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Abstract To minimize oxidative modification, a low tem-
perature, sequential flotation method was developed to
isolate plasma lipoproteins in 18 h using a benchtop ultra-
centrifuge. The protein distributions were characterized
using agarose and SDS-polyacrylamide gel electrophore-
sis, and an SDS-Lowry protein assay. The lipid distribu-
tions were assessed using a gas chromatography–mass spec-
trometric assay for cholesterol and an enzymatic assay
for triglycerides. To validate the rapid flotation method,
lipoproteins were also isolated from the same plasma
samples using a modified Havel et al. flotation method (

 

J.
Clin. Invest. 

 

34: 

 

1345–1353, 1955). The same lipoproteins
and apolipoproteins were present in fractions of compa-
rable density, and the summed recoveries of protein, cho-
lesterol, and triglyceride were also identical for the Havel
et al. and rapid flotation procedures. Likewise, the
amount of cholesterol and triglyceride in corresponding
very low, intermediate, and low density lipoprotein
(VLDL/IDL and LDL) fractions was the same for the two
flotation procedures. The triglyceride and cholesterol lev-
els in high density lipoprotein (HDL) isolated by rapid flo-
tations, however, were 9–12% higher than in the HDL as
isolated by Havel et al. Because a 9 –12% increase in the
HDL fraction reflects only 1–4% of the total triglyceride
and cholesterol in plasma, we conclude that, while main-
tained at 4

 

8

 

C, lipoproteins were quantitatively isolated
from human plasma in 1 day.—
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We are interested in establishing a rapid preparative
method to isolate lipoproteins in a manner that mini-
mizes their oxidative modification. Ultracentrifugation
methods have commonly been used to preparatively iso-
late lipoproteins from plasma or serum. One of the most
used ultracentrifugation techniques involves sequential
flotations in media of increasing densities, and was first

employed by Havel, Eder, and Bragdon (1) to resolve lip-
oproteins into four classes: VLDL (d 

 

#

 

 1.006 g/ml); IDL
(1.006 

 

,

 

 d 

 

,

 

 1.019); LDL (1.019 

 

,

 

 d 

 

,

 

 1.063); and
HDL (1.063 

 

,

 

 d 

 

,

 

 1.21). The Havel et al. flotation
method is frequently used to isolate large amounts of lip-
oproteins for the purpose of biological testings, e.g., the
generation of oxidized LDL. Unfortunately, the method
requires several days to be completed. Studies have
shown that apolipoproteins redistribute among different
classes of lipoproteins during prolonged centrifugations;
moreover, the integrity of the lipoprotein particles may
be compromised because labile apolipoproteins located
on lipoprotein surfaces can be preferentially degraded
(2–4). The presence of free radicals in plasma (5) also
raises the possibility that lipid peroxidation and autoxi-
dation will occur at the relatively high temperature
(20

 

8

 

C) traditionally used (6). When lipophilic anti-oxi-
dants and free radical scavengers are prophylactically
added to plasma, they can become sequestered by the
plasma lipids, and render the lipoproteins inadequate
for oxidation studies. Yet, without anti-oxidants, the use
of prolonged centrifugations at 20

 

8

 

C favors the oxida-
tion of native lipoproteins.

Common benchtop ultracentrifuges capable of gener-
ating very high 

 

g

 

 forces, have recently been used to iso-
late lipoproteins for both preparative and analytical pur-
poses. To minimize the processing artifacts described
above, Brousseau et al. developed a sequential flotation
method for the preparative isolation of lipoproteins. By
use of a Beckman TL 100 benchtop ultracentrifuge (up
to 100,000 rpm) and a 100.2 fixed-angle rotor, they iso-
lated serum lipoproteins at 15

 

8

 

C in 9.5 cumulative cen-

 

Abbreviations: VLDL, very-low density lipoproteins; IDL, intermedi-
ate density lipoproteins; LDL, low density lipoproteins; HDL, high den-
sity lipoproteins; EDTA, ethylenediaminetetraacetic acid; SDS, sodium
dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; %T, total
acrylamide content (w/v); %C

 

bis

 

, the ratio of 

 

bis

 

-acrylamide to acryla-
mide monomer (w/w); GC/MS, gas chromatography–mass spectrome-
try; RSD, relative standard deviation.
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trifugation hours. However, their preparative method
did not test the use of low temperatures; moreover, a sec-
ond centrifugation step was required to minimize albu-
min contamination. 

Recently, flotations with benchtop centrifuges have
also been combined with precipitation techniques to iso-
late lipoproteins for analytical purposes. For example,
Leonhardt et al. (8) described a procedure to float VLDL
using a benchtop ultracentrifuge at 17

 

8

 

C, and used pre-
cipitations to separate LDL from HDL. The precipitation
step eliminated the prolonged centrifugation times re-
quired for floating HDL. Similarly, Cathcart and Domi-
niczak (9) reported isolation of VLDL in 2.5 h at 4

 

8

 

C, and
separated HDL from LDL by precipitating HDL. Fletcher,
Barnes, and Farish (10) also reported a rapid semi-micro
procedure for separating VLDL, IDL, and LDL at 20

 

8

 

C
using a benchtop ultracentrifuge after HDL precipita-
tion. The precipitated lipoproteins are commonly con-
taminated with plasma proteins; moreover, their lipid
composition may differ somewhat from that of analogous
lipoproteins obtained by flotation techniques (11). Fi-
nally, before precipitated lipoproteins can be used for bi-
ological studies, they must first be resolubilized so that
precipitating agents may be completely removed by dialy-
sis. For these reasons as well as their capacity to be readily
automated, the hybrid flotation–precipitation methods
are generally used for clinical analyses rather than for
preparative purposes.

