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A B S T R A C T

Chinese Hamster Ovary (CHO) cells are widely used in the pharmaceutical industry to produce therapeutic 
proteins. Increasing the productivity of CHO cells through media development and genetic engineering is a 
significant industry objective. Past research demonstrated the benefits of modulating fatty acid composition of 
CHO cells through genetic engineering. In this study, we describe an alternative approach to modulate fatty acid 
composition by directly feeding high levels of fatty acids in CHO cell culture. To accomplish this, we developed 
and optimized a pharmaceutically relevant feeding strategy using methyl-β-cyclodextrin (MBCD) to solubilize 
fatty acids. To quantify fatty acid composition of CHO cells, a new GC-MS protocol was developed and validated. 
In fed batch cultures, we found that the degree of saturation of fatty acids in CHO cell mass, i.e. the relative 
abundances of saturated, monounsaturated and polyunsaturated fatty acids, can be controlled by the choice of 
fatty acid supplement and feeding strategy. Feeding unsaturated fatty acids such as palmitoleic acid, oleic acid, 
and linoleic acid had the greatest impact the fatty acid composition of CHO cells, increasing their respective 
abundances in cell mass by upwards of 25x, 1.5x, and 50x, respectively. 13C-Tracing further revealed that the 
supplemented fatty acids were involved in a range of elongation, desaturation, and β-oxidation reactions to yield 
both common and uncommon fatty acids such as vaccenic acid and hypogeic acid. Finally, we show that CHO-K1 
and CHO-GS cells take up fatty acids solubilized with MBCD at rates comparable to delivery using bovine serum 
albumin. Taken together, this work paves the way for new feed media formulations containing fatty acids to 
optimize CHO cell physiology in industrial cell cultures.

1. Introduction

In the pharmaceutical industry, Chinese Hamster Ovary (CHO) cells 
are responsible for producing the majority of monoclonal antibodies 
(mAbs), with the market expected to generate $300 billion by 2025. 
CHO cells are primarily used due to their ease of culture and ability to 
perform essential protein processing steps and post-translational modi-
fications such as proper protein folding and glycosylation (Li et al., 
2022). Increasing the productivity of CHO cells is a significant industry 
objective, which would reduce overall production cost by enabling more 
product to be generated with the same amount of cells. One major 
avenue to pursue this goal is media development, which involves opti-
mizing the nutrient composition of CHO cell media to promote favorable 
cell metabolism, growth and product secretion (Ladiwala et al., 2024; 

Ritacco et al., 2018). Understanding CHO cell biology and metabolism is 
thus essential in properly formulating a chemically defined growth 
medium. Insights into glucose, amino acid and dipeptide metabolism 
have been used to inform media optimization strategies that have 
demonstrated improvements in CHO cell culture, such as increased cell 
density and titers, and reduced accumulation of toxic byproducts 
(Gonzalez et al., 2024; Ladiwala et al., 2023; Naik et al., 2023, 2024). 
Still, there remain media components whose impact on CHO cell 
metabolism and productivity have not been fully explored, including 
essential and non-essential fatty acids.

Fatty acids are involved in many important biological processes in 
mammalian cells, including in processing and secretion of proteins, 
generation of ATP via oxidative phosphorylation, and acting as sec-
ondary messengers in signal transduction and cell regulation pathways 
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(Ali et al., 2018). Additionally, fatty acids are the main components of 
cell membranes and changes in fatty acid composition have been shown 
to affect cell membrane fluidity (Maulucci et al., 2016), which in turn 
affects a wide range of cell membrane mediated processes such as uptake 
and secretion of nutrients and by-products, membrane protein locali-
zation, and protein secretion (Maulucci et al., 2016). De novo fatty acid 
biosynthesis is the process of condensing multiple acetyl-CoA (AcCoA) 
units into medium and long chain fatty acids. The formation of palmitic 
acid (C16:0) is the first step in the biosynthesis of a wide range of other 
long chain fatty acids, including palmitoleic acid (C16:1 n-7), stearic 
acid (C18:0), and oleic acid (C18:1 n-9), which are formed from palmitic 
acid via the actions of fatty acid elongases (ELOVL) and desaturases 
(SCD) (Maulucci et al., 2016). Essential fatty acids that cannot be syn-
thesized de novo by CHO cells, such as linoleic acid (C18:2 n-9,12), must 
be supplied to CHO cells through culture medium (Whelan and Fritsche, 
2013). Both essential and non-essential fatty acids can be catabolized via 
β-oxidation to yield AcCoA, which can then be used for ATP generation 
through the TCA cycle and oxidative phosphorylation, or recycled to 
form additional fatty acids and other biomolecules (Ma et al., 2018).

While CHO cell lipid and fatty acid compositions have been char-
acterized before (Subbaiah et al., 2011; Szeliova et al., 2020), ap-
proaches for modulating the composition of fatty acids for improved cell 
culture performance remain underdeveloped. Currently, it is still un-
clear if or what the optimal fatty acid composition is for CHO cells to 
achieve desired metabolic and product secretion profiles. Promising 
work in this area has been described by Budge et al. that demonstrated 
the benefits of increasing the fraction of unsaturated fatty acids in CHO 
cells through the overexpression of genes associated with fatty acid and 
lipid metabolism such as SCD1 and SREBF1 (Budge et al., 2020). These 
results inspire further research into modulating fatty acid composition, 
particularly interventions outside of cell line engineering that could be 
performed without altering the genome.

Mammalian cells can incorporate small amounts of fatty acids 
directly from the medium (Subbaiah et al., 2011). An alternate approach 
to modulate CHO cell fatty acid composition would be to feed high levels 
of fatty acids through the medium. However, due to the low solubility of 
fatty acids in media, this would require solubilizing fatty acids for 
proper delivery to CHO cells. Bovine serum albumin (BSA) is the 
gold-standard for solubilizing fatty acids in aqueous solutions, although 
BSA is undesired in industrially regulated media formulations as it is an 
animal-derived product and has inherent batch-to-batch variability and 
can serve as a point of contamination (van der Valk et al., 2010). An 
alternative would be to employ a chemically defined solubilizing agent 
such as methyl-β-cyclodextrin (MBCD) (Zidovetzki and Levitan, 2007). 
In the past, MBCD has been employed to deplete and/or resupply fatty 
acids and cholesterol to/from mammalian cells (Ali et al., 2022; Bru-
naldi et al., 2010; Christian et al., 1997; Francis et al., 1999; Mahammad 
and Parmryd, 2015). In addition, it has been used as a vehicle for drug 
delivery (Stella and Rajewski, 1997). As MBCD only interacts with the 
plasma membrane surface, it is a useful compound to alter plasma 
membrane composition without entering the cell and directly disrupting 
metabolic activities.

