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Sample preparation has a strong impact on the quality of metabo-
lomics studies. The use of solid-phase microextraction (SPME),
particularly its in vivo format, enables the capture of a more repre-
sentative metabolome and presents opportunities to detect low-abun-
dance, short-lived, and/or unstable species not easily captured by
traditional methods. The technique is ideally suited for temporal,
spatial, and longitudinal studies of the same living system, as well as
multicompartmental studies of the same organism. SPME is useful for
the investigation of biological systems ranging in complexity from cells

to mammalian tissues. Selected examples are highlighted in this
Minireview in order to place the technique within the context of

conventional methods of sample preparation for metabolomics.

1. Introduction to Solid-Phase Microextraction

SPME is a non-exhaustive environmentally friendly
sample preparation procedure which combines sampling,
analyte extraction, and sample introduction in a single step
while minimizing or completely eliminating the use of
solvents.'!l SPME enables solventless extraction by means of
a fused-silica or stainless-steel fiber coated with a thin film of
polymer, which acts as the sorbent/solvent during the
extraction of compounds (Figure 1). The ratio of the extrac-
tion-phase volume to the sample volume is very low, so the
complete removal of the analyte from the sample is not
typically achieved. Instead, the amount of analyte extracted is
governed by the distribution coefficient of the analytes
between the SPME coating and sample matrix if the
equilibrium is reached [Eq.(1)], or by the rate of mass
transfer (defined by the diffusion coefficient and the con-
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vection/agitation conditions) if a short
sampling time is used. In Equation (1)
n, is the amount of analyte extracted at
equilibrium, K, is the distribution
constant for the analyte between the
fiber coating and the sample, V| is the
sample volume, V; is the volume of the extraction phase
immobilized on the fiber, and C, is the initial concentration of
the analyte in the sample.

Ky VV;
n, *m 0 1)

Although SPME was originally developed as a green and
simple alternative for the monitoring of organic pollutants in
aqueous, gaseous, and solid environmental samples, the utility
of this technique has rapidly extended to many other fields
including food, pharmaceutical, forensic, toxicological, bio-
logical, and clinical analyses. As a result, the number of
journal articles featuring SPME as an analytical method for
various applications (both qualitative and quantitative) has
exceeded 5000 over the past decade, indicative of a mature
and well-understood technique. The main focus of this
Minireview is to discuss the emerging opportunities for the
use of SPME in the field of metabolomics,? and to show the
capability of this technique to provide valuable information
not easily obtained by conventional methodologies.
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Figure 1. Design of a needle-based SPME device. A) Photograph of a
prototype device shown with the coating exposed and retracted.

B) Schematic of regular (coating length 15 mm) versus space-resolved
coating (two segments each 1 mm in length). C) SEM image of SPME
coating showing the coverage of sorbent with a biocompatible layer.

2. In Vivo SPME for Metabolomics

The choice of the sample preparation method plays an
extremely important role in metabolomic studies because it
affects both the metabolite content and the data quality.>
For instance, Canelas et al. showed that even the relative
levels of metabolites (up- or down-regulation in the compar-
ison of two sets of conditions) could be distorted on the basis
of the method of sample preparation selected and could lead
to erroneous conclusions.”! An ideal sample preparation
method for the metabolomic analysis of biological samples by
GC-MS or LC-MS should 1) be simple and fast to prevent
metabolite loss and/or degradation during the preparation
procedure and enable high-throughput, 2)incorporate a
metabolism-quenching step to preserve the chemical identity
of the metabolites, 3) be reproducible and allow for adequate
metabolite solubilization, and 4) be nonselective. First, we
briefly discuss theoretical and experimental approaches to
performing in vivo SPME (Sections 2.2 and 2.3) in order to
show that this simple and rapid approach combines sampling,
metabolism quenching, and sample preparation in a single
efficient step, thus addressing the first two requirements of an
ideal metabolomics method. Section 3 discusses the metabo-
lite coverage that can be achieved by in vivo SPME and the
selection of the appropriate coating which reduces or
increases the selectivity of the SPME procedure to meet the
demands of a given application. In Section 5, we discuss the
reproducibility of the technique, and show it is satisfactory for
metabolomics studies.
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2.1. Why Consider In Vivo Sampling during Experimental Design?