To date, no low temperature sequential flotation
method using a benchtop ultracentrifuge to isolate lipo-
proteins for biological studies has been described. Main-
taining lipoproteins at low temperature during processing
will minimize their ex vivo oxidation. Currently, there is
an intense effort to identify the oxidation products of
phospholipids, sterols and apolipoproteins that are formed
in vivo and promote atherosclerosis. Oxidized lipids such
as lipid peroxides (12–14), oxysterols (15, 16) and apolip-
oproteins modified with aldehyde adducts (17, 18) exhibit
biological activities that are of potential physiological,
pathological or pharmacological importance (16, 19).
Moreover, many studies have indicated the existence of
lipid epoxides and oxysterols in plasma and bile, though
their origins are unclear (5, 20–23). However, establishing
the in vivo concentrations of lipoprotein epoxides and ox-
ysterols has been rather difficult, because LDL is unstable
and highly prone to oxidation during processing and stor-
age (24). As the in vivo concentrations of lipid epoxides
and oxysterols in plasma are likely to be very low, artifacts
caused by oxidation during sample processing could
present a serious problem for the interpretation of such
studies.

In the present report, we describe a sequential flotation
method to isolate lipoproteins at 4

 

8

 

C from 1.0 ml of
plasma in 18 h. The VLDL/IDL, LDL and HDL fractions
were almost freed of albumin contamination by optimiz-
ing both the centrifugation times and the sites for tube
transections. To validate the method, the contents of the
isolated fractions were compared to those generated by
the Havel et al. method (1).

MATERIALS AND METHODS

 

Isolation of human plasma

 

Six healthy volunteer adults (4 male and 2 females) were
fasted for at least 12 h before having 100 ml of blood withdrawn
from their antecubital veins. The blood was collected into two 60-
ml syringes containing 0.8 ml of anticoagulant (0.2 

 

m

 

 ethylenedi-
aminetetraacetic acid (EDTA) in 150 m

 

m

 

 NaCl, pH 7.4). After
being divided equally between two plastic tubes, the 50-ml
venous samples were gently inverted in the presence of 2.0 ml
150 m

 

m

 

 NaCl that contained anti-bacterial agents (5 

 

m

 

g sodium
azide, 4 mg chloroamphenicol, and 4.0 mg gentamicin sulfate)
and the kallikrein inactivator aprotinin (200 units); the mixture
was prepared fresh daily (25). Upon centrifuging the samples at
4000 g

 

max

 

 and 4

 

8

 

C for 30 min, the plasma was removed using
plastic pipettes, mixed with benzamidine (proteolysis inhibitor)
and phenylmethylsulfonyfluoride (serine proteases inhibitor),
each to a final concentration of 1.0 m

 

m

 

, and transferred to
Quick-Seal centrifuge tubes (Beckman, Palo Alto, CA) for the se-
quential flotation procedure. In the following studies, all the re-
quired centifugation equipment and accessories were purchased
from Beckman.

 

Isolation of lipoproteins by the Rapid Flotation procedure

 

Lipoprotein fractions were isolated from four 1.0-ml aliquots
of plasma using a benchtop ultracentrifuge (Optima TLX) and a
fixed-angle rotor (TLA 120.2) operating at 120,000 rpm (627,000

 

g

 

max

 

) and maintained at 4

 

8

 

C. The lipoproteins were separated in
2.0 ml dome-topped Quick-Seal tubes (Polyallomer, 11 

 

3

 

 32
mm) which have a sample capacity twice that of similarly sized
open tubes. Appropriate centrifugation times for lipoproteins at
20

 

8

 

C were calculated using the equation k

 

1

 

/t

 

1

 

5 

 

k

 

2

 

/t

 

2

 

 (

 

k

 

, factor; 

 

t

 

,
spin time), and a compensation of 12% to LDL and 9% to HDL
was added for every 5 degree decrease in temperature (11). The
increased centrifugation time was necessary to compensate for
an increased solution viscosity that occurs at 4

 

8

 

C. Assuming a
12% compensation for VLDL/IDL, the appropriate times were
calculated to be 4.93 h for VLDL/IDL, 4.93 h for LDL, and 9.04
h for HDL isolation at 4

 

8

 

C. In close agreement with the k factor
and low temperature considerations, experimentally the VLDL/
IDL was completely and reproducibly separated in 4 h, LDL in 5
h, and HDL in 9 h (vide infra).

 

Isolation of VLDL/IDL.

 

One ml plasma and 0.119 ml of NaBr
(38% w/v) were added with Hamilton syringes to a Quick-Seal
tube. The volume and density of each plasma sample were ad-
justed to 2.0 ml and 1.0269 g/ml, respectively, at 20

 

8

 

C using 0.15

 

m

 

 NaCl containing 1.0 m

 

m

 

 EDTA, and a digital balance. Each
tube was heat-sealed (Quick-Seal Tube Sealer), centrifuged for
4.0 h at 627,000 

 

g

 

max

 

 and 4

 

8

 

C, and transected 16.75 mm (10.5 set-
ting) from the base using Teflon-coated blades and a graduated
slicer (CentriTube Slicer). Reproducible transections were critical
because the clear space that intervened between floated and non-
floated lipoproteins is much less than in the long centrifuge tubes
used in the Havel et al. procedure. About 0.8 ml was present in
the upper section; the floated VLDL/IDL contents were col-
lected and combined with saline washes of the upper section.

 

Isolation of LDL.

 

The remaining solution in the lower section
was transferred to a new Quick-Seal tube. The final volume and
density of the sample were adjusted to 2.0 ml and 1.0680 g/ml,
respectively, at 20

 

8

 

C using 38% NaBr, 0.15 

 

m

 

 NaCl, and a digital
balance. Upon being centrifuged for 5.0 h at 627,000 

 

g

 

max

 

 and
4

 

8

 

C, each tube was transected 17.5 mm mm (11.0 setting) from
its base. About 0.75 ml was present in the upper section, and its
floated LDL contents were collected and combined with saline
washes of the upper section.
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Isolation of HDL.