In this study, we developed a pharmaceutically relevant feeding 
strategy to supply high levels of fatty acids to CHO cells. Specifically, we 
focused delivering high levels of C16 and C18 fatty acids, since these are 
the dominant fatty acids in CHO cells (Ali et al., 2018; Subbaiah et al., 
2011). Moreover, we used 13C-tracing to elucidate how the supple-
mented fatty acids were taken up, how biomass composition of CHO 
cells was affected, and how these fatty acids were further metabolized to 
other common and uncommon fatty acids (Gonzalez and Antoniewicz, 
2017). Importantly, we show that the degree of saturation of fatty acids 
in CHO cell mass, i.e. the relative abundances of saturated, 
mono-unsaturated and poly-unsaturated fatty acids, can be controlled 
by the choice of fatty acid supplement and feeding strategy. Taken 
together, our work demonstrates that fatty acid feeding using MBCD is a 
viable strategy to modulate CHO cell fatty acid composition and direct 

fatty acid metabolism.

2. Results and discussion

2.1. Optimizing delivery of fatty acids in CHO cell culture using methyl- 
β-cyclodextrin

The main aim of this work was to deliver sufficiently high amounts of 
fatty acids in CHO cell cultures to allow us to modulate the fatty acid 
composition of CHO cells. Assuming CHO cells have a dry cell mass of 
approximately 320 pg/cell and that lipids make up about 10 % of dry 
cell mass (Antoniewicz, 2018), we estimated the need to deliver 
approximately 0.02 mg of fatty acids per million CHO cells. Thus, even 
for a relatively low cell density of 1 million cells/mL, this corresponds to 
20 mg/L of fatty acids, which is significantly above the solubility limit 
for fatty acids in cell culture media. As an example, medium chain length 
fatty acids typically have solubility limits below 2 mg/L, and long chain 
fatty acids below 0.2 mg/L. Therefore, in order to deliver enough fatty 
acids to CHO cell cultures we needed to consider complexation strate-
gies for optimal feeding of fatty acids.

Methyl-β-cyclodextrin (MBCD) is a cyclic oligosaccharide with a 
hydrophobic core that can enhance fatty acid solubility in aqueous so-
lutions. However, MBCD can be toxic to mammalian cells due to its 
ability to sequester cholesterol from cell membranes (Mahammad and 
Parmryd, 2015; Zidovetzki and Levitan, 2007). We thus had to first 
evaluate the toxicity of MBCD to CHO cells. We also tested the toxicity of 
ethanol, since ethanol will be used in this study for preparing concen-
trated fatty acid stock solutions, i.e. most fatty acids are highly soluble in 
ethanol at concentrations above 20 g/L. Fig. 1 shows cell growth of 
CHO-K1 cells and CHO-GS cells in batch cultures at various levels of 
ethanol (up to 2 % v/v) and MBCD (up to 0.3 % w/v). For ethanol, no 
effect on CHO cell growth was observed up to 0.5 % ethanol (Fig. 1A). At 
1 % of ethanol, we observed about 15 % reduction is growth, and at 2 % 
ethanol we observed significant inhibition of cell growth for both CHO 
cell lines. For MBCD, no effect on CHO cell growth was observed up to 
0.1 % MBCD (Fig. 1B). At 0.2 % MBCD, cell growth was reduced by 20 % 
or more, and almost no growth was observed at 0.3 % MBCD. Based on 
these results, we selected 0.1 % MBCD and 0.5 % ethanol as the upper 
limits for the remainder of this study.

Complexation of fatty acids requires 2 to 5 molecules of MBCD per 
fatty acid molecule (Zidovetzki and Levitan, 2007). Thus, at the highest 
viable concentration of MBCD of 0.1 % w/v (or 0.76 mmol/L) we should 
be able to solubilize up to 150 μmol/L, or about 40 mg/L of fatty acids, 
which should be sufficient to fully satisfy the fatty acid requirements for 
about 2 million CHO cells per mL.

2.2. CHO cells rapidly take up fatty acids delivered with methyl- 
β-cyclodextrin

To evaluate how efficiently fatty acids are delivered to CHO cells 
using MBCD, batch CHO cell cultures were performed, where the cell 
culture medium was supplemented with fatty acid complexed with 0.05 
% MBCD. Five different fatty acids were used: 75 μM [U-13C]palmitic 
acid (C16:0), 37 μM [U-13C]stearic acid (C18:0; lower concentration of 
stearic acid was used due to its much lower solubility), 75 μM [U-13C] 
palmitoleic acid (C16:1), 75 μM [U-13C]oleic acid (C18:1), and 75 μM 
[U-13C]linoleic acid (C18:2). By using 13C-labeled fatty acids and 
measuring 13C-labeling of fatty acids in CHO cell mass using gas 
chromatography-mass spectrometry (GC-MS) we were able to track the 
metabolic fate of the supplemented fatty acids, i.e. how much and when 
the supplemented fatty acids were taken up and metabolized by CHO 
cells.

Fig. 2 shows the growth data and measured 13C-labeling of CHO cell 
fatty acids for the batch cultures. No growth differences were observed 
for cultures supplemented with C16:0, C18:0 and C16:1 fatty acids 
compared to control cultures without fatty acid additions (Fig. 2A). A 
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slight delay in growth was observed for cultures supplemented with 
C18:1 and C18:2 (Fig. 2A). As negative controls, we also performed CHO 
cell cultures with the same 13C-labeled fatty acids added directly into the 
cell culture medium, that is, without complexation with MBCD. None of 
these cultures grew well and no 13C-labeling was detected in CHO cells 
for these cultures. This suggests that complexation is strictly necessary 
for efficient delivery of fatty acids to CHO cells and that presence of 
uncomplexed fatty acids in the medium is detrimental to CHO cells.

Significant 13C-labeling was observed in CHO cells for 4 out of 5 fatty 
acids supplements (Fig. 2B). For all cultures, the highest 13C-labeling 
was detected for the first sample collected, i.e. on day 1. As an example, 
for [U-13C]linoleic acid (C18:2), nearly 100 % 13C-labeling was observed 
for this fatty acid in CHO cell mass on day 1. This is perhaps not sur-
prising since C18:2 is an essential fatty acid that cannot be synthesized 
de novo by CHO cells, i.e. CHO cells do not possess Δ12 desaturase 2 
(FAD2) needed to synthesize linoleic acid from oleic acid. Thus, the only 
source is externally provided linoleic acid. After day 1, 13C-labeling of 
C18:2 decreased to about 87 % suggesting that another source of C18:2 
was present in the medium that was consumed by CHO cells after day 1. 
Many CHO cell culture media formulations contain undisclosed amounts 
of linoleic acid. It is likely that the specific cell culture medium used in 
this study contained some amount of linoleic acid.

