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Lipids (fatty acids) at a concentration range of 10–100�g/L are essential components included in most serum-free cell culture m
ormulations. A gas chromatography/mass spectrometry (GC/MS) method for the micro-quantitation of lipids, determined as fatty a
sters (FAMEs), in complex serum-free cell culture media was developed. The interference of derivatizing reagents, extraction s
edium additives in the micro-quantitation of lipids was also examined. The results show that the concentration of fatty acids such
nd stearic acids detected in derivatizing reagents or extraction solvents was in the range of 10–230�g/L. Tween-80, a surfactant and medi
dditive, produced nearly 20 FAMEs alone when methylated using a derivatizing agent. Moreover, the surfactant Pluronic F-68,
dditive, interfered in the FAME recovery. Procedures, which include use of low volumetric ratio of reagent to medium and precip

he above surfactants, were developed to minimize background FAMEs to levels which do not significantly affect the quantitation o
ipids and to diminish the interference caused by Pluronic F-68. Fatty acid concentrations in several complex serum-free culture m
uantitated by this method and were very close to the values indicated in their formulations.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Lipids are very important constituents of cells. They are
he main components of membranes and provide permeabil-
ty barriers that are essential for cell survival and function.

ost serum-free cell culture medium formulations include
ssential fatty acids to replace the growth-promoting proper-

ies of the lipid components of serum[1]. Fatty acids are
ne type of lipids; however, the terms of lipids and fatty
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acids will be employed without distinction throughout t
text. The concentration of the essential fatty acids in m
classic mammalian cell serum-free media[2] and currently
available proprietary serum-free media is usually in the ra
of 10–100�g/L (ppb). The lipid concentration in insect c
serum-free media however is much higher, in the rang
1000�g/L [3]. Supplements of fatty acids in serum-free
culture media have been recognized as essential to stim
cell growth [4,5] and to improve the robustness of cells
agitated cultures[6].

Accurate and precise quantitation of lipids in cell cult
media is important for media quality control and in metab
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study of lipids in cell culture processes[7]. Gas chromatog-
raphy coupled with mass spectrometry (GC/MS) has been
extensively used for the quantitation of lipids through fatty
acid analysis[8]. In this quantitation process, fatty acids in
samples are converted into fatty acid methyl esters (FAMEs).
The derivatizing methods for the preparation of FAMEs have
been reviewed by Blau and Darbre[9]. However, most of
these methods have been applied to standards or samples
containing milligrams of lipid-dominant components. The
potential interference from impurities in derivatizing reagents
and solvents, which might be critical in the lipid micro-
quantitation, was not considered in these methods. In ad-
dition, some components, such as the non-ionic surfactants
Tween-80 (or known as polyxyethylene sorbitan monooleate,
Merck Index 7742) and Pluronic F-68 (PF-68, also known
as poloxamers or polyethylenepolypropylene glycols, Merck
Index 7722), in complex cell culture media could potentially
interfere in the lipid quantitation. For example, fatty acid es-
ters will be generated once Tween-80 is methylated using a
derivatizing agent, impairing the quantitation of “real” lipids
in the media. As well, the emulsification properties of PF-
68 interfere in lipid extraction and recovery. To our knowl-
edge, there are no reports that describe quantitative analysis
of lipids at micro levels (<100�g/L) in complex culture me-
dia.
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37 component FAME mix (Catalog No. 47885-U), a chem-
ically defined lipid mixture (Catalog No. L 0288), Tween-
80, Pluronic F-68 and sodium chloride were purchased from
Sigma, and the last three chemicals are cell culture grade.
New glasswares were used in the experiments except for
micro-reaction vessel and separatory funnel. The latter were
carefully cleaned, rinsed twice with CH2Cl2 and then with
methanol, and dedicated to this experiment only. Rubber
glove was always worn during the sample preparation.

The mammalian cell culture media included DME/F-12
(1:1 mixture), Medium 199 (both from Sigma), DM- (a cus-
tomized medium from BioWhittaker, Walksersville, MD),
293F, LC-SFM (both from Invitrogen, Burlington, Ont.) and
NSFM 13 (a NRC proprietary medium). The insect cell cul-
ture media used included Sf-900 II (Invitrogen), Ex-Cell 405
(JRH Biosciences, Lenexa, KS) and IPL 41 (Sigma). A com-
plete IPL 41 medium was prepared by supplementing the IPL
41 basal medium with a lipid mixture according to Inlow et
al. [3].

