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Abstract

Stable isotope-resolved metabolomics (SIRM) methods are used increasingly by cancer 

researchers to probe metabolic pathways and identify vulnerabilities in cancer cells. Analytical 

and computational advances are being made constantly, but tissue culture and sample extraction 

procedures are often variable and not elaborated in the literature. This chapter discusses basic 

aspects of tissue culture practices as they relate to the use of stable isotope tracers and provides a 

detailed metabolic labeling and metabolite extraction procedure designed to maximize the amount 

of information that can be obtained from a single tracer experiment.
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1 Introduction

At present, numerous publications and protocols exist in the literature detailing the 

theoretical and practical aspects of conducting stable isotope tracer experiments in 

mammalian cells, 3D organoid cultures, tumor tissue slices, animal models, and even in 

human patients [1–5]. Recent work has demonstrated that in vivo tumor metabolism can 

differ significantly from that observed in tumor cell monoculture [5–9]. Nevertheless, two-

dimensional cell monoculture stable isotope tracer experiments are still heavily relied upon 

to draw conclusions about the nature of metabolic pathways in mammalian cells and tissues 

[10–14]. The continued reliance of researchers on 2D monoculture cell culture systems for 

stable isotope tracer experiments is due to a variety of factors, including the experimental 

power conferred by the ready control of the extracellular environment, the feasibility of 

extensive genetic manipulations, the lower cost and simple infrastructure needed for 

37.Centrifugal ultrafiltration membranes contain significant amounts of glycerol that will end up in the sample. If this is an issue, then 
prerinse and spin the membranes with ddH2O prior to addition of your medium samples to the membranes.
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performing tissue culture experiments relative to animal and/or human patient work, and the 

ability to rapidly test a large variety of experimental conditions [1].

On a practical basis, access to analytical platforms, data analysis, and biological 

interpretation typically comprise the bottleneck in metabolomics workflows. Given the 

enormous amount of time that must be invested for data analysis and interpretation, careful 

and thorough consideration should be applied to the practical aspects of design and 

execution of stable isotope tracer experiments. Otherwise, subsequent in-depth analyses and 

interpretation efforts will be compromised by avoidable flaws in experimental design and 

execution. The purpose of this chapter is to provide a simple and practical laboratory 

protocol for stable isotope labeling of cultured mammalian cells in 2D culture in the typical 

cancer research laboratory setting. The growing number of cancer researchers wishing to 

conduct targeted stable isotope tracer experiments with their cells often do not possess the 

analytical instrumentation and expertise to perform mass spectrometry and NMR analyses of 

metabolites in their own labs. Thus, it is becoming increasingly common for researchers to 

perform the tracer labeling experiments in their own lab and send the resulting samples or 

quenched metabolite extracts to a core facility or company to perform the subsequent 

analyses. Data acquisition and targeted analysis in stable isotope experiments will not be 

discussed here, but these topics are well covered by other comprehensive literature, e.g., [3, 

15–17].

The protocol detailed in Subheading 3.1 covers the practical aspects of the stable isotope 

labeling procedure for adherent mammalian cells. The subsequent metabolite quenching and 

extraction procedures tend to vary significantly between different laboratories, academic 

core facilities, and commercial metabolomics companies. For reference, a robust metabolite 

extraction protocol is detailed in Subheading 3.2; this procedure was developed and refined 

by Teresa W.-M. Fan, Andrew N. Lane, and Richard Higashi and represents a careful and 

comprehensive approach to the quantitative recovery of polar and nonpolar metabolites as 

well as total cellular protein from mammalian cells. This extraction procedure has several 

attractive features, including:

1. Initial rapid and complete inactivation of intracellular enzymes using cold 100% 

acetonitrile.

2. Quantitative and reproducible recovery of a broad complement of polar and 

nonpolar intracellular metabolites from a single sample using a sequential 

combination of acetonitrile, water, chloroform, and methanol.

3. Safeguards for minimizing degradation of labile polar and nonpolar metabolites 

during the extraction and sample reduction steps,

4. Versatile use of the resulting polar and nonpolar metabolite extracts and protein 

residues, e.g., analysis by both NMR and multiple modalities of mass 

spectrometry, as well as Western blotting and other proteomic analyses.

Although this metabolite extraction procedure is more laborious than most metabolite 

extraction protocols, the above features maximize the amount of information that can be 

obtained from a single stable isotope tracer experiment. Finally, Subheading 3.3 outlines two 
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simple extraction procedures for deproteinization and recovery of culture medium extracts 

for subsequent metabolomics analysis.

1.1 Experimental Design

Excellent summaries of the theoretical and analytical considerations involved in the design 

and interpretation of SIRM experiments can be found in the following references [2, 3, 18]. 

A discussion of preclinical cancer models that extend beyond 2D monoculture of tumor cell 

lines has also been published recently [1]. Briefly, experimental design considerations 

include consideration of which metabolites are of greatest interest for measurement, 

selection of a tracer molecule that is best suited to answer the questions at hand [18], 

selection of a sample preparation and extraction method best suited to observe the desired 

metabolites [19], and choice of duration of the labeling period [2, 20].

Many researchers aim to obtain a broad complement of information about the metabolic 

transformations of a common fuel molecule such as d-glucose or L-glutamine in their cancer 

cells, which can be achieved by using fully 13C-labeled glucose or glutamine tracers. Doubly 

labeled 13C5-,15N2-glutamine can also be utilized to gain even more information about the 

transformed products of glutamine; however, use of doubly labeled tracers necessitates the 

use of advanced analytical methods that can distinguish the two isotope labels, such as NMR 

and ultrahigh-resolution mass spectrometry, e.g., [21, 22]. Other tracers are particularly 

useful for evaluating specific pathways such as the pentose phosphate pathway (13C2–1,2-

glucose; [18, 23]), fatty acid biosynthesis (13C3-glycerol, 13C8-octanoic acid; [12]), and 

reductive carboxylation of glutamine (13C1–1-glutamine; [24]). In a sophisticated study on 

the compartmentalization of NAD(P)H-dependent pathways in different cellular 

compartments, several deuterated (2H) forms of glucose, serine, and glycine were employed 

to explore the directionality of the pyridine nucleotide redox cycles [25]. A more 

comprehensive listing of various isotope tracers and their utility in tracer experiments has 

recently been published [17].