The next highest labeling was observed for the culture supplemented 
with [U-13C]palmitoleic acid (C16:1). On day 1, 13C-labeling of C16:1 in 
CHO cell mass was 93 %. Interestingly, 37 % 13C-labeling was also 
observed for C18:1 in this culture (Fig. 2B), suggesting that a fraction of 
[U-13C]palmitoleic acid was also converted to C18:1 by elongation with 
one unlabeled AcCoA, i.e. the C18:1 fatty acid was M+16 labeled. After 
day 1, the 13C-labeling of C16:1 and C18:1 fatty acids in CHO cells 
steadily decreased to 20 % or less, indicating that after the first day, 
these fatty acids were synthesized de novo from unlabeled AcCoA, such 
as AcCoA derived from glucose.

A similar pattern was observed for the culture supplemented with 
[U-13C]oleic acid (C18:1). On day 1, 13C-labeling of C18:1 in CHO cell 
mass was 59 %. Interestingly, 25 % 13C-labeling was observed for C16:1 
in this culture (Fig. 2B), suggesting that a fraction of [U-13C]oleic acid 

was converted by CHO cells to C16:1 via partial β-oxidation. For the 
culture supplemented with [U-13C]palmitic acid (C16:0), lower overall 
labeling was observed in CHO cell fatty acids, with the highest labeling 
on day 1 reaching only about 40 %. For this culture, all non-essential 
fatty acids became 13C-labeled (Fig. 2B), suggesting that a large frac-
tion of the externally provided [U-13C]palmitic acid was taken up by 
CHO cells and further metabolized to C18:0 (by elongase) and to C16:1 
and C18:1 (by desaturases). Finally, little or no 13C-labeling was 
observed for the culture supplemented with [U-13C]stearic acid (C18:0), 
suggesting that this fatty acid was not taken up and/or metabolized by 
CHO cells in our cultures (Fig. 2B).

2.3. A new gas chromatography-mass spectrometry method to quantify 
fatty acid compositions

In addition to measuring 13C-labeling of fatty acids, we also wanted 
to measure relative abundances of fatty acids in CHO cell mass. The most 
common approach for quantifying the composition of fatty acids in 
biological samples is to convert the fatty acids into fatty acid methyl 
esters (FAMEs) and then use gas chromatography with flame ionization 
detection (GC-FID) for quantification. Here, we wanted to develop an 
alternative dual-purpose GC-MS based approach that could be used for 
accurate fatty acid composition analysis as well as 13C-labeling analysis. 
The key challenge when using GC-MS for quantifying fatty acid levels is 
that FAMEs of different fatty acids have different ionization efficiencies 
and as a result the peak intensities do not correlate with relative 
amounts of the different fatty acids in a sample. For example, we 
observed that ion counts for unsaturated fatty acids were often 5- to 10- 
fold lower compared to ion counts for saturated fatty acids present at the 
same level when the molecular ion was used for quantification 
(Supplemental Fig. S1A). We observed the same problem when the 
characteristic McLafferty ion at m/z 74 (McLafferty, 1959) was used for 
quantification (Supplemental Fig. S1B). To solve this problem, we per-
formed full scan GC-MS analysis using a mixture of FAMEs (Supelco 37 
FAME mix) and investigated if other ions would better correlate with 
fatty acid concentrations. The best correlation (R2 > 0.98) was observed 

Fig. 1. Determining toxic levels of ethanol and MBCD in CHO cell cultures. viable cell densities (VCD) of CHO-K1 cells and CHO-GS cells were determined in batch 
cultures in media supplemented with different levels of ethanol (A) and MBCD (B).
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when we used the total area under the curve for the ions at m/z 59 and 
60 (Fig. 3A and B). These two ions appeared in both unlabeled and 
13C-labeled fatty acid samples, suggesting that these ions were formed 

from the methyl group of the fatty acid methyl esters. By further 
comparing results obtained using the new GC-MS approach to GC-FID 
we verified that GC-MS could be used to accurately quantify fatty acid 

Fig. 2. CHO cells rapidly take up fatty acids delivered with methyl-β-cyclodextrin. CHO-K1 cells were grown in medium containing 0.05 % MBCD and 75 μM of a 
fully 13C-labeled fatty acid (37 μM was used for stearic acid C18:0 due to lower solubility). Control cultures were inoculated from the same pre-culture and did not 
receive fatty acids. Shown are viable cell densities (VCD) (A), and mass isotopomer distributions of CHO cell fatty acids (B) on each day.

Fig. 3. A new gas chromatography-mass spectrometry method to quantify fatty acid compositions of CHO cells. (A) A standard mixture of FAMEs with known 
concentrations (Supelco 37 FAME mix) was analyzed by GC-MS. Shown is the ion chromatogram (for ions at m/z 59 and 60) from GC-MS analysis of the Supelco 37 
FAME mix. (B) The integrated areas under the curve (for ions at m/z 59 + 60) mirrored the relative abundances of fatty acids in the Supelco 37 FAME mix. (C) Ion 
chromatogram (for ions at m/z 59 and 60) from GC-MS analysis of CHO-K1 cell fatty acids. (D) Relative abundances of fatty acids in CHO-K1 cells on different days in 
a batch culture.
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compositions in samples regardless of how much 13C-labeling was 
present.

We applied this new GC-MS approach in the remainder of this study 
to quantify fatty acid compositions of CHO cells. As an example, Fig. 3C 
shows the m/z 59 + 60 ion chromatogram for fatty acid analysis of CHO- 
K1 cells. Fig. 3D shows the corresponding relative abundances of the 
fatty acids. Interestingly, when we measured fatty acid compositions of 
CHO cells at different days in a batch culture we observed significant 
shifts in the relative abundances of fatty acids (Fig. 3D). Specifically, the 
relative abundances of saturated fatty acids decreased, i.e. from 43 % to 
28 % for C16:0, and from 16 % to 10 % for C18:0, while the relative 
abundance of the unsaturated fatty acid C18:1 increased from 35 % to 
57 %. These results demonstrate that the fatty acid composition of CHO 
cells is not a constant property of cells, but can change significantly 
during the course of a typical cell culture. To evaluate if these changes 
were the result of pool size changes, we also quantified absolute fatty 
acid levels in CHO cells by using an internal 13C-labeled standard for 
quantification as described previously (Oates and Antoniewicz, 2022). 
We found that total fatty acids in CHO cells remained relatively constant 
over time (Supplemental Fig. S2), suggesting that the changes in fatty 
acids we observed were largely changes in relative abundances rather 
than changes in absolute pool sizes.