2.2. Examination of background fatty acid signals due to
derivatizing reagents

Effects on the background signal caused by varying the
amount of BF3 agent (10% BF3–methanol, Fluka), reaction
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The objectives of the present study were to examine
nterference of media components and chemical reage
he micro-quantitation of lipids, and to eliminate or at le
inimize their interferences in order to develop an accu
ethod for micro-quantitation of lipids in serum-free c

ulture media.

. Experimental

.1. Reagents and solutions

BF3–methanol solutions, having concentrations of3
f 10 and 14%, were purchased from Sigma (St. Lo
O), Supelco (Bellefront, PA) and Fluka Chemie Gm

Buchs, Germany), respectively. SAP-ESTER Kit (con
ng of reagent A; 0.5N methanolic NaOH and reagen
4% BF3/methanol) was purchased from Alltech Associa

nc. (Deerfield, IL). All BF3 reagents were stored at 4◦C and
sed within 2 months upon receipt. Hexane and ethyl ac
OmniSolv grade), methanol and dichloromethane (O
olv HR-GC grade), and chloroform (GR ACS grade) w
ll obtained from EM Science (Merck KgaA, Darmsta
ermany). Acetyl chloride (99+%) and nonadecanoic

99%) were purchased from Aldrich (Milwaukee, WI). T
Cl–methanol reagent was prepared by slowly adding 2
cetyl chloride to 10 ml of methanol at−20◦C. Ammonium

hiocyanate and cobalt nitrate were purchased from S
nd are ACS reagents. The cobalt thiocyanate solution
repared by dissolving 3 g of cobalt nitrate and 20 g of
onium thiocyanate in 100 ml of Milli-Q water. SupelcoTM
emperature and length of reaction were examined by a
xperiments carried out in 5 ml micro-reaction vessels
elco). Two levels were chosen for each parameter: 0.2
.5 ml of 10% BF3–methanol solution, 60 and 90◦C, and 10
nd 60 min. Following the reaction, the samples were co

o room temperature and then mixed with 0.5 ml of NaCl
rated water before extraction with 2× 0.5 ml of hexane. Th

op organic layers were pooled in 2 ml glass vials and he
as then evaporated under vacuum. The dried extrac
issolved in 100�l of ethyl acetate for subsequent GC/M
nalysis. The background of other BF3 agents was examine
y using 2.5 ml BF3 agent and heating at 60◦C for 10 min.

A similar approach was used to assess the fatty acid
round of the HCl–methanol derivatizing reagent. The

evels chosen for each parameter were 0.20 and 2.0 ml
eagent, 70 and 90◦C, and 30 and 120 min.

.3. Examination of background fatty acid signals due t
olvents and other chemical reagents

Ten milliter of CH2Cl2 or CHCl3 was evaporated unde
itrogen stream. The residues were derivatized with 0.2
f the HCl–methanol reagent at 70◦C for 30 min. The back
round sample for acetyl chloride was prepared by extra
.20 ml acetyl chloride with 2× 0.5 ml CH2Cl2, evaporat

ng CH2Cl2, and derivatizing the residue. The backgro
f methanol was prepared by evaporating 2 ml of meth
nd derivatizing the residue. A sample representing a po
ackground from chemicals (1 ml of hexane, 100�l of ethyl
cetate and 0.5 ml of NaCl saturated water) was also pre

or subsequent GC/MS analysis of suspected FAMEs.
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Fig. 1. Scheme of the preparation of FAME sample from medium extract for GC/MS analysis.

2.4. Preparation of FAMEs from serum-free cell culture
media

Fifty millilitres of mammalian or insect cell culture
medium was added into a 125 ml separatory funnel and
treated with 6 N HCl solution to convert any fatty acid salts to
free acids. The fatty acids were extracted with CH2Cl2 (2 ×
5 ml) by vigorously shaking the mixture for about 1 min. The
organic layer was collected in a 5 ml micro reaction vessel,
and evaporated to dryness under a gentle stream of nitro-
gen gas. The preparation of FAME samples from the dried
medium extract is schematically illustrated inFig. 1, showing
that the procedure was dependent on the medium composi-
tion. Following this strategy, the sample derivatization was
carried out by reacting with 0.25 ml of 14% BF3–methanol
solution (Sigma) at 60◦C for 10 min, and the FAME extrac-
tion was performed by repeatedly extraction with hexane (5
× 0.5 ml). The procedures for Tween-80 removal and PF-68
precipitation are detailed below.

