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Abstract Measurements of the cholesterol crystal observa-
tion time, and particularly the crystal growth rate in model
biles, are important in biliary pathophysiology. The aim of this
study was to develop a semi-automated method permitting
multiple, simultaneous, and precise measurements of the crys-
tal growth rate in model biles. Incubated model biles were
mixed with a high concentration of NaTDC to solubilize non-
crystalline turbidity and spectrophotometric measurements
were performed. In parallel, samples were observed by light
microscopy. The absorbance correlated linearly with the crys-
tal mass and permitted quantitation of the crystal growth rate.
Polarized light microscopy was more sensitive than spectro-
photometry for determining the initial crystal observation
time, while spectrophotometry was more precise and quantita-
tive for measuring the crystal growth rate.—Soémjen, G. J., Y.
Ringel, F. M. Konikoff, R. Rosenberg, and T. Gilat. A new
method for the rapid measurement of cholesterol crystalliza-
tion in model biles using a spectrophotometric microplate
reader. J. Lipid Res. 1997. 38: 1048-1052.
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The crystal observation time (nucleation time) is
presently the test of choice to discriminate between
biles with and without cholesterol gallstones, as well as
to characterize pro- and anti-nucleating factors and the
propensity of biles to form crystals (1-4). The micro-
scopic observation as performed today is subjective and
permits only a rough estimate of the crystal growth rate.
In view of the above, methods have been developed to
measure the rate of crystal growth using spectrophoto-
metric and ultracentrifugal methods (4-6). All these
methods are labor intensive. The ultracentrifugal
method (6), however, provides a more precise quantita-
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tion of crystal mass and allows the analysis of native
biles.

The purpose of this study was to develop and validate
a rapid and semiautomated method for the simultane-
ous measurement of cholesterol crystallization dynam-
ics in multiple model bile samples. The data were pre-
sented previously (7).

METHODS

Materials

Cholesterol (Sigma, St. Louis, MO) was twice recrys-
tallized from hot ethanol; Na-taurocholate (Sigma) was
twice recrystallized from ethanol and ether (8); egg
phosphatidylcholine (Avanti Polar Lipids, Alabaster,
AL) was used without further purification. All lipids
used in this study were pure by TLC standard. The com-
position of the three models used in this study is shown
in Table 1. The lipids were dissolved in CHCl;/ CH;OH
2:1 (v/v), dried under N, at room temperature, lyophi-
lized overnight, and kept at —20°C under argon. Mod-
els were prepared by suspending the dried lipids in 150
mMm NaCl, 1.5 mm disodium EDTA, 50 mm Tris-HCI, pH
8.0 (NaTE), and incubating the suspension at 55°C for

Abbreviations: NaTC, sodium taurocholate; NaTDC, sodium tauro-
deoxycholate; E-PC, egg phosphatidylcholine; CSI, cholesterol satura-
tion index; NaTE, sodium Tris EDTA buffer; COT, crystal observation
time; CGR, crystal growth rate.
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TABLE 1. Composition of the model biles

Model Cholesterol E-PC NaTC TLC CSI
mM g/dl

I 18.5 33.6 120 9.2 160

1 15 30 150 10.3 134

11 10 20 100 6.8 146

E-PC, egg phosphatidylcholine; NaTC, sodium taurocholate;
TLC, total lipid concentration; CSI, cholesterol saturation index.

1 h. Models were kept at 37°C under argon for over 12
days.

The two cholesterol crystal dispersions were prepared
by incubating @) 30 mM cholesterol with 70 mMm E-PC
and 300 mmM NaTC or ) 20 mmMm cholesterol, 30 mM E-
PC, and 100 mM NaTC. After 2 months, crystals were
harvested, washed, and suspended in NaTE buffer.

Crystal observation time (COT)

The COT of the model biles was determined by polar-
ized light microscopy as described by Holan et al. (1).
COT was defined as the time of first detection of at least
three cholesterol crystals per microscopic field (100-
fold magnification).

Measurement of crystal growth rate (CGR)

Aliquots (50 pl in triplicate) of models were mixed
vigorously with equivalent volumes of 200 mm NaTDC
in microplate wells. After 60 min at room temperature,
they were shaken again in a spectrophotometric mi-
croplate reader (SPECTRA-STL, Austria) and the ab-
sorbance was measured (in duplicate). The slope of the
curve of the daily absorbance measurements was deter-
mined by a linear regression fit to at least three mea-
surements in the steepest region and defined as the
CGR.

Chemical analysis

On the last day of the experiments, the samples were
collected from the microwells, centrifuged in an Air-
fuge (Beckman) at 70000 rpm for 5 min, and superna-
tant solutions were separated. Chemical analyses of cho-
lesterol and E-PC were performed (9) on the total
samples (before centrifugation) as well as on the super-
natant solutions (calculated recovery from E-PC was 75
to 105%). The amount of cholesterol in the pellets was
calculated by subtracting the amounts in the superna-
tant solutions from the total. The crystalline character
of the pellet was confirmed by polarized light micros-

copy.