2.4. Daily feeding of fatty acids impacts fatty acid metabolism and fatty 
acid composition of CHO cells

Next, we performed fed-batch cultures where fatty acids were fed 
daily, instead of only on day 0. For these feeding experiments, the cul-
ture medium on day 0 contained 37 μM of given 13C-labeled fatty acid 
complexed with 0.05 % MBCD, and starting on day 1, an additional 37 
μM of the same 13C-labeled fatty acid was added directly into the cell 
culture using a 40 g/L fatty acid stock solution in ethanol; a 20 g/L stock 
solution was used for stearic acid C18:0 due to its lower solubility. No 

additional MBCD was added to the cultures. The total amount of ethanol 
added in these fed-batch cultures was less than 0.4 % v/v, which is 
below ethanol’s toxicity level for CHO cells (see section 2.1).

Fig. 4 shows the results for the experiments with CHO-K1 cells, 
including growth data, 13C-labeling of CHO cell fatty acids, and fatty 
acid composition of CHO cells. No growth differences were observed for 
cultures fed with C16:0, C18:0, C16:1 and C18:1 fatty acids compared to 
control cultures without fatty acid additions; however, for the culture 
fed [U-13C]linoleic acid (C18:2), slower growth was observed after day 4 
compared to the control (Fig. 4A). The 13C-labeling data confirmed that 
CHO cells consumed fatty acids fed to the cultures, i.e. the 13C-labeling 
of CHO cell fatty acids remained roughly constant during the culture 
(Fig. 4B). In fact, for the fed-batch culture fed with [U-13C]stearic acid 
(C18:0), 13C-labeling increased over the course of the culture. This is in 
contrast to the batch culture where [U-13C]stearic acid was added only 
on day 0, where little or no 13C-labeling incorporation was observed (see 
section 2.2).

13C-Labeling data further indicated that the metabolism of the sup-
plemented C16:0, C16:1 and C18:1 fatty acids was similar to what was 
observed in batch cultures described in section 2.2. Briefly, [U-13C] 
palmitic acid (C16:0) was metabolized to C18:0 (by elongase) and 
further to C16:1 and C18:1 (by desaturase); [U-13C]palmitoleic acid 
(C16:1) was metabolized to C18:1 (by elongase); and [U-13C]oleic acid 
(C18:1) was metabolized to C16:1 via partial β-oxidation (Fig. 4B). For 
the culture fed [U-13C]stearic acid (C18:0), we observed that this fatty 
acid was mainly metabolized to C18:1 (by desaturase), although a small 
amounts of labeling were also observed in C16:1 (up to 12 %) and C16:0 
(up to 5 %), suggesting partial β-oxidation. For the fed-batch culture 
with the essential fatty acid [U-13C]linoleic acid (C18:2), we observed 
significant M+2 labeling in C16:0, C18:0, C16:1 and C18:2 (up to 17 %, 
Fig. 4B). This suggests that a significant portion of [U-13C]linoleic acid 
was catabolized by CHO cells via β-oxidation to form M+2 labeled 
AcCoA, which was then used for de novo biosynthesis of non-essential 

Fig. 4. Fed-batch CHO-K1 cultures with daily feeding of fully 13C-labeled fatty acids (37 μM/day) delivered using methyl-β-cyclodextrin. CHO-K1 cells were grown 
in medium that contained 0.05 % MBCD and 37 μM of a fully 13C-labeled fatty acid on day 0. Starting on day 1, an additional 37 μM of the same 13C-labeled fatty acid 
was added directly into the cell culture using a 40 g/L fatty acid stock solution in ethanol (a 20 g/L stock solution was used for stearic acid C18:0). Control cultures 
were started from the same pre-culture and did not receive fatty acids. Shown are the viable cell densities (VCD) (A), mass isotopomer distributions of CHO cell fatty 
acids (B), and fatty acid compositions of CHO cells (C) on each day.
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fatty acids.
Fig. 4C shows the measured fatty acid compositions of CHO cells for 

all fed-batch cultures. Interestingly, for the cultures fed the saturated 
fatty acids C16:0 and C18:0, the fatty acid composition of CHO cells was 
very similar to the control experiment without fatty acid additions 
(Fig. 3D), with C16:0 being the dominant fatty acid at the beginning of 
the culture and C18:1 becoming the dominant fatty acid at the end of the 
culture. For the culture fed C18:0, the fraction of C18:0 in the biomass 
was slightly elevated (18 %) compared to the control experiment (14 %). 
However, the most dramatic changes in fatty acid composition were 
observed for the cultures fed with unsaturated fatty acids. Significantly, 
abundances of unsaturated fatty acids were significantly elevated and 
abundances of saturated fatty acids were significantly reduced; for 
example, the fraction of C16:0 was below 18 % (compared to 40 % in 
control culture), and the fraction of C18:0 was below 7 %. For the cul-
ture fed C16:1, the fraction of C16:1 in CHO cells increased to 26 % 
compared to 3 % in the control culture; and for the culture fed C18:1, the 
C18:1 fatty acid was the main fatty acid in CHO cells throughout the 
culture with 71 % relative abundance. Finally, for the culture fed with 
the essential fatty acid linoleic acid (C18:2), the fraction of C18:2 in 
CHO cell mass increased to 46 % compared to less than 1 % for the 
control culture. Thus, nearly half of all fatty acids in CHO cell mass were 
displaced by linoleic acid.

The same fed-batch cultures were also performed with a CHO-GS cell 
line. The results for these experiments are shown in Supplemental 
Fig. S3. Overall, the results for the two cell lines were very similar. No 
growth inhibition was observed for any CHO-GS fed-batch cultures. 13C- 
Labeling was generally slightly lower for CHO-GS cells (Supplemental 
Fig. S3B) compared to CHO-K1 cells (Fig. 4B). This was likely due to the 
higher specific growth rate of CHO-GS cells, i.e. CHO-GS cultures 
reached peak cell density on day 5 (Supplemental Fig. S3A), compared 
to day 7 for CHO-K1 cultures (Fig. 4A). The fatty acid compositions for 
CHO-GS cells (Supplemental Fig. S3C) mirrored the results obtained for 
CHO-K1 cells (Fig. 4C), with the one notable difference being the fed- 
batch culture with [U-13C]linoleic acid (C18:2) feeding, which pro-
duced a lower abundance of C18:2 in CHO-GS cells (28 %) compared to 
CHO-K1 cells (46 %). Again, this was likely due to the lower per-cell feed 
of linoleic acid to CHO-GS cells given their higher growth rate. The 
reduced growth rate and increased incorporation of C18:2 observed for 
CHO-K1 cells suggests a potential negative effect of overfeeding this 
fatty acid to CHO-K1 cells, which was not observed for CHO-GS cells.