2.5. Examination of background from Tween-80

A medium extract prepared from Medium 199 or IPL 41
(both containing Tween-80 in their formulations) was dis-
s ml
o -80
( the
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l ere
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t out
T

2.6. Effect of PF-68 presence on FAME extraction and
recovery

A set of medium extracts, each prepared from 50 ml of
DME/F12 medium spiked with 100�l of the FAME mixture
(containing 37 FAMEs) and 50�l of 25 mg/L nonadecanoic
acid methanol solution, were derivatized with BF3–methanol.
Some derivatized samples were spiked with 200�l of 200 g/L
PF-68 methanol solution before the extraction with 0.5 ml
hexane.

Phase separation for samples containing PF-68 was per-
formed by either centrifugation at 2000× g for 5 min or by
precipitation. The later was achieved by mixing the sample
with 0.70 ml of cobalt thiocyanate solution. After the phase
separation, the top hexane layer was transferred to a 2 ml
glass tube. Some samples were extracted further with 0.5 ml
hexane while others with 4× 0.5 ml hexane. No additional
cobalt thiocyanate was added after the first extraction.

2.7. GC/MS analysis of FAMEs

The analysis and quantitation of FAMEs were carried out
using an HP6890 gas chromatograph coupled with a 5973
mass-selective detector (Agilent Technologies, Palo Alto,
CA). The GC column was a SP-2330 (Supelco, Oakville,
O
t ne
m col-
u
r de-
t ctra
w and
i are.
T rch
olved in 0.45 ml of methanol, and then mixed with 0.15
f the cobalt thiocyanate solution to precipitate Tween
and PF-68 if any). Separation of the lipid fraction from
ween-80 precipitate was preformed by multiple extrac
f the mixture with 5× 0.5 ml of hexane. The recover

ipids (fatty acids and/or FAMEs) in the hexane layer w
hen derivatized. For comparison, parallel sets of medium
ract from Medium 199 or IPL 41 were derivatized with
ween-80 precipitation.
nt.) capillary column (30 m× 0.20 mm i.d., 0.20�m film
hickness). Helium carrier gas flow-rate was 1 ml/min. O
icroliter of sample was injected in splitless mode. The
mn temperature was programmed from 100 to 250◦C at a
ate of 10◦C/min. The temperature of both injector and
ector was 280◦C. Full scan electron ionization mass spe
ere obtained over a range of 50–500 u. Data collection

ntegration were performed with HP Chem Station softw
he identification of FAMEs was performed by library sea
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Table 1
Fatty acid background detected in derivatizing reagents

Derivatizing reagent Fatty acid concentration (�g/L)a

C14:0 C16:0 C16:1 C18:0 C18:1 C18:2

10% BF3–methanol (Fluka) – 118± 3c – 205± 21 – –
14% BF3–methanol (Sigma) – 104 – 110 12 –
10% BF3–methanol (Supelco) – 60 – 138 8 –
SAP-ESTER kit (Alltech) 58± 5 179± 12 47± 9 96± 9 82± 9 18± 8
HCl–methanolb – 56± 20 – 229± 12 – –
Acetyl chloride (Aldrich) – 450 – 775 – –

Note: methylation with BF3–methanol was conducted at 60◦C and for 10 min, while the methylation with HCl–methanol was at 70◦C and for 30 min.
a Fatty acids: C14:0 (myristic acid), C16:0 (palmitic acid), C16:1 (palmitoleic acid), C18:0 (stearic acid), C18:1 (oleic acid) and C18:2 (linoleic acid).
b HCl–methanol was prepared by adding 2 ml of acetyl chloride to 10 ml of methanol at−20◦C.
c The standard deviation was from duplicate tests.

and comparison with standard compounds when applicable.
The concentration of FAMEs in the sample was either quanti-
tated by comparison with an external standard prepared from
the SupelcoTM 37 component FAME mix or using nonade-
canoic acid (C19:0) as internal standard.

