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Abstract Raman microspectroscopy is presented as a promis-
ing technique for the in situ characterization of intracellular
cholesterol crystals. Crystal characterization is the first step in
investigating the effects of various stimuli on their formation
and in determining their role in the development of athero-
sclerosis. Treatment of cultured bovine coronary artery endo-
thelial cells with 22-hydroxycholesterol (220HC) stimulated
the production of intracellular crystals, a phenomenon that
did not occur in the absence of viable cells. These crystals were
identified as a combination of the 220HC starting material
and cholesterol. The best fit to the average Raman spectrum
of the microscopic crystals was achieved with a combination
of 70% Raman contribution from 220HC and 30% from cho-
lesterol. GC/MS analysis of the crystals confirmed the pres-
ence of both compounds.Bff These results demonstrate the
potential of Raman microspectroscopy as a powerful tool in
lipid research, particularly for the in situ characterization of
intracellular crystals.—Hawi, S. R., K. Nithipatikom, E. R.
Wohlfeil, F. Adar, and W. B. Campbell. Raman microspectros-
copy of intracellular cholesterol crystals in cultured bovine
coronary artery endothelial cells. J. Lipid Res. 1997. 38: 1591~
1597.
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The formation of atherosclerotic lesions is believed
to be initiated by injury to the endothelium of blood
vessels (1). The progression of these lesions relies, in
part, upon cellular uptake of lipid compounds, such as
cholesterol and its derivatives, with a key intermediate
step being the precipitation of excess cholesterol in the
form of crystals (2). High concentrations of the oxygen-
ated cholesterol derivatives, the oxysterols, have also
been found in human atherosclerotic lesions (3, 4).

We are currently investigating the effects of oxysterols

on vascular endothelial cells to determine their role in
atherogenesis. In particular, we have measured the pro-
duction of eicosanoids by bovine coronary artery endo-
thelial cells treated with various hydroxycholesterols
(5). Interestingly, we found that treatment with 22(S)-
hydroxycholesterol stimulated the production of intra-
cellular crystals. Crystal formation in a cell culture sys-
tem may serve as a model for the arterial crystal deposi-
tion that is associated with atherosclerosis, provided
that the crystals can be characterized.

In a recent report of intracellular crystal formation in
a culture of cholesteryl ester-loaded macrophage foam
cells, density and melting point measurements were
used to characterize the crystals and identify them as
cholesterol monohydrate (6). These identification tech-
niques required isolation and physical alteration of the
microscopic crystals.

Raman microspectroscopy, on the other hand, is a
non-invasive, non-destructive identification technique
that relies on inelastic scattering of light by a sample.
It is suitable for aqueous environments and can provide
structural information in situ, making it an attractive
alternative for the characterization of intracellular crys-
tals. Technological improvements in sensitivity and spa-
tial resolution have drawn attention to Raman micro-
spectroscopy as a useful tool in biomedical research (7,
8), particularly in the identification of foreign material
in biological samples (9-13). Raman spectroscopy has
been applied to cholesterol-related research in a num-

Abbreviations: 220HC, 22-hydroxycholesterol; TMS, bis(trimethyl-
silyl)-trifluoroacetamide; GC/MS, gas chromatography~mass spec-
trometry; PCl, positive chemical ionization.

'To whom correspondence should be addressed.

Journal of Lipid Research Volume 38, 1997 1591

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


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

ber of different fields. For example, it has been used
for the differentiation of cholesterol and bilirubin com-
ponents in gallstones (14), for the measurement of eye
lens transparency and its relation to cataract formation
(15), and the analysis of cholesteryl ester mixtures as
a model of the arterial lumina (16). In this work, we
demonstrate the potential of Raman microspectroscopy
in lipid research by characterizing the microscopic crys-
tals that formed within cultured bovine coronary artery
endothelial cells upon treatment with 22-hydroxy-
cholesterol.

MATERIALS AND METHODS

Materials

Cholesterol and 22(S)-hydroxycholesterol (220HC)
were purchased from Sigma Chemical Co. (St. Louis,
MO) and recrystallized from HPL.C grade acetone (Mal-
linckrodt, Paris, KY). Cholesteryl oleate was obtained
from U.S. Biochemical Corporation (Cleveland, OH)
and used as received. Fetal bovine serum was obtained
from JRH Biosciences (Lenexa, KS), RPMI 1640 media
and L-glutamine were obtained from Life Technologies
(Gaithersburg, MD), and all other culture materials
were purchased from Sigma. Quartz microscope slides
were purchased from Thomas Scientific (Swedesboro,
NJ).

