
Loss of Volatile Metabolites during Concentration of Metabolomic
Extracts
Nataliya A. Osik, Nikita N. Lukzen, Vadim V. Yanshole, and Yuri P. Tsentalovich*

Cite This: ACS Omega 2024, 9, 24015−24024 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Volatile metabolites can be lost during the
preanalytical stage of metabolomic analysis. This work is aimed
at the experimental and theoretical study of mechanisms of volatile
substance evaporation and retention in the residues during the
drying of extract solutions. We demonstrate that solvent
evaporation leads to the unavoidable loss of nondissociating
volatile metabolites with low boiling points and high vapor
pressures (such as acetone and ethanol). The retention of
dissociating volatile compounds (primarily organic acids RH)
during the evaporation depends on the presence of buffer salts in
solution, which are responsible for maintaining the neutral pH. An
acid remains in the solution as long as it is present predominantly
in the dissociated R− state. At the very last stage of solvent
evaporation, buffer salts precipitate, forming a solid matrix for metabolite trapping in the residue. At the same time, buffer
precipitation leads to a decrease of the solution pH, increase of the portion of RH in associated state, and acceleration of RH
volatilization. The RH recovery is thus determined by the competition between the solute volatilization in the associated RH form
and metabolite trapping in the solid matrix. The retention of volatile acids in the residue after extract drying can be improved either
by adding buffer salts to maintain high pH or by incomplete sample drying.

■ INTRODUCTION
Metabolomics is a relatively young science that is still
developing. Its fundamental objectives include the identifica-
tion, quantification, and characterization of metabolites present
in a tissue, organ, or whole body; determining the role of these
compounds in a complex biochemical network; and the
evaluation of metabolomic changes induced by intrinsic (such
as diseases and genetic modifications) or extrinsic (such as
environmental variations, diet, and medications) factors. All
experiments start with the selection of biological samples, cells,
biofluids, or tissues followed by the preanalytical stage. The
latter includes sample collection, homogenization, quenching
metabolic activity, protein precipitation, and extraction of low-
molecular-weight compounds as a separate fraction.1−4 The
analytical step consists of the metabolite detection and
quantification, and it is usually performed with the use of
such analytical platforms as nuclear magnetic resonance
(NMR) spectroscopy, gas or liquid chromatography, and
capillary electrophoresis with mass spectrometric detection
(GC−MS, LC−MS, or CE−MS).5−10

Very often, metabolomic extracts need to be concentrated
before analysis. This is primarily required to increase the
detection sensitivity as well as to replace the solvent with a
more suitable one for the analysis. Drying under nitrogen flow,
rotary vacuum evaporation, and freeze-drying (lyophilization)
are the most common laboratory techniques for evaporating

solvents.11−13 All drying methods are based on the properties
of solvents, which have a high vapor pressure, low boiling
point, and high evaporation rate and therefore are volatile,
easily volatilized from a liquid or frozen extract. However,
extract drying also causes an inevitable loss of volatile
biological substances, which also leave the solution during
the concentration process.14−16 This is especially valid for
compounds with low boiling points and high vapor pressures
(such as acetone, ethanol, acetic, and formic acids). The
metabolomic analysis of biological samples often includes these
compounds in published data sets.17−22 Although the effect of
metabolite loss under vacuum drying is quite expected,
scientists do not always pay much attention to changes in
the content of volatiles during the preanalytical step of sample
preparation.
Poor recovery of volatiles in the remaining extract may affect

the metabolomic profiling of a tissue and lead to incorrect data
interpretation. The errors caused by the loss of volatile
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metabolites are particularly important for quantitative metab-
olomics. Notably, the loss of volatile metabolites, such as
formate, acetate, acetone, and ethanol, holds particular
importance due to their roles in cellular metabolic pathways.
Formate is an intermediate of cellular one-carbon metabo-
lism;23 acetate is a precursor of acetyl-CoA, an important agent
of the energy transfer cycle;24 acetone is one of the main
products of ketogenesis;25 and ethanol influences the cellular
energy metabolism, being a key precursor of acetaldehyde.26 In
combination, these compounds are important for ethanol
degradation, pyruvate metabolism, glucose metabolism, and
glyoxylate metabolism. Consequently, misinterpretation of the
concentrations of these metabolites may lead to a false
understanding of metabolic processes under study. It has
become a custom that most scientific publications focus more
on the analytical step, whereas the preanalytical step can
introduce significant artificial changes into the metabolome in
terms of volatile content.27

Analysis of volatile organic compounds is often used in
scientific studies related to the plant sciences and food
industry, where the recovery of volatiles is crucial. In particular,
quantification of aroma compounds has been carried out in
plant metabolomics to evaluate the product quality after
different types of processing.14,15,28−32 Most of these studies
correspond to compounds with a relatively high boiling point
and low vapor pressure; however, even for these substances,
the extraction recovery is often rather low or variable.16,33,34 It
has been noticed that buffering the solution before the solvent
evaporation as well as incomplete sample drying may
significantly improve the recovery of volatiles.33 However, no
mechanisms explaining the process of volatile compound
retention in dried samples have been proposed. The under-
standing of mechanisms underlying the drying process for
volatile metabolites will allow expanding the metabolite
coverage under analysis, making metabolomic discoveries
sounder. This work is aimed at the experimental and
theoretical study of mechanisms of volatile substance
evaporation and/or retention in the residues during the
concentration and drying of extract solutions.