3. Results and discussion

3.1. Analysis of background signals

3.1.1. Derivatizing agents
Table 1 shows that fatty acids such as palmitic acid

(C16:0), stearic acid (C18:0) and oleic acid (C18:1)
were detected in the background generated from different
BF3–methanol reagents, such as those from Fluka, Sigma and
Supelco. However, pronounced concentrations of other fatty
acids such as palmitoleic acid, oleic acid and linoleic acid
were also detected in the background generated from some
lots of the SAP-ESTER Kit (Alltech). FAMEs at lower con-
centrations were also detected in the samples prepared from
BF3 reagents without the heating step (60◦C at 10 min), in-
dicating that some of the fatty acid background in the BF3
reagents were present as FAMEs. No artifacts, such as the for-
m ugh
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when the sample was heated to elevated temperatures and/or
extended duration, which may be due to enhanced conversion
of fatty acids to FAMEs under more vigorous conditions.

In general, we found that the concentration of individual
fatty acid (typically C16:0 and C18:0 detected as FAMEs) in
derivatizing agent could be as high as 230�g/L. The amount
of these fatty acids added by the derivatizing agent during the
sample preparation process is proportional to the volume of
reagent, and their influence on the medium lipid quantitation
varies inversely to the employed medium volume. In other
words, the influence of interfering fatty acids on the medium
lipid quantitation is directly related to the volumetric ratio
of derivatizing agent to medium, or called “dilution factor”.
For example, when 2.5 ml of reagent (typically suggested by
manufacturer) is used to derivatize a medium extract pre-
pared from 5 ml of medium (ratio = 0.5), the concentration
of individual interfering compound (such as C18:0) added
by the reagent could be as high as 115�g/L when reported
as the result of medium lipid quantitation. This concentra-
tion is in the same concentration range of lipid present in
mammalian cell culture media; therefore, background con-
centrations from the derivatizing agents could significantly
affect the quantitation of lipid concentrations in the medium.
However, the interference of C18:0 can be reduced to less
than 2�g/L if the medium volume is increased to 50 ml and
t ratio
= ple
p

pop-
u e
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r l
r non-
f und;
t bse-
q

3
om-

m ding
o ound
ation of methoxylated fatty acids, were detected, altho
F3 has been reported to produce this type of compound[10].
Results from the examination of 10% BF3–methano

eagent (Fluka) under different experimental conditions s
hat the background fatty acid concentrations increased
ncreasing amounts of BF3 reagent used in the derivatizi
rocess, while the reaction temperature and duration di
ontribute significantly (data not shown).

We also detected fatty acids (C16:0 and C18:0,Table 1)
nd many other non-fatty acid components in the backgr

rom the HCl–methanol reagent (results not shown). A
t was found that impurities in the acetyl chloride wer

ain source of the background. The effect of experime
onditions on the fatty acid background (data not sho
ndicates that, in general, the background of C16:0 and C
ncreased when the volume of the HCl–methanol reagen
ncreased. Furthermore, the background was slightly h
he volume of derivatizing reagent is reduced to 0.25 ml (
0.005). This ratio (0.005) was used in the medium sam

reparation.
BF3 and HCl–methanol reagents are two of the most

lar reagents for esterification[9]. Table 1shows that th
atty acid backgrounds from BF3–methanol or HCl–methan
eagents were in the same range. However, BF3–methano
eagent provided rapid methylation and produced less
atty acid components that also contribute to the backgro
herefore, it was chosen as the derivatizing agent for su
uent samples prepared from cell culture media.

.1.2. Organic solvents
Table 2shows that C16:0 and C18:0 fatty acids were c

on contaminants in most of the solvents used. Depen
n the reagent grade and supplier of solvent, the backgr
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Table 2
Fatty acid background detected in chemical reagents

Reagent Source Fatty acid concentration (�g/L)a

C14:0 C16:0 C18:0

Dichloromethane EM Science, OmniSolv HR-GC grade – 6 12
Dichloromethane Aldrich, pesticide residue analysis grade 6 88 192
Chloroform EM Science, GR ACS 3 36 63
Methanol EM Science, OmniSolv HR-GC grade – 30 50

a Abbreviation as inTable 1.

fatty acid concentration (such as C18:0) varied from 12 to
192�g/L. Also like the derivatizing agent, the influence of
fatty acid background from solvents on the medium lipid
quantitation was also dependent on the volumetric ratio of
solvent to medium. The fatty acid (such as C18:0) contributed
by the three different chlorinated solvents to the medium
lipid quantitation would vary from 3 to 40�g/L when 10 ml
of each solvent would be used to extract 50 ml of medium
(the solvent/medium ratio was 0.2 and this ratio was used in
the medium sample preparation). No fatty acid methyl es-
ters were detected in the sample representing a pooled back-
ground from chemicals (1 ml of hexane, 100�l of ethyl ac-
etate and 0.5 ml of NaCl saturated water).