Cell cultures and intracellular crystal formation

Endothelial cells were collected from bovine coro-
nary arteries and cultured as previously described (17).
Briefly, cells were collected from the lumen of bovine
coronary arteries using 0.1% (w/v) collagenase in
RPMI 1640 media. The cells were washed with 25 mm
HEPES buffer, pH 7.4, containing 150 mm NaCl, 5 mM
KCl, 1.8 mm CaCl;, 1 mm MgCl,, and 6 mwm glucose.
They were then plated into culture flasks and incubated
at 37°C in an atmosphere of 5% COy in air. The RPMI
1640 culture media contained 25 mM HEPES and was
supplemented with 15% fetal bovine serum, 1% r-gluta-
mine, 3 uL./mL gentamycin, 3 uL/mL nystatin, 1 uL./
mL tylosin, and 1% antibiotic antimycatic solution.
When cells were 80% confluent, a solution of 10 mg/
mL 220HC in ethanol was added to the feed media for
a final 220HC concentration of 10 pg/mL. Continuous
exposure to the 220HC, with daily replacement of the
treated media, produced needle-like intracellular crys-
tals after 1-2 days. Control samples of media alone and
media with nonviable cells were treated with 220HC
and incubated in the same manner.
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Raman microspectroscopy

For Raman microspectroscopic analysis, cells were
grown on quartz microscope slides stored in glass petri
dishes, following the procedure outlined above. Upon
crystal formation, the phenol red-tinted RPMI medium
was removed by washing the slides with HEPES buffer
solution, pH 7.4. A small amount of buffer solution re-
mained on the cells to avoid dehydration.

Raman spectra were recorded with an Explorer series
confocal Raman microspectrometer (Instruments, S.A.,
Inc., Edison, NJ), equipped with a 12 mW helium-ncon
laser excitation source at 632.8 nm, an Olympus BH-2
microscope with an 80X (NA 0.75) objective, a holo-
graphic notch filter (Kaiser Optical Systems, Ann Arbor,
MI) to reject Rayleigh scattered light, a single mono-
chromator (ISA HR 460) with a 600 gr/mm grating to
disperse the Raman scattered light with a spectral reso-
lution of 6~7 cm™', and a thermo-electrically cooled
1024 X 256 pixel CCD detector. The focused laser beam
gave a lateral resolution of 1 um, and a 200 pm confocal
aperture positioned in the back image plane of the mi-
croscope provided an axial resolution of better than 10
um. Peak frequencies were calibrated with the silicon
phonon line at 520 cm™.

Gas chromatography/mass spectrometry (GC/MS)

Crystals were collected from the cell culture media by
combining the spent media from several days of 220HC
treatment and filtering it through a 0.2-um nylon mem-
brane (Alltech Associates, Inc., Deerfield, IL). The
spent media typically contained free crystals released
from cells, as well as crystals attached to cellular debris.
After several cold water washes, the collected crystals
were dissolved in anhydrous acetonitrile and deriva-
tized with bis(trimethylsilyl)-trifluoroacetamide (TMS)
(Supelco Inc., Bellefonte, PA) by incubating for 1 h at
37°C. The organic solvent was dried and the sample was
redissolved in 50 pl. acetonitrile. Cholesterol and
220HC standards were also derivatized and prepared
in the same manner.

The derivatized samples were injected into a 5890 Se-
ries II gas chromatograph /5989A MS Engine mass spec-
trometer (GC/MS) (Hewlett-Packard, Palo Alto, CA)
using an autosampler. Separation was accomplished by
a 30 m DB-5 capiliary column of 0.25 mm i.d. and 0.25
pm film thickness (J&W Scientific, Folsom, CA). Detec-
tion was made in positive chemical ionization (PCI)
mode using methane as the reagent gas and a source
temperature of 250°C. The GC injection port tempera-
ture was 250°C, and the column temperature was in-
creased from 100°C to 300°C at a rate of 20°C/min,
and held at 300°C for 10 min.
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Fig. 1. Phase contrast light micrographs of a) anhydrous cholesterol
needles, b) cholesterol monohydrate plates, and ¢) 220HC needles.
All frames were recorded at 400X magnification, as indicated by the
scale bar in (a).