■ EXPERIMENTAL SECTION
Materials. Methanol (MeOH), ethanol, chloroform, and

acetone from J.T. Backer (Radnor, USA); 99.9% D2O from
Astrachim (St. Petersburg, Russia); acetic acid, formic acid,
glycine, β-alanine, and sodium chloride from Sigma-Aldrich
(St. Louis, USA); monosodium phosphate dihydrate and
disodium phosphate from Applichem (Darmstadt, Germany);
hydrogen chloride from Ecros (St. Petersburg, Russia); sodium
hydroxide from Merck (Darmstadt, Germany); and frozen
human serum from Sigma-Aldrich (St. Louis, USA) were used
as received. H2O was deionized using an Ultra Clear UV plus
water system (SG Water, Hamburg, Germany) to a quality of
18.2 MΩ.
A solution containing 20 mM glycine, β-alanine, acetic acid,

formic acid, acetone, and ethanol in deionized H2O was used
in all experiments as a metabolite stock solution. Aqueous
phosphate-buffered saline solutions containing NaH2PO4,
Na2HPO4, and NaCl at different concentrations and pH 7.4
were used in the experiments with model solutions. A
deuterated buffer solution containing 50 mM sodium
phosphates (pH 7.1) and 20 μM sodium 4,4-dimethyl-4-
silapentane-1-sulfonate (DSS) as an internal standard was used
for NMR measurements and kinetic measurements.

Kinetic Measurements. For kinetic measurements, we
added NaCl to concentration of 87 mM (0.5%) and 6 μL of 20
mM stock metabolite solution to 600 μL of 25 mM deuterated
buffer solution. We placed tubes with the solution in a rotary
vacuum evaporator and removed them at different time
intervals. The tubes were then weighed to determine the
amount of solvent remaining. Then D2O was added to the total
volume of 600 μL, the solutions were transferred into NMR
tubes, and NMR spectra were obtained.
Preparation of Metabolomic Extracts. For the prepara-

tion of blood serum metabolomic extract, we followed a
standard protocol.35,36 We added 3÷18 μL of 20 mM stock
metabolite solution, 300 μL of cold methanol, and 300 μL of
cold chloroform to 300 μL of thawed human blood serum; the
mixture was stirred on a shaker at +4 °C (15 min), incubated
at −20 °C (30 min), and centrifuged (30 min, 16,100g, 4 °C).
After centrifugation, the upper water−methanol fraction was
collected, vacuum-dried, and then redissolved in the
deuterated buffer for NMR analysis. A clean serum extract
without additional metabolites was prepared in the same way.
To prepare the metabolomic extract of kidney tissue, we also

used a standard methanol/water/chloroform extraction
procedure. We added 9.6 mL of cold methanol to a frozen
chicken kidney (450 mg). The tissue was homogenized with a
rotary homogenizer TissueRuptor II (Qiagen, The Nether-
lands), and the homogenate was divided into six aliquots of
1600 μL, each containing approximately 75 mg of tissue. Three
samples were added to 15 μL of 1 mM stock metabolite
solution, and the remaining three served as controls. Then, 800
μL of H2O and 1600 μL of cold chloroform were added to
each sample. The samples were stirred on a shaker at +4 °C
(15 min), incubated at −20 °C (30 min), and centrifuged (30
min, 16,100g, 4 °C). After that, the upper fractions of each
sample were collected, vacuum-dried, and redissolved in the
deuterated buffer for NMR analysis. The same treatment of
chicken kidney samples was performed using 10 and 20 mM
phosphate buffer instead of pure water.
NMR Measurements. 1H NMR measurements were

carried out at the Center of Collective Use “Mass
spectrometric investigations” SB RAS using an NMR
spectrometer AVANCE III HD 700 MHz (Bruker BioSpin,
Rheinstetten, Germany). Solutions for NMR measurements
were redissolved in 50 mM deuterated phosphate buffer
containing 20 μM of DSS as an internal standard and
transferred into 5 mm NMR tubes. Spectra were obtained by
summing 64 free induction decay signals after 90° pulse
exposure. Water signal was presaturated with a low-power
selective pulse. The concentrations of metabolites in samples
were calculated by integrating their NMR signals relative to the
DSS signal.
Theoretical Calculations. Numerical calculations of

processes occurring in the solution during vacuum drying
were carried out using code written in Matlab version 8.5
R2015a (The MathWorks, Inc., Natick, US) with the use of
the Matlab “roots” function to solve polynomial equations.