The presence of small amounts of fatty acids in organic
solvents may be due to contamination during the manufac-
turing and packaging processes in the form of leachates from
plasticizers used in the container caps. Plasticizers commonly
consist of fatty acids esterified with ethyl-, butyl-, and longer-
chain alcohols[11]. Fatty acid contamination from plastic
packaging has been frequently reported by laboratories in-
terested in lipid quantitation[12]. Our experimental results
indicate that most organic solvents were common sources of
trace fatty acid contaminants, and solvents with the highest
purity should be used in micro lipid quantitation procedures.
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from 3 to 80�g/L or in the range of 0.2–5.6% of the oleic acid
concentration. The concentrations of these fatty acids are sig-
nificant when compared to the lipid concentrations (from 10
to 100�g/L) found in mammalian cell culture media. These
fatty acids generated from Tween-80 will no doubt cause a
severe positive bias in lipid quantitation in media containing
Tween-80. Many fatty acids detected in Medium 199 were
probably from impurities originally present in the oleic acid
that was used to produce Tween-80.

The influence of Tween-80 in cell culture media on the
fatty acid profile was further examined by analyzing fatty acid
compositions in the DME/F12 medium spiked with 5 mg/L of
Tween-80 (Sigma) and in the chemically defined lipid (con-
taining 2200 mg/L of Tween-80) from Sigma (Catalogue No.
L0288). The detected fatty acids were compared to those
listed in their respective formulations. Experimental results
(data not shown) revealed that additional fatty acids were de-
tected in the DME/F12 medium spiked with Tween-80 and
in the chemically defined lipid.

To minimize the interference of Tween-80 in the medium
lipid quantitation, Tween-80 in the medium extract was pre-
cipitated by forming a complex with cobalt thiocyanate[13].
The principle of precipitation is based on that the oxygen
groups in the polyether chain of non-ionic detergents (such
as Tween-80 or PF-68) complex with an inorganic cation
( re-
a uce
a and
i
s dra-
m e the

F ntifi-
c

.2. Effect of medium additives on quantitation of
AMEs

.2.1. Tween-80
Tween-80 is a component in the lipid supplement

ell culture, and is included in formulations of some me
Sigma catalogue, 2002). Oleic acid methyl ester is ge
ted when the medium extract containing Tween-80 is me

ated by derivatizing agents. To investigate the influenc
ween-80 in the medium on FAME quantitation, we ch
chemically defined classical medium, Medium 199 w

ontains 20 mg/L of Tween-80. According to the med
ormulation provided by the manufacturer, Tween-80 is
nly fatty acid producing component in this medium (Sig
atalogue, 2002).Fig. 2 shows the GC/MS total ion chr
atogram of the sample prepared from Medium 199,
lso indicates that the relative retention time of each pe

he internal standard ranges from 0.61 to 1.1. The ident
ion and quantitation of the peaks presented inTable 3shows
hat, in addition to 1415�g/L of oleic acid methyl ester, oth
atty acids were also detected, and their concentrations ra
ammonium or cobalt ion) to form oxonium ion which
cts with a relatively large anion (thiocyanate) to prod
salt. This salt precipitates out from aqueous solution

s then separated from the lipid fraction.Table 3(column 4)
hows that the fatty acid background from Tween-80 was
atically reduced when Tween-80 was removed befor

ig. 2. FAMEs generated from Tween-80 present in Medium 199. Ide
ation and quantitation of the peaks were listed inTable 3.
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Table 3
Effect of Tween-80 removal (TWRV) on the fatty acids and their concentrations detected in the Medium 199 (M199) and 293F

Peak # Fatty acids Fatty acid concentrations (�g/L)

M199 without TWRV M199 with TWRV 50% M199 + 50%
293F with TWRV

1 Myristic acid (C14:0) 39.9± 2.7 6.1± 1.5 4.7± 2.1
2 Myristoleic acid (C14:1) 11.5± 0.8
3 Pentadecanoic acid (C15:0) 2.3± 0.3
4 Palmitic acid (C16:0) 22.9± 0.9 12.2± 1.1 12.9± 4.0
5 C16:1 isomera 7.2± 0.2
6 Palmitoleic acid (C16:1) 82.6± 3.0 5.1± 0.9 2.5± 0.7
7 C16:1 isomera 14.3± 2.4
8 Heptadecanoic acid (C17:0) 2.9± 0.7
9 Heptadecenoic acid (C17:1) 23.1± 1.8