Although the majority of research on biological systems is
currently performed using in vitro methods, it is important to
remember that removing a sample from its natural biological
milieu can result in important changes in sample composition
owing to processes such as oxidation and enzymatic degra-
dation. For example, the composition of the volatile emissions
obtained from detached or damaged plants is significantly
different from that of the volatile emissions collected from
living, undamaged, and undisturbed specimens; thus, in vitro
approaches may not be adequate depending on the goals of a
particular study.””! In the context of collecting representative
metabolomes of plant systems, it has been reported that even
harvesting (separating the investigated material from the
original plant) should be conducted very rapidly and followed
by immediate freezing in liquid nitrogen in order to avoid
changes in the metabolome resulting from enzymatic reac-
tions triggered by plant handling and wounding and to
stabilize labile metabolites.” In vivo research with minimal
perturbation to the system under study also allows the
monitoring of dynamic processes as they occur in the same
biological entity, for example scent development in a flower,
release of pheromones, or disease onset in an animal. Thus,
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the availability of appropriate in vivo methodologies can play
an important role during experimental design to ensure the
collection of high-quality information for subsequent biolog-
ical interpretation.

2.2. Theoretical Basis for In Vivo Sampling by SPME

SPME can be employed for in vivo sampling because the
amount of analyte extracted is independent of the sample
volume, under the conditions of negligible depletion.™! In the
context of Equation (1), the conditions of negligible depletion
are met when the sample volume is much larger than the
product of the distribution coefficient and the fiber volume
(V> KVy). Thus SPME can be used to sample various living
systems without the need to isolate a defined sample volume
while maintaining the ability to perform quantitative analysis.

2.3. Experimental Approach

The main steps of an in vivo SPME process include 1) the
extraction of analytes from the sample into the SPME coating
and 2) the removal of analytes from the device by thermal
desorption for GC applications or by solvent desorption for
LC applications. Figure 2 illustrates the workflow of in vivo
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Figure 2. Overall workflow of in vivo SPME in combination with
LC-MS and GC-MS.

SPME. The entire procedure is very rapid and requires few
steps and minimal sample handling. This can effectively
minimize the potential for metabolite losses throughout the
sampling/sample preparation procedure and also eliminate
the generation of artifacts arising from sample preparation,
extraction, and storage. In addition, the desorption step can
be coupled directly online to LC-MS or GC-MS analysis by
thermally desorbing the sample from the fiber directly in the
GC injector port or in the stream of the mobile phase for LC
applications. This permits the complete elimination of glass-
ware or plasticware in sample preparation and reduces
possible contamination and/or the adsorptive loss of analytes.
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The extraction process itself can be performed either in
headspace mode or in direct extraction mode depending on
the volatility of the analytes to be studied. To date, in vivo
SPME has been successfully applied to various biological
systems including microorganisms, plants, plant-based foods,
animals, insects, and human emissions (Table 1). For example,

Table 1: Sampling strategies in various biological systems using in vivo
SPME.

SPME mode Living system  Biological matrix Ref.
direct extraction  dogs blood [14-17)
direct extraction  rats blood [18]
direct extraction ~ mice blood [19]

direct extraction  fish muscle, adipose [20-22]
direct extraction  plants stem, leaf, onion bulb  [23-25]
headspace plants volatile emissions [26,27]
headspace cell cultures volatile emissions [28-30]
headspace human breath B71

headspace insects volatile emissions [32-34)

the SPME fiber can be exposed directly in the headspace of a
cell culture or plant to study volatile emissions (Figure 3). In
addition, metabolite fingerprinting and profiling can be

Headspace

Direct extraction

Implanted
interface

Direct in-vein sampling

Direct contact

Figure 3. Examples of experimental approaches used for in vivo SPME
sampling.

achieved by exposing the SPME coating directly to intact
fruits; this approach could be a promising alternative in the
rapidly growing area of food metabolomics.”) For animal
studies, SPME can be used not only to sample volatile
emissions, but also to sample directly circulating blood
(directly though a catheter in large blood vessels or using a
specially developed interface for small blood vessels in mice
and rats) or even tissue such as muscle, adipose, brain, and
liver. A recent review article describes in detail various
sampling approaches and appropriate considerations during
method development.['%)