■ RESULTS
The majority of experiments in this work were performed for
H2O/MeOH (1:1) model solutions containing different
concentrations of phosphate buffer salts (Na2HPO4 and
NaH2PO4), NaCl, and six metabolites: two nonvolatile
compounds (glycine and β-alanine) and four volatile
metabolites (acetone, ethanol, acetate, and formate). These
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solutions mimic typical metabolomic extracts obtained after
the tissue homogenization, protein precipitation, and metab-
olite extraction. Unless stated otherwise, the initial concen-
tration of each metabolite in solution was 100 μM, and the
solution volume was 0.6 mL. The solutions were dried by
rotary vacuum evaporation (unless stated otherwise) overnight
to complete dryness, the residue was redissolved in deuterated
phosphate buffer, and then we measured the concentrations of
metabolites in the residue by NMR. Typically, we repeated
each experiment three times to assess the variation of the
recovery rate. In all measurements, the content of nonvolatile
compounds glycine and β-alanine after solvent evaporation
remained the same as in the initial solution (Table 1). For that
reason, we do not show the levels of these substances in
figures, and they served mostly as an additional internal control
of possible sample loss.
Influence of Sodium and Phosphate Buffer Salts on

the Evaporation of Volatile Metabolites. Vacuum drying
of a H2O/MeOH solution of six metabolites without addition
of salts has resulted in the complete evaporation of acetone,
ethanol, and acetic acid (their concentrations in the residue
were below the detection level) and almost complete
evaporation of formic acid (the recovery was only 5% from
the initial level). With the addition of 0.5% NaCl (87 mM) to
the solution, the portion of formate remaining in the residue
increased to 19% from the initial level, whereas acetone,
ethanol, and acetate still were not detected. Significant
retention of formate and acetate was observed for 12.5 mM
phosphate buffer solution (pH 7.4) containing 9.4 mM
Na2HPO4 and 3.1 mM NaH2PO4: the portions of formate
and acetate in the residue were 80 and 50%, respectively, of the
initial level. The highest retention (100% for formate and 74%
for acetate) was achieved with the addition of both phosphates
and sodium chloride (Table 1). Acetone and ethanol
evaporated completely in all of the solutions. At the same
time, we found the presence of residual methanol in all of the
samples. The observed level of methanol from sample to
sample varied significantly from 0.1 to 0.5 nL.
To test the influence of the salt concentration on volatile

metabolite retention in the residue after the vacuum drying, we
prepared a stock 1:1 H2O/MeOH solution containing 3 mM
phosphate buffer (pH 7.4) and 2% NaCl (348 mM) and then
diluted it with H2O/MeOH. This way, we obtained nine
solutions with the salt concentration varying from 5 to 100% of
the stock solution. Six metabolites were added to each solution
in the concentration of 100 μM, the solutions were vacuum-
dried, and the content of metabolites in the residues was
measured. The results of the experiment are presented in
Figure 1. Acetone and ethanol evaporated completely, whereas
the portion of acetate and formate in the residue remained
stable at the level of 0.8−1.0 for most of the samples and

started to decrease with the NaCl concentration below 87 mM
and phosphate buffer concentration below 0.75 mM.
We also tested the influence of the initial metabolite

concentration on their retention in the residue (Figure 2). We
found that for solutions containing 12.5 mM phosphates and
0.5% NaCl, the content of acetate and formate in the residue
did not change with the metabolite concentration varying from
50 to 300 μM (Figure 2A). For solutions with 1 mM
phosphates and 0.5% NaCl, the content of acetate started to
decrease with the metabolite concentrations above 200 μM,
whereas the content of formate did not change (Figure 2B).
Influence of the Initial pH of the Solution on the

Evaporation of Volatile Metabolites. For studying the
effect of the initial pH of the extract on the retention of volatile
metabolites in the residues after the vacuum drying, we used
H2O/MeOH (1:1) solution containing 0.5% NaCl, 12.5 mM
phosphates (9.4 mM Na2HPO4 and 3.1 mM NaH2PO4), and
six metabolites in the concentration of 100 μM. We adjusted
the initial pH of solution (5.8÷9.0) by adding HCl or NaOH.
Again, acetone and ethanol evaporated completely in all types
of solution. The dependence of the acetate and formate
portions remaining in the residues after vacuum drying is given
in Figure 3. Loss of formate is observed with the initial pH
below 7.0, and at pH 5.8, the portion of the remaining formate
is below 70%. A significant drop for acetate is observed already
for pH below 8.0, and at pH 5.8, the portion of the remaining
acetate is below 10%.