 

Designated as the clear zone beneath the
LDL, the topmost 0.1 ml in the bottom section was discarded to
permit density adjustments. The remaining 1.15 ml in the bot-
tom section was transferred to a new Quick-Seal tube, and its vol-
ume and density were adjusted to 2.0 ml and 1.21 g/ml, respec-
tively, at 20

 

8

 

C using 38% NaBr and a digital balance. Each tube
was centrifuged for 9.0 h at 627,000 

 

g

 

max

 

 and 4

 

8

 

C. Upon transect-
ing the tube 16.0 mm (10.0 setting) from the base, about 0.9 ml was
isolated in the upper section, and its floated HDL content was col-
lected and added to saline washes of the upper section.

 

Isolation of lipoproteins by the Havel et al.
flotation procedure

 

Isolation of VLDL/IDL.

 

Thirty-five ml plasma and 1.2391 ml of
38% NaBr were transferred to a dome-topped Quick-Seal tube
(Polyallomer, 25 

 

3

 

 89 mm). The volume and density of each
plasma sample were adjusted to 39 ml and 1.019 g/ml, respec-
tively, using a digital balance and 0.15 

 

m

 

 NaCl containing 1.0 m

 

m

 

EDTA. Upon being sealed, each tube was transferred to a fixed-
angle rotor (Type 60), and centrifuged (L7-55) for 20 h at 50,000
rpm (176,200 

 

g

 

max

 

) and 20

 

8

 

C. Each tube was transected 58 mm
from its base by use of a stainless steel blade; about 9.5 ml of the
floated VLDL/IDL was collected from the top section. The up-
per surface of the blade and inside surface of the excised upper
section were both washed three times with 0.15 

 

m

 

 NaCl; the
washes were added to the isolated VLDL/IDL fraction.

 

Isolation of LDL.

 

The remaining sample present in the lower
section was divided equally between two new Quick-Seal tubes.
The volume and solution density in each tube were adjusted to
39 ml and 1.063 g/ml, respectively, using 38% NaBr, 0.15 

 

m

 

 NaCl,
and a digital balance. Upon being sealed, each tube was centri-
fuged for 20 h at 176,200 

 

g

 

max

 

 and 20

 

8

 

C, and transected 51 mm
from its base. About 19 ml was isolated in the upper tube section,
collected, and combined with saline washes of the blade and up-
per tube section.

 

Isolation of HDL.

 

Designated as the clear zone beneath the
LDL, the topmost 10 ml in the bottom sections was discarded to
permit density adjustments. The remaining infranatant in the
two bottom sections was transferred to two new Quick-Seal tubes.
The volume and density of each sample were increased to 39 ml
and 1.21 g/ml, respectively, with 38% NaBr and 0.15 

 

m

 

 NaCl, and
the tubes were sealed and centrifuged for 40 h at 176,200 

 

g

 

max

 

and 20

 

8

 

C. After each tube was transected 51 mm from its base,
the HDL was isolated in 19 ml, and combined with saline washes
from the blade and upper tube section. Designated as the clear
zone beneath the HDL, the topmost 10 ml in the bottom tube
section was also collected to determine whether any cholesterol
was inadvertently left behind.

 

Characterization of lipoprotein fractions

 

Agarose gel electrophoresis was used to identify the lipoprotein constitu-
ents of floated fractions.

 

One ml of each VLDL/IDL, LDL, and
HDL fraction was desalted and concentrated to about 30 

 

m

 

l by fil-
tration (Centricon 50, Amicon, Beverly, MA) at 5000 

 

g

 

, 4

 

8

 

C for 60
min. The amount of protein or lipid lost during filtration from
retained lipoproteins was assumed to be the same for compara-
ble fractions. About 0.5–1.0 

 

m

 

l of each concentrated sample was
loaded with a modified Hamilton syringe onto a pre-cast 1% aga-
rose gel film (Universal Gel 8, Ciba-Corning). Human lipopro-
tein standards, generously provided by Dr. David Chappell, U. of
Iowa, were similarly applied for identification purposes. At room
temperature and under a constant 90 V field, the lipoproteins
were separated in 35 min using 50 m

 

m

 

 barbital buffer (pH 8.6;
Universal PHAB buffer, Ciba-Corning). Upon being blotted, the
gel was dried at 60

 

8

 

C for about 1 h, and stained for 30 min at

room temperature with Fat Red 7B (2.25 mg dissolved in 10 ml
methanol and 2 ml 0.1 N NaOH). The gel was destained in 70%
methanol and dried overnight at room temperature.

 

Gradient gel electrophoresis was used to identify apolipoprotein compo-
nents of the floated fractions.

 

Vertical slab-gels (0.75 mm 

 

3

 

 11 cm 

 

3

 

14 cm) were prepared containing a 5–20% polyacrylamide gradi-
ent (26). In brief, 7.0 ml of 5% T, 0.8% C

 

bis

 

 was mixed with 7 ml
of 20% T, 0.8% C

 

bis

 

 using a gradient maker (SG 50, Hoeffer Sci-
entific, San Francisco, CA), and pumped at 7 ml/min into a
sandwich chamber (Hoefer Scientific). Both solutions were pre-
viously fortified with 0.4% SDS plus 1.5 

 

m

 

 Tris (pH 8.8), and had
been degassed under house vacuum for at least 30 min. Com-
plete polymerization occurred within 30 min after adding 50 

 

m

 

l
of 10% ammonium persulfate and 5 

 

m

 

l N

 

9

 

,N

 

9

 

,N,N-tetramethyl-
ene-ethylenediamine. A stacking gel (0.75 mm 

 

3

 

 2 cm 

 

3

 