Statistical analysis

Each lipid dispersion was prepared in triplicate and
duplicate aliquots were measured from all samples.
Mean values of optical density and standard errors were
calculated. CGRs were calculated from linear regression
analyses of the curves.

RESULTS

The spectrophotometric microplate reader per-
formed 40 measurements of each sample along a diam-
eter of each well with the light source on the bottom
and the detector on the top. The high absorbance mea-
sured in the first and the last ten channels was probably
due to light diffraction caused by the liquid meniscus.
In order to avoid this artifact, only the ten central chan-
nels, which produced very similar results, were selected
for calculation of the average OD of the sample in each
well.

The kinetics of dissolution of turbidity after the addi-
tion of 200 mM NaTDC, caused by non-crystalline lipid
particles such as uni- and multilamellar vesicles and
stacked lamellae, are shown in Fig. 1. It is apparent that
the OD not due to cholesterol crystals changed rapidly
and a stable state was achieved within 20 min. In further
studies, absorbance was routinely measured 60 min
after addition of NaTDC. The OD of model I (Table 1)
dispersions before and 60 min after mixing with 200
mm NaTDC was measured at 405, 620, and 750 nm. The
difference in OD before and after dissolution was 73.2%
*+ 0.02 at 620 nm and 65.6% = 0.01 at 750 nm as com-
pared to the difference measured at 405 nm. Therefore,
this latter wavelength was used in all subsequent experi-
ments.
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Fig. 1. Absorbance kinetics of the different model dispersions (Ta-
ble 1). Model I (l), Model II (@) and Model III (A). Measurements
were performed for 120 min after the addition of 200 mm NaTDC.
The symbols represent the means of six measurements; the bars repre-
sent the SEM.

Sémjen et al. Cholesterol crystallization in model biles 1049

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 2. Crystallization properties of model biles

Crystal Growth Rate

Model COT Slope R P
days

I i 0.053 * 0.008 (.998 0.0449

1 1 0.095 £ 0.040 0.956 0.1889

111 4 0.028 = 0.003 0.999 0.0268

COT, crystal observation time (nucleation time) was determined
by microscopy. Crystal growth rate was determined by spectrophotom-
etry, OD/day. Ris the correlation coefficient between the measured
data and the fitted line. Pis the probability of ervor of R

The amount of precipitable cholesterol in model dis-
persions at the end of the observation period (12 days)
in the pellets was calculated (see Methods) and showed
a linear correlation with the AOD of the dispersions (r
= 0.8083 * 0.0687, n = 15, P = 0.00027). The fluctua-
tions in the results are due to the indirect method of
determination of the crystalline cholesterol and the
variability in recovery. Microscopic observations con-
firmed the presence of typical cholesterol monochydrate
crystals in the pellet.

Two different dispersions (see Methods) of crystal-
line cholesterol were added in increasing amounts to a
fixed volume of buffer solution. The OD increased lin-
early with the increasing concentration of cholesterol
crystals in both dispersions (r; = 0.999 % 0.273, n = 4;
= 0.999 £ 0.737, n = 4). When 200 mM NaTDC was
added, the OD was not appreciably altered. The daily
measurements of the absorbance in the incubated dis-
persions yielded a sigmoidal curve. The slope of this
curve was defined as the CGR = OD/day, (see Meth-
ods). Three dispersions with different crystallization dy-
namics were studied (Table 2). In model No. I, the COT
was short and the CGR slow; in mode] No. 11 the COT
was short and the CGR fast; In dispersion No. III the
COT was long and the CGR slow. A comparison of the
semiquantitative estimation of crystal numbers by light
microscopy and the spectrophotometric measurements
is shown in Fig. 2. The results indicate that the COT
could be determined with a higher sensitivity by the mi-
croscopic method. The measurement of CGR was more
accurate using the spectrophotometric method. The
two methods produced grossly similar results.

DISCUSSION

The nucleation time or COT tests are important not
only in the discrimination between lithogenic and non-
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Fig. 2. Cholesterol CGR curves of three different model biles (see
Table 1) as measured spectrophotometrically (black symbols) and -
croscopically (open symbols). All symbols represent the means of six
measurements; the bars represent the SEM. The dashed lines repre-
sent the linear regression fits (Table 2) to the spectrophotometric
measurements (see Methods). The cholesterol COT as monitored by
polarized light microscopy is indicated by the arrows, which show the
day of first appearance of at least three crystals. The approximate
number of cholesterol crystals was counted per microscopic field at
a magnification of 100-fold.