Table 1. Portions of Metabolites Remaining in the Samples after Rotary Vacuum Dryinga

solution

remaining portion (%)

formate acetate acetone ethanol glycine β-alanine
1 5.3 ± 1.3 0 0 0 102 ± 6 104 ± 6
2 19.0 ± 2.6 0 0 0 99.5 ± 0.8 100.5 ± 1.1
3 80 ± 11 50 ± 15 0 0 100.9 ± 2.4 100 ± 4
4 101 ± 13 74 ± 10 0 0 98.9 ± 2.2 99 ± 3

aThere are four types of H2O/MeOH solution: (1) without salts; (2) containing 87 mM NaCl; (3) containing 9.4 mM Na2HPO4 and 3.1 mM
NaH2PO4; and (4) containing 87 mM NaCl, 9.4 mM Na2HPO4, and 3.1 mM NaH2PO4. The initial concentrations of metabolites were 100 μM.
All measurements were carried out in triplicate, and the data are presented as the mean ± standard deviation.

Figure 1. Dependence of acetate and formate recovery after solvent
evaporation on the salt concentration. Green circles, acetate; orange
circles, formate; and small gray circles, theoretical calculations.
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Kinetics of Metabolite Evaporation. The kinetics of
metabolite volatilization was measured for six metabolites (200
μM) dissolved in 25 mM deuterated phosphate buffer (without
methanol). We placed tubes with the solution into the rotary
vacuum evaporator and removed them (in triplicate) after the
different time intervals. The amount of water in the tubes was
determined by tube weighting. We transferred the solutions
into NMR tubes, added D2O to the total volume of 600 μL,
and obtained the NMR spectra. Figure 4 shows that the
content of water in the tube decreases linearly, whereas the
content of nondissociating compounds acetone and ethanol
decreases exponentially during the drying. The levels of
formate and acetate remained stable during almost the whole
experiment, and an approximately 20−30% loss of acetate was
observed only at the end of evaporation.
Evaporation of Volatile Metabolites from Biological

Extracts. To compare the results obtained for model solutions
of six metabolites with real metabolomic extracts, we carried
out experiments with human blood serum. We added volatile

metabolites (acetone, ethanol, acetate, and formate) to the
serum samples in the concentrations varying from 0 to 300 μM
and then performed the procedure of the sample preparation.
After vacuum evaporation, we did not detect acetone and
ethanol in the samples, whereas acetate and formate were
found in all extracts. Extracts without spiked additives also
contained some native levels of acetate and formate. To
calculate the portion of acetate and formate remaining in the
extract, we subtracted the native concentration measured in the
samples from the total concentration measured in the samples
with spiked metabolites. The results are presented in Figure
2C. We found that almost 100% of additional formate and
about 80% of additional acetate remained in the residue after
the vacuum drying; these amounts do not depend on the initial
concentration of metabolites. These results are in good

Figure 2. Dependence of acetate and formate recovery after the solvent evaporation on their initial concentration. (A) H2O/MeOH (1:1) solution
containing 12.5 mM phosphates and 0.5% NaCl; (B) H2O/MeOH (1:1) solution containing 1 mM phosphates and 0.5% NaCl; (C) H2O/MeOH
extract from the human blood serum. ΔC0 is the concentration of a spiked additive.

Figure 3. Dependence of acetate and formate recovery after solvent
evaporation on the initial pH of solution. Green circles, acetate;
orange circles, formate; and small gray circles, theoretical calculations.

Figure 4. Kinetics of metabolite volatilization during the vacuum
evaporation of an aqueous solution containing 25 mM phosphate
buffer and 87 mM NaCl. Gray squares, water; green circles, acetate;
orange circles, formate; brown circles, ethanol; and blue circles,
acetone. The initial metabolite concentrations are 200 μM, and the
initial water volume is 600 μL. Solid lines show linear (for water) and
exponential (for ethanol and acetone) fits.
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agreement with the data obtained for the model solutions with
sodium and phosphate buffer salts.
A similar experiment was carried out for metabolomic

extracts from chicken kidney. Measurements were performed
in triplicate for the extact without addition of metabolites and
for the extract with the same six compounds added at a
concentration of 200 nmol/g of kidney tissue before extracting
and drying the sample. We found that, in this case, the
retention of volatile acids in solution during drying is
significantly lower than in the case of serum extract: formate
recovery was only 64 ± 3%, and acetate recovery was 38 ± 7%.
However, the addition of buffer salts during extraction
significantly increased the degree of recovery: the use of 10
mM phosphate buffer instead of pure water increased the
recovery of formate to 93 ± 5% and that of acetate to 68 ± 8%.
The use of 20 mM buffer resulted in the almost complete
recovery of both acids: 95 ± 6% for formate and 78 ± 8% for
acetate.
Control Experiments. To check the generality of the