To further explore the impact of fatty acid feeding on protein pro-
duction and metabolism, we also measured extracellular IgG, glucose 
uptake, glutamine uptake and lactate concentrations for these cultures. 
The results are summarized in Supplemental Fig. S4. In short, we 
observed comparable recombinant antibody titers across the different 
feeding conditions. We also observed similar glucose, lactate and 
glutamine profiles. This suggests that feeding high levels of fatty acids 
using MBCD does not have a negative impact on cellular metabolism.

2.5. Methyl-β-cyclodextrin delivers fatty acids to CHO cells as efficiently 
as bovine serum albumin

To benchmark the efficiency of using MBCD for fatty acid delivery to 
CHO cells, we repeated the same feeding experiments as described in the 
previous section, with the only difference being that 0.2 % w/v bovine 
serum albumin (BSA) was used as the fatty acid carrier instead of 0.05 % 
w/v MBCD. The results for these experiments are shown in Supple-
mental Fig. S5 for CHO-K1 cells, and Supplemental Fig. S6 for CHO-GS 
cells. Overall, the results for the experiments with BSA were very similar 
to the results obtained with MBCD. A few notable differences included 
the following. First, we observed improved growth for BSA containing 
cultures compared to control cultures for CHO-K1 cells. This suggests 
that the BSA used here may have contained some unknown growth 
enhancing components. Second, in a few cases, increased 13C-labeling in 
CHO cell fatty acids was observed for experiments with BSA compared to 

MBCD (Supplemental Fig. S7). For example, slightly higher labeling was 
observed for [U-13C]palmitic acid complexed with BSA compared to 
MBCD for CHO-K1 cells, and slightly higher labeling was observed for 
[U-13C]palmitoleic acid complexed with BSA compared to MBCD for 
CHO-GS cells (Supplemental Fig. S7). Taken together, however, these 
results indicate that MBCD delivers fatty acids to CHO cells very effi-
ciently and should be considered the preferred choice for this culture 
system, given that it is not animal-derived, is more cost effective, and 
can be implemented in chemically defined media formulations.

2.6. Fatty acid composition of CHO cells is controlled with relatively 
modest fatty acid feeding

Fig. 5 summarizes the results for all fed-batch cultures performed in 
this study, that is, using two different CHO cell lines (i.e. CHO-K1 and 
CHO-GS cells), five different fatty acid supplements, and two different 
delivery methods (i.e. MBCD and BSA). Using the measured fatty acid 
composition data and 13C-labeling data, we calculated the total per-
centage of fatty acids that originated from the supplemented fatty acids 
for each experiment, and determined the relative degree of saturation of 
CHO cell fatty acids, i.e. the ratio of saturated vs. mono-unsaturated vs. 
poly-unsaturated fatty acids (S:M:P ratio), which are also shown in 
Fig. 5.

When comparing the two CHO cell lines, we observed that CHO-K1 
cells incorporated higher amounts (i.e. 60 %–90 % more) of the sup-
plemented fatty acids into cell mass than CHO-GS cells. As discussed in 
section 2.4, this is the result of the higher per-cell feeding of fatty acids 
to CHO-K1 cells compared to CHO-GS cells, i.e. the same amount of fatty 
acids was supplemented daily to all cultures, but CHO-K1 cells grew 
slower than CHO-GS cells. Regardless of this, for both CHO cell lines, 
only a relatively small faction of cellular fatty acids originated from the 
supplemented fatty acids, ranging from 14 % to 43 % for CHO-K1 cells, 
and from 6 % to 26 % for CHO-GS cells. The remaining fraction of fatty 
acids was synthesized de novo. These percentages can be explained by 
considering the amount of fatty acids fed daily to the cultures, i.e. 37 
μM/day. In theory, feeding 37 μM/day of fatty acids daily could satisfy 
the fatty acid requirements for about 0.5 million CHO cells per mL per 
day (see section 2.1). However, during exponential growth, we often 
observed net growth of 1–3 million CHO cells per mL per day. This ex-
plains why the majority of fatty acids were still synthesized de novo by 
CHO cells.

When looking at the fatty acid compositions of CHO cells, even using 
a 37 μM/day feeding rate resulted in dramatic changes in the degree of 
saturation in CHO cell fatty acids. For control cultures, the ratio of 
saturated vs. mono-unsaturated vs. poly-unsaturated fatty acids (S:M:P 
ratio) was about 50:50:0 for both CHO cell lines. Interestingly, for cul-
tures fed with saturated fatty acids, i.e. C16:0 and C18:0, the degree of 
saturation did not increase; in fact, it decreased slightly to a S:M:P ratio 
of approximately 46:54:0. This suggests that CHO cells predominantly 
metabolized saturated fatty acids further to unsaturated fatty acids as 
part of their normal metabolism. This was further supported by the 13C- 
labeling data. For example, for tracer experiments with [U-13C] palmitic 
acid, a higher 13C-labeling was observed for C16:1 and C18:1 fatty acids 
than for C16:0 and C18:0 fatty acids (Fig. 5).

For cultures fed with mono-unsaturated fatty acids, i.e. C16:1 and 
C18:1, the degree of saturation in CHO cell fatty acids decreased 
significantly for both CHO cell lines, resulting in a S:M:P ratio of about 
25:75:0. Moreover, no 13C-labeling was observed in the saturated fatty 
acids (Fig. 5), indicating that unsaturated fatty acids were not converted 
to saturated fatty acids, consistent with the current understanding of 
mammalian fatty acid biochemistry, i.e. there are no known fatty acid 
hydrogenation enzymes. Finally, for cultures fed with the poly- 
unsaturated fatty acid linoleic acid (C18:2), the S:M:P ratio was 
35:20:45 for CHO-K1 cells and 45:29:26 for CHO-GS cells. These results 
suggest that linoleic acid may have an inhibitory effect on the activity of 
fatty acid desaturases, since for both cell lines we observed that the 
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fraction of saturated fatty acids was higher than the fraction of mono- 
unsaturated fatty acids, with a S:M ratio of about 3:2, compared to 1:1 
for control cultures, and 1:3 for cultures fed with unsaturated fatty acids.