In addition to evaluating cells in the basal metabolic setting, experiments can be designed to 

assess perturbations in metabolic pathways caused by addition of a drug, a genetic 

manipulation, nutrient availability, or altered physiological parameters such as hypoxia and 

acidosis. In most cases, such questions can be addressed by aiming for pseudo-steady-state 

isotopic labeling of the metabolites of interest [2, 17, 20]. If subsequent steady-state 

metabolic flux modeling analysis is desired, a general rule of thumb of the tracer studies is 

to allow for cells to be grown in the presence of the tracer molecule for sufficient time for at 

least one population doubling to occur. This allows for many of the central metabolic 

pathways of interest to approach pseudo-steady-state isotope enrichment [2, 26]. For 

example, uridine-diphosphate N-acetyl glucosamine (UDP-GlcNAc), an activated form of 

N-acetyl glucosamine used for N- and O-linked protein glycosylation, derives carbon from 

glycolysis, the pentose phosphate pathway, hexosamine and pyrimidine biosynthetic 

pathways, and the Krebs cycle [26]. In a study utilizing a prostate cancer cell line with a 

doubling time of ~40 h, it was determined that 13C incorporation in UDP-GlcNAc did not 

approach steady state until 30 h of growth in the presence of 13C6-glucose [26]. However, 

macromolecules such as proteins and cellular lipids require many population doublings to 
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approach steady-state labeling patterns [20], and this must be taken into account if these 

macromolecules are evaluated for stable isotope incorporation. In contrast, intermediates of 

central metabolism such as glycolysis, the pentose phosphate, and most components of the 

Krebs cycle reach isotopic steady state much more quickly, and for dynamic studies, rather 

short exposure times can be used [17].

The choice of number of treatment groups and number of experimental replicates per group 

must be balanced between statistical considerations and practical workflow considerations. 

In general, a minimum of three replicate samples should be included per treatment group. 

More biological replicates may be needed to detect more subtle differences in metabolite 

labeling patterns. Before drawing scientific conclusions, it is always important to repeat the 

experiment to ensure that the results are independent of cell passage numbers, density, or 

other subtle differences in growth conditions. It can also be very helpful to include an 

unlabeled sample for each treatment group, which is grown in the presence of the natural 

abundance form of the tracer molecule. Analysis of this additional sample allows for 

qualitative comparisons of the fate of the 13C tracer carbons, e.g., in overlays of 1H-{13C} 

HSQC NMR spectra [14], and as a technical control to discern incorrectly assigned isotope-

labeled peaks during curation of mass spectra. This additional unlabeled sample can also be 

included as a replicate in measurement of total abundance of metabolites in the treatment 

group. However, the unlabeled sample should not be used to manually correct for the 

presence of natural abundance isotopologues of the metabolites of interest in mass 

spectrometry data [2], as formal algorithms must be applied for such corrections [2, 27].

A reasonable number of 10 cm dishes with cells to process in 1 day using the extraction 

method detailed here range from 12 to 18, and the procedure runs much more efficiently 

with two people working together. More dishes can be processed if desired; however, 

staggering of the tracer additions may be needed so that the tracer labeling period is 

consistent across all dishes. Example experimental setups are provided in Fig. 1, which 

include several configurations for different kinds of experiments, including blank “t = 0” 

plates with no cells but containing tracer-labeled or unlabeled medium (see Fig. 1).

1.2 Nutrient Requirement, Growth Kinetics, and Tracer Medium Choice

Cultured tumor cells exhibit different nutritional requirements depending on cell type, 

genotype, tissue of origin, and numerous other factors. For assessing pseudo-steady-state 

labeling patterns of intracellular metabolites, it is important to design the experiment such 

that nutrient supplies remain adequate throughout the course of the experiment. For 

example, if the culture medium is depleted of 13C6-glucose by the cells before the end of the 

tracing period, the resulting intracellular 13C metabolite labeling patterns will likely reflect a 

state of altered growth and/or metabolic adaptation to alternative energy sources rather than 

glucose-driven labeling patterns observed during pseudo-steady-state growth. Similarly, 

premature depletion of glutamine tracer by cells during a glutamine tracer experiment might 

result in the diversion of glucose-derived carbon into pathways normally fueled by 

glutamine in the cultured cells. Significant unintended changes in nutrient levels and the 

resulting compensatory changes in cellular metabolism will make biological interpretation 

of metabolite labeling patterns exceedingly difficult.
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Population doubling times and metabolic rates can vary greatly between different cell lines 

even of the same nominal origin (e.g., MDAMB231 cells double in 18 h, whereas ZR75–1 

double in 80 h in rich media) [12]. Mouse cells typically double faster than analogous 

human cells, and the rate of metabolism reflects this difference [28]. In order to minimize 

the confounding effects of changing nutrient availability during the tracer experiment, 

preliminary experiments should be conducted in order to assess the growth rate (doubling 

time) and bulk utilization of the major fuels of cultured cancer cells, i.e., glucose and 

glutamine. These measurements can be performed using cell counting and relatively 

inexpensive enzymatic methods, ready-made kits, mass spectrometry, or NMR. We routinely 

measure the concentrations of glucose, lactate, and glutamine in both freshly prepared 

culture medium and in spent culture medium supernatants from experiments using 

immobilized enzyme electrode amperometry (YSI 2950 Bioanalyzer), which allows direct 

measurement of metabolites in culture medium without the need for extraction/

deproteinization. The results of these simple analyses help to determine optimal cell seeding 

densities for stable isotope tracer experiments and can also aid in the determination of 

whether initial cell extracts from a stable isotope tracer experiment should be further 

processed and submitted for NMR and mass spectrometry analyses or discarded due to loss 

of adequate nutrient supplies. It is important to keep in mind that true steady-state 

maintenance of the extracellular environment can never be achieved in a standard culture 

dish [29]. Quantitative metabolite flux experiments require complex control of medium 

components to maintain steady-state conditions using a chemostat, sampling of multiple 

time points, and in-depth computational modeling of metabolic network kinetics [2, 30–32].

Another factor to take into consideration is whether a genetic manipulation or drug treatment 

might result in reduced cell growth rate. For instance, treatment with a cytostatic drug will 

result in reduced cell numbers at the end of the experiment. If this is the case, cell dishes in 

the “treated” group may need to be seeded at a higher density than the control group in order 

to obtain sufficient cell biomass for metabolite extraction at the end of the experiment. 

Careful consideration of the effects of decreased cellular proliferation on isotope labeling 

patterns will need to be included during subsequent data analysis [2].

Although the majority of routine mammalian tumor cell culture work is performed using 

either DMEM or RPMI 1640 culture medium with the desired tracer nutrient replaced by the 

corresponding stable isotope-enriched counterpart at the identical concentration, recent 

studies have underscored the influence of the nonphysiological nutrient concentrations and 

lack of certain metabolites in these culture media on cellular metabolism in culture [33]. In 

addition to containing nonphysiological concentrations of vitamins and amino acids [28], 

culture media including DMEM and RPMI 1640 also lack metabolites that are found in 

human plasma [34], which have been shown to influence cell metabolism and drug 

susceptibility [33]. These findings led to the development of a new medium formulation, 

human plasma-like medium (HPLM), which better recapitulates the in vivo human setting 

[33]. However, preparation of customized media is both tedious and costly, and to date 

HPLM is not commercially available. In most cases, cancer researchers aim to incorporate 

the data obtained from SIRM experiments into a larger dataset encompassing other 

biological outcomes such as gene and protein expression, drug susceptibility studies, 

analysis of invasion potential, protein subcellular localization studies, gene knockdown or 
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overexpression, functional analysis of gene mutations, hypoxic response, respiration studies, 

etc. Thus, if all possible, the stable isotope tracer experiment should be performed under 

identical culture conditions as those employed for other biological experiments.