RESULTS

Cholesterol and its derivatives

Recrystallization of cholesterol from anhydrous and
aqueous acetone produced anhydrous cholesterol nee-
dles (Fig. 1a) and cholesterol monohydrate plates (Fig.
1b), respectively, in agreement with previous reports
(18-20). Monohydrate crystals were stored in water to
prevent dehydration. 220HC also crystallized as nee-
dles from anhydrous acetone (Fig. 1c).

The Raman spectra of anhydrous cholesterol, choles-
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Fig. 2. Raman spectra of crystalline a) anhydrous cholesterol b) cho-
lesterol monohydrate (in water), ¢) 220HC, and d) cholesterol oleate
in the 500-1800 cm™' region, baseline-subtracted and normalized to
the 1438 cm™' band. All spectra represent 15-min acquisitions except
that of cholesterol monohydrate (30 min).

terol monohydrate, 220HC, and cholesteryl oleate in
the 500-1800 cm ™' region are compared in Fig. 2. The
anhydrous (Fig. 2a) and hydrated (Fig. 2b) cholesterol
spectra agree with previous reports (21). These spectra
show that the various forms of cholesterol can be differ-
entiated by their Raman characteristics. Although sev-
eral bands, such as those near 700, 1438, and 1668 cm ™!,
appear in all forms of cholesterol, their relative intensi-
ties often differ. In the oleate, for example, bands due
to the cholesterol moiety are less pronounced, and vi-
brations of the attached hydrocarbon chain dominate
the spectrum. A weak C=O stretch is also visible at
1737 cm™'. The Raman spectrum of 220HC is distin-
guished by its intense bands at 559, 606, and 1669 cm .
Even the anhydrous and monohydrated forms of cho-
lesterol can be differentiated by their intensities at 742,
842, and 1131 cm™. The 742 cm™' band appears
stronger in the anhydrous form, while the 842 and
1131 cm™! bands are more prominent in the monohy-
drate.

Raman microspectroscopy of intracellular crystals 1593

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


http://www.jlr.org/

£ A N a

A

" ASBVB

JOURNAL OF LIPID RESEARCH

I

Fig. 3. Phase contrast light micrographs of endothelial cells after a) 1, b) 3, ¢) 5, and d) 6 days of 220HC
treatment. Initial crystal formation occurs within the cells, as indicated by arrows in frame (a). Several larger
crystals are visible after 3 days, and by day 5 they are more numerous than the cells. After 6 days of treatment,
very few cells remained adhered to the substrate, as in frame (d). Frame (d) also shows how the crystals tend
to stretch the cell membrane during growth. All frames were recorded at 400X magnification, as indicated by

the scale bar in (a).

Intracellular crystals

The formation and growth of intracellular crystals
was recorded with phase-contrast photographs taken at
24-h intervals. Figure 3 shows the progression from one
day after the initial 220HC treatment, where the crys-
tals appear to originate within the endothelial cells, to
days 3-5 of 220HC treatment, where the crystals
lengthen, often stretch the cell membrane, and appear
more numerous, and finally to day 6 of 220HC treat-
ment, where the cells ultimately die and no longer ad-
here to the substrate. Crystals attached to cellular debris
were then dispersed throughout the media. Vehicle
(ethanol) control studies showed no significant change
in cell appearance or viability. More importantly, con-
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trol flasks of culture media alone and media with nonvi-
able cells did not form crystals, indicating that crystal
formation was dependent upon interaction with viable
cells.

Raman microspectroscopy was performed on the in-
tracellular crystals while the cells were attached to the
substrate, typically 2—-4 days after the initial 220HC
treatment. Control experiments using anhydrous cho-
lesterol needles showed that crystal orientation within
the field had no effect on the unpolarized Raman spec-
trum. Indeed, Raman spectra of the intracellular crys-
tals at various orientations were identical, and the aver-
aged spectrum is shown in Fig 4a. This spectrum does
not match any of the individual cholesterol derivatives
displayed in Fig. 2. However, a strong contribution
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Fig. 4. Raman spectra of a) crystals that formed within endothelial
cells, average of five crystals at various orientations, 30-min acquisi-
tions, background-subtracted, and b) a combination of 70% Raman
contribution from 220HC (Fig. 2¢) and 30% from cholesterol (Fig.
2b).

clearly arises from 220HC, as evidenced by the 559
cm™! band. The best fit to the observed crystal data was
achieved with a spectrum consisting of 70% Raman con-
tribution from 220HC and 30% from cholesterol (Fig.
4b). Due to the small contribution from cholesterol and
the similar Raman spectra of its anhydrous and mono-
hydrated forms, both forms produced equally suitable
fits.