10 Stearic acid (C18:0) 11.3± 1.6 9.3± 2.3 11.2± 5.9
11 Oleic acid (C18:1) 1572± 222 142.3± 8.2 77.9± 14.7
12 C18:1 isomera 5.2± 4.6
13 Linolelaidic acid (C18:2) 3.2± 1.5
14 Linoleic acid (C18:2) 4.2± 0.7 30.4± 4.5
15 Arachidic acid (C20:0) 0.3± 0.2
16 C18:2 isomera 10.5± 1.2
17 Eicosenoic acid (C20:1) 14.2± 4.7
18 C18:2 isomera 10.2± 0.6
19 C18:2 isomera 28.7± 3.0

a The concentration of these fatty acids was calculated by using the same response factor of the known isomer.

derivatization of the medium extract. As a result of the precip-
itation procedure there was a 91% reduction in the oleic acid
concentration, indicating that most Tween-80 was removed.
Small amounts of other fatty acids were more likely from the
derivatizing agent and solvent as previously mentioned. To
verify whether the Tween-80 removal would affect the recov-
ery of fatty acids and accuracy of medium lipid quantitation,
the lipid concentration in a medium mixture (50% medium
199 and 50% 293F) was analyzed by applying the Tween-80
removal process. The experimental data shows that 60% of
linoleic acid was recovered, but the concentration of linoleic
acid (30.4± 4.5�g/L, Table 3) detected by an internal stan-
dard method was close to 30�g/L, or 50% of the 60�g/L
linoleic acid included in the 293F medium formulation. Re-
sults from additional experiments indicate the recovery of
fatty acids was dramatically improved to higher than 90%
if the individual fatty acid in media was at higher concentra-
tions such as 200�g/L. This result suggests that the process of
Tween-80 removal may affect the recovery of fatty acids, but
would not significantly affect the accuracy of medium lipid
quantitation if an appropriate quantitation method is used.

The interference caused by the presence of Tween-80
(25 mg/L) in the lipid quantitation of IPL-41 medium which
has complex and high FAME concentrations is presented in
Table 4. Since the lipid mixture added to the IPL-41 medium
w ffi-
c
f
c s in
t ta in
T s in
t uch

higher than that in the control, while the concentration of
other fatty acids was very close to those found in the con-
trol. With the removal of Tween-80, the concentration of all
fatty acids detected was close to the control. These results
also indicate that, due to the high lipid concentration present
in the insect cell culture medium, the fatty acids (even oleic
acid) generated from the residual Tween-80 after its removal
did not dramatically change the fatty acid concentrations de-
tected in the medium. Data from the analysis of other media
(not shown) also indicate that, except for oleic acid, other
fatty acids from Tween-80 were eliminated by the Tween-
80 removal procedure. Based on the above results, we can
conclude that it is feasible to accurately quantitate FAMEs
and fatty acids (except for oleic acids) in the serum-free me-
dia containing Tween-80 after precipitation with cobalt thio-
cyanate.

3.2.2. Influence of PF-68 on the extraction and recovery
of FAMEs

PF-68, another synthetic non-ionic surfactant, is usually
added in serum-free media at concentrations in the range of
0.3–1 g/L to protect the cells from shear stress, typically in
sparged bioreactors. During the extraction of lipids from the
medium using CH2Cl2, up to 90% of the PF-68 was also
extracted. The presence of a large amount of the extracted
P seri-
o ith
h eous
p anic
p ence
o Es,
s ented
as prepared from cod liver oil FAMEs, it was possible to e
iently extract them from the medium using CH2Cl2. There-
ore, the result obtained by the direct extraction (Table 4,
olumn 2) represented the real concentration of FAME
he IPL 41 medium and was used as a control. The da
able 4reveal that the concentration of some fatty acid
he sample prepared without Tween-80 removal was m
F-68 in the BF3–methanol derivatized sample caused a
us emulsification problem during the FAME extraction w
exane, making the separation of the organic and aqu
hases very difficult and causing poor recovery of the org
hase, which includes the FAMEs. To evaluate the influ
f the presence of PF-68 on the recovery of different FAM
amples were prepared from FAME standard supplem
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Table 4
Effect of Tween-80 removal (TWRV) on the fatty acid concentrations detected in IPL-41 mediuma

Fatty acids Fatty acids (�g/L) detected in samples prepared under different proceduresa

P1: direct extraction P2: w/o TWRV P3: with TWRV

Myristic acid (C14:0) 363 513 305
Pentadecanoic acid (C15:0) 23 36 26
Palmitic acid (C16:0) 1076 1432 1060
Palmitoleic acid (C16:1) 792 1096 724
Heptadecanoic acid (C17:0) 95 124 98
cis-10-Heptadecenoic acid (C17:1) 51 137 52
Stearic acid (C18:0) 250 380 276
Elaidic acid (C18:1n9t) 57 256 65
Oleic acid (C18:1n9c) 1709 6268 2077
C18:1 isomerb 589 1007 572
Linoleic acid (C18:2n6c) 254 297 262
Arachidic acid (C20:0) 12 12 14
Linolenic acid (C18:3n3) 103 106 105
cis-11-Eicosenoic acid (C20:1) 1194 1167 1151
C20:1 isomerb 195 556 190
C18:3 isomerb 31 30 31
cis-11,14-Eicosadienoic acid (C20:2) 6 9 7
cis-11,14,17-Eicosatrienoic acid (C20:3n3) 59 63 62
Arachidonic acid (C20:4n6) +cis-11, 14, 17-eicosatrienoic acid (C20:3) 980 896 1034
Erucic acid (C22:1n9) 74 79 83
C20:4 isomerb 83 85 86
cis-5,8,11,14,17-Eicosapentaenoic acid (C20:5) 591 613 614
Nervonic acid (C24:1) 71 74 67
cis-4,7,10,13,16,19-Docosahexaenoic acid (C22:6n3) 1343 1481 1449

a The fatty acids in IPL-41 medium were added as methyl esters (FAMEs). P1: a direct extraction of this medium, without methylation of medium extract,
original fatty acid composition. P2: methylation without Tween-80 removal. P3: methylation with Tween-80 removal.

b Noted as inTable 3.

DME/F12 medium, which does not contain PF-68 in its for-
mulation. Some derivatized samples were spiked with 40 mg
of PF-68 (equivalent to the amount extracted from 50 ml of
medium containing PF-68 at 1 g/L) to mimic the effect of
PF-68 on the FAME extraction, and to compare recoveries in
the presence and absence of PF-68. Experimental data (not
shown) indicate that the recovery of 28 individual FAMEs
(from C14 to C24 with different saturations) in the controls
without PF-68 was higher than 80%. In contrast, FAME re-
covery in the sample in presence of PF-68 and extracted twice
with hexane was very low, ranging from 2 to 22%. In fact, the
phase separation was very poor even after the sample was cen-
trifuged at 2000× g for 5 min, and only a small portion of the
hexane extract was recovered. By increasing the number of
hexane extractions to five, the FAME recovery was improved,
ranging from 20 to 86%. However, individual FAME recov-
ery, especially saturated FAMEs with long carbon chains, was
still low.

With the addition of 0.7 ml of cobalt thiocyanate solution
to the derivatized sample, the PF-68 was immediately pre-
cipitated, resulting in a clear separation of the organic and
aqueous phases. The experimental data (not shown) indicate
that, with the precipitation of PF-68, the recovery of FAMEs
was dramatically improved in the sample extracted twice with
hexane. The recovery of most FAMEs was higher than 80%.
W , the
r ore

than 85% for most FAMEs except for C22:0, C23:0, C24:0
and C24:1. The recoveries of these four FAMEs ranged from
50 to 71%. Similar effects of the presence of PF-68 on the
recovery of FAMEs were observed when media containing
1 g/L PF-68 was used for the sample preparation (data not
shown).

3.3. Quantitation of lipid in serum-free cell culture
media

3.3.1. Mammalian cell culture medium
Fatty acid concentrations in 5 different media with vari-

ous concentration of PF-68 were quantified using C19:0 as
an internal standard after precipitating PF-68.Table 5(col-
umn 7) shows that linoleic acid was the sole fatty acid in-
cluded in the formulation of most mammalian cell culture
media and its concentration quantitated by our process was
very close to its formulation data. The data also show that
the presence of PF-68 at various concentrations (0–1 g/L) as
shown in column 8 did not affect the accuracy of lipid quan-
titation. Some other fatty acids, such as C16:0 and C18:0, not
included in the medium formulation, were also detected but
at much lower concentrations. The presence of these fatty
acids was more likely a result of the contribution of the
e oned
p

hen the sample was extracted five times with hexane
ecovery of FAMEs was further improved, reaching m
xtraction solvent and the derivatizing agent as menti
reviously.
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Table 5
Fatty acids detected in serum-free cell culture media with defined fatty acid and PF-68 concentrations in their formulations