1.3 Dialyzed FBS vs Non-dialyzed FBS

Dialyzed FBS is a preferred additive for stable isotope tracer experiments with mammalian 

cells because it retains most of the growth factors and lipids present in FBS but lacks the 

small molecule metabolites present in non-dialyzed serum. Depending on the stable isotope 

tracer and associated pathways being evaluated, the natural abundance metabolites present in 

non-dialyzed FBS could confound the interpretation of both extracellular and intracellular 

metabolite labeling patterns. Table 1 lists natural abundance concentrations of some 

commonly evaluated metabolites found in two separate lots of FBS obtained from two 

different commercial sources, measured amperometrically using a YSI 2950 Bioanalyzer. 

When used at the standard supplementation rate of 10%, these non-dialyzed FBS reagents 

would contribute ~0.4–0.8 mM natural abundance glucose and ~0.8–1.8 mM natural 

abundance lactate to the tracer medium. The presence of these unlabeled substrates and 

products of glycolysis would need to be considered in the interpretation of pseudo-steady-

state labeling patterns of both intracellular and extracellular metabolites. This issue would be 

avoided with dialyzed FBS, as the concentrations of natural abundance glucose and lactate 

in two separate lots were 50–100-fold lower than the non-dialyzed FBS (Table 1). Also 

notable is the persistence of small amounts of carbohydrate and lactate in the municipal 

water supply, underscoring the need to utilize double-deionized water for experiments and to 

avoid the contamination of dishes and sample tubes by stray pieces of ice from the ice tray.

In our own experience with tumor cell lines that are deficient in Krebs cycle enzymes and/or 

respiratory chain components, we have found that some cell lines exhibit attenuated growth 

in dialyzed FBS, an effect that is likely due to auxotrophy for one or more small molecule 

metabolites present in FBS such as uridine, uric acid, etc. Many cell lines require an 

adaptation period of several days in the presence of dialyzed FBS, presumably to allow for 

transcriptional changes and metabolic adaptation, before the growth rate is restored to 

suitable levels. For these reasons, it is important to perform pilot experiments to test the 

growth characteristics of the cell line of interest in dialyzed FBS. It may also be important to 

test whether gene expression in the pathway(s) of interest is modulated by growth of the 

cells in dialyzed FBS, as metabolic compensation might occur in the absence of small 

molecule nutrients supplied in non-dialyzed FBS. As a rule of thumb, the same batch of 

dialyzed and non-dialyzed FBS should be utilized for all experiments in a project to 

maintain consistency of experimental results [28]. Finally, in tracer studies where 

extracellular vesicles such as exosomes are to be isolated or their influence on cell 

metabolism studied, exosome-free FBS (either non-dialyzed or dialyzed) should be adopted. 

Exosome-free FBS can be prepared using ultra-centrifugation or purchased commercially.

1.4 Other Considerations of Tissue Culture Experiments

Other practical factors are also important to consider in minimizing variations in tissue 

culture conditions. Adequate humidity in the incubator should be maintained by ensuring 

that ample water is present in the incubator water tray or by acquiring an incubator that has 
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an active humidification system. If possible, the stable isotope tracer experiment should be 

conducted in a dedicated incubator that is free of vibrations and will not be opened and 

closed excessively during the experiment. Excessive opening and closing of the incubator 

door leads to transient decreases in CO2 concentration, resulting in fluctuations in culture 

medium pH due to changes in bicarbonate concentration and drying of the internal 

environment due to injection of dry CO2 gas to restore CO2 levels. Fluctuation in humidity 

is especially pertinent in tri-gas incubators operating at O2 concentrations that are far below 

the ambient (~21% O2), as large quantities of dry nitrogen gas are injected into the incubator 

to decrease the O2 concentration. Table 2 shows the results of an experiment in which 

triplicate 10 cm dishes without cells were filled with 15 mL of DMEM/10% non-dialyzed 

FBS medium and allowed to incubate at 37 °C unperturbed in a 95% room air/5% CO2 

atmosphere, in either a well-humidified incubator or in an incubator in which the water tray 

was allowed to become dry. Plates incubated in the non-humidified incubator for 40 h 

showed an approx. 5% decrease in total mass, indicative of significant culture medium 

evaporation. In contrast, the dishes incubated in the humidified incubator lost only 1.3% of 

their mass over the same incubation period. The evaporative losses in the inadequately 

humidified incubator showed significant effects on the observed concentrations of glucose, 

lactate, and glutamine in the spent culture medium samples. Namely, glucose and lactate 

concentrations increased by 16–17%, while glutamine concentrations decreased by 1.3% in 

samples incubated in the non-humidified incubator. In contrast, glutamine concentration 

decreased significantly by 9% in the well-humidified incubator, likely reflecting the 

conversion of glutamine to NH4
+ and pyroglutamate [35], an effect that was masked in the 

non-humidified incubator due to evaporative loss of water in the dish. Differences in 

medium metabolite fluxes in non-humidified versus humidified growth conditions can also 

be attributed to altered cell physiology (e.g., reduced growth rate; Fan, unpublished data) 

and are likely to involve increases in culture medium osmolality. Thus, a poorly controlled 

incubator environment can considerably influence the interpretation of apparent metabolite 

uptake and secretion rates (Table 2).

Finally, other general good practices in tissue culture are of the utmost importance in 

metabolomics experiments, in order to justify the significant cost, time, and effort involved 

in acquisition, analysis, and interpretation of metabolomics data. Cell lines should be 

regularly tested for mycoplasma, as this cryptic and antibiotic-resistant contaminant microbe 

can go unnoticed indefinitely in tissue cultures [28], and by nature of its physical attachment 

to cells in tissue culture, mycoplasma is very likely to significantly alter cellular metabolism 

[36]. Unless specifically desired for differentiation or other physiological strategies, cells 

should be seeded evenly across the dishes and should not be allowed to become 100% 

confluent before quenching and extraction, as some cell lines undergo contact inhibition and 

thus will not be in log-phase growth at the time of harvest. In some cases, cells may also 

show dramatic differences in intracellular metabolite levels depending on their state of 

confluence [37]. Cell size can vary greatly across different cell lines; thus, initial cell 

seeding numbers and the number of cells present at 100% confluence can be very different. 