lithogenic biles, but also in the study of pro- and anti-
nucleating factors and the effect of various therapeutic
agents on the kinetics of cholesterol crystallization. In
order to facilitate the study of model bile solutions and
to measure the CGR in a quantitative manner, Busch,
Tokumo, and Holzbach (4) introduced a spectrophoto-
metric method instead of the more subjective light mi-
croscopic method. Model biles were diluted 8- to 50-
fold with 10 mm NaTDC. Presumably this dissolved the
various vesicular-lamellar compounds that are the ma-
jor source of turbidity. Thereafter, a light beam (400 to
900 nm) was passed horizontally across the previously
agitated cuvette; absorption was measured and was pre-
sumed to be due to cholesterol crystals. Repeated mea-
surements over time indicate the rate of growth of the
cholesterol crystal mass. The method has, however, sev-
eral drawbacks. Cholesterol crystals tend to precipitate
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and, despite previous agitation of the cuvette, the hori-
zontal beam will not measure crystals that have settled
at the bottom of the tube. Also, in our experience, the
final bile salt concentration after dilution is not always
sufficient to dissolve the noncrystalline compounds
(vesicles, multilamellar vesicles, stacked lamellae, and
liquid crystals) in model biles. As these particles absorb
much more light than cholesterol crystals, the persis-
tence of even a fraction of these particles will severely
impair the measurement of crystal mass. Light absorp-
tion is measured in one cuvette at a time, which makes
it labor intensive.

Various investigators used 10 and 65 mmM TDC (final
concentrations) in addition to the endogenous bile salts
(10). The higher the final concentration the more
rapid and reliable is the dissolution of the noncrystal-
line particles. Therefore, we used the final concentra-
tion of 100 mMm TDC. Marked dilution (up to 50-fold),
as used by some investigators (11), will not affect the
crystals but may markedly alter the interrelationship of
other cholesterol complexes in bile (10), which might
be of investigational interest.

The recently described method of Corradini etal. (6)
uses ultracentrifugation on a NaBr gradient and mea-
sures the separated crystal fraction chemically. Holan
et al. (1) used the pellet after centrifugation for micro-
scopic estimation of the crystal number. Konikoff and
Carey (12) used sucrose density gradients to monitor
cholesterol crystallization.

Ultracentrifugation methods are laborious and do
not permit the simultaneous analysis of a large number
of samples. The presently described method was meant
to overcome some of the above-mentioned difficulties.
It allows the simultaneous measurement of multiple
samples and thereby automates and shortens the proce-
dure. The light beam traverses the solution vertically
and therefore always includes the bottom of the well
where cholesterol crystals may have sedimented despite
previous agitation. The high initial and final (100 mm)
bile salt concentration facilitates the dissolution of non-
crystalline particles. However, in our experience, even
under these conditions there are exceptions and non-
crystalline particles sometimes persist. The present
method measures (rapidly) the turbidity in ten differ-
ent points across the center of the well and is not lim-
ited to a single measurement. There is also an advan-
tage to simultaneous measurement (controls and
various concentrations of test substances) of all models
in the study, instead of measuring single models se-
quentially. In cases of rapid nucleation, the time lag be-
tween the measurements of various samples may be-
come significant.

Nevertheless, several limitations remain. The initial
COT, when very few crystals are present, is probably ear-

lier determined visually than spectrophotometrically.
On the other hand, the observation of one to two cho-
lesterol crystals per low power microscopic field is also
unreliable and the next day no crystals may be observed.
We therefore defined the COT as the first observation
of at least three crystals. The present method like the
original method of Busch et al. (4} is suitable only for
defined model biles. These methods cannot be used in
native biles, where noncrystalline (and also non-lipid)
compounds cannot be reliably dissolved by the addition
of NaTDC.

An increase in the OD can be caused by an increase
in the number of crystals, in the size of crystals, or
changes in the shape of crystals, or their relative posi-
tion to the incident light beam. The relative effects of
all these factors are not easily separable or measurable.
However, the progressive addition of cholesterol crys-
tals from a given dispersion resulted in a linear increase
in the OD. Therefore, when a given cholesterol disper-
sion is manipulated, the change in the OD seems to
provide a good estimate of the crystal mass. Recently,
Harvey and Upaydhya (13) have described a spectro-
photometric method measuring turbidity in microtiter
plates. It can, however, be used only in a limited num-
ber of cases, as one defined bile model dispersion that
does not show non-crystalline turbidity is used. They
propose to evaluate the influence of pro- and anti-
nucleating factors exclusively in this defined model dis-
persion.

All the above-mentioned methods will contribute to
a more quantitative and rapid measurement of choles-
terol crystal growth in model bile dispersions and thus
facilitate studies of cholesterol crystallization. il

We are grateful to SLT, Austria for the help in acquiring their
instrument.

Manuscript recetved 27 June 1996, in revised form 3 October 1996, and in
re-revised form 10 February 1997.
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