Finally, we evaluated the impact of using even higher fatty acid 
feeding rates in CHO cell cultures, which we expected would further 
reduce the requirement for de novo fatty acid biosynthesis and poten-
tially further alter fatty acid abundances. Specifically, we repeated 
feeding experiments using both CHO cell lines with MBCD added on day 
0, but now using 75 μM daily feeding of [U-13C]palmitic acid (C16:0) or 
[U-13C]palmitoleic acid (C16:1) instead of 37 μM daily feeding. The 
results of these experiments are summarized in Fig. 6, Supplemental 
Fig. S8 and Supplemental Fig. S9. As expected, we observed significantly 
higher 13C-labeling incorporation and further modulation of relative 

fatty acid abundances. In particular, we observed significantly increased 
abundances of C16:1 in all experiments. For example, for CHO-K1 cells 
fed with [U-13C]palmitoleic acid, C16:1 became the dominant fatty acid. 
The degree of saturation also further decreased, reaching a S:M:P ratio of 
approximately 16:84:0 for both CHO cell lines with 75 μM daily feeding 
of [U-13C]palmitoleic acid. De novo biosynthesis decreased as expected 
(Fig. 6). For both CHO cell lines, the fraction of cellular fatty acids 
derived from the supplemented fatty acid roughly doubled with 75 μM 
daily feeding compared to 37 μM daily feeding. For example, for CHO- 
K1 cells, the fraction of cellular fatty acids derived from the supple-
mented [U-13C]palmitoleic acid increased from 34 % to 67 %. Taken 
together, these data demonstrate that feeding fatty acids in CHO cell 
cultures is an effective strategy to modulate relative abundances of fatty 

Fig. 5. Fatty acid analysis for fed-batch cultures performed using two different CHO cell lines, five different fatty acid supplements, and two different delivery 
methods. Relative abundances of saturated, monounsaturated and polyunsaturated fatty acids, and the percentage of fatty acids that originated from the supple-
mented fatty acids were calculated from the measured fatty acid compositions and 13C-labeling data. All data shown are averaged values over the duration of the fed- 
batch cultures for CHO-K1 (A) and CHO-GS cells (B).
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acids, the degree of saturation of fatty acids, and de novo biosynthesis of 
fatty acids in CHO cells.

2.7. CHO cells metabolize unsaturated fatty acids to less common fatty 
acids: vaccenic acid and hypogeic acid

Fig. 7 shows the canonical biochemical pathways for de novo fatty 
acid biosynthesis in CHO cells (green arrows in Fig. 7). Glucose is the 
main carbon source for de novo fatty acid biosynthesis (Ahn and Anto-
niewicz, 2013; Ahn et al., 2016). Glucose is first metabolized via 
glycolysis to form AcCoA, which then undergoes condensation through 
the enzymatic actions of acetyl-CoA carboxylase and fatty acid synthase 
(FASN) to produce palmitic acid. All other non-essential fatty acids are 
then produced from palmitic acid through the enzymatic actions of fatty 
acid elongases (ELOVL1-7), Δ9 stearoyl-CoA desaturases 1 and 5 (SCD1, 

SCD5), and fatty acid desaturases 1 and 2 (FADS1, FADS2) 
(Alcoriza-Balaguer et al., 2023).

Interestingly, 13C-labeling data in this study suggest that at least two 
additional less common fatty acids were synthesized by CHO cells from 
the supplemented fatty acids (Fig. 7, red arrows). First, in tracer ex-
periments with [U-13C]palmitoleic acid (C16:1n-7) we observed 13C- 
labeling in C18:1. This C18:1 fatty acid was likely not the common fatty 
acid oleic acid (C18:1n-9), since there is no known pathway for con-
verting palmitoleic acid to oleic acid. Instead, the C18:1 fatty acid was 
likely vaccenic acid (C18:1n-7), which can be produced from palmitoleic 
acid via the action of elongases ELOVL1,3,7 (Alcoriza-Balaguer et al., 
2023; Bermudez et al., 2022). Similarly, in tracer experiments with 
[U-13C]oleic acid (C18:1n-9) we observed 13C-labeling in C16:1. This 
C16:1 fatty acid was likely not palmitoleic acid (C16:1n-7), since there is 
no known pathway for converting oleic acid to palmitoleic acid. Instead, 
the C16:1 fatty acid was likely hypogeic acid (C16:1n-9), which can be 
produced from oleic acid via partial β-oxidation (Bermudez et al., 2022). 
Based on the measured fatty acid compositions and 13C-labeling data, we 
estimated the relative abundances of the two less common fatty acids in 
CHO cells. For fed-batch cultures with oleic acid feeding, the abundance 
of hypogeic acid in CHO cell mass was very small, less than 5 %, for both 
CHO cell lines. However, for fed-batch cultures with palmitoleic acid 
feeding, the abundance of vaccenic acid in CHO cell mass was signifi-
cant: at least 15 % for CHO-K1 cells and at least 10 % for CHO-GS cells.

To provide additional support for the presence of vaccenic acid and 
hypogeic acid in CHO cells, we optimized a GC-MS protocol for detecting 
these fatty acids independent of the more common fatty acids palmito-
leic acid and oleic acid. First, we supplemented the Supelco 37 FAME 
mixture with either hypogeic acid or vaccenic acid and analyzed it by 
GC-MS. Fig. 8A shows that the different fatty acids can be individually 
quantified as they elute at different times, i.e. hypogeic acid (C16:1n-9) 
elutes at 15.62min, palmitoleic acid (C16:1n-7) elutes at 15.67min, oleic 
acid (C18:1n-9) elutes at 17.54min, and vaccenic acid (C18:1n-7) elutes 
at 17.60min. We then applied this GC-MS protocol to re-analyze samples 
from our fed-batch studies with CHO-GS cells. In Fig. 8B, it can be seen 
that hypogeic acid was present at very low levels in all experiments (<1 
% relative abundance), except in the experiment with oleic acid feeding 
(~5 %). This is consistent with our 13C-labeling data and the proposed 
pathway for hypogeic acid biosynthesis. Similarly, we observed that 
vaccenic acid was present at relatively low levels (<15 %) in all ex-
periments, except in the experiment with palmitoleic acid feeding, 
where it became a dominant fatty acid in CHO cells. This is again 
consistent with our 13C-labeling data and the proposed pathway for 
vaccenic acid biosynthesis.

