oo Haid velocity
o.32 cms ol solid support disitomaceons cirth, a8-32 pmg temperature 2200 Sample volume 50 041,
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