effects observed, we performed two control experiments. In the
first experiment, we replaced the oil-sealed rotary vane pump
used in all previous experiments for vacuum drying (pressure
0.01 mbar) with a membrane pump (pressure 10 mbar). In the
second experiment, we used a sample lyophilization technique
instead of vacuum drying. The measurements were performed
for H2O/MeOH (1:1) solutions containing 0.5% NaCl, 12.5
mM phosphates (pH 7.4), and six metabolites with a
concentration of 100 μM. The general outcome of both
experiments was essentially the same as in the case of vacuum
drying with the use of the rotary vane pump: acetone and
ethanol evaporated completely, whereas significant portions of
acetate and formate remained in the residues. In particular, the
quantities of formate and acetate were approximately 100 and
70%, respectively, in the case of vacuum drying with the
membrane pump and about 80 and 40% in the case of
lyophilization. The results of the control experiments indicate
that the observed effects, in general, do not depend on the
method of sample concentration and on the pump type. Most
likely, drying of the extracts under nitrogen flow will give the
same result.
Modeling the Evaporation of Dissociating Volatile

Metabolites under the Sample Vacuum Drying. To
understand better the mechanisms of volatile metabolite
evaporation or retention in the dried extract, we performed
model calculations of the processes occurring during the
sample vacuum drying. Several processes occur in the system
that need to be taken into account: evaporation of solvent
molecules leading to changes in the solution volume and
increase of all concentrations; evaporation of volatile
metabolites; loss of solubility and thus precipitation of NaCl
and buffer salts; and trapping volatile metabolites in the solid
salt matrix.
Let us consider an aqueous solution containing salts

Na2HPO4, NaH2PO4, and NaCl and a dissociating acid RH.
In the initial solution, salts dissociate completely, yielding ions
HPO4

2−, H2PO4
−, Na+, H+, and Cl−. These ions are in

equilibrium:

+ +H PO HPO H2 4 4
2V (1)

Depending on the pH of solution, the acid RH can exist in
either the associated (RH) or dissociated (R−) state; it can also
form the RNa salt:

+ +RH R H (2)

+ +RNa R NaV (3)

We assume that the solution evaporation and the solute
precipitation under exceeding the solubility limits proceed
much slower than reactions 1−3; i.e., at any instance of time,
the concentrations of ions are in equilibrium. Therefore, we
can use the so-called pre-equilibrium approximation (PEA;
also called the partial equilibrium approximation or fast-
equilibrium approximation).37

The equilibrium constant for reaction 1 is equal to keq = 6.2
× 10−8 M (pKa = 7.2);38 for reaction 2, kH = 1.8 × 10−5 M
(pKa = 4.75)39 in the case of acetic acid and kH = 1.8 × 10−4 M
(pKa = 3.75)40 in the case of formic acid. For model
calculations, we used the value for acetic acid, kH = 1.8 × 10−5

M. The equilibrium constant for reaction 3 of sodium acetate
is kNa = 25.1 M (pKNa = −1.4).41
Thus, the concentrations [R−], [RH], and [RNa] can be

expressed as

[ ] = [ ]
+ +[ ] [ ]+ +R

R

1 H
k k

Na

H Na (4)

[ ] = [ ]
+ +

· [ ] = [ ]
+ +[ ] [ ]

+

[ ]
·[ ]
·[ ]

+ +

+

+

+

R H
k

R
RH

1 1H
k k

k
H

k
k H

Na
H

Na

H Na

H H

Na

(5)

[ ] = [ ]
+ +

· [ ]
[ ] [ ]

+

+ +
R

k
RNa

1

Na
H
k k

Na
Na

H Na (6)

Here, [R] is the total concentration of compounds containing
group R: [R] = [R−] + [RH] + [RNa]. Substituting the values
of the equilibrium constants kH and kNa into eqs 4−6 shows
that in the initial solution, the acid is present almost entirely in
the dissociated state R−: for pH 7.4, only 0.04% and 0.35% of
the substance are present in the associated forms RH and RNa,
respectively.
Using equations for the conservations of the total charge,

phosphorus, Na+, and Cl−, one can write an equation
determining the pH value of solution:

[ ] + ·[ ] + [ ]