For direct extraction applications, the main point to
emphasize is that the in vivo SPME device is specially
designed to prevent adverse reactions in the living system.
This is accomplished by placing a layer of a biocompatible
polymer (such as polyethylene glycol or polyacrylonitrile) on
the outside of the coating. This biocompatible layer minimizes
the adhesion of biomolecules to the surface, which can affect
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analyte uptake into the coating, and also minimizes possible
toxic/adverse reactions such as clotting on the surface of the
coating. Figure 1 A depicts a SPME fiber with a biocompat-
ible coating which is housed a commercial needle. Figure 1 C
shows a scanning electron microscopy image of the fiber to
illustrate the coverage of the biocompatible polymer. These
devices are aimed primarily for LC applications; they are
inexpensive, recommended for single use, and are now
commercially available. In contrast, commercially available
mixed-polymer SPME GC fiber assemblies that can be
implemented for in vivo sampling are not biocompatible.
This means that multiple direct extraction processes inside a
biological system using the same coating can lead to fouling of
the extraction phase.l''l The adsorption of interfering high-
molecular-weight and nonvolatile macromolecules to the
coating surface changes the chemical properties of extraction
phase and may lead to a decrease in sample reproducibility,
extraction efficiency, and fiber-coating lifetime.'”! One way to
eliminate the fouling of the extraction phase for GC
metabolomics studies is to introduce a gaseous barrier
between the sample matrix and the fiber coating (headspace
extraction mode) or alternatively to employ sample dilu-
tion.'”) However, as none of these alternatives are compatible
with the direct in vivo extraction of metabolites from
biological systems, a washing step in water immediately
following extraction and prior to thermal desorption is the
most practical solution to date. The introduction of a washing
step may minimize not only the fouling of the extraction
phase but also the potential formation of artifacts in the
injector port and the generation of unrepresentative chroma-
tographic profiles. For example, during the analysis of volatile
and semivolatile metabolites of intact strawberry fruits,
Verhoeven et al. reported that implementation of a rinsing
step significantly reduced the production of artifacts (namely
Maillard products of carbohydrates and amino acids adsorbed
on the surface of extraction phase) during thermal desorp-
tion."

From the perspective of metabolomics, the SPME coating
plays another crucial role. Small molecules can diffuse
through the outer biocompatible layer and enter the sorbent
pores, whereas large biomolecules cannot. This means that
once a metabolite partitions into the coating, it is protected
from further enzymatic reactions thus ensuring the capture of
short-lived and labile species.

3. Metabolite Coverage by SPME

Existing sample preparation procedures for untargeted
metabolomics studies in various matrices have been evaluated
systematically in the recent literature, but the question often
not asked is “How well does the metabolome at the time of
analysis represent the true metabolome at the time of
sampling?” For untargeted metabolomics methods where
the aim is to accurately capture as many of metabolites as
possible, it becomes impossible to ensure that sampling,
sample storage, and preparation conditions are suitable for all
metabolites present in the sample. After all, it is impossible to
validate methods in a truly quantitative fashion for thousands
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of endogenous/exogenous metabolites whose identity may
not be known and for which authentic standards may not be
available. Thus, currently there is no way to objectively
evaluate how representative the collected metabolome ac-
tually is. Many of the existing procedures aim to incorporate a
metabolism-quenching step through the use of low temper-
atures (addition of cold solvent, freezing in liquid nitrogen),
addition of acid, freeze-drying, or fast heating.’>¥*l As
metabolic processes can be very fast with time scales of
< 1s, the quenching step must be extremely rapid to be fully
effective. This can be very difficult to implement for
biological samples. Furthermore, the application of a quench-
ing step can cause inadvertent degradation or loss of some
metabolites, and no single metabolism-quenching method can
be considered optimum.B>¥! For example, in plant metab-
olomics it was reported that the addition of an acid can reduce
the number of captured metabolites, while freeze-drying may
lead to the irreversible adsorption of metabolites on cell walls
and membranes.’¥ During subsequent sample handling,
appropriate steps must be undertaken in order to avoid
warming/thawing which may give rise to potential enzymatic
activity and alteration of the composition of the metabolite
pool.®! Alternatively, saturated salt solutions may be added
to plant material to stop enzymatic activity after the material
is ruptured.®>*! A quenching step is routinely included in
most studies on microorganisms and plants, but metabolomics
studies on biofluids typically do not employ any quenching
step at least until the plasma is isolated, thus leaving plenty of
opportunity for additional changes in metabolome to take
place. The use of in vivo SPME to sample the circulating
blood of animals addresses this difficulty as the metabolism-
quenching step is incorporated directly in the sampling
procedure. In fact, our results show that using this approach
70 (positive-ion ESI reversed-phase LC-MS) and 85 (neg-
ative-ion ESI reversed-phase LC-MS) features were unique
to in vivo SPME and were not detected when the blood was
withdrawn and the subsequent plasma sample subjected to
SPME, ultrafiltration, or solvent precipitation.*!! For exam-
ple, B-NAD is one of the metabolites identified using in vivo
SPME but was missed completely by other methodologies
(Figure 4). Although we are currently working on character-
izing the remaining unique metabolites, preliminary data
(accurate mass, polarity, database search, and retention time)
indicate that these species may include carotenes, nucleosides
and other phosphorylated compounds, thionines, and glucuro-
nide species. We also showed that the methods based on blood
withdrawal resulted in extremely elevated levels of oxidized
glutathione and incorrect glutathione ratios, while in vivo
SPME was able to measure true glutathione concentrations
(both reduced and oxidized; Figure 5).