 14 cm)
was similarly generated in 1–2 h using 4% T, 0.8% C

 

bis

 

.
On the same or next day, samples from whole plasma and lipo-

protein fractions were resolved using an electrophoresis cham-
ber (SE 600, Hoefer) maintained at 15

 

8

 

C by a circulating cooler.
Standards

 

 (

 

SDS PAGE Molecular Weight Standards-High; Bio-
Rad Laboratories, Richmond, CA) were applied to the outermost
lanes to aid apolipoprotein identifications. All protein-contain-
ing samples (ca. 10 

 

m

 

g) were initially heated at 60

 

8

 

C for 1 h with
0.25 vol of 60 m

 

m

 

 Tris-HCl (pH 6.8), 25% glycerol, 2% SDS, 14.4
m

 

m

 

 2-mercaptoethanol, and 0.1% bromophenol blue. Upon be-
ing diluted with deionized water to 50 

 

m

 

l, the denatured proteins
were subjected to electrophoresis at a constant 60 mA for 4–5 h.
The gel was transferred to a 0.1% Coomassie blue R-250 solution
for overnight staining. Excess stain was removed by rinses with
methanol–acetic acid–water 40:10:50 (v/v/v).

 

An SDS-Lowry protein assay was used to measure protein concentrations 
in each of the floated fractions (not previously de-salted by filtration).

 

Pre-
liminary results indicated that the NaBr concentrations used in
the present study had no effect on protein determinations, and
confirmed previous findings (27). After solublization with SDS
and reaction with a Folin-Ciocalteu phenol reagent, the protein
content of each lipoprotein fraction was determined spectropho-
tometrically as equivalents of bovine serum albumin (Pierce
Chemical Co) (28). The mean relative standard deviation (RSD;
n 

 

5

 

 10) of ten albumin concentrations (10–60 

 

m

 

g) was 2.83%.

 

An isotope-dilution assay for cholesterol using gas chromatography–mass 
spectrometry (GC/MS) was used to assess lipoprotein recoveries.

 

Choles-
teryl esters were saponified using a low temperature modification
of the Ishikawa micromethod (29). In brief, 10 

 

m

 

l of plasma or
floated lipoprotein was added to a 1.0 ml Reactivial (Pierce
Chemical Co., Rockford, IL) containing 10 

 

m

 

g [26,26,26,27,27,
27-

 

2

 

H

 

6

 

]cholesterol (98.4% isotopic purity; Medical Isotopes, Pel-
ham, NH). Tetramethylammonium hydroxide (6.25 mg in 100 

 

m

 

l
of 2-propanol–methanol 3:1) was added, and the vials were
flushed with argon for 30 sec, sealed with Teflon-lined caps, and
periodically mixed at 4

 

8

 

C over a 6-h period. The saponified lipids
were extracted by mixing with tetrachloroethylene (50 

 

m

 

l) and
water (200 

 

m

 

l) for 1.0 min. After a 10-min centrifugation at 1250

 

g

 

max

 

 and 4

 

8

 

C, the lower organic phase containing unesterified
cholesterol was collected and transferred to a 100-

 

m

 

l Reactivial.
Prior to quantitation by GC/MS, the unesterified cholesterol

was converted to a trimethylsilylether derivative. In brief, the sa-
ponified samples were dried under a nitrogen stream, and sus-
pended in 50 ml of N,O-bis(trimethylsilyl)trifloroacetamide
(Pierce Chemical Co.) and 50 ml acetonitrile. Upon being
flushed with argon for 30 sec, each vial was capped, shaken, and
left overnight at room temperature. The next morning, the sam-
ple was dried under a stream of nitrogen and dissolved in 100 ml
decane.

The trimethylsilyether of cholesterol was analyzed using capil-
lary gas chromatography (5890, Hewlett-Packard). About one
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hundredth of the total extract was deposited via a “duck-bill” in-
jector (Hewlett-Packard) into a fused silica capillary column
(0.25 mm (i.d.) 3 30 m) containing a 0.25 mm film of 5% diphe-
nyl–95%dimethylpolysiloxane (DB-5-HT, J&W, Rancho Cordova,
CA). The linear velocity of the helium carrier gas was pro-
grammed to remain constant at 25 cm/sec. One min after injec-
tion, the oven temperature was increased 708C/min from 1708C
to a final constant temperature of 2758C. The injector tempera-
ture was programmed to be 38C above that of the oven, while the
interface remained at 2808C. Under these conditions, the reten-
tion time for cholesterol was 10.93 min.

Quantitation was performed using an isotope dilution tech-
nique and a quadrupole mass spectometer (5970B, Hewlett-Pack-
ard). Deuterated cholesterol was used as the internal standard to
normalize for variability in recoveries during sample processing.
To assess relative reponses, varying amounts of d0-cholesterol
(10–500 ng) were weighed and mixed with 100 ng of d6-choles-
terol. The d0/d6 mixtures were silylated (see above), and con-
stant amounts of d6-cholesterol (1.0 ng/1.0 ml) were injected
into the GC/MS system. After the protium and deuterated cho-
lesterols were ionized at 70 eV, the currents generated by m/z
458/464 (M) and 368/374 [M–(CH3)3SiOH] were integrated.
Using regression analysis, the d0/d6 ratios were found to be
highly linear (r 2 5 0.9996), i.e., for weight ratios varying between
1:10 to 5:1, the area ratio of m/z 458/464 was 1.0392 3 (weight
ratio of cholesterol/[d6]cholesterol) 2 0.007. Moreover, injec-
tion of the same sample ten times yielded a RSD of 0.64% for 500
mg/dl and 1.45% for 4.5 mg/dl cholesterol. Such low intraassay
variability is critical for detecting small differences in cholesterol
recoveries. Moreover, whole plasma cholesterol concentrations
(mg/dl) determined by GC/MS (178, 244, 123, 168, 171, and
151) agreed within 3.3% of those determined enzymatically (181,
251, 126, 172, 174, and 156, respectively) (30). Thus, the prelimi-
nary studies indicated that the GC/MS assay had a 1.5% preci-
sion and 3.3% accuracy.