Thus far, relatively little is known about the roles and effects of 
hypogeic acid and vaccenic acid in mammalian biology. Hypogeic acid 
is normally not present at high levels in biological systems, and its role 
has been studied mostly in the context of cardiovascular disease, with 
elevated levels appearing to serve as a biomarker for cardiovascular 
damage, and potentially playing a role in mediating the anti- 
inflammatory cellular response (Bermudez et al., 2022). Vaccenic 
acid, on the other hand, is known to be present at relatively high levels 
in milk, although its role as a nutrient is still unclear (Field et al., 2009). 
Vaccenic acid has been reported to decrease growth of cancer cells, as 
well as protect humans against coronary heart disease (Aimola et al., 
2016). Finally, vaccenic acid was shown to modulate the 
mTORC2-Akt-FoxO1 pathway involved in differentiation (Aimola et al., 
2016), and was suggested to have anti-oxidant and anti-inflammatory 
properties (Aimola et al., 2016; Badawy et al., 2023). To date, neither 
hypogeic acid nor vaccenic acid have been investigated in the context of 
CHO cell cultures. Further research is needed to better understand the 
roles and potential uses of these two fatty acids.

3. Conclusions

In this study, we have used fatty acid feeding with methyl- 

Fig. 6. Fatty acid analysis for fed-batch cultures performed using two different 
CHO cell lines with either 37 μM/day or 75 μM/day feeding of [U-13C]palmitic 
acid or [U-13C]palmitoleic aicd. Relative abundances of saturated, mono-
unsaturated and polyunsaturated fatty acids, and the percentage of fatty acids 
that originated from the supplemented fatty acids were calculated from the 
measured fatty acid compositions and 13C-labeling data. All data shown are 
averaged values over the duration of the fed-batch cultures for CHO-K1 (A) and 
CHO-GS cells (B).
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β-cyclodextrin as the delivery vehicle to modulate fatty acid composition 
of CHO cells. Additionally, we applied 13C-tracing to elucidate the un-
derlying changes in fatty acid metabolism. We specifically focused on 
C16 and C18 fatty acids, since these are the dominant fatty acids in CHO 
cells (Subbaiah et al., 2011). It is known that CHO cells can also uptake 
very long chain fatty acids (VLCFAs) (Ali et al., 2022). This could be a 
focus of future investigations using the techniques developed in this 
study. It is important to note that with our FAME derivatization protocol 
we were only able to measure saponifiable fatty acids, such as free fatty 
acids and fatty acids that comprise fatty acid esters, such as phospho-
lipids, diacylglycerides, and triacylglycerides. While these saponifiable 
fatty acids comprise the majority of fatty acid-containing lipids in CHO 
cells, there are some lipids that we are unable to detect, such as sphin-
golipids. Lipidomic characterization of CHO cells performed by Szeliova 
et al. however, demonstrated that the vast majority of lipids in CHO cells 
are saponifiable (Szeliova et al., 2020). Rivier et al. estimated that the 
ratio of phospholipids (saponifiable) to sphingolipids (not saponifiable) 
is approximately 85:15 in mammalian cells (Rivier et al., 2010).

Feeding unsaturated fatty acids such as palmitoleic acid, oleic acid, 
and linoleic acid had the greatest impact the fatty acid composition of 
CHO cells in this study, increasing their respective abundances in cell 
mass by upwards of 25x, 1.5x, and 50x, respectively. 13C-Tracing 
revealed that supplemented fatty acids were involved in a range of 
elongation, desaturation, and β-oxidation reactions to yield common 
and uncommon fatty acids. In particular, monounsaturated fatty acids 
were metabolized to at least two uncommon fatty acids, i.e. palmitoleic 
acid was elongated to generate vaccenic acid, and oleic acid underwent 
partial β-oxidation to generate hypogeic acid. The impacts of these fatty 
acids have yet to be characterized in CHO cells.

This study further established that CHO-K1 and CHO-GS cells can 
efficiently take up high levels of fatty acids provided to the culture when 
solubilized with methyl-β-cyclodextrin (MBCD) at rates comparable to 
delivery using bovine serum albumin (BSA). We believe that the rapid 
release of fatty acids using the MBCD delivery method will in the future 
allow better control of fatty acid composition and CHO cell physiology 
compared to genetic engineering strategies, i.e. supplementation of fatty 
acids to cell culture media is a simpler approach than genetically engi-
neering CHO cells to elicit changes in fatty acid profiles. The fatty acid 

delivery method developed here is also cost effective as MBCD is only 
supplemented on day 0 and we have demonstrated that it is functional to 
solubilize additionally added fatty acids over the course of a fed batch 
culture.

In the present study, we only explored delivering a single fatty acid at 
a time. Future work could focus on investigating and optimizing the 
delivery of multiple fatty acids and developing methods to direct the 
metabolic fate of these fatty acids once inside the cell. Interestingly, in 
this study we did not observe any significant impact on IgG secretion, or 
consumption and secretion rates of metabolites such as amino acids, 
glucose, or lactate. In general, the relationship between fatty acid 
composition in CHO cells and protein secretion is still underexplored. In 
one study, fatty acid metabolism was altered by changing genetic 
overexpression of SREBP and SCD1, enzymes involved in unsaturated 
fatty acid biosynthesis (Budge et al., 2020). While this resulted in 
increased protein secretion, it also changed other aspects of cell 
morphology such as vesicle budding characteristics and endoplasmic 
reticulum expansion. This demonstrates that altered fatty acid compo-
sitions could have a much broader impact on CHO cells. Some possible 
effects could include changes in ER bilayer composition (affecting 
secretory capacity), plasma membrane bilayer properties, for example, 
increasing membrane fluidity that could reduce energy needed for 
vesicle budding (Settles et al., 2010), secondary messenger activity, and 
signal transduction pathways (Harayama and Antonny, 2023; Maulucci 
et al., 2016; Ramirez and Mutharasan, 1990). Additional fatty acid 
feeding experiments are also needed in industrially relevant production 
formats such as perfusions to further probe the relationship between 
fatty acid biomass composition and recombinant protein production. In 
future work, we are planning to investigate the broader effects of fatty 
acid supplementation on cellular physiology and metabolism using 
complementary techniques such as transcriptomics, genome scale 
modeling and 13C metabolic flux analysis (Antoniewicz et al., 2006; 
Chen et al., 2019; Long and Antoniewicz, 2019).