The fact that both 220HC and cholesterol contribute
to the Raman spectrum of the intracellular crystals sug-
gests that these two components have co-crystallized. To
confirm these results, mixed crystals were prepared
from 50/50 and 30/70 mixtures of cholesterol and
220HC in acetone. The needle-like crystals that formed
from these solutions were not completely homogeneous
(i.e., the Raman spectra obtained from different crystals
or at various positions on a single crystal were not always
identical), but there was clear evidence of co-crystalliza-
tion.

The chromatogram of the intracellular crystals and
their corresponding PCI mass spectra are shown in Fig.
5. The retention times of peaks 1 (14.1 min) and 2 (14.9
min) of Fig. 5a matched those of pure cholesterol and
220HC standards, respectively. The mass spectrum of
peak 1 indicates that (M—-1)* = 457 and (M—CHs)* =
443, which correspond to cholesterol-TMS. The loss of
(~OTMS) is indicated by the presence of ions at m/z
= 369 and m/z = 353. The mass spectrum of peak 2 is
identical to that of 220HC-TMS, with (M-1)* = 545,
(M-CH;) * = 531, and a fragment from the 22-position
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to give m/z = 173. In this case, the loss of (-OTMS) is
indicated by ions at m/z = 455 and m/z = 441.

DISCUSSION

The formation of intracellular crystals in cell culture
systems can be used as a model for the study of the
arterial crystal deposition that leads to atherosclerosis,
provided that the intracellular crystals can be character-
ized. In this study, we have used Raman microspectros-
copy for the non-invasive, non-destructive characteriza-
tion of crystals that formed in cultured bovine coronary
artery endothelial cells upon treatment with 220HC.
These crystals were identified as a combination of
220HC and cholesterol. The best fit to the average
Raman spectrum of the microscopic crystals was
achieved with a combination of 70% Raman contribu-
tion from 220HC and 30% from cholesterol.

An in situ quantitative analysis could not be per-
formed because the Raman contribution of each com-
ponent depends upon its molecular concentration as
well as its inherent Raman scattering ability (Raman
cross-section). An attempt to generate a standard curve
of crystal composition versus observed Raman character
was unsuccessful because these two components formed
nonhomogeneous mixed crystals from solution. By
comparison, the intracellular crystals were more uni-
form in composition, suggesting that they may form by
a different, perhaps cell-regulated, mechanism.

External analysis of the intracellular crystals by GC/
MS confirmed the presence of both cholesterol and
220HC, but their relative concentrations could not be
determined because the filtered sample consisted of
crystals as well as cellular debris. This debris may have
contained inherent cellular cholesterol, which would be
indistinguishable from the crystalline cholesterol. In-
deed, GC/MS analysis of crystalfree endothelial cells,
prepared in the same manner as the treated cells, indi-
cated the presence of some inherent cellular choles-
terol (data not shown). The relative contributions of
crystalline and cellular cholesterol to the filtered sam-
ple (peak 1 in Fig. 5a) were not determined.

Physical characteristics of the intracellular crystals,
such as their needle-like crystal habit, provided only lim-
ited information on identity, because several com-
pounds crystallize as needles, including 220HC (Fig.
1c). Even cholesterol monohydrate, whose thermody-
namically stable crystalline form is the plate-like form
shown in Fig. 1b, does not necessarily nucleate as plates.
Rather, it may undergo a series of morphological trans-
formations including needles or filaments (22). The ini-
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Fig. 5. a) Gas chromatogram of filtered crystals and cellular debris. Peak 1, with a retention time of 14.1 min,
corresponds to pure cholesterol, and its PCI mass spectrum is shown in (b). Peak 2, with a retention time of
14.9 min, corresponds to 220HC, and its PCI mass spectrum is shown in (c). Retention times and PCI mass
spectra of peaks 1 and 2 match those of cholesterol and 220HC standards, respectively.

tial formation of cholesterol needles within cells may
therefore serve as a base for 220HC crystallization. The
mechanism of crystallization and its dependence upon
cellular activity, however, will require further study, a
task for which Raman microspectroscopy is well suited.

This work demonstrates the potential of Raman mi-
crospectroscopy in lipid research, especially in the rapid

1596  Journal of Lipid Research Volume 38, 1997

characterization of intracellular crystals. This non-inva-
sive, non-destructive technique achieves high spatial
resolution and provides molecular information in
situ. B
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