Headspace and/or direct contact in vivo SPME in
combination with GC-MS can also help improve metabolite
coverage in comparison to that of traditional extraction
approaches. Gallagher et al. compared the performance of in
vivo SPME versus hexane extraction for the analysis of
human skin emissions.*”! They tentatively identified a total of
92 compounds: 58 were found using in vivo SPME while 49
were found in hexane extracts, indicating that the two
techniques are complementary in nature. Higher-molecular-
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Figure 4. Example of metabolite (3-NAD) identified in mouse blood using in vivo SPME and not detected
after blood withdrawal using SPME, solvent precipitation, or ultrafiltration methods.
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Figure 5. Plots of glutathione ratio (reduced/oxidized forms) obtained
using in vivo SPME sampling in circulating mouse blood and after
blood withdrawal using SPME, solvent precipitation (PM), and ultra-
filtration.

weight compounds predominated in hexane extracts, while
SPME was more suitable for collection of lower-molecular-
weight aldehydes and ketones. On the basis of SPME results,
the authors propose dimethylsulfone, benzothiazole, and
nonanal to be biomarkers of aging. In another example,
Zimmermann et al. were able to identify for the first time
methyl dodecanoate, decan-1-ol, heptan-1-ol, 3-methylbutan-
1-ol, pentadecan-2-one, nonan-2-one, and undecan-2-ol in
human colon cells; this indicates that SPME can be very
useful in global metabolomic studies to identify previously
unobserved metabolites.?™ Furthermore, in vivo SPME (both
headspace and direct contact) has been extensively applied
for the study of insect emissions such as semiochemicals and
defense chemicals. For example, undecane was isolated as a
recruitment pheromone in ants; it enables long-range intra-
species communication when a good supply of food is
discovered.” In another study, SPME was used to identify
for the first time a sex pheromone (blend of tetradecanal and
pentadecanal) in praying mantid.*! Also, Cai et al. used in
vivo headspace SPME for the determination of metabolites
potentially affecting the quality of fruit as well as yields; these
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availability of SPME for this
type of application, the insects
were killed and extracted with
solvent; it was not possible to
monitor dynamic changes in
the emissions of semiochemi-
cals over time or changes in emissions upon interaction with
other individuals or exposure to environmental stimuli. In
vivo SPME can also be used in to study insect—plant
relationships, a very important topic in pest management,
chemical ecology, and entomology.’? Several systems have
previously been designed and implemented to capture
volatile and semivolatile components emitted by insects, for
example, glass—Teflon chambers with adsorption by means of
Tenax traps and wind tunnels.”? However, several difficulties
and disadvantages were encountered: the organisms’ stress
levels were too high, and since most of the studies focused on
insect—plant system as a whole, the contribution of the insect
alone could not be isolated. In vivo SPME addresses these
difficulties. For example, Fernandes et al. found a significant
difference in the metabolites emitted by kale before and after
attack by an insect, and also detected an in vivo accumulation
of limonene and camphor in the insect, thus adding to the
knowledge of the ecological interactions of the two species.”