Fig. 7. Overview of fatty acids metabolism in CHO cells. De novo biosynthesis of fatty acids from glucose is represented by green arrows. Black arrows represent 
uptake of supplemented fatty acids. Red arrows represent metabolism of supplemented fatty acids as elucidated in this study using 13C-tracing. Abbreviations: fatty 
acid synthase (FASN); fatty acid elongases (ELOVL), Δ9 stearoyl-CoA desaturases (SCD); β-oxidation (β-OX). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)
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4. Materials and methods

4.1. Materials

Fatty acid tracers [U-13C]linoleic acid (Cat No. CLM-6855), [U-13C] 
stearic acid (Cat No. CLM-6990), and [U-13C]palmitoleic acid (Cat No. 
CLM-2241) were purchased from Cambridge Isotope Laboratories 
(Andover, MA). [U-13C]Palmitic acid (Cat No. 605573), [U-13C]oleic 
acid (Cat No. 490431), unlabeled fatty acids, methyl-β-cyclodextrin (Cat 
No. C4555), bovine serum albumin (Cat No. A5611 and A1595), Supelco 
37 component fatty acid methyl ester (FAME) mixture (Cat No. 47885- 
U), and chemically defined cell culture media (Immediate Advantage, 
Cat. No. 87093C) were purchased from MilliporeSigma (Saint Louis, 

USA). Isotopic purity of all tracers was verified by GC-MS (Long and 
Antoniewicz, 2019). All media were filter-sterilized prior to use in cell 
culture experiments using a 0.22 or 0.4 μm pore-size membrane filter.

4.2. Cell culture

Two CHO cell lines were used in this study: a CHO-GS cell line 
(CHOZN® GS− /− ZFN-modified CHO cell line), and a CHO-K1 cell line 
(DHFR expression system). Both CHO cell lines produce the antibody 
VRC01. CHO cells were grown in suspension cultures in a humidified 
incubator operating at 37 ◦C, 125 RPM and 5 % CO2. For the CHO-K1 
cell line, 6 mM glutamine and 0.4 vol% anti-clumping agent (Gibco, 
Canada) were added to the medium. Cell cultures were seeded at 0.3 ×

Fig. 8. Quantification of hypogeic, palmitoleic, oleic and vaccenic acids by GC-MS analysis. (A) Ion chromatograms from GC-MS analysis of Supelco 37 FAME 
mixture supplemented with either hypogeic acid or vaccenic acid. The four different fatty acids can be individually quantified since they elute at different times when 
separated on a HP-5MS column. (B) Analysis of fatty acids in CHO cells from fed-batch experiments with CHO-GS cells with and without fatty acid feeding. Hypogeic 
acid level was elevated only in the experiment with oleic acid feeding. Vaccenic acid level was elevated only in the experiment with palmitoleic acid feeding.
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106 cells/mL in 25–30 mL of medium and CHO cells were grown in 125 
mL shaker flasks (Corning Erlenmeyer cell culture flasks, Sigma-Aldrich, 
Cat No. CLS431143). For experiments with daily feeding of fatty acids, 
culture medium contained 0.3 % v/v Penicillin-Streptomycin solution to 
minimize the risk of contamination. To obtain cell pellets, a pre-
determined amount of cell culture was harvested and centrifuged at 
1000 RPM to separate the supernatant from cell pellet. Spent media 
were stored at − 20 ◦C. Cell pellets were washed once using cold saline 
solution and stored at − 20 ◦C.

4.3. Delivery of fatty acids in cell culture

To deliver fatty acids on day 0 in cell cultures, fatty acids were first 
complexed with either methyl-β-cyclodextrin (MBCD) or bovine serum 
albumin (BSA). Briefly, fatty acids were added to a 20 % solution of 
MBCD in water (w/v), or a 10 % BSA solution (w/v). The mixtures were 
heated at 50 ◦C for at least 30 min with repeated sonication until fatty 
acids were fully complexed as determined by visual inspection of the 
solutions. The fatty acid/MBCD (or fatty acid/BSA) solution was then 
added directly to the culture medium and the medium was filter- 
sterilized. For daily feeding of fatty acids in CHO cell cultures, fatty 
acids were dissolved in ethanol at a concentration of 40 g/L, except for 
stearic acid which was dissolved in ethanol at 20 g/L due to its lower 
solubility. The ethanol solution was then heated to 37 ◦C and added 
directly into the CHO cell culture.

4.4. Analytical methods

Viable cell density (VCD) and cell viability (%) were determined 
from cell counts based on the trypan blue dye exclusion method using a 
hemocytometer or automated cell counter (Invitrogen Countess 3) for 
CHO-GS cells, or an automated cell counter (Corning Cytosmart) for 
CHO-K1 cells. If cell clumps were visible, culture samples were first 
mixed with 0.25 % trypsin-EDTA (Gibco, Canada) at 1:1 ratio and 
incubated for 10 min at 37 ◦C, prior to cell counting. Glucose and lactate 
concentrations were measured using a YSI 2950D or YSI 2500 
biochemical analyzer (Yellow Spring Instrument). To quantify concen-
trations of amino acids in spent media, samples were mixed with an 
internal standard solution containing 13C-labeled amino acids with a 
known concentration and analyzed by GC-MS (Oates and Antoniewicz, 
2023).

4.5. Gas chromatography-mass spectrometry

To quantify fatty acid composition and 13C-labeling of fatty acids in 
CHO cells by GC-MS, cell pellets containing 1 to 2 million cells were 
collected, washed using cold saline solution, and fatty acids were 
extracted using the methanol/chloroform/water extraction method 
(Crown et al., 2015). Fatty acids were then derivatized to form fatty acid 
methyl esters (FAME) (Oates and Antoniewicz, 2022) and analyzed by 
gas chromatography-mass spectrometry (GC-MS). GC-MS analysis was 
performed on an Agilent 7890A GC system equipped with a Select FAME 
column (100 m, 0.25 mm i.d., Agilent J&W Scientific) or a HP-5MS 
column (30 m, 0.25 mm i.d., 0.25 μm-phase thickness; Agilent J&W 
Scientific), connected to an Agilent 5977B Mass Spectrometer operating 
under ionization by electron impact (EI) at 70 eV. Helium flow was 
maintained at 1 mL/min. The source temperature was maintained at 
230 ◦C, the MS quad temperature at 150 ◦C, the interface temperature at 
280 ◦C, and the inlet temperature at 280 ◦C. Mass spectra were recorded 
in single ion monitoring (SIM) mode with 4ms dwell time on each ion. 
Mass isotopomer distributions were obtained by integration of ion 
chromatograms (Gomez et al., 2023), and corrected for natural isotope 
abundances (Fernandez et al., 1996).
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