= +
[ ] +

+ [ ]
+ +

+

+ [ ] [ ]+ +

H

P
k P

H k
R

NaH PO 2 Na HPO

1 H
k k

2 4 2 4

eq

eq
Na

H Na (7)

where P = [Na2HPO4] + [NaH2PO4] and [Na+] = [NaCl] +
[NaH2PO4] + 2[Na2HPO4]. Before the solubility limit was
reached, the concentrations of sodium salts were calculated as
the ratios of the amount of salt (in moles) to the current
volume. After this, the salt concentration was considered
constant and equal to the maximum possible concentration.
The last term in eq 7 describes the effect of RH on solution
acidity. At the beginning of evaporation, it is much lower than
the two other terms in the right part of the equation (because
P ≫ [R]). However, under solvent evaporation and salt
precipitation, the [R] value may become comparable to the P
value. For that reason, we calculated the current [H+] values
using eq 7 with all terms. Equation 7 was recast into a cubic
equation for [H+], which we solved using the “roots”
procedure in Matlab.
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The pH value remains constant during almost the whole
time of the solution evaporation and starts to change only
when the buffer salts reach the solubility limits (Figure 5). It is

important to note that in the pH calculations, we did not take
into account the ionic strength of the solution, which changes
quite strongly when the solvent evaporates. Therefore, the
calculated pH values can differ from the experimental values.
However, in this work, we are trying to get a qualitative
agreement between the theoretical calculations and exper-
imental data rather than achieve a perfect fit, so we neglected
the ionic strength influence.
The evaporation of volatile metabolites can occur only for

those in the associated form RH. According to Henry’s law, the
rate of RH evaporation λevap is proportional to its molar
concentration:

= [ ]RHevap (8)

where α is the constant depending on the vapor pressure.
Taking into account that the vapor pressures at 20 °C for water
(17.4 mmHg), formic acid (33.1 mmHg), and acetic acid (11.7
mmHg) are of the same order of magnitude,42 in model
calculations, we assumed the same value of α for both solvent
and RH. In the initial solution, 100% water and only 0.04%
acid are present in the volatile associated state; therefore, at the
initial stage, the relative rate of the water evaporation is 2500
times higher than that of the acid. In other words, the total
amount of compounds containing group R in solution
practically does not change until almost all of the solvent has
evaporated. When the solution volume becomes as small as a
few tens of microliter, the concentrations of buffer salts and
NaCl increase dramatically and approach the solubility limit,
and salts start to precipitate. The limits of solubility are 360 g/
L (6.3 M) for NaCl, 870 g/L (10.6 M) for NaH2PO4, and 80
g/L (0.5 M) for Na2HPO4.

43 Therefore, Na2HPO4 is the first
compound that starts to precipitate. This will cause the pH of
solution to decrease (Figure 5) and the molar concentration of
the associated form RH to increase. Correspondingly, the rate

of RH evaporation also increases. It should be noted that, at
this stage, the solubility limit for acid salt RNa is not yet
reached (750 g/L for sodium acetate and 810 g/L for sodium
formate),43 and the RNa itself cannot form precipitating
crystals. At the same time, R-containing molecules can be
captured in the solid matrix of precipitating salts;44,45 these
molecules will remain in the residue until the end of
evaporation. Therefore, the portion of R-containing com-
pounds in the residue is determined by the competition
between two processes: the solute volatilization in the RH
form and the metabolite trapping in the solid matrix formed by
sodium chloride and phosphate salts.
The rate of the metabolite trapping λtr in the salt matrix is

proportional to the rate of the solid phase formation λsol and to
the concentration of compounds containing group R:

= · ·[ ]Rtr sol (9)

η is the constant characterizing the capture of a metabolite in
the solid salt matrix. Let us denote the total number of moles
(not the concentration!) of compounds containing the
functional group R in solution as simply R (RH, RNa, and
R−), the number of moles of evaporated RH as RHevap, and the
number of moles of compounds trapped in the solid matrix as
Rsol,

+ + =R RRH constevap sol (10)

or

+ + =dR
dt

d

dt
dR

dt

RH
0evap sol

(11)

because

= = [ ]
d

dt

RH
RHevap

evap (12)

and

= = · ·[ ]
dR

dt
Rlso

tr sol (13)

eq 11 can be rewritten as

+ + · · =dR
dt

R
V

f
R
V

0sol (14)

where

=
+ +[ ]

·[ ]
·[ ]+

+

+

f 1

1 k k
k HH

NaH H

Na (15)

f is the parameter depending on pH and pNa, and V is the
current volume of solution. We assume that V decreases
linearly with time,

= ·V t V t( ) 0 (16)

and

= ·dR
dt

dR
dV (17)

Now, eq 14 takes the form

= · +dR
dV

R
V

f
R
Vsol (18)

We replace eq 18 with an implicit difference scheme:

Figure 5. Calculated kinetics of processes occurring during solvent
evaporation. Red dotted line, pH changes; black dotted line,
formation of the solid salt matrix; bold black line, trapping of the
acid in the solid matrix; and thin gray line, evaporation of acid RH.
Point 1 indicates the beginning of Na2HPO4 precipitation, point 2
indicates the beginning of NaCl precipitation, and point 3 indicates
the beginning of NaH2PO4 precipitation.
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= · + ·R V R V V
V

R V V
V

f
( ) ( ) ( )

( )sol (19)

Finally, the current values of R (in solution), RHevap
(evaporated), and Rsol (trapped in solid matrix) after the
evaporation of ΔV of the solvent volume can be calculated as

=
+ + ·

R V V
R V

f
( )

( )

1 ( )V
V sol (20)

= + · ·V V V R V f V
V

RH ( ) RH ( ) ( )evap evap (21)

= + · · ·R V V R V R V V
V

( ) ( ) ( )sol sol sol (22)

We performed the calculations of the evaporation kinetics in
the following way. The starting conditions were as follows: V =
600 μL, [NaCl] = 87 mM, [Na2HPO4] = 9.4 mM, [NaH2PO4]
= 3.1 mM, and [RH] = 0.1 mM. The whole range of the
solution volumes (from 600 to 0 μL) was divided into two
regions: in the initial region (from 600 to 50 μL), the
calculations were performed with the step of 6 μL, and in the
final region (from 50 μL to zero), they were performed with
the step of 0.006 μL. First, we found the values of H+

concentration for each point according to eq 7 and calculated
the f values (eq 15). Then the current values of R, RHevap, and
Rsol were calculated. The only variable parameter was the ratio
η/α, which determines the competition between the RH
volatilization and R trapping in the solid salt matrix. Figure S2
shows the dependence of Rsol/R0 on η/α, where R0 is the initial
molar content of a metabolite. A good agreement between the
calculations and experimental data was achieved with η/α =
0.03 (Figures 1 and 3). Figure 5 shows the calculated kinetics
of the pH change, acid evaporation, and acid entrapment in the
solid matrix under drying of a solution containing both NaCl
and buffer salts, and Figure S3 demonstrates the same events in
a solution with only NaCl and only buffer salts.

■ DISCUSSION
In this work, we studied the evaporation of volatile compounds
with low boiling points and high vapor pressures from
metabolomic extracts during vacuum drying. The results
obtained show that the main factor determining the retention
of volatile compounds in the residue after solvent evaporation
is their ability to dissociate in solution. Nondissociating
compounds such as acetone and ethanol volatilize completely
or almost completely independently of the method of sample
concentration (evaporation or lyophilization), type of pump,
and pH of solution. Methanol was present in the initial
solution in the volume of 300 μL, and after the vacuum
evaporation, the amount of MeOH in the residue was 0.1−0.5
nL, indicating only 10−6 recovery of this substance. Most likely,
the presence of volatile nondissociating compounds like
ethanol, methanol, or acetone in dried extracts from biological
tissues17−22 should be attributed to their trapping in the solid
salt matrix at the last stage of evaporation. Apparently, the
measured concentrations of these compounds are much lower
than those in the initial solutions. Taking into account the
extremely low recovery, the mere detection of ethanol or
acetone in dried extracts indicates a very high level of these
metabolites in the tissue under study. Therefore, correct
measurements of nondissociating volatile compounds in
biological samples should be made without concentrating the

extract by using raw biological fluids (such as blood serum or
urine) or by application of MAS NMR for raw tissue samples.
An acid can leave the solution only in the associated form

RH, and as long as it is present mostly in the dissociated form
R−, it remains in the solution. However, in the absence of
significant amounts of buffer salts, the presence of acids can
decrease the pH of the solution, causing the equilibrium in eq
2 to shift to the left side. The concentration of the associated
form RH will significantly increase as well as the rate of RH
evaporation. Eventually, without buffer salts, almost all of the
acid will evaporate. Therefore, buffer salts have two important
functions for the acid retention: they maintain the pH of the
solution at a sufficiently high level, and, under precipitation,
they form a solid matrix for metabolite trapping. Figure 3
shows that maintaining high pH plays a crucial role in the acid
retention: the loss of acetate from the solution with the initial
pH 6 is much higher than the loss of formate, although the
vapor pressure for formate is 3-fold higher than that for acetate,
and the boiling point is lower. The observed difference
between formate and acetate should be attributed to the higher
pKa value of acetic acid, so the left shift in eq 2 for acetic acid
occurs earlier.
The presence of NaCl does not help to maintain the high

pH of the solution, and without buffers, volatile acids readily
evaporate from the solution (Table 1, Figure S3). However, in
buffer solutions, high concentrations of NaCl assist the
formation of solid matrix for metabolite trapping and improve
the retention of volatile dissociating metabolites in the residue
(Table 1).
Figure 5 illustrates the sequence of events occurring in the