5
Time

4. Investigation of Biochemical Individuality

The study of interanimal variability or biochemical
individuality can provide fascinating insight into the biology
of various processes.*”! For example, in a recent study Coen
et al. studied the metabolome of various compartments to
understand the toxic response of rats to the administration of
galactosamine.[*® This study not only provided interesting
insight into the mechanism of galactosamine toxicity, but it
also effectively illustrates the power of metabolomic studies
to examine the differences in individual response since 25 %
of the rats were found to be nonresponders while 75 % of the
rats displayed various degrees of hepatotoxicity. We believe
that in vivo SPME can play an important role in this type of
study as it permits repeated sampling of the same animal over
time and multicompartmental sampling (for example, blood
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and tissue), and can also be used to measure the concentration
of free (unbound) metabolites.

4.1. Concentration of Unbound Metabolites

The amount of analyte extracted by SPME is proportional
to the concentration of the free (unbound) metabolite in the
biological sample. Only unbound metabolites are biologically
active, so using SPME as the method of sample preparation
may be helpful in metabolomics studies aiming at under-
standing biological processes. For example, our results for in
vivo SPME sampling of blood show that SPME can be used to
study the variability in concentrations of various metabolites
(even highly unstable species such as glutathione, retinol, and
adenosine), both to examine the variation of metabolite
concentration in the same individual over time, as well as the
variation in different individuals (Figure 6).1!! Interestingly,
the availability of information on unbound metabolites was
important for distinguishing between control and test groups
when small cohorts of animals were used.* In our study, we
were able to find potential biomarkers of carbamazepine
dosing using both in vivo SPME (sampling of the same four
animals before and after dosing) and ultrafiltration (sampling
of four animals per control and test group). However, when
solvent precipitation was used on the same samples, it was not
possible to distinguish between the two groups. In a GC-MS
example, Soini etal. developed a very rapid sampling
technique (10-12's sampling time) using a commercially
available Twister polydimethylsiloxane stir bar for high-
throughput metabolomic studies of human skin emissions to
study whether these emissions can serve as fingerprints.[*"*!
Long-term reproducibility of 14.3% and 14.7% relative
standard deviation (RSD) was achieved for the two internal
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standards. This data was obtained from the analysis of a total
of 960 in vivo samples over a three-month period, thus
enabling the successful comparison of individual emission
profiles over time.

4.2. Temporal and Spatial Resolution

Temporal resolution is the ability to accurately determine
analyte concentrations at an instantaneous time point and to
clearly resolve two different concentrations in rapid succes-
sion. In vivo SPME sampling is not instantaneous but takes
place over a short, well-defined time interval. The temporal
resolution achievable by in vivo SPME depends on a variety
of factors including instrumental sensitivity of the subsequent
analysis method and the amount of analyte extracted by
SPME probe, which in turn is dependent on coating
dimensions, analyte concentration in the sample, analyte
distribution coefficient, the rate of change of analyte concen-
trations over the time period studied, and sample conditions
such as agitation rate. To estimate the minimum sampling
times for appropriate temporal resolution in a given dynamic
system, Zhang et al. recently developed and validated a set of
equations taking into account all of these factors."”! With the
increased sensitivity of modern analytical instrumentation
(GC-MS and LC-MS in particular), in vivo SPME sampling
times of 0.5-5 min are often employed because they result in
sufficient amounts extracted and give reasonable temporal
resolution for many processes as confirmed by the developed
theoretical model (for example, pharmacokinetic studies of
drugs and metabolites).'*15181) The length of these sampling
times implies that in vivo SPME is typically not applicable for
quantitative studies of very rapid processes occurring on time
scales of seconds and is also not generally applicable for

g 3 & § 2 @ g 5 2 &= g § 2
s § 5§ 2 s 5 £ 8 % § £ %
2 & @ o o 8 s o N g s ] s
S £ = @ £ K] 2 ] < % x =
= < N o @ = e o @ w
g 5 Z £ z u & 2
2 < £ & x4
=2 = [ < = — © =R
=z ° - £ t
@ =5 o
§ 2
‘_E @
% T
3
[
BSAME ANIMAL (n=5 samplings) mQC