An enzymatic assay was used to quantitate the triglyceride content of 
floated lipoproteins. Triglycerides were quantitated using a glyc-
erol-3-phosphate oxidase method (31) modified for use with a
microtiter plate reader (THERMOmax, Molecular Devices Corp.,
Sunnyvale, CA). In brief, 2–15 ml of lipoprotein fractions was di-
luted to 30 ml with 0.1 m sodium phosphate (pH 7.6) and mixed
with 100 ml of solution A containing glycerol kinase (EC
2.7.1.30), adenosine triphosphate, glycerol-3-phosphate oxidase
(1.1.3.21), peroxidase (EC 1.1.1.7), and 4-chlorophenol (Boeh-
ringer Mannhein, GmbH). After a 5-min incubation at 258C to
remove free glycerol, the mixture was shaken for 1 min with 100
ml solution B containing triglyceride lipase (EC 3.1.1.3) plus 4-
aminoantipyrine (Boehringer Mannheim), and incubated 10
min at 258C. Over a range of 50–1000 mg/dl glycerol, linear
amounts of the chromogen 4-(p -benzoquinonemonoimino)
phenazone were generated (r 2 5 0.99826 6 0.1% RSD; n 5 6) as
monitored by absorption at 490 nm against a reagent blank. On
the same day, replicate assays of lipoprotein fractions containing
109, 122, and 307 mg glycerol/dl varied by 2.8–5.1% RSD (n 5
10–12).

Statistics. The contents from corresponding fractions were an-
alyzed as ratios, and evaluated using a one sample t-test. A value
of P , 0.05 was considered to be statistically significant.

RESULTS

Use of a high-speed, benchtop ultracentrifuge permit-
ted isolation at 48C of three lipoprotein fractions in #24 h

(Fig. 1). Enzymatic transformations and autooxidations of
the lipid constituents should be minimized by the shorter
centrifugations at 48C as compared to the procedure used
by Havel et al. (1). Because LDL and HDL fractions must
first be desalted before their lipids can be quantitatively
extracted by the Folch or Bligh-Dyer methods, it takes up
to 24 h before all enzymatic activity is eliminated by ex-
tractive isolation. In contrast, similar extractions cannot
be performed for up to 5 days when lipoproteins are iso-
lated by the Havel et al. procedure (Fig. 1).

To determine whether the rapid flotations generated
fractions with contents comparable to those of the Havel
et al. procedure, six plasma samples were subjected to
both flotation procedures. The contents of the resulting
fractions were analyzed using electrophoretic techniques,
and lipoprotein recoveries were assessed by protein, cho-
lesterol, and triglyceride measurements. In addition, the
summed recovery was compared to whole plasma values. 

The types of lipoproteins present in the three fractions
were identified by agarose gel electrophoresis; Fig. 2 illus-
trates typical results from one of the six plasma samples.
Neither of the two LDL fractions contained appreciable
HDL when lipoproteins were identified by co-migrations
with human standards; however, because of a pronounced
tailing of the VLDL/IDL fraction (Fig. 2), it was uncertain
as to whether significant amounts of VLDL/IDL occurred
in the LDL fraction.

The types of proteins present in each fraction were ex-
amined using SDS polyacrylamide gel electrophoresis;
Fig. 3 illustrates typical results from the plasma samples.
Intermediate-sized apolipoproteins and albumin were iden-
tified from semi-logarithmic plots of molecular weight ver-

Fig. 1. Times and temperatures of Havel et al. and rapid flotation
procedures. Abbreviations: VLDL, very low density lipoproteins;
IDL, intermediate density lipoproteins; LDL, low density lipopro-
teins; and HDL, high density lipoproteins.
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sus Rf. ApoB-100 (Mr . 200 kd) was the major apolipopro-
tein in the VLDL/IDL and LDL fractions. Because no
apoA-I (Mr < 23 kd, vs. expected 28 kd) was evident in the
LDL fractions, the polyacrylamide gel electrophoresis
studies confirmed that the HDL fraction was essentially
free of LDL. Moreover, apolipoproteins E-1, E-2, and E-3
(Mr < 34.9, 33.3 kd vs. expected 34 kd) and apoC-II and
apoC-III (Mr , 14.4 kd) were primarily in the VLDL/IDL
fractions. Thus, in contrast to the agarose gel results, poly-
acrylamide gel electrophoresis data indicated that there
was little contamination of the LDL fraction by dense IDL.

Therefore, both electrophoresis studies indicated that
similar types of lipoproteins had been isolated by the two
flotation procedures. 

The quantity of protein in comparable fractions was
very similar (Table 1). Although albumin (observed Mr <
69 kd, vs. expected 66 kd) was variably present in the three
fractions (Fig. 3), its contributions were minimal in the
Rapid Flotation procedure. Serum albumin is considered
to be the predominant protein contaminant of lipopro-
teins isolated by ultracentrifugation methods (7, 32). Af-
ter repeatedly experiencing difficulty in removing albu-
min from the HDL fraction by the Havel et al. procedure,
we divided the VLDL/IDL and LDL infranatants between
two tubes before subjecting them to prolonged centrifuga-
tions. Using this dilution technique, we obtained the high-
est quality lipoproteins from Havel’s method for reference
purposes. As judged by agarose gel electrophoresis and
SDS 5–20% PAGE, lipoprotein fractions isolated using our
rapid method were of purity equal to those obtained by
the slightly modified Havel et al. method.

Under these conditions, the total protein recovered
from 1.0 ml plasma by the Havel et al. procedure was ap-
proximately 2.1 mg/ml. Very close to the same amount of
total protein was recovered by the rapid flotation method;
replicate determinations had 3% variability (Methods sec-
tion). Likewise, the amount of protein was virtually the
same in comparable subfractions. Thus, both flotation
methods produced fractions with matching amounts of
apolipoproteins and protein contaminants.

To precisely assess lipoprotein recoveries, the amount
of total cholesterol in each fraction was measured using
GC/MS methods. However, small amounts of cholesterol
were unavoidably lost prior to these analyses. After each
LDL fraction was collected, a volume was discarded from
the top of the remaining solution, the so-called LDL clear
zone. Without removing this amount of solution, the total

Fig. 2. Agarose gel electrophoresis of lipoprotein fractions iso-
lated by the Havel et al. and rapid flotation methods. Fractions con-
taining lipoproteins in an amount equivalent to that present in 1.5–
3 ml of whole plasma were spotted in parallel lanes onto a pre-cast
agarose film. The two HDL fractions were applied to lanes 1 and 2
(starting from the left side); the two LDL fractions to lanes 3 and 4;
the VLDL/IDL fractions to lanes 5 and 6; and the total lipoprotein
fractions (density # 1.21 g/ml) were applied to lanes 7 and 8. Indi-
vidual lipoproteins were resolved using a constant voltage, and visu-
alized using a Fat Red 7B stain. Abbreviations: H, Havel et al.; R,
rapid flotations.

Fig. 3. SDS-PAGE (5–20%) gradient gel electro-
phoresis of denatured lipoproteins isolated by the
Havel et al. and rapid flotation methods. Standards
with molecular weights ranging from 14,400 to
200,000 were applied to the outermost lanes of a 5–
20% SDS-PAGE. Excepting the total lipoprotein frac-
tions (density # 1.21 g/ml), about 10 mg protein
from the fractions isolated by Havel et al. and rapid
flotation methods was applied in the remaining
lanes: HDL to lanes 2 and 3; LDL to lanes 4 and 5;
and VLDL/IDL to lanes 6 and 7. In addition to the
major apolipoprotein B2 (Mr . 200 kD), the small
apolipoproteins E1–3 (Mr < 34 kD) and C2–3 (Mr ,
14.4 kD were also evident on the 5–20% SDS-PAGE
gradient (lanes 6 and 7). To lanes 8 and 9, more
than 10 mg protein of the total lipoprotein fractions
was applied in order to permit ready visualization of
the minor apolipoproteins. The major and minor
apolipoproteins were resolved by applying a con-
stant current, and visualized by staining with Coo-
massie blue. Abbreviations: H, Havel et al.; R, rapid
flotations.
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volume of the sample after the density adjustment would
be larger than the volume of centrifuge tube. The amount
of cholesterol lost to the LDL clear zone represented
2.1% 6 1.1 and 0.4% 6 0.2 of the plasma cholesterol level
(161 mg/dl 6 37, n 5 6), respectively, in the Havel et al.
procedure (1) and the current rapid flotation procedure,
respectively. An additional 0.7% 6 0.7% of cholesterol was
lost to the HDL clear zone in the Havel et al. procedure;
however, no cholesterol was detectable in the HDL clear
zone in the rapid flotation procedure. In summary, 0.4–
2.8% of the total plasma cholesterol was discarded before
the cholesterol content of individual lipoprotein fractions
could be analyzed.

Cholesterol recoveries for the two procedures repre-
sented 96% of the total amount available in whole plasma
(Table 2). Because the experimental error for cholesterol
determinations was less than 1.5% (Methods section),
these results indicated that the cholesterol recoveries were
indeed less than 100%. However, as 0.4% and 2.8% of the
total cholesterol had been discarded with the clear zones,
both procedures accounted for 96.4–98.8% of the lipo-
protein cholesterol originally present in plasma.

Analysis of the cholesterol distributions revealed that
comparable fractions had similar cholesterol contents.
Both flotation procedures yielded similar amounts of cho-
lesterol in the VLDL/IDL fraction, as well as in the LDL
fraction (Table 2). With such variability in the six plasma

samples, only differences of 12% (VLDL/IDL) and 6%
(LDL) would have been detected with a power of 0.83.
Surprisingly, the HDL fraction isolated by the rapid flota-
tion procedure had 12% more cholesterol than the same
fraction isolated by the Havel et al. procedure. However,
because the additional cholesterol represented only 3.4%
(12.2% 3 28.6) of the plasma total cholesterol, the total
recovery and distribution of cholesterol were very similar
for the two flotation methods.

The rapid flotation procedure yielded similar total
amounts of triglyceride as the Havel et al. procedure (Ta-
ble 3). Because the recovery in the Havel et al. procedure
was 103.6% of the total triglycerides originally present in
plasma, this meant that 101% of the total plasma choles-
terol was recovered by the rapid flotation procedure. As
these determinations are within the 5.1% experimental
error (Methods section), the present results indicate that,
like cholesterol, the triglycerides were quantitatively re-
covered from plasma by both flotation procedures.

As with cholesterol, the triglyceride contents of frac-
tions generated by the two flotation procedures were simi-
lar but not identical. Both flotation procedures yielded
similar amounts of triglycerides in the VLDL/IDL frac-
tion, as well as in the LDL fraction (Table 3). With the
variability described in Table 3, only a triglyceride differ-
ence of 8% (VLDL/IDL) and 11% (LDL) would have
been detected with a power of 0.85. In contrast, the HDL
fraction isolated by the rapid flotation procedure had sig-
nificantly more triglyceride (9%) than the HDL fraction
in the Havel et al. procedure. The extra triglyceride repre-
sented only 1.0% (8.9% 3 10.8) of the total triglyceride
present in whole plasma. In conclusion, both the total re-
covery and distribution of triglyceride between the lipopro-
tein fractions were similar for both flotation procedures.