In general, it is a good practice to perform initial experiments to determine the number of 

cells required for seeding of culture dishes such that the cells are at 70–90% confluence at 

the time of harvest.
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1.5 Sample Preparation for Stable Isotope-Resolved Metabolomics

Numerous protocols exist for metabolite quenching/extraction from mammalian cells [3, 19, 

25, 38, 39]. There is no single sample preparation technique that can quantitatively recover 

all intracellular metabolites, as some metabolites are inherently labile and prone to 

degradation, and some others are less extractable using a universal solvent system. Notable 

examples of metabolites that can be degraded during extraction procedures include NADPH 

and to a lesser extent NADH, both of which show decreased stability in acidic conditions 

[40]. Glutamine is inherently unstable in culture medium [35], and metabolite extraction 

procedures can cause marked conversion of glutamine to pyroglutamate [41]. Issues with 

glutamine degradation can also arise as a direct result of ionization in the mass spectrometer 

[42]. Direct, in-cell derivatization of labile metabolites has been shown to be useful for 

detection of unstable carbonyl- and aldehyde-containing metabolites including oxaloacetate, 

dihydroxyacetone phosphate, glyceraldehyde 3-phosphate, and acetoacetate [21, 43]. 

Derivatization has also been shown to be useful for resolving multiple labeled amino acids 

by direct infusion and ultrahigh-resolution mass spectrometry [22].

Careful studies in E. coli have demonstrated that significant metabolite decomposition can 

occur as an artifact of the extraction procedure [44] and that acetonitrile is a superior solvent 

for metabolite extraction in E. coli, especially in the case of the preservation of nucleoside 

triphosphates [45]. Such improvements in extraction techniques were employed in the 

quantitative evaluation of total metabolite concentrations and metabolite enzyme occupancy 

in E. coli [46]. In mammalian cells, acetonitrile-water was also found to be a superior polar 

metabolite extraction solvent [19]. When acetonitrile-water extraction is combined with a 

second chloroform-methanol extraction, this single procedure can yield extracts suitable for 

analysis of polar metabolites, total cellular lipids, and cellular proteins all from one sample, 

e.g., [7, 14]. This metabolite extraction procedure, termed the Fan extraction method by the 

first author, is outlined below in Subheading 3.2.

2 Materials

1. Laminar flow biosafety cabinet for tissue culture work.

2. Dual-gas (CO2) or tri-gas (CO2, N2) humidified, temperature-regulated 

incubator.

3. 37 °C heated water bath

4. 10 cm tissue culture treated culture dishes (see Note 1)

5. Electric pipettor and serological pipettes (5, 10, 25 mL).

6. Vacuum aspirator fitted with tubing and disposable 2 mL plastic aspirator 

pipettes.

7. 15 mL polypropylene conical vials (Sarstedt)

8. 50 mL polypropylene conical vials (Sarstedt)

1.Poly-D-lysine or collagen-coated plates can be used for cells that are poorly adherent.
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9. 1.5 mL polypropylene Eppendorf tubes

10. 2.0 mL polypropylene screw-top vials

11. 0.5 mL polypropylene screw-top vials

12. 2.0 mL screw-top glass vials

13. Basal DMEM: DMEM without glucose, glutamine, pyruvate, and phenol red (see 
Note 2).

14. Dialyzed FBS (see Note 3) [or exosome-depleted FBS (e.g., Gibco# A2720801) 

if you are studying exosomes].

15. 0.5% phenol red solution (see Note 4)

16. Stable isotope tracer (e.g., 13C6-D-glucose, 13C5-L-glutamine, 13C5, 15N2-L-

glutamine, etc.) (see Notes 5 and 6).

17. DMEM tracer media (see Notes 7 and 8).

2.Some cell lines, including mtDNA-deficient rho-0 cells and patient-derived fumarate hydratase-deficient (FH−/−) tumor cell lines, 
grow poorly or not at all in culture medium made with dialyzed FBS without supplementation of 1 mM pyruvate. The necessity for the 
presence of pyruvate in the culture medium should be evaluated prior to the tracer experiment; we typically do not supplement with 
exogenous pyruvate unless it is necessary for cell proliferation.
3.The part number given here is for pre-dialyzed FBS; however, dialyzed FBS can be prepared in-house with substantial savings in 
cost.
4.While not required for tissue culture, phenol red is an invaluable tool that allows the researcher to continuously monitor the pH of 
the culture medium. An excessively pink color indicates greater alkalinity, usually due to loss of bicarbonate buffering by prolonged 
exposure of the medium bottle to room air atmosphere. Yellowing of the culture medium is frequent in highly glycolytic tumor cell 
cultures and is indicative of substantial acidification due to lactate secretion and possible depletion of glucose in the culture medium. 
Yellowing of the culture medium can also be an early indicator of bacterial contamination. Finally, changes in the color of phenol red 
sometimes occur after additions of drugs or other chemicals, immediately indicating the need for pH adjustment of the agent before 
addition to the culture medium. Caution must be taken with cells that are estrogen-sensitive, as phenol red has been reported to be a 
weak estrogen mimetic [49], though this may be due to lipophilic impurities in certain phenol red preparations rather than the pH 
indicator itself [50].
5.The choice of the tracer to be used depends on the goals of the project. Some strategies for tracer selection in mammalian cell tracer 
experiments are presented in the following references [3, 12, 18, 22, 25].
6.Prepare all tracer solutions using double-deionized water (ddH2O, 18.2 M Ω). Sterile water for injection can be used if ddH2O water 
is not available.

a. Prepare 46.5% (w/v) 13C6-glucose (2.498 M) volumetrically using a volumetric flask. For example, for a 10 mL 
solution, weigh 4.65 g of 13C6-glucose powder into the flask, and bring up to 10 mL volume line with ddH2O. 45% 
(w/v) 12C-glucose solution (2.498 M) is prepared in the same way using 4.5 g of natural abundance D-glucose. The 
solutions should be sterile filtered using a 0.22 μm syringe filter and stored in a Parafilm-wrapped vial at 4 °C for several 
months or in aliquots in tightly sealed vials at −80 °C for years.

b. Prepare 200 mM L-glutamine solutions using the appropriate molecular weight of the tracer compound in ddH2O (e.g., 
12C-L-glutamine MW = 146.14 g/Mol, 13C5-L-glutamine MW = 151.11 g/Mol). The solution should be sterile filtered 
using a 0.22 μm syringe filter and immediately aliquoted in vials and stored at −80 °C for at least 1 year. Repeated freeze 
and thawing of the stock solution should be avoided.

c. Dialyzed FBS can be stored in aliquots of 10–45 mL in sealed polypropylene conical vials at −20 °C or −80 °C.

7.For a typical tracer experiment such as the schemes shown in Fig. 1, prepare 300 mL basal tracer medium by combining 30 mL 
dialyzed (or exosome-depleted) FBS with 270 mL basal DMEM and optional 300 μL of 0.5% phenol red solution. Sterile filter using a 
disposable 500 mL 0.2 μm filter unit. Dialyzed FBS tends to show flocculence following freezethaw cycles; sterile filtration of the 
final solution ensures that any particulate matter is removed from the tracer medium. Prepare tracer media as required by the 
experimental design. We typically supplement basal DMEM media with 11 mM D-glucose (0.2%) and 2 mM L-glutamine (e.g., 11 
mM 13C6-D-glucose plus 2 mM 12C-L-glutamine or 11 mM 12C-D-glucose plus 2 mM 13C5-L-glutamine).
8.Unless it is explicitly part of your downstream analysis strategy (e.g., [22]), never include more than one tracer molecule in a given 
tracer medium preparation. Also, doubly labeled tracers such as 13C5- and 15N2-L-glutamine should not be utilized unless 
downstream analyses will include platforms that are able to distinguish the two heavy isotopes (e.g., 1H/13C/15N NMR or ultrahigh-
resolution Orbitrap or ion cyclotron Fourier-transform mass spectrometry). Be sure to prepare ~3–5 mL excess of each type of tracer 
medium for sufficient distribution into each plate, and remember to include enough medium for the blank plates with no cells.
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18. HPLC-grade acetonitrile (see Note 9).

19. HPLC-grade methanol (see Note 9).

20. HPLC-grade chloroform (see Note 9).

21. 2:1 chloroform/methanol-BHT solution (see Note 9)

22. Disposable plastic cell lifters (corning costar #3008) (see Note 10).

23. Ice buckets.

24. Rectangular anodized metal plate of at least 14 × 28 cm (e.g., Biocision, Inc. 

#BCS-123).

25. Phosphate-buffered saline (PBS), pH 7.4: 1.06 mM KH2PO4, 2.97 mM 

Na2HPO4, 155 mM NaCl.

26. Fine-tipped transfer pipettes (e.g., Samco scientific #235).

27. Freezer lyophilizer equipped for handling organic solvents (see Note 11).

28. Vacuum centrifuge (Eppendorf Vacufuge plus, fitted with rotors for both 1.5 mL 

tubes and for 2.0 mL glass vials) (see Note 12).

3 Methods

3.1 Metabolic Labeling of Adherent-Cultured Mammalian Cells

1. Perform preliminary experiments using tracer medium prepared with the desired 

natural abundance 12C tracer counterpart to ensure that the tracer medium 

composition is suitable to support cell growth and that nutrient levels remain 

adequate throughout the duration of the experiment. Considerations include (1) 

assessment of adequate cell growth rate in tracer medium, (2) determination of 

9.Store all solvents in a flammable-certified −20° freezer in the dark.

a. Decant 100 mL of HPLC-grade acetonitrile into an amber bottle and store at −20 °C.

b. Decant 100 mL of HPLC-grade methanol into an amber bottle and store at −20 °C.

c. Decant 100 mL of HPLC-grade chloroform into an amber bottle and store at −20 °C.

d. Prepare 100 mL of chloroform/methanol-BHT solution, prepare a 100 mM butylated hydroxytoluene (BHT) stock 
solution in HPLC-grade methanol, and then prepare 100 mL of 2:1 chloroform/methanol-1 mM BHT in an amber bottle 
by combining 66 mL chloroform with 32 mL methanol and 1 mL of 100 mM BHT stock solution in an amber bottle. 
Seal tightly, and store at −20 °C.

10.The cell lifter is superior to hinged cell scrapers because more force can be applied at a 45° angle to scrape the solvent and 
quenched cells.
11.This metabolite extraction procedure calls for freeze-drying/lyophilization of the resulting polar fraction aliquots. Freeze-drying 
allows for the removal of solvents and water from the polar fraction while maintaining the sample at below freezing temperature and 
minimizing exposure of the sample to oxygen during the drying process by the maintenance of high vacuum [51] and is far superior to 
vacuum centrifugation for the quantitative preservation of the maximum number of metabolites. However, depending on the stability 
of the metabolite(s) of interest, other evaporative techniques could be utilized for sample concentration, including vacuum 
centrifugation or drying under a flow of nitrogen gas.
The liquid nitrogen pre-trap is important for lyophilizers fitted with oil-containing pumps, as the solvents with very low melting points 
(e.g., methanol, acetone) derived from the sample will degrade the pump oil over time and lead to premature failure of the pump.
An alternative currently being evaluated by D.R.C. is to utilize a − 86 °C lyophilizer with a Teflon-coated condenser chamber and 
coils, attached to an oil-free Edwards scroll pump with silencer kit, with the open ballast venting into a chemical fume hood.
12.A vacuum centrifuge fitted with an oil-free diaphragm pump (e.g., Eppendorf Vacufuge plus™) is desirable for the evaporation of 
solvents such as methanol and chloroform, as oil-containing vacuum pumps are subject to the same solvent issues as discussed above.
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the target cell seeding density such that cells will reach 70–90% confluence at 

the time of quenching/harvest, (3) selection of a tracer incubation time that 

equals or exceeds the cell population doubling time in order to approach pseudo-

steady-state labeling of many intracellular metabolites, and (4) determination of 

bulk metabolite uptake and secretion at the end of the labeling period to ensure 

that the major nutrients (e.g., glucose and glutamine) are not depleted at the end 

of the labeling period.

2. Seed cells in 10 cm dishes in 10–25 mL tracer medium (see Note 13) containing 

natural abundance tracer compound (i.e., 12C-glucose and 12C-L-glutamine) 1 or 

2 days prior to the labeling experiment, and allow them to attach and proliferate 

(see Notes 14 and 15) (see Note 19 for alternative protocol for non-adherent 
cells).

3. Prepare tracer media freshly and equilibrate to 37 °C several hours prior to 

addition to the culture dishes. Also, prewarm a sufficient quantity of basal 

DMEM (without FBS or any other added compounds) to allow for washing each 

plate once with 10 mL basal DMEM (see Note 16).

4. Remove the culture dishes from the incubator, and aspirate the 12C tracer 

medium using vacuum aspiration. Gently add 10 mL of warm DMEM basal 

medium, rock the plate by the hand several times, and then aspirate. Finally, add 

10–25 mL of prewarmed 13C tracer medium to each plate, remove 0.2 mL of 

medium (T = 0), and weigh plate on a three-place balance before returning plates 

to the incubator. For each type of tracer medium used, include one blank plate in 

which no cells are seeded but tracer medium is added. This plate is incubated 

13.The standard quantity of 10 mL of tracer medium per 10 cm dish is used for routine experiments. However, for very rapidly 
growing cells such as HEK293 or cells exhibiting extraordinarily high levels of aerobic glycolysis (e.g., mtDNA-depleted cells or 
Krebs cycle enzyme-deficient tumor cells), greater amounts of medium may be needed to sustain adequate nutrient levels during 
routine culture and during the tracer labeling period.
14.The metabolite extraction procedure outlined in this protocol allows for obtaining a protein residue for subsequent quantification 
and normalization of metabolite levels. If you choose a different metabolite extraction protocol that does not allow for recovery of 
cellular protein, then additional dishes can be included to allow for cell counting and/or cellular protein determination for inferred 
normalization of metabolite concentrations [3]. However, this practice is imprecise, as each plate will be seeded somewhat differently 
and should not formally be used for normalization of a separate plate.
15.Many cell lines require 24 h or more to adhere, stabilize, and enter into log-phase growth. Do not seed the cells, and initiate the 
tracer labeling period simultaneously.
19.For non-adherent cells or cells that are very poorly adherent, an alternative harvesting procedure is as follows:

a. Collect cells and medium from each dish in a conical tube, and centrifuge at 350 × g, 5 min, 4 °C. Weakly adherent cells 
can be collected by gentle trituration of the tracer medium over the plate until cells are detached.

b. Collect 1 mL of culture medium supernatant, and set aside for subsequent processing and extraction.

c. Vacuum aspirate the remainder of the tracer medium with a fine pipette tip, add 10 m L of ice-cold PBS, and gently 
triturate the cell pellet. Centrifuge at 350 × g, 5 min, 4 °C, and then vacuum aspirate the supernatant.

d. Repeat step 3 once, taking care to vacuum aspirate as much PBS as possible during the second aspiration.

e. Immediately add 1 mL cold (−20 °C) acetonitrile, and vortex the mixture in pulses to resuspend the cells. If clumps of 
cells are still visible, then triturate up and down with the 1 mL pipette tip to break up the clumps.

f. Add 0.75 mL ice-cold ddH2O and vortex, then add an additional 1 mL of acetonitrile and 0.75 mL ddH2O, and proceed 
to step 11 in Subheading 3.1.

16.If the medium is excessively pink (alkaline) due to loss of bicarbonate to the air as CO2, the media can be left in the 5% CO2 
incubator for several hours to overnight with the lid loosened to allow for re-equilibration of the bicarbonate buffering system.
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alongside the plates with cells and serves as the blank plate (see Fig. 1, 

Subheading 1.2, and Notes 17 and 18).

5. On the next day, set up the lab bench for medium harvest and cell quenching by 

obtaining several trays of ice and pre-labeling all of the tubes that will be needed. 

In one ice tray, place a slab of rectangular metal of at least 14 × 28 cm (e.g., 

Biocision, Inc. #BCS-123) horizontally, tilted toward the front of the bench by 

approximately 35. Precool a bottle of HPLC-grade acetonitrile to −20 °C.

6. At the end of the incubation period, weigh plates using the same balance, and 

remove the plates from the incubator in groups of three at a time. Place the 

dishes on the metal slab, with the pen mark on the side of the dish facing you. 

Transfer 1 mL of medium from each plate to a snap-cap microcentrifuge tube, 

and set the tube aside on ice for subsequent processing and extraction. Aspirate 

the remainder of the tracer medium using a fine-tipped transfer pipette into a 15 

mL conical centrifuge tube if the medium is to be harvested or using the vacuum 

aspirator fitted with a disposable 2 mL plastic aspirator pipette if the medium is 

to be discarded (for non-adherent cells, see Note 19).

7. Wash the dishes three times with 10 mL ice-cold PBS by gently adding the PBS 

to the side of the dish where the mark is and aspirating from the dish wall 

slightly above the same spot each time to minimize cell loss. Make sure that the 

entire circumference of the dish wall and the entire surface of the plate are rinsed 

by each of the three washes by gentle rocking of the dish during each wash. After 

the third wash, allow the dish to remain tilted toward you at ~35° on the metal 

block with the pen mark facing toward you. Carefully observe the walls of each 

dish, and aspirate any residual liquid that might remain on the walls of the 

circumference of the plate while residual liquid on the plate is collecting near the 

pen mark. Finally, aspirate again any additional residual fluid from the bottom of 

the plate (see Notes 20 and 21).

8. Immediately add 1 mL cold (−20 °C) acetonitrile to quench cell metabolism. 

Ensure that the solvent covers the entire surface of the dish by gently but rapidly 

shaking the plate horizontally. Place the culture dishes on a shelf in a −20 °C 

freezer, and incubate for 5–20 min.

17.At the beginning of the experiment, use a permanent marker to mark the lower outer wall of the culture dish indicating where 
aspiration and additions will occur throughout the subsequent steps of culture and quenching. This, together with aspiration slightly 
above the mark, will help to minimize cell loss and keep the loss more consistent across the dishes and treatment groups during the 
course of experiment.
18.If an inverted phase-contrast microscope with a camera is available, then take a picture of one or more regions of the dish from at 
least one replicate of each treatment group before and after the tracer incubation period. This will reveal any morphological or cell 
number changes in the tracer experiment.
20.Work quickly, and minimize the time between which the culture dishes leave the incubator and the cells are quenched with solvent, 
thus minimizing the time that elapses between removal of the dish from the relative equilibrium of the incubator to the time when 
cellular enzymatic activities are eliminated by the 100% acetonitrile quench.
21.Prior to metabolite quenching and extraction, it is important to minimize the salt contribution to the final extracts, which can 
interfere with metabolomics analysis, particularly by mass spectrometry. Residual sodium, chloride, and phosphate ions can interfere 
with MS analyses via ion suppression and decreased signal-noise ratios in NMR analyses [52]. Be sure to aspirate as much liquid as 
possible after the last wash.
Greatly reduced salt interference can be achieved by a brief rinse of the dish with Nanopure water (30 s to 1 min) right after removing 
the medium components with PBS. We have found that this water rinse significantly improved Fourier-transform mass spectrometry 
performance without loss of cellular metabolites. The water rinse is aspirated rapidly, and the quenching solvent is added immediately.

Crooks et al. Page 12

Methods Mol Biol. Author manuscript; available in PMC 2021 June 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



9. Remove the dishes from the freezer, and return to the ice-cold metal block. Add 

0.75 mL ice-cold ddH2O, and gently rock the dish to ensure mixing of the water 

and acetonitrile (see Note 22).

10. With the plate angled at ~35° toward you resting on the ice-cold metal, scrape 

the cells and solution toward the bottom of the dish using a cell lifter with firm 

circular motions until all material has been scraped to the lower end of the dish. 

Next, rotate the dish by 90° and scrape the remaining cells and fluid to the 

bottom of the dish (see Note 23).

11. Transfer the quenched cells and solvent to a 15 mL conical centrifuge tube, and 

then repeat steps 8 and 9 but omit the −20 °C incubation step. The resulting 

volume in the 15 mL conical vial is typically ≥ 3.2 mL. The final solvent 

composition is 2:1.5 (acetonitrile-water). This solution can be kept on ice for 

several hours before proceeding to chloroform extraction or stored at −80 °C for 

up to 1 week pending chloroform extraction.

12. After all dishes of cells have been quenched and scraped, centrifuge the 1 mL 

culture medium samples at 3000 × g for 10 min at 4 °C in a microcentrifuge to 

remove any floating cells and large debris.

13. Transfer 900 μL of the resulting culture medium supernatant to a new pre-labeled 

tube for storage at −80 °C until metabolite extraction. A 100 μL of this culture 

medium sample can be stored separately for direct acetone extraction. Culture 

medium metabolite extraction procedures are outlined in Subheading 3.3.

3.2 Cell Metabolite Extraction Using the Fan Extraction Method

1. Pre-label all tubes to be used during the phase separation and extraction:

a. Aqueous/polar fraction: 5 mL snap-cap Eppendorf tube, pre-weighed to 

0.1 mg precision. Label simply and clearly with sample number; it will 

be discarded after aliquoting of the polar phase.

b. Nonpolar/lipid fraction: 2 mL screw-cap glass vial with Teflon-faced 

liner, wrap with clear scotch tape around the side of the vial to protect 

labeling.

c. Protein fraction: 1.5 mL snap-cap Eppendorf tube (pre-weighed to 0.01 

mg precision if protein dry mass is desired), taped around the side to 

protect labeling (see Note 24).

2. Add 1 mL ice-cold chloroform to the acetonitrile-water cell extracts in their 15 

mL conical tubes, using a pre-wetted 1 mL polypropylene micropipette tip. Seal 

22.An internal standard can be included in the ddH20 at this step. 53.3 μM tris, pH 8.0 can be included in the first 0.75 mL ddH20 
addition, as a convenient internal standard in 1H NMR analyses.
23.Think of the cell lifter as a squeegee being used to move all liquid and cell material to the bottom of the plate, reminiscent of 
squeegeeing a window or windshield after washing it.
24.High-quality gloss-finish scotch tape is used to protect the writing on the tube from being smeared by solvents during pipetting, 
centrifugal evaporation, and lyophilization.
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the tubes tightly, and shake the extracts vigorously up and down at least 60 times 

manually or on a vortexer (see Note 25).

3. Centrifuge the extracts in a refrigerated swinging-bucket centrifuge at maximum 

speed (typically 3000–4650 × g, depending on the model of the centrifuge), 4 °C, 

30 min. The extracts will separate into three phases: An upper aqueous phase 

containing polar metabolites, a lower nonpolar chloroform phase containing 

lipids, and a middle phase containing denatured proteins and other 

macromolecules. Gently transfer the tubes to an ice bucket, taking care not to 

disrupt the phase separation (see Note 26).

4. Transfer ~90% of the aqueous phase to pre-tared (±0.1 mg) 5 mL Eppendorf tube 

using a fine-tipped transfer pipette, taking care not to disrupt or transfer any of 

the denatured protein layer along with the aqueous phase. The remaining 

aqueous phase will be recovered during the second extraction. Save the transfer 

pipette for the second extraction.

5. Transfer ~90% of the lower chloroform phase to a 2 mL glass vial until the vial 

is filled to the neck, using a gel-loading 200 μL pipette tip; save the tip for a 

second transfer (see Note 27).

6. Place the 2 mL glass vial in a vacuum centrifuge, and reduce the volume of the 

chloroform fraction by vacuum centrifugation for 30 min without heating.

7. Centrifuge the 15 mL conical vial containing the remaining polar and nonpolar 

fractions as well as the protein fraction for 5 min at maximum speed at 4 °C. if 

more than ~400 μL of nonpolar fraction remains in the 15 mL vial, transfer more 

nonpolar fraction to the respective 2 mL glass vial after the volume has been 

reduced sufficiently by vacuum centrifugation, until <100 μL of nonpolar 

fraction remains.

8. Using a 1 mL pipettor set to 500 μL, mix the protein fraction along with the polar 

and nonpolar fractions until the protein fraction is sufficiently dispersed to allow 

for the transfer of the remaining contents of the 15 mL tube to the 1.5 mL protein 

fraction tube. Set aside this pipettor with the tip still attached. Using a separate 1 

mL micropipette, add 350–500 μL ice-cold chloroform-methanol/1 mM BHT to 

the 15 mL vial. Then use the first pipettor and tip to pipette the solution up and 

down, washing the residual protein residue from both the walls of the tube and 

25.This is the commitment step in the metabolite extraction procedure. Once chloroform is added, the fractionation procedure must be 
completed in the same day, as the chloroform will slowly degrade the polypropylene tubes. Never use polystyrene tubes for metabolite 
extractions.
26.If the protein interphase looks excessively thick, fuzzy, or uneven, then centrifuge for an additional 20 min.
27.If the protein interphase layer is sufficiently abundant and forms a solid white layer, a 1 mL pipette set to 900 μL with a non-filtered 
polypropylene tip can be carefully teased along the side of the tube, past the protein layer, and down into the chloroform phase. If the 
protein layer is less abundant or more fluffy, a 200 μL micropipette fitted with a gel-loading tip must be used, with the tip carefully 
inserted through the protein layer along the side of the tube. In either case, take care not to pipette the aqueous layer by first depressing 
the pipette plunger down to its first resistance point before inserting it into the tube, then slowly insert the tip past the aqueous and 
protein phases into the chloroform phase, and then depress the plunger slightly further to expel any aqueous phase until a small air 
bubble is passed. Then begin to draw the chloroform phase into the tip. Take care to minimize the amount of protein that sticks to the 
outer wall of the pipette tip.
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the inner surfaces of the pipette tip. Transfer the protein and chloroform-

methanol/BHT wash to the protein fraction tube (see Note 28).

9. Vigorously shake and vortex the protein fraction tube for >1 min and then 

centrifuge the tube at maximum speed in a refrigerated microcentrifuge for 20 

min at 4 °C, with the hinges of the tubes facing away from the center of the rotor.

10. Transfer as much of the upper aqueous layer in the protein fraction tube as 

possible to the 5 mL polar phase Eppendorf tube using the transfer pipette from 

step 4 while avoiding disruption or transfer of the middle protein layer. Weigh 

the resulting polar fraction, and subtract the initial tube weight to determine the 

total weight of the polar metabolite fraction (see Note 29).

11. Transfer all but ~10–20 μL of the lower nonpolar lipid fraction to the 2 mL glass 

lipids vial, and return the lipid vials to the vacuum centrifuge, and evaporate to 

dryness. As soon as the lipid fractions are dry, add 300 μL of chloroform-

methanol/BHT solution to them, cap the glass tube tightly, vortex gently, and 

store at −80 °C until analysis (see Note 30).

12. Add 500 μL of cold methanol to the protein fraction, vortex briefly, and then 

centrifuge the tube at maximum speed in a refrigerated microcentrifuge for 10 

min at 4 °C with the hinges of the tubes facing away from the center of the rotor. 

Carefully aspirate the supernatant using a gel-loading tip via vacuum suction or a 

1 mL pipette, taking care not to disrupt the protein pellet (see Note 31).

13. Evaporate the protein residues to dryness by vacuum centrifugation (~25–30 

min). Subsequently, on the same day, measure and record the mass of the protein 

fraction tube with the dried protein residue to 0.01 mg and subtract the tare 

weight of the same tube to obtain the mass of the dry protein residue, if desired. 

The expected residue mass is 0.5–2 mg (see Note 32).

14. The polar fraction can be sub-aliquoted into many fractions and stored in 

polypropylene screw cap or Eppendorf tubes for different analyses. Half or more 

of the polar fraction in the 5 mL tube is suitable for analysis by high-field NMR 

spectroscopy [14, 15]. One eighth of the polar fraction in a 2 mL glass vial is 

suitable for MTBSTFA derivatization for analysis by GC-MS [14, 16] or ion 

chromatography (IC)-FTMS analysis [7, 14, 47]. One 16th of the polar fraction 

28.Loss of some of the protein fraction due to adherence to the walls of the 15 mL conical vial as well as adherence of the protein to 
the inner and outer walls of the pipette tip is inevitable. The chloroform/methanol-BHT helps to reduce this loss; however, protein 
recovery is never 100%. Work hard to minimize this fractional loss of protein residue, but most importantly, try to keep the degree of 
loss consistent across all of the samples.
29.The net mass yield of the polar fraction can be used to assess consistency between samples and to determine split ratios for polar 
metabolite fraction aliquots. After weighing, the entire polar metabolite fraction can be stored at −80 °C for several days before 
thawing, sub-aliquoting, and lyophilization.
30.Avoid excessive drying time and exposure of the lipid fraction to heat/air. BHT is a preservative used in the food industry to 
stabilize fats; it is added here to slow the peroxidation of unsaturated lipids and fatty acids.
31.Make sure that the hinges of the microfuge tubes face outward from the center of the microcentrifuge rotor, so that the resulting 
protein residue pellet is located at the same position at the bottom of every tube.
32.Loss of protein residue during vacuum centrifugation can be minimized by attaching a separate cap cut from additional Eppendorf 
tubes with 4–8 perforations made using an 18-gauge needle or other perforation tool. Proteins can subsequently be redissolved in lysis 
buffer and their concentration measured by BCA or Bradford assay.
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in a 2 mL screw-cap tube is suitable for multiple direct infusion FT-MS analyses 

[16, 22, 48] (see Note 33).

15. Cap all aliquot tubes with screw caps or snap caps containing 3–6 small 

perforations on top, and freeze all tubes upright in flexible 9 × 9 cardboard racks 

by placing them in ~1 cm of liquid nitrogen in a Styrofoam or other cold-

resistant tray. After all aliquots reach liquid nitrogen temperature, rapidly transfer 

the racks to a suitably sized lyophilization can and apply vacuum as quickly as 

possible. Lyophilize to dryness for 18–24 h; the polar aliquots should remain 

frozen under the vacuum for the duration of the lyophilization period (see Note 

11). After lyophilization, replace the perforated caps with tightly sealed pre-

labeled caps and store at −80 °C until analysis.

3.3 Acetone Extraction of Culture Medium

Proteins in culture medium are chemically precipitated using cold 80% acetone and removed 

by centrifugation, and the supernatant is collected for downstream analyses.

1. Add 400 μL of ice-cold acetone to a 100 μL aliquot of culture medium in a 

microcentrifuge tube.

2. Vortex vigorously and then incubate the samples in a −80 °C freezer for >30 min.

3. Remove the precipitated samples from the freezer, and centrifuge them at 

maximum speed (15–20 K × g) for 10 min at 4 °C.

4. Transfer the clarified supernatant to a new tube(s), and remove the solvent using 

either a vacuum microcentrifuge, or freeze-dry using a lyophilizer fitted with a 

liquid nitrogen pre-trap (see Notes 34 and 35).

3.4 Culture Medium Protein Removal Using Ultrafiltration

Proteins are removed by centrifugal ultrafiltration using 10,000 molecular-weight-cutoff 

dialysis membranes, and the flowthrough is collected for downstream analyses.

1. 300–400 μL of culture medium is added to the top of an ultrafiltration spin 

column (e.g., Millipore Ultracel YM-10) after extensive wash with ddH2O.

2. Centrifuge the spin column at 5000 × g for 30 min at 4 °C in a microcentrifuge.

3. Collect 100 μL of the filtrate flowthrough, and remove the solvent using either a 

vacuum microcentrifuge, or freeze-dry using a lyophilizer fitted with a liquid 

nitrogen cold trap (see Notes 35 and 36).

33.Record the mass of each polar aliquot as it is pipetted in order to determine the exact fraction represented by the aliquot, by 
dividing the fraction mass by the total mass of the polar fraction. Aliquoting into the polar fraction tubes can be performed directly on 
an analytical balance and the polar fraction masses recorded as they are being aliquoted.
34.Approximately 50–75% of the dried culture medium extract is sufficient for analysis by 1H NMR, and 1/8–1/16 quantity of the 
extract is suitable for mass spectrometry applications.
35.The choice of solvent removal method for culture medium samples depends on the lability of the metabolite(s) of interest. For 
example, while lactate and glucose are relatively stable to temperature and pH, other metabolites of potential interest such as 
glutamine and pyruvate will degrade during vacuum centrifugation.
36.Approximately 50–75% of the dried extract is sufficient for analysis by 1H NMR.
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Fig. 1. Examples of experimental setups for stable isotope tracer experiments.
(a) Sample dish configuration for simultaneous 13C6-glucose labeling of four cell lines, 

including unlabeled replicate plates (#13–16) incubated with 12C-glucose, as well as a blank 

replicate plate incubated with media but no cells. (b) Sample dish configuration for 

evaluation of metabolic perturbations induced by two drugs separately or in combination. 

Note that pilot experiments should be performed to determine the IC50 of each drug as well 

as the combination of both drugs, which may act antagonistically or synergistically. (c) 

Sample dish configuration for the comparative labeling of two cell lines with two different 

tracers, including unlabeled control replicates and the blank plate incubated with media but 

no cells
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