Figure 6. Evaluation of intra-animal (n=>5 consecutive 2-min samplings) and inter-animal variability (n=28 mice) of selected metabolites using

in vivo SPME sampling in circulating mouse blood. QC = quality control.
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processes with large changes in concentration per unit time.
Although even shorter sampling times can be envisioned,
issues such as the convection introduced into the system by
the introduction of SPME probe and the time needed to
establish steady-state diffusion at the interface become
important when sampling times of less than one minute are
considered.®” Further investigation of the fundamental
theory is needed to evaluate these effects on the accurate
determination of true analyte concentration. However, such
rapid methodology is still inherently suitable for qualitative
analysis applications, for example to check which metabolites
are present at a given time or to confirm pathway mechanisms
through the capture of a short-lived intermediate.

Temporal analyses were performed to investigate the
kinetics of the release of volatile and semivolatile metabolites
during the consumption of a complex flavored model
cheese.’” In this particular study, the SPME device was
inserted into a Y-junction, which connected the entry of the
API-MS capillary, the entry for the SPME fiber, and the nose
of the subject, at different times during cheese mastication to
sample the expired air for 8s. The authors were able to
explain the pattern in the temporal release profile of heptan-
2-ol by actual differences between individuals which are
known to be controlled by a number of oral parameters.”” In
another interesting study, in vivo SPME was implemented to
measure allelochemical uptake by tomato plants.®! Allelo-
chemical solutions were exogenously applied to the soil, and
the tomato stem was treated by several one-hour-long
extraction cycles (up to 72 h after treatment application).
Even though a fairly long extraction time was implemented in
this particular case, the authors were able to elucidate the
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time course of the persistence of 1,8-cineole in tomatoes. Thus
in vivo SPME should be a promising alternative methodology
for measuring allelochemical uptake by target plants and
subsequently studying allelopathic phenomena.” In vivo
SPME was used to study scent production in petunia
flowers."!] The circadian rhythm in the emission of major
benzoid compounds is evident in the results shown in
Figure 7. In vivo data demonstrated de novo production of
volatiles during low emission periods rather than the release
of stored metabolites, as confirmed by both targeted metab-
olomics and genomics approaches.

Spatial resolution refers to the ability of a technique to
distinguish between different analyte concentrations in space
continuum. Uneven spatial distribution of analytes is partic-
ularly common in biological systems and arises from the
specialization of tissue function as well as from differential
uptake, metabolism, external stimuli, and storage of analytes.
For example, in the area of plant metabolomics, most
approaches employ homogenization to enhance the release
of metabolites during extraction.” However, homogeniza-
tion prevents the acquisition of data associated with metab-
olite distribution across a sample which may be valuable since
metabolite content can vary not only from organ to organ, but
also within the same organ.®®! For example, Biais et al.
reported a method for the spatial localization of metabolites
in melon where considerable effort was required to dissect,
homogenize, and analyze specific plant parts.”* In vivo SPME
may be particularly attractive for collecting valuable infor-
mation about the spatial distribution of metabolites in smaller
tissues and compartments of interest. The spatial resolution of
the technique is determined by the dimensions of the SPME
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probe as well as sampling time.”*??! To improve the spatial
resolution, SPME coatings with lengths of 1-2 mm have been
developed in contrast to commercial coatings with lengths of
10-15 mm.*2?! For this type of study, a segmented fiber is
useful because it can be customized and used to simulta-
neously sample adjacent tissue (Figure 1B). For desorption
purposes, the lower segment is exposed to solvent first to
remove the analytes. Once the desorption of the lower
segment is complete, the upper segment is desorbed using a
fresh portion of solvent. In an alternative approach Loi et al.
reported the use of commercial GC fiber assemblies in an in
vivo spatial resolution study in which they determined the
concentration of 1,8-cineole as a function of tomato stem
sampling height 24 h after the chemical had been applied
exogenously to soil.”! The authors found a linear decrease in
the concentration of 1,8-cineole with sampling stem height.
Furthermore, the determination of floral scents and their
patterns within a single flower can lead to a better under-
standing of pollination ecology, plant-animal relationships,
and plant defense mechanisms.’”! For example, commercial
SPME fiber assemblies were implemented for in vivo head-
space SPME metabolomic profiling of different plant com-
partments (such as living flowers, leaves, and bracts) of four
different Lamium (deadnettle) species as well as the inter-
compartmental metabolome composition of grapefruit at
different developmental stages.”*?”! In one of the Lamium
species examined, different compartments were distinguished
by differing levels of monoterpenes, namely a- and -pinene.
The authors were also able to determine differential metab-
olites responsible for variability between species.?!