solution during the evaporation. Initially, there is no significant
change until the solution volume becomes as low as 11 μL
(1.83% of the initial 600 μL): the pH of the solution remains at
the initial level due to phosphate buffer salts, and the dissolved
acid remains in the solution almost completely in the
dissociated state R−. When the solution volume is less than
11 μL, one of the buffer salts, disodium Na2HPO4, begins to
precipitate, forming a solid matrix. The pH value of the
solution starts to decrease, and a portion of the RH becomes
trapped in the solid matrix. With a solution volume of 8 μL,
the solubility limit of NaCl is reached. The precipitation of
NaCl does not influence the pH of the solution but
significantly accelerates the solid matrix formation and RH
capture in this matrix. The most important events occur when
the solution volume becomes less than 0.5 μL. At that time, the
second buffer salt, monosodium NaH2PO4, begins to
precipitate, and the acid concentration becomes so high that
the pH of the solution quickly goes down and approaches the
pKa value of the acid. The molar concentration of the
associated form RH strongly increases, and the evaporation of
the acid occurs mostly during the evaporation of the very last
drop of solution.
Measurements of formate and acetate retention in the

residue after evaporation of serum extract show that human
blood contains sufficient quantities of buffers and NaCl to
retain virtually all formate and about 80% acetate. For living
organisms, it is essential to maintain a neutral blood pH of 7.4.
This is provided by several buffer systems including chemical
buffers like carbonates and phosphates, proteins, and red blood
cells.46 Blood serum normally contains about 0.9% NaCl, 25
mM carbonate−bicarbonate components, and 1.2 mM
phosphate salts.47,48 Because there is no crucial difference
between the buffer capacity of these systems and the
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solubilities of sodium bicarbonate and disodium phosphate are
fairly close, we suppose that our model describes well the
processes occurring during the drying of the blood serum
extract. Very likely, many other animal tissues also contain
sufficient amounts of buffers. However, under certain
conditions (for example, accumulation of lactate in muscles
under intensive exercises), the strength of the internal tissue
buffers could not be sufficient to maintain the high pH. This
may cause the increase in the volatile acid loss during the
evaporation. Measurements performed for chicken kidneys
illustrate this case. The measured level of lactate in chicken
kidney (24 μmol/gram) was much higher than that in human
serum (1.8 mM), and the recovery of acetate and formate after
drying kidney extracts was significantly lower. This experiment
also demonstrates the advantage of using a buffer solution
instead of pure water during extraction: in this case, the
recovery of volatile acids significantly increases. Figure 2B also
shows that a high acid concentration and insufficient buffer
capacity lead to poor acid recovery under solution evaporation.
For plants and foods, the situation is most probably

different. The content of salts in many plant tissues is much
lower than that in animal tissues. For that reason, the loss of
volatile metabolites during drying of plant material is rather
high even for compounds with relatively low vapor
pressure.33,34

There are several ways to improve the retention of acids in
the residue and avoid errors in volatile acid content
measurements. The simplest way is incomplete sample drying:
our calculations and experimental findings indicate that acid
evaporation occurs at the very last stage of the drying, and
leaving several microliters of the solvent in a sample should
prevent acid evaporation. However, for a batch metabolomics
experiment containing a large number of samples, the
condition of a similar residual volume for all samples may be
difficult to achieve: evaporation for samples in different vials
may occur at different speeds. Acid retention can also be
improved by increasing the pH of the extract before
evaporation, by adding buffer salts to maintain high pH, or
by adding NaCl to the extract. However, high concentrations
of NaCl in a sample can create problems at the analytical stage
of the measurements by decreasing the Q factor and thus the
sensitivity (Figure S2) of an NMR probe (in the case of NMR-
based metabolomics) or contamination of a mass spectrometer
(in the case of MS-based metabolomics). By our estimations,
physiological 0.9% NaCl concentrations are close to the
optimal value. Our recommendations are in a good agreement
with previous results,33 where incomplete drying of the sample
and buffering the solution significantly improved the recovery
of salicylic acid under evaporation of extracts.

■ CONCLUSIONS
The results obtained in the present work indicate that solvent
evaporation from metabolomic extracts leads to the unavoid-
able loss of nondissociating volatile metabolites with low
boiling points and high vapor pressure. The correct measure-
ments of such compounds can be performed only for
nonconcentrated extracts or for biological fluids without
preliminary treatment. The retention of dissociating volatile
compounds (acids in particular) during the evaporation
depends on the presence of buffer components and salts,
which maintain the high pH of the solution and form a solid
matrix for metabolite trapping at the final stage of evaporation.
Typical metabolomic extracts from animal tissues contain

sufficient amounts of NaCl and buffer salts to retain virtually all
formate and most of acetate; the retention of volatile acids can
be improved either by adding buffer salts to maintain high pH
or by incomplete sample drying.
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