The two flotation methods also generated lipoprotein
fractions with matching triglyceride to cholesterol molar
ratios (Table 4). Closely resembling that found in whole
plasma, the ratio of summed recoveries confirmed that
neither flotation procedure produced differential losses
of the major neutral lipids. Perhaps more importantly,
both flotation procedures generated HDL fractions with
the same molar ratio of triglycerides to cholesterol.
Thus, the HDL isolated by the rapid flotation procedure

TABLE 1. Protein content of fractions isolated by Havel et al. (1)
and rapid flotation procedures

Lipoprotein
Fraction

Havel et al. Flotation
Procedurea

Rapid Flotation
Procedureb

VLDL/IDL 0.151 6 0.053 100.8 6 4.7%
LDL 0.577 6 0.228 99.3 6 1.9%
HDL 1.363 6 0.112 102.4 6 1.1%
Summed protein
in all fractions 2.090 6 0.308 101.8 6 0.6%

aData represent mean mg 6 SD (n 5 6) of protein isolated from
1.0 ml of plasma. The protein contents were directly assayed without
concentrating or desalting the isolated fractions.

b To more readily show differences from the reference method, the
data are presented as mean percent 6 SEM (n 5 6) of the protein
value in the corresponding Havel et al. fraction.

TABLE 2. Lipoprotein recoveries as assessed by GC–MS
quantitation of cholesterol

Lipoprotein
Fraction

Havel et al.
Flotation Procedurea

Rapid Flotation
Procedureb

VLDL/IDL 9.6 6 3.9% 96.0 6 3.3%
LDL 57.8 6 7.3% 97.6 6 1.7%
HDL 28.6 6 9.4% 112.2 6 3.3%c

Summed cholesterol recovery
from all fractions 96.0 6 3.0% 101.1 6 1.3%

aCholesterol contents were directly assayed without concentrating
or desalting the isolated fractions. Data represent mean percent 6 SD (n 5
6) of the total plasma cholesterol concentration (4.17 mm 6 0.96).

b Data represent mean percent 6 SEM (n 5 6) of cholesterol val-
ues in the corresponding Havel et al. fraction.

c This value was different (P 5 0.014) from that found for the HDL
cholesterol isolated by the Havel et al. procedure (1).

TABLE 3. Lipoprotein recoveries as assessed by
enzymatic assay of triglycerides

Lipoprotein
Fraction

Havel et al.
Flotation Procedurea

Rapid Flotation
Procedureb

VLDL/IDL 76.0 6 6.9 96.5 6 2.1
LDL 16.8 6 4.2 93.2 6 3.0
HDL 10.8 6 5.7 108.9 6 1.1c

Summed triglycerides recovered
from all fractions 103.6 6 6.9 97.7 6 2.8

a Triglyceride contents were directly assayed without concentrating
or desalting the isolated fractions. Data represent mean percent 6 SD
(n 5 6) of plasma triglyceride concentrations (0.89 mm 6 0.52).

b Data represent mean percent 6 SEM (n 5 6) of triglyceride val-
ues in corresponding Havel et al. fraction.

c This value was different (P 5 0.0005) from that found for HDL
isolated by the Havel et al. procedure.
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did not have a selective increase in cholesterol relative
to triglycerides.

DISCUSSION

In vivo oxidations of the phospholipid, cholesterol, and
apolipoprotein constituents of lipoproteins may play an
important role in the pathogenesis of atherosclerosis (16,
19, 33, 34). To study lipoprotein oxidations in vitro, the
Havel et al. (1) flotation procedure is the preparative
method most commonly used, and requires several days
for completion (Fig. 1). During this period, the apolipo-
proteins may change or transfer among different classes
of lipoproteins, lipoproteins may be degraded by enzymes
or microorganisms, and lipid autooxidation may occur
(34). Recently, more rapid methods for preparing plasma
lipoprotein fractions have been proposed that use table-
top ultracentrifuges with higher g force capacities (7–10).
These brief reports described the details of conditions to
achieve faster separations; however, data demonstrating
the completeness and reproducibility of the plasma lipo-
protein separations were not presented. Moreover, most
of the studies with tabletop ultracentrifuges were carried
out at room temperature, which may allow significant
autooxidation to occur; free radicals are readily formed
from unsaturated fatty acids at room temperature as well
as at physiological temperature (35, 36).

Recently, Cathcart et al. (9) reported that VLDL could
be isolated in 2.5 h at 48C using a tabletop centrifuge and
rotor. However, they also concluded that the isolation of
VLDL under these conditions was not very reproducible,
with an RSD of 50% and 34.2% for 0.38 and 0.76 mm cho-
lesterol, respectively. If one considers the temperature ef-
fects, the k factors in the Havel et al. (1) (k 5 90 ) and
Cathcart et al. (9) (k 5 14) procedures, plus the time re-
quired to isolate VLDL in the Havel procedure (20 h), it
can be calculated from k1/t1 5 k2/t2 that at least 4.3 h are
required to isolate VLDL with the centrifuge and rotor
used by Cathcart et al. In agreement with these calcula-
tions, we were unable to isolate VLDL at 48C in less than
4.0 h. To ensure a reproducible isolation of VLDL/IDL,
we elected to routinely use 4-hr centrifugations.

In the present study, three lipoprotein fractions, VLDL/
IDL, LDL and HDL, were isolated at 48C in 4, 5, and 9 h,
respectively. The summed recovery of cholesterol and tri-
glycerides by this rapid flotation procedure was essentially
identical to that determined with the Havel et al. (1)
method, and was very close to that of whole plasma. In
early studies with the rapid flotation procedure, two fac-
tors were found to be critical for minimizing sample losses
and obtaining quantitative recoveries. First, a continued
sharpness of the Teflon-covered blade in the tube slicer
was important because leaks around the blade frequently
developed within 10 to 15 cuts. Second, the inner surface
of the cut tubes and the surface of the blade had to be
thoroughly washed after each transection. Close attention
to these two details was critical in achieving quantitative
recoveries.

The distribution of lipoproteins, apolipoproteins, pro-
tein, cholesterol, triglycerides, and proteins among rap-
idly floated lipoproteins was similar to that of the Havel et
al. method. Qualitatively, the same lipoproteins and apolip-
oproteins were present in comparable fractions subjected
to electrophoresis; thus, the distribution of lipoproteins
between the various fractions did not undergo major alter-
ations due to the use of very high centrifugal forces. How-
ever, 9–12% more triglycerides and cholesterol were
present in the rapidly floated HDL than in the Havel et al.
floated HDL. It is possible that this increase resulted from
a redistribution of a small amount of LDL to the HDL
fraction, because both fractions possessed a similar triglyc-
eride to cholesterol molar ratio (Table 4). Moreover,
Leonhardt, Pietzsch, and Nitzsche (37) noted that use of
an increased centrifugal force decreased the recovery of
LDL cholesterol by 9%. Although the amount of protein
in comparable fractions was similar for the two flotation
procedures (Table 1), the LDL fraction contained five
times more cholesterol per mg of protein than did the
HDL fraction (Tables 1, 2). Therefore, a small amount of
LDL cholesterol and triglyceride may have been redistrib-
uted to the HDL fraction, and been accompanied by an
amount of apolipoprotein too small to be quantified
(Table 1) or visualized (apolipoprotein A-I in Fig. 2). Alter-
natively, the increased cholesterol and triglyceride levels
found may have reflected an improved recovery of HDL
in the rapid flotation procedure. During the isolation of
lipoprotein using the Havel et al. flotation procedure,
2.8% of the total cholesterol was discarded from the LDL
and HDL infranatants; in contrast, only 0.4% of the total
cholesterol was discarded in the rapid flotations. Thus,
2.4% more cholesterol was available to be isolated as HDL
by the rapid flotation method. This difference accounts
for over two-thirds (8.4% 5 2.4/28.6) of the 12% increase
in rapidly floated HDL (Table 2). Thus, although both
possibilities may have contributed to the observed in-
crease in HDL cholesterol and triglycerides with the rapid
flotation procedure, most of the increase was probably
due to an improved recovery of HDL. Perhaps more im-
portantly, a 9–12% increase in HDL lipids reflects less
than 1–4% of the cholesterol and triglyceride levels in
whole plasma.

TABLE 4. Triglyceride to cholesterol molar ratios in fractions
isolated using Havel et al. (1) and rapid flotation procedures

Lipoprotein
Fraction

Havel et al.
Flotation Procedurea

Rapid Flotation
Procedureb

VLDL/IDL 1.68 6 0.48 100.9 6 2.8
LDL 0.06 6 0.02 95.6 6 3.4
HDL 0.07 6 0.02 97.5 6 3.0
(Summed triglycerides)

(Summed cholesterol) 0.22 6 0.10 96.7 6 1.7

Whole plasma 0.21 6 0.10

aData represent the mean 6 SD (n 5 6) of the triglyceride to cho-
lesterol molar ratios.

b Data represent the mean percent 6 SEM. (n 5 6) of values in the
corresponding Havel et al. fraction.
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Concerning accuracy, the rapid flotation procedure
produced lipoprotein fractions with cholesterol concen-
trations comparable to values published in the Havel et al.
study, as well as to those in more recent flotation proce-
dures (Table 5). The summed 97% total recovery fell
within the 92–101% range observed for these three stud-
ies. Moreover, the 59% LDL and 31% HDL values were al-
most identical to the Havel et al. values, and within the
49–70% and 25.4–33% range observed for healthy French
and Swedish volunteers (7, 38). Similar to our findings
with the Havel et al. procedure, Brousseau et al. (7) also
reported that 4.4% of the total cholesterol was present in
a fraction with density greater than 1.2 g/ml. The 10%
cholesterol in rapidly floated VLDL/IDL was close to the
corresponding Havel et al. 13% value, and between the
5.5 –12.9% range reported in the two other studies. Thus,
based on cholesterol determinations, the rapid flotation
procedure produced reasonable estimates of lipoprotein
concentrations.

The rapid flotation procedure also generated lipopro-
tein fractions with triglyceride concentrations comparable
to recent published values (Table 5; triglyceride concen-
trations were not determined in the original Havel et al.
study). A summed triglyceride recovery of 100% by the
rapid flotation procedure was within the 94–102% range
observed for the two recent studies. Moreover, the 9.0%
HDL and 76% VLDL/IDL were comparable to the 9.5–
11.0% and 64% values observed for samples from healthy
French and Swedish volunteers (7, 38). However, the 15%
LDL isolated by the rapid flotation procedure was barely
more than half the 23–26% observed for European and
Swedish volunteers (7, 38). Thus, with the possible excep-
tion of the LDL fraction, the rapid flotation procedure
yielded lipoprotein fractions with reasonable triglyceride
distributions.

In conclusion, the lipoprotein profiles derived by rapid
flotations were very similar qualitatively and quantitatively
to those generated by the Havel et al. procedure (1).
Thus, by use of a simple benchtop centrifuge, lipoproteins
from up to 10.0 ml of plasma (or ten 1.0-ml plasma sam-
ples) could be isolated in 1 day for chemical characteriza-

tion and biological testing. Because lipoprotein autooxi-
dation and redistributions during processing were not
assessed in the present study, future studies are needed to
determine the extent to which rapid flotations at low tem-
peratures reduce autooxidation, and whether specific
lipid classes, such as phospholipids with high levels of
polyunsaturated fatty acids, are protected.
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