It is also important to note that acceptable temporal and
spatial resolution using in vivo SPME may not be achievable
simultaneously, and appropriate experimental design should
be chosen depending on the specific goals of a given study. For
in vivo SPME with good spatial resolution, miniaturized
probes are required; this in turn necessitates longer sampling
times to ensure that a sufficient amount of analyte is extracted
for detection by the analytical instrument. Thus, sampling
times of 20-30 min are usually employed in contrast to
sampling times of 0.5-5 min typically employed in temporal
studies.”*?**] However, extended sampling times can aver-
age the effects of concentration change through diffusion, and
thus the benefits of improved spatial resolution through fiber
miniaturization are lost. Careful experimental design is
necessary to ensure a successful space-resolved in vivo SPME
experiment.

5. Comparison of SPME to Traditional Methods for
Global Metabolomics Studies

5.1. Compatrison of SPME to Solvent Precipitation and
Ultrafiltration

The performance of SPME as a sample preparation
method was compared to that of ultrafiltration and solvent
precipitation in both in vitro (human plasma) and in vivo
experiments (mouse circulating blood).***! In general,
SPME provided lower overall metabolite coverage (Table 2),
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Table 2: Summary of the results for the comparison of SPME, ultra-
filtration (UF), plasma protein precipitation with acetonitrile (PP), and
plasma protein precipitation with methanol/ethanol (PM) for the
extraction of pooled human plasma sample.?"

Number of features ~ Median RSD of peak area

detected (n=7 replicates)

Method positive-  negative-  positive- negative-

ion ESI ion ESI ion ESI ion ESI
PP 2975 2082 19 12
PM 3245 2252 12 8
UF 2686 2093 20 22
SPME (5 min) 1592 2005 16 18
SPME (overnight) 1821 3320 11 17

except when detection by negative ESI in combination with
reversed-phase LC-MS was used; in this case, SPME with
long extraction times improved coverage by approximately
50%. If one examines the metabolite coverage in more detail,
SPME gives significantly better coverage of hydrophobic
species in comparison to ultrafiltration as shown by the
increased number of metabolites with retention time
>10min (Figure 8). As such, the two techniques can be
regarded as complementary in nature where ultrafiltration is
ideally coupled to HILIC-MS (HILIC: hydrophilic interac-
tion liquid chromatography) for analysis of polar metabolites,
and SPME is ideally coupled to reversed-phase LC-MS for
analysis of more hydrophobic analytes. On the other hand, if a
balanced extraction of both hydrophilic and hydrophobic
species in a single sampling is desired, in vivo SPME presents
a better alternative.

In terms of method precision, the performance of SPME
was found to be comparable to that of both solvent
precipitation and ultrafiltration, with a median RSD for
SPME of 11-18 % (Table 2) reflecting the good quality of the
collected data. This is especially important because the
sensitivity of the SPME method was considerably lower than
that of traditional sample preparation methods owing to the
very small amount of analyte extracted, and method precision
usually deteriorates as signal strength decreases in LC-MS
studies. The results shown in Table 2 are in agreement with
other literature reports in which solvent precipitation or
ultrafiltration is used in global metabolomics studies.®>>" It is
also interesting to note that solid-phase extraction using C18
sorbent resulted in 1500 features recorded with an ultrahigh-
performance liquid chromatography (UHPLC)-MS plat-
form ;P this is in line with the results we observed for SPME
combined with positive ESI reversed-phase liquid chroma-
tography. However, with solid-phase extraction only 48 % of
the detected peaks had an acceptable RSD of <30% versus
80-92% of peaks using SPME; this underlines the better
overall performance of SPME method.

One of the biggest issues in quantitative analysis by LC—
MS is ionization suppression owing to the presence of co-
eluting matrix components. For metabolomics studies, this
becomes especially problematic because an unselective
sample preparation method is desired. Highly abundant
signals can cause ionization suppression of co-eluting species
due to the competitive nature of the ionization process. This
can be detrimental for any type of quantitative analysis,
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including relative quantitation, as the observed differences
between control and treatment groups may simply be caused
by different sample compositions resulting in a different
degree of ionization suppression effects, rather than true
differences between samples for a given metabolite. SPME
successfully minimizes ionization suppression because only a
small proportion of metabolite is extracted. In addition,
highly abundant polar metabolites usually have very low
extraction efficiencies in SPME further minimizing the
potential for ionization suppression throughout the entire
chromatographic analysis. A detailed investigation of abso-
lute matrix effects was carried out for SPME after extraction
of human plasma in order to evaluate the extent of ionization
suppression.*¥ Briefly, the human plasma extract obtained by
SPME was spiked post-extraction with a known concentra-
tion of selected metabolites which eluted throughout the
entire chromatographic space in both reversed-phase and
HILIC-MS methods. The results were compared against a
standard containing the metabolites at the same concentra-
tion, after subtraction of any endogenous levels of the same
metabolites in the plasma samples. Only the region of elution
of the anticoagulant sodium citrate was found to be prone to
ionization suppression in reversed-phase method, while with
the HILIC method <20% of metabolites studied exhibited
significant matrix effects.

5.2. Comparison of SPME to Microdialysis
Both in vivo SPME and microdialysis allow for monitor-
ing analytes in awake and/or freely moving animals. For the

targeted quantitative analysis of selected pesticides in jade
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plant, the performance of in vivo SPME was shown to be
equivalent to that of microdialysis, although some loss of
pesticides to the membrane was observed for microdialysis
sampling.? Unfortunately, limited data currently exists
regarding the use of microdialysis in metabolomics. Recently,
Wibom et al. showed the utility of the technique to intra-
cranially sample extracellular fluid from glioblastoma pa-
tients.”® With this stereotactic microdialysis approach, the
authors were able to detect 151 metabolites after GC-MS
analysis and find distinct metabolic differences between
tumor and tumor-adjacent regions of the brain. Similar
studies combining microdialysis with LC-MS have not yet
been reported, perhaps indicating the difficulties in coupling
this technique to LC-MS because of the severe ionization
suppression caused by the salt-containing buffers typically
used in microdialysis. Furthermore, considering microdialysis
is a membrane-based technique, it is likely that its perfor-
mance is analogous to that of ultrafiltration, in which case a
severe loss of hydrophobic species can be anticipated in
untargeted metabolomics studies as demonstrated by our
results shown in Figure 8> and supported by microdialysis
literature.”” In addition, dialysis is more damaging to the
living system since microdialysis probes are much larger than
SPME fiber devices and offer poorer spatial resolution than
that obtained with space-resolved SPME.**?! For example, a
typical microdialysis probe employed in brain studies is
15mm long with an outer diameter of 200-500 um;*” in
contrast, the fibers used in space-resolved SPME are 1-2 mm
long with typical diameters of less than 200 pum. On the other
hand, microdialysis is useful for continuous monitoring of
metabolites in almost real time, especially when it is coupled
to analytical instrumentation online. Consequently micro-

Angew. Chem. Int. Ed. 2011, 50, 5618 —5628


http://www.angewandte.org

Solid-Phase Microextraction

dialysis is better suited for short-term studies requiring a high
degree of temporal resolution, for example to monitor very
fast processes directly in vivo.

6. Summary and Outlook

In vivo SPME is a powerful new tool for metabolomics
studies because it has a rapid, minimum-step workflow and
incorporates a metabolism-quenching step directly during
sampling. The precision achievable with this technique is
comparable to that of traditional methods, and information
on biologically important unbound metabolites is obtained.
Recent data demonstrates that in vivo SPME can be extended
to the sampling of biological fluids in an untargeted metