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EXTRACTION, IDENTIFICATION, AND QUANTITATION OF LIPIDS 

Eileen M. Mahoney 
William A. Scott 

GENERAL INTRODUCTION 

The procedures described by Bligh and Dyer (1) and Folch 
et al. (2) are used for extracting lipids from a wide variety 
of sources. Both techniques are applicable to mononuclear pha-
gocytes and utilize chloroform and methanol as the extracting 
solvents. However, the Bligh and Dyer procedure has been used 
in our laboratory because of its simplicity. In both methods, 
the proportions of organic solvents and water are critical for 
the complete extraction of lipids. It is advisable that ex-
tractions be carried out on ice to minimize the action of 
lipases which are active in organic solvents. When left stand-
ing in organic solvents, lipid extracts should be in a nitrogen 
atmosphere and should contain a trace amount of antioxidant to 
retard lipid oxidation. Lipids should be stored at -20° in 
inert solvents. 

Certain precautions are advisable in handling lipids. Only 
acid-cleaned glassware should be used to ensure that contami-
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nants such as plasticizers, grease, phosphate-based detergents, 
or residual biological material are not present. The glassware 
should be fitted with ground glass stoppers or Teflon-lined caps 
since these are inert to organic solvents. No plastic, rubber, 
or silicone materials should be used to prevent such surfaces 
coming in contact with the lipid extracts, solvents, or solvent 
vapors used in the lipid analyses. The solvents used should be 
redistilled using a glass apparatus and should be stored in 
tightly capped containers thereafter. (Special chromatography 
or spectroscopy grade solvents that have been redistilled in 
this manner are commercially available.) 

II. EXTRACTION AND SEPARATION OF LIPIDS 

Am Introduction 

The Bligh and Dyer method (1) for lipid extraction is des-
cribed here. Once a crude lipid extract is obtained, further 
processing depends on the desired analysis and specific require-
ments of the investigation. For instance, the determination of 
fatty acid composition of total cell lipids requires no addi-
tional handling of the crude extract other than preparation for 
gas - liquid chromatography (GLC) analysis· Similarly, phos-
pholipid and neutral lipid analyses can be performed on crude 
lipid extracts. Other investigations may entail the determina-
tion of the fatty acid composition of phospholipids as an esti-
mate of membrane fatty acid composition. This requires prior 
separation of neutral lipids and phospholipids. 

Methods for the separation of neutral lipids and phospho-
lipids are described in this section in addition to those for 
separations of individual phospholipids and individual neutral 
lipids and for the quantitation of each lipid class. These 
procedures and those described in Sections III and IV have been 
applied to resident mouse peritoneal macrophages (3, 4), rabbit 
alveolar macrophages (5, 6), guinea pig peritoneal polymorpho-
nuclear leukocytes (5), human peripheral blood polymorphonucle-
ar leukocytes (7), and human mononuclear phagocytes (8). 

B. Reagents 

(1) Chloroform, redistilled 

(2) Methanol, anhydrous, redistilled 

(3) Hexane, redistilled 

(4) Benzene, redistilled 

(5) Absolute ethanol 
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(6) Acetic acid 
(7) Ether (hazardous) 
(8) Perchloric acid (hazardous) 
(9) 3-Hydroxy butylated toluene (BHT) 

(10) Chromatography reference compounds (these can be ob-
tained from suppliers such as Supelco, Inc., Beliefonte, 
Pennsylvania; Analabs, North Haven, Connecticut; or Calbio-
chem-Behring Corp., La Jolla, California): phosphatidyl-
choline (PC), phosphatidylethanolamine (PE), phosphatidyl-
serine (PS), phosphatidylinositol (PI), phosphatidylglycerol 
(PG), diphosphatidylglycerol (DPG), sphingomyelin (SM), 
cholesterol, cholesterol oleate, triolein, and oleic acid. 
(11) Ammonium molybdate reagent. Dissolve 4.4 gm of am-

monium molybdate in 200 - 300 ml glass distilled water; add 
14 ml of concentrated sulfuric acid, and dilute to 1 liter. 
(12) Reducing agent. Grind 30 gm of sodium bisulfite, 6 gm 

of sodium sulfite and 0.5 gm of 1,2,4-aminonapthol sulfonic 
acid (Aldrich Chemical Co., Milwaukee, Wisconsin) in a mortar 
until thoroughly mixed. Dissolve in glass distilled water, 
and bring the volume to 250 ml. Let stand for 3 hr in the 
dark and filter into an amber bottle. The concentrated 
reagent is stable for 6 - 8 weeks if kept refrigerated. Di-
lute 1:12 immediately before use. Caution: The diluted re-
ducing agent should not be stored. 
(13) Phosphate stock solution (0.1 M KH2P04) Make up a 

0.1 M solution (1.3609 gm/100 ml, molecular weight = 136.09) 
in glass distilled water and dilute 1:200 to obtain a 0.5 mM 
stock. 

C. Procedure 

1. Extraction of Lipids 

Wash cell monolayers 2 - 3 times with phosphate-buffered 
saline and scrape into 0.9% NaCl with a polyethylene policeman. 
Rinse the dishes with another volume of 0.9% NaCl and combine 
in a conical, graduated centrifuge tube with a Teflon-lined 
screw cap. Alternatively, where cells are originally in sus-
pension, wash the cells 2 - 3 times with phosphate-buffered 
saline and resuspend in 0.9% NaCl. In either case, the final 
concentration should not exceed 10 cells/ml. After measuring 
the final volume, remove aliquots for protein determinations. 

Carry out extractions on ice with chilled solvents. Add 
3.75 volumes of chloroform/methanol (1:2) containing 0.005% 
BHT to the cell suspension and mix. Let stand for 10 min with 
occasional mixing. At this stage the extracting medium consists 
of a single phase. The proportions of the components are 
chloroform/methanol/water (1:2:0.8). (If more than 15 x 107 
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cells are extracted, the cell debris and denatured protein may 
be precipitated at this point by centrifuging at 550 g for 10 
min at 4°C. Transfer the supernatant to another tube and pro-
ceed.) 

To partition the extract into an organic phase and an 
aqueous phase, add 1.25 volumes of chloroform, mix; then add 
1.25 volumes of water and mix. (One volume is equivalent to 
the original volume of cell suspension extracted.) The final 
proportions of solvents are chloroform/methanol/water (2:2:1.8). 

Centrifuge the tubes at 550 g for 10 min to promote phase 
separation. Record the volumes of each phase. The interface 
between the aqueous (upper) and organic (lower) phases is easi-
ly distinguished since denatured protein and cell debris collect 
in this region. Remove the aqueous phase with a Pasteur pi-
pette and discard. Collect the organic phase by using a Pasteur 
pipette introduced well below the surface of the layer. Be 
careful not to withdraw any residual aqueous phase. The cell 
debris adheres to the wall of the extraction tube and does not 
interfere with removal of the lower phase. Transfer the or-
ganic phase to another graduated screw-capped conical tube. 
Adjust the volume of the sample to a convenient amount by eva-
poration under nitrogen or by the addition of chloroform. 
Remove an aliquot for total lipid phosphorus determination to 
a 16 x 150 mm test tube (Section U.C.5). The remaining lipid 
extract may be stored at this stage under nitrogen at -20°C. 
If the same extract is to be used for multiple analyses, sub-
divide the extract before further manipulations. 

The minimum number of mouse peritoneal macrophages that 
should be extracted for each type of lipid determination is 
listed in Table I as a guide for other mononuclear phagocytes. 

2. Separation of Neutral Lipids and Phospholipids 

Separate neutral lipids and phospholipids on columns of 
silicic acid. Activate the silicic acid by heating at least 
1 hr at 110°C and suspend 400 mg in 20 ml of chloroform. Trans-
fer the silicic acid slurry to a Pasteur pipette containing a 
glass wool plug. The packed column should flow freely without 
loss of resin and should not be allowed to dry. 

Quantitatively transfer the lipid extract to the surface of 
the resin. With this size column, the sample should not be 
greater than 0.2 ml. The methanol contained in larger sample 
volumes prevents total adsorption of phospholipid to the silicic 
acid and results in incomplete separations. Elute the neutral 
lipids (which do not adsorb to the silicic acid) with 10 ml 
chloroform containing 0.005% BHT. Elute the phospholipids with 
10 ml methanol containing 0.005% BHT, performing the solvent 
changeover rapidly and smoothly. 
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TABLE I. Guide for Lipid Determination 

Number 
Lipid determination Representative value macrophages 

Total fatty acid analysis 2 x 10 
Cholesterol determination 34 ]ig/mg cell protein (4) 7.5 x 106 

Separation of neutral 4 x 10' 
lipids from phospho-
lipids followed by 
fatty acid analysis of 
neutral lipids and of 
phosphol ipi ds 

Further separation into 1 x 108 

individual neutral 
lipid and phospholipid 
species with quantita-
tion of lipid phosphor-
US 6 

Total lipid phosphorus 162 nmol/mg cell 7.5 x 10 
protein (4) 

3. Separation of Individual Neutral Lipids 

Neutral lipids can be separated and visualized by two-
dimensional thin-layer chromatography (TLC) as follows : Apply 
the concentrated chloroform effluent (MD.l ml) from the silicic 
acid column (II.B.2) to a 20 x 20 cm glass plate coated with a 
250 ym thickness of silica gel. It is convenient if the plates 
are prepared without binders (2-D Redi Coats, Supelco, Inc., 
Bellefonte, Pennsylvania, or comparable products from other 
manufacturers) since the adsorbent remains soft and facilitates 
scraping. Develop the plate a distance of 19 cm in hexane/ethyl 
ether (.90:10) and allow it to dry at room temperature for sev-
eral minutes. Develop the plate in the second dimension in 
ethyl ether/benzene/ethanol/acetic acid (40:50:2:0.2). When 
thoroughly dry, visualize the resolved lipids with iodine va-
pors. This is accomplished by placing a few crystals of iodine 
in a glass TLC tank located in the fume hood, allowing the at-
mosphere to equilibrate at least 10 min and inserting the TLC 
plate until spots become visible. Remove the plate and, using 
a pin to mark the adsorbent, outline the location of each com-
ponent. A permanent record is conveniently obtained by lightly 
tracing the pattern with a marker on an overlay of Saran wrap. 
Be sure to record the origin and solvent fronts if i?f values 
are to be calculated. 

If only two-dimensional TLC of neutral lipids is to be per-
formed and the phospholipid fraction is to be discarded, pre-
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liminary separation on a silicic acid column (Section II.B.2) 
is unnecessary. The crude lipid extract may be Chromatographed 
directly since the phospholipids remain at the origin and do 
not affect neutral lipid separation. 

4. Separation of Individual Phospholipids 

Phospholipids contained in the methanol effluent of the 
silicic acid column can be further separated by two-dimensional 
TLC (20 x 20 cm plates, 2D-Redi Coats, Supelco, Inc.) (14). 
Chloroform/methanol/concentrated ammonium hydroxide (65:25:5) 
is the solvent for development in the first dimension. After 
drying overnight in a vacuum desiccator, develop the chromato-
gram in the second dimension with chloroform/acetone/methanol/ 
acetic acid/water (30:40:10:10:5). Visualize and record the 
results as described for neutral lipids. If only two-dimension-
al TLC of phospholipids is to be performed, prior silicic acid 
chromatography is unnecessary. The neutral lipids move with 
the solvent front in each dimension on TLC and do not affect re-
covery or resolution of individual phospholipids. 

5. Quantität ion of Lipid Phosphorus (9) 

Lipid phosphorus determinations may be carried out on ali-
quots of the crude lipid extract (Section II.B) or on individual 
phospholipids after separation by TLC (Section U.C.4). Trans-
fer aliquots of crude extracts to 16 x 150 mm test tubes and 
gently warm to remove organic solvents. Individual phospholipids 
are scraped from TLC plates onto glassine weighing paper and 
subsequently transferred to test tubes. Add 0.4 ml of perchlor-
ic acid to each tube and heat overnight at 80°C or until the so-
lution is transparent. If large amounts of organic material are 
present, the solution will have a brown color. This will not 
interfere with phosphate determinations. However, if large 
clumps of material are evident, continue heating until the 
clumps are dispersed in order to achieve complete hydrolysis. 
After cooling the tubes, add 2.4 ml of molybdate reagent and 
2.4 ml of reducing agent. Mix. It is crucial that the molyb-
date reagent be added before or simultaneously with the reducing 
agent. Place in boiling water for 10 min. Cool. Read the ab-
sorbance at 830 nm. 

If samples contain silica gel, transfer the fluid portions 
to separate centrifuge tubes before reading the absorbance 
value. (Disposable plastic conical centrifuge tubes are con-
venient for this purpose but if glass tubes are employed they 
should be acid washed.) Centrifuge at 1200 g for 30 min to 
sediment the silica gel. Care should be taken in removing su-
pernatants to ensure that the silica gel pellet is not disturbed. 
The fine silica gel particles cause light scattering and result 
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in abnormally high absorbance readings. It is wise to scrape 
an area of a TLC plate that contains no lipid and utilize this 
material as a blank, processing it in parallel with lipid-
containing samples throughout the entire procedure. When read 
against water, the absorbance of the blank should not be greater 
than 0.03 - 0.05. 

Construct standard curves for phosphate determinations using 
appropriate amounts of a 0.5 mM KH2PO4 stock ranging from 0.005 
ymol to 0.560 ymol. Add perchloric acid, followed by the molyb-
date and reducing agents, and develop the color by heating. 
(Overnight incubation at 80°C, however, is necessary.) 

6. Quantität ion of Neutral Lipids 

If total content of triglycéride, cholesterol, and free 
fatty acids are to be determined, a convenient method of quanti-
tation is GLC. A 2 f t x 1/8 in stainless steel column of 3% 
JXR on 100/120 Gas Chrom Q (Applied Sciences, State College, 
Pennsylvania) (10, 11) separates classes of neutral lipids. 
Detector response factors for standard lipids should be deter-
mined as described under Section III.C for fatty acid methyl 
esters. 

The triglycéride fraction of a lipid extract can be further 
separated if desired. Selective enzymatic hydrolyses and sub-
sequent quantitation of glycerol and fatty acids may also be 
performed. We have not directly quantitated triglycérides in 
mononuclear phagocytes but refer the reader to methods described 
by Christie (12). In macrophages, we have routinely determined 
the fatty acid composition of neutral lipids. Since macrophages 
contain no cholesterol ester and little mono- and diglycerides, 
the bulk of the fatty acids in the neutral lipid fraction reside 
in triglycérides. As a result, the triglycéride content can be 
calculated from the triglycéride fatty acid value. 

-D. Calculation of Data: Lipid Phosphorus Determination 

(1) Standard samples 

Λ830 X 5*5.2 X = ^830 ( f l u t e d ) 

where x = volume 0.5 mM KH PO assayed. 

nmol phosphorus _ ^ 
absorbance unit ~ Λ ο ο η (undiluted standard)-;* _ (blank) 

oJU 830 

where y = nmol phosphorus standard assayed. 
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(2) Unknown samples 

w nmol phosphorus _ Ί. . , , , 
Λ___ x —. f- - r-r = nmol lipid phosphorus 
830 absorbance unit 

E. Cri ti cal Comment s 

It is important to note that highly charged, hydrophilic 
lipids do not partition quantitatively into the organic phase 
in either the Bligh and Dyer (1) or the Folch et al. (2) ex-
traction. The complex gangliosides and a small portion of the 
acidic lipids are retained in the aqueous phase. On the other 
hand, small amounts of protein and amino acids separate with 
the bulk of the lipids into the organic phase. Reextraction of 
the separated phases does not appreciably increase the amount 
of macrophage lipids recovered and can cause the loss of lipid 
components from the organic phase. If desired, however, the 
aqueous phase and cell debris may be washed with chloroform/ 
methanol (19/1) in the original tube to recover the trace 
amount of residual lipids. 

The preliminary separation of the crude lipid extract by 
silicic acid chromatography is a simple and efficient technique 
for resolving neutral lipids from phospholipids. There are 
several commercial sources of silicic acid. A sample of the 
product purchased should be tested by chromatographing a mixture 
of cholesterol, a triglycéride, an unesterified fatty acid, and 
at least one phospholipid using the method described in Section 
U.C. The chloroform and methanol fractions should be checked 
by TLC to ascertain the elution characteristics of the silicic 
acid. A useful single dimension TLC solvent for this purpose 
is ethyl ether/benzene/ethanol/acetic acid (40/50/2/0.2). 

During silicic acid chromatography, the antioxidant (BHT) 
elutes with chloroform. It is therefore a precaution to add 
BHT to the eluting solvents to minimize potential lipid oxida-
tion. 

Several multistep elution procedures exist that achieve 
greater separation of lipid classes during silicic acid column 
chromatography than the one described here. These methods are 
outlined by Christie (12) and Carroll (13) but none precludes 
two-dimensional TLC in cases where complete resolution is de-
sired. 

The resolution of phospholipids by two-dimensional TLC is 
dependent on the humidity of the environment and the removal of 
ammonia following development in the first dimension. The pro-
cedure described here is based on that reported by Rouser et 
al. (14). The TLC plates are prepared according to their method 
to achieve resolution of all components. It is advisable to 
Chromatograph standard mixtures containing PS, PI, SM, PC, PE 
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and PG to be certain that the conditions employed will effec-
tively separate a sample of cell phospholipids. The identity 
of resolved lipids can be verified by comparison with published 
patterns and by using spray reagents (ninhydrin for PS and PE, 
Dragendorf's reagent for PC and SM, and periodate-Schiff's 
reagent for PI, PG, and DPG) (12, 15, and 16). Note that 
sphingomyelin resolves into two species (17). 

Quantitative removal of phospholipids from the silica gel 
adsorbent following TLC is difficult to achieve unless several 
extractions with organic solvents containing water and acid 
are employed. Greater accuracy and reproducibility of lipid 
phosphorus determinations and radioactivity measurements are 
obtained if the adsorbent is scraped and analyzed directly 
without prior elution of the phospholipid. This method is also 
less time-cornsuming. 

The reproducibility of resolution of neutral lipids by two-
dimensional TLC is less sensitive to environmental factors. 
The identification of resolved lipids should, however, again 
rely on comparison with standard mixtures. Resolved neutral 
lipids can be eluted from the silica gel adsorbent using chloro-
form, petroleum ether, or hexane. 

Although several plates may be chromatographed simultaneous-
ly in the same chamber, it is strongly recommended that develop-
ing solvents consisting of more than one component not be used 
a second time. Reproducibility of thin-layer chromâtography is 
greater where fresh solvents are employed and the equilibration 
conditions are standardized. 

III. DETERMINATION OF FATTY ACID COMPOSITION 

A. Introduction 

The fatty acid composition of lipids extracted from whole 
cells, from isolated organelles, or from purified membrane 
fractions can be determined using gas - liquid chromatography 
(GLC). In a single GLC analysis, the fatty acyl components of 
a mixture are separated on the basis of both molecular weight 
and degree of saturation. 

Generally, long-chain carboxylic acids such as the fatty 
acids present in mammalian cells are derivatized prior to GLC 
to maximize resolution and quantitation and to improve vola-
tility. Methyl ester derivatives are most commonly prepared. 
Fatty acids are covalently bound in cell lipids as either es-
ters or amide linkages and must be released before derivatiza-
tion. Convenient one-step procedures have been described to 
transesterify the fatty acids with methanol. 
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Where quantities of sample are relatively small, as with 
macrophage lipid extracts, it is desirable to purify the 
derivatized fatty acid methyl esters (FAMES) prior to GLC. 
This removes extraneous side products that overlap with FAMES 
during GLC and that generate baseline instability. 

An excellent presentation of the theory of GLC with prac-
tical information for the investigator has been published (18) 
and is recommended to the reader. The following is a brief 
description of the essentials of GLC. 

The column employed in GLC consists of particles of an 
inert solid support coated with a high boiling liquid, the 
stationary phase. The system is operated at elevated tempera-
tures where the volatilized components of the sample mixture 
distribute between the liquid stationary phase and a mobile 
phase passing through the column. (The mobile phase is an 
inert carrier gas, most often nitrogen, helium, or argon.) 
Resolution mainly depends on the extent to which the partition 
coefficients of the various components differ; however, the 
carrier gas flow rate and the operating temperature are also 
important variables. Choosing the correct type and amount of 
liquid stationary phase and operating conditions can be diffi-
cult unless the investigator has had considerable experience. 
The catalogs available from suppliers (such as Supelco, Inc., 
Bellefonte, Pennsylvania; Applied Sciences, Inc., State Col-
lege, Pennsylvania; or Analabs, North Haven, Connecticut) il-
lustrate the applications of a variety of stationary phases in 
fatty acid analyses and should be consulted prior to column 
selection. We have used 1/8 in. x 10 ft. stainless steel 
columns packed with 10% SP-2330 on 100/120 Chromosorb WAW 
(Supelco, Inc.) for several years. These columns provide base-
line separations of all common fatty acids from mammalian cells. 

Several types of detectors are available for gas chromato-
graphs. A flame ionization detector is most suited for fatty 
acid methyl esters. The correct proportions of hydrogen and 
air, used to maintain a flame, and carrier gas are required to 
obtain optimal sensitivity of the detector. The response of 
the detector to each fatty acid methyl ester should be deter-
mined periodically, preferably at the beginning of daily 
analyses, and when operating conditions are altered. A stand-
ard FAME of known mass is injected. The mass of the injected 
sample is equated with the area of the corresponding peak on 
the chromatogram, and data obtained for unknown samples should 
be corrected for variations in detector sensitivity to differ-
ent compounds. Where absolute quantitation of each component 
is desired, an internal standard of known mass should be added 
to the lipid sample prior to derivatization for GLC analysis. 
The standard should be sufficiently resolved from the fatty 
acids of the sample such that its corresponding peak on the 
chromatogram can be properly measured. A convenient internal 
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standard for most mixtures of mammalian cell fatty acids is 
17:0. 

The following procedure is used routinely in our laboratory 
to analyze cultured mouse peritoneal macrophage fatty acids. 
It is directly applicable to macrophages obtained from other 
sources as well as to peripheral blood monocytes. 

B. Reagents 

1. 6% Methanolic - HC1 

Place 9 ml anhydrous methanol in an Erlenmeyer flask fitted 
with a ground glass stopper ("25 or 50 ml capacity). Chill on 
ice. Add 1 ml redistilled acetyl chloride dropwise to the 
methanol. Swirl the mixture after each addition. Methanol and 
acetyl chloride combine in a highly exothermic reaction to form 
HC1 and methyl acetate. Use a fume hood and direct the mouth 
of the flask to the back of the hood during the addition for 
safety. It is essential that this reagent be anhydrous and 
therefore prepared fresh before each use. Keep stoppered. 

2. Drying Agent 

Na2S04/NaHC03::4/l (w/w). 

3. Standard Mixture of Fatty Acid Methyl Esters 

An equal weights mixture of 16:0, 18:0, 18:1, 18:2, and 
18:3 methyl esters and another consisting of 18:0, 18:1, 18:2, 
18:3, and 20:4 methyl esters are available from various 
sources. A special mixture containing 16:0, 18:0, 18:1, 18:2, 
and 20:4 can be obtained by request from Nu-Chek Prep (Elysian, 
Minnesota) and other sources. 

4. Solvents (See also Section II.B) 

Carbon disulfide 
Hexane 

C. Procedure 

1. Preparation and Analysis of Fatty Acid Methyl Esters 

Transfer the lipid sample to be analyzed to a 13 x 100 mm 
test tube fitted with a Teflon-lined screw cap. Evaporate the 
solvent under a stream of nitrogen and add 1 ml of 6% methanolic 
HC1. (If the sample contains neutral lipids, also add 0.5 ml of 
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benzene.) Flush the tube well with nitrogen and place on a 
heating block set at 80°C for 16 hr. Check the tightness of 
the cap after 30 min to ensure that evaporation does not occur. 
To terminate the reaction, cool the tubes and add 1 ml of dis-
tilled water. Extract the methyl esters with 3 ml of hexane. 
(Centrifuge the tubes to promote phase separation.) Transfer 
the organic (upper) phase to a separate screw-capped tube and 
extract the aqueous twice with hexane. Combine the hexane ex-
tracts and let stand under nitrogen for at least 1 hr in 1 gm 
of drying agent. Some of the drying agent should remain as 
fine particles. If all of the drying agent clumps, a substan-
tial amount of water is present. If this occurs, add an addi-
tional 1 gm of drying agent for an hour. Filter the hexane 
extracts over coarse filter paper prewashed with hexane. Rinse 
the original tube, drying agent, and filter paper with 2 - 3 ml 
of hexane to recover quantitatively the fatty acid methyl es-
ters. Concentrate the hexane to a small volume (̂ 0.2 ml). 
Under a nitrogen atmosphere, apply the sample to a prèscored 
glass TLC plate coated with silica gel G (250-ym thick). A 
TLC spotting box is useful for this purpose. Spot a fatty acid 
methyl ester standard in an adjoining lane. Develop the chro-
matogram in hexane/ethyl ether/acetic acid (90:10:1) under a 
nitrogen atmosphere. Separate the lanes by snapping the plate 
along the prescored line and visualize the fatty acid methyl 
ester standard with iodine vapors. Scrape the area in the 
sample lane corresponding to the standard spot. Transfer the 
silica gel to a Pasteur pipette plugged with glass wool. Elute 
the methyl esters with chloroform containing 0.0005% BHT. Col-
lect the eluant in a screw-capped test tube. The samples may 
be stored under N2 at this stage. To analyze the esters by GLC, 
concentrate the solvent and transfer the FAMEs to a sample vial 
fitted with a screw cap and a Teflon-coated silicone septum 
(Tuf-bond discs, Pierce, Rockford, Illinois). Then evaporate 
the solvent to dryness and immediately redissolve the residue 
in a small volume (50 - 100 yl) of CS2-

The following conditions for gas chromatography have been 
found in our laboratory to provide excellent resolution of 
macrophage fatty acid methyl esters: 10 ft. x 1/8 in. stainless 
steel column containing 10% SP-2330 on 100/120 Chromosorb WAW 

Injector oven temperature: 250°C 
Detector oven temperature: 250°C 

Column oven temperature: 180°C 

Carrier gas (nitrogen) flow rate: 40 ml/min 
Hydrogen flow rate: 30 ml/min 

Air flow rate: 300 ml/min 
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-D. Calculation of GLC Data 

1. Relative Molar Amounts of Sample Components 

(a) Determination of detector sensitivity correction fac-
tor. The correction factor for each major component in the 
sample must be determined. To do this, a standard mixture con-
taining known amounts of each component is analyzed. Then, for 
each component, a separate detector sensitivity correction fac-
tor (F) is obtained: 

Mass injected * (1/MW) „, , / v 
**— - = F (moles/unit area) , 
Area 

where area = area under the corresponding peak. 

(b) Determination of the amount of each component present 
in an aliquot of the unknown mixture: 

No. of moles of x = Area x F 
X X 

where Fx = detector sensitivity, correction factor for compo-
nent x. 

(c) Determination of mole % fatty acid composition 

No. of moles of x 
Σ Moles 77 

all components 

x 100 = Mole % of x. 

2. Absolute Amounts and Relative Amounts of Sample Compo-
nents 

(a) Determination of detector sensitivity correction fac-
tor: 

Mass injected (1/MW) 
Area 

(b) Determination of sample recovery: 

Area, x F. 
% Recovery = 

No. of moles. added to total sample 

Volume total sample 
Volume injected ' 

where i is an internal standard. 

Cc) Determination of the absolute amount of each sample 
component : 
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Area x F 
_ x Volume t o t a l sample 

No. of moles of = 0 _ —— x — — : :—: 7-^ 
% Recovery Volume injected 

(d) Determination of mole % fatty acid composition: 

No. of moles of x ., Λ Λ .. ., 
„ w Ί x 100 = Mole % of x 
Σ Moles ,_ 

all components 

E. Critical Comments 

For each transesterification experiment, solvent blanks 
containing BHT should be processed and analyzed by GLC to iden-
tify contaminants and artifacts. Pretest new reaction vials 
by heating overnight in methanolic HC1 to ensure that they are 
airtight. 

Transesterifying agents other than methanolic HC1 are 
available. A solution of 1 to 2% sulfuric acid in methanol 
transesterifies lipids much as methanolic HC1 does but may lead 
to decomposition of polyunsaturated fatty acids. Boron tri-
fluoride in methanol has been widely used. However, the 
reagent is hazardous and has a shelf life of 6 months. It is 
a stronger reagent than required for transesterifying fatty 
acids and yields artifacts that are observed on GLC. It is 
extremely useful however for rapid esterification of free fatty 
acids. Diazomethane is another reagent for esterifying free 
fatty acids but is extremely dangerous and does not methylate 
esterified fatty acids. We do not recommend its use by indivi-
duals with limited experience in organic chemistry laboratories. 
We prefer methanolic HC1 as the reagent of choice since it hy-
drolyzes lipids and esterifies the fatty acids in a single step 
and is easily prepared fresh for each experiment. It thereby 
provides similar reaction conditions for all experiments. 
Furthermore, it is inexpensive and yields few artifacts. It 
should be noted however that acid-catalyzed transesterification 
of acylated lipids is slow and may not provide total hydrolysis 
of amide bonds such as exist in sphingolipids. 

The purified fatty acid methyl esters are dissolved in CS^ 
prior to GLC analysis. Since the flame ionization detector has 
a poor response to this solvent, the solvent peak on the chro-
matogram is relatively small. It does not interfere with the 
first fatty acid methyl ester peaks, unlike the solvent peaks 
of other common solvents. 
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IV. DETERMINATION OF STEROL CONTENT AND COMPOSITION 

A. Introduction 

Cholesterol is the :major sterol component of most mammalian 
cells. Absolute values of cholesterol are determined and re-
ported either as mass or number of moles per milligram of cell 
protein. Therefore, an internal standard (5a-cholestane) is 
added to crude lipid extracts and values of cholesterol are 
corrected for recoveries of the standard. The major portion of 
cholesterol in cells is localized in membranes as a free sterol, 
but it can also be stored in the form of fatty acid esters. 
For this reason, lipid extracts of cells are saponified (base-
catalyzed hydrolysis of esters) prior to sterol analysis. The 
percentage of cholesterol esters can be estimated, if desired, 
by determining cholesterol levels before and after saponifica-
tion. A number of different extraction procedures for sterols 
have been described; however, the efficiencies of extraction 
have not always been determined. For this reason, we have 
used the method of Bligh and Dyer (1) (see Sec. II.C.l). This 
procedure is also convenient in that sterol and fatty acid 
analyses can be performed on the same lipid extract provided 
there is sufficient sample. 

GLC is the method of choice for sterol analyses. Because 
of the free hydroxyl group, sterols are relatively polar com-
pounds and must be esterified prior to analysis. Classically, 
trimethylsilyl derivatives of sterols (19) have been utilized 
but have certain drawbacks. In particular, the accumulation 
of deposits on GLC detector parts interferes with sensitivity 
and accurate quantitation. We have used instead acetate esters 
that are easily prepared and do not have these disadvantages 
(20). Because of recent advances in packings for GLC columns, 
it is now possible to analyze directly free sterols without 
derivatization. 

Bm Reagents 

I. Ethanolic - Potassium Hydroxide 

Place 10 gm of KOH in a 100-ml volumetric flask and add 
40 ml of anhydrous absolute ethanol. Dissolve the KOH by 
swirling and bring the final volume to 100 ml with additional 
ethanol. 
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2. Sterol Standards 

Cholesterol 
5a-Cholestane 

3. Solvents (See also Sections II.B and III.B) 

Acetic anhydride (redistilled) 
Pyridine (distilled over barium oxide) 
Ethyl ether 

C. Procedure 

1. Sterol Extraction (See Section II.C.l) 

7 
Add 1 yg 5a-cholestane per 10 mononuclear phagocytes to 

be extracted (4). 

2. Saponification of Sterol Esters (21) 

Transfer aliquots of chloroform - methanol extracts (Section 
II.C.l) to screw-capped tubes and dry under a stream of nitro-
gen. After adding 1 ml of 10% KOH in ethanol/water C9:l, v/v), 
flush the tubes with nitrogen and heat at 56°C for 30 min on a 
heating block. Cool the solution and dilute with 2 ml of 0.58% 
sodium chloride. Extract the nonsaponifiable lipids (including 
sterols) twice with 3 ml of petroleum ether and once with 2 ml 
of ethyl ether. Analyze the sterols in the pooled and concen-
trated organic phase directly or after conversion to their cor-
responding acetate derivatives. 

3. Preparation of Sterol Acetate Esters (20) 

Appropriate amounts of lipid extracts in screw capped test 
tubes are taken to dryness under a stream of nitrogen. Add 
0.2 ml of pyridine followed by 0.5 ml of acetic anhydride. 
Flush the tube with nitrogen and heat at 65°C for 1 - 2 hr on 
a heating block. After cooling, evaporate the solvents under 
nitrogen. Dissolve sterol acetates in the appropriate amounts 
of carbon disulfide. 

4. GLC Analysis of Sterols and Sterol Acetates 

Glass rather than stainless steel columns are used for 
sterol analyses, since major losses of sterols occur on the 
latter. We use a 1/4 in. x 6 ft glass column packed with 3% 
OV-17 on 80/100 Chromosorb W HP (Supelco) under the following 
operating conditions: 



X. MONONUCLEAR PHAGOCYTES AS TOOLS IN CELL BIOLOGY 889 

275( 

275( 

250( 

50 
30 
300 

>C 
DC 
>C 

ml/min 
ml/min 
ml/min 

Injector oven temperature: 
Detector oven temperature: 

Column oven temperature: 

Carrier gas (nitrogen) flow rate: 
Hydrogen flow rate: 

Air flow rate: 

Calculation of Data (See Sections III.D.2(a) and (b)) 

E. Critical Comments 

As with fatty acid methyl esters, the response of the GLC 
detector to each sterol or sterol acetate must be determined 
(Section III.A). If the acetate derivatives of sterols are to 
be analyzed by GLC, standards must be prepared by the investi-
gator since these derivatives are not commercially available. 
Generally, only cholesterol acetate need be synthesized. 
(5a-Choiestane, the internal standard, cannot be derivatized 
since it does not have a free hydroxyl group.) 

Mouse peritoneal macrophages contain little, if any, chol-
esterol esters. For this reason, we routinely carry out GLC 
analyses on lipid extracts without prior saponification. How-
ever, the absence of cholesterol esters should not be assumed 
unless confirmed by the investigator for the cell type and cul-
tivation conditions under consideration. This requires deter-
mining the amounts of cholesterol in lipid extracts before and 
after saponification and correcting for recovery of the internal 
standard. 

GLC of nonsaponified lipid extracts can result in complex 
elution profiles since lipids other than sterols are eluted. 
This need not be a problem provided that baseline separation 
from cholesterol is obtained. Although the preparation of 
saponified lipid extracts requires an extra step, only nonsa-
ponified lipids are analyzed which results in fewer artifacts 
on analysis. 
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