Medium Fatty acidsa detected (�g/L) Fatty acid (�g/L) and PF-68 (g/L) included
in the medium formulation

C16:0 C16:1 C18:0 C18:1 C18:2 C18:2 PF-68

DME/F12 7.3± 0.7 0.5± 0.7 9.5± 2.4 1.4± 0.2 40.9 ± 1.9 42 0
293F 3.1± 0.1 – 4.6± 0.3 – 63.4 ± 1.4 60 0.3
NSFM 13 7.1 – 18.2 – 38.7 40 0.87
DM- 6.3 – 11.6 – 0 0 1.0
LC-SFM 6.1± 0.9 – 8.8± 2.1 – 37.7 ± 4.5 35 1.0

a Fatty acid abbreviations as inTable 1.

3.3.2. Insect cell culture medium
Fatty acid concentration in IPL-41 medium is presented

in Table 4. The fatty acid concentration in Sf-900 II was also
examined and the fatty acid profile was similar to that found
in the IPL 41 medium except for variations in some fatty acid
concentration, indicating cod liver oil fatty acids were more
likely added in this medium as the source of lipids. While the
fatty acid analysis of the medium EX-CELL 405 reveals that
linoleic acid (C18:2) and linolenic acid (C18:3), at a respec-
tive concentration of 500 ppb each, were added as the sources
of lipids, although other fatty acids (at low concentrations)
probably from the derivatizing agent, solvent and Tween-80
were also detected. The above data indicate that the lipid
concentrations in serum-free insect cell culture media were
much higher than that found in mammalian cell culture me-
dia. These results are consistent with the lipid concentrations
usually reported for insect cell culture media[3].

The results of lipid quantitation in serum-free cell cul-
ture media indicate that accurate micro lipid quantitation can
be achieved through the application of processes developed
for serum-free media with different compositions. The strat-
egy developed for sample preparations is schematically illus-
trated inFig. 1and can be briefly summarized as follows: (1) if
all fatty acids exist as FAMEs in the medium, extract FAMEs
directly for GC/MS analysis; (2) if Tween-80 is a component
i tract
b -68,
p ME
e en-
t nd
d ple,
s and
e

ing
5 the
t tens
t m
d be
n tion
l n be
c f the
p to
e .

The lipids added into insect cell culture medium usually
also include�-tocopherol acetate and cholesterol[3]. The�-
tocopherol acetate can be quantitated in the same process if
the sample is directly extracted for GC/MS analysis. How-
ever, if the medium extract is derivatized by BF3–methanol,
�-tocopherol acetate can be hydrolyzed to�-tocopherol,
whose quantitation is not feasible under these experimental
conditions.

4. Conclusion

The goal of the present study was to examine the inter-
ference of chemical reagents and medium components in the
micro-quantitation of lipids in serum-free cell culture me-
dia, and to develop a method for the micro-quantitation of
these lipids. This experiment uncovered that trace amounts
of fatty acids in derivatizing agents and extraction solvents
were sources of fatty acids in the micro-lipid quantitation
procedure. The fatty acids derived from Tween-80 and the
interference of PF-68 in the FAME extraction can be mini-
mized by their precipitation. The results also demonstrate that
micro-quantitation of FAMEs and free fatty acids in serum-
free cell culture media is feasible through a careful prepara-
tion of samples, method validation and quality control.

A

t as-
s ical
e

R

12

hnol-

y

n the medium, remove Tween-80 from the medium ex
efore the derivatization; (3) if the medium contains PF
recipitate PF-68 from the derivatized sample before FA
xtraction; (4) if the medium is not in the categories m
ioned above, simply follow medium lipid extraction a
erivatization by using a large volume of medium sam
maller quantities of high quality derivatizing reagents
xtraction solvents.

For the serum-containing media (usually contain
–10% serum), lipid composition is more complex, and

otal lipid concentration in the media is in the range of
o hundreds of mg/L level[14]. Since the interference fro
erivatizing reagent, solvent and Tween-80 would likely
ot significant in the quantitation of lipids at concentra

evels higher than tens mg/L, the sample preparation ca
arried out according to procedures described in most o
ublished methods[8,15] and using appropriate solvent
nsure complete extraction of complex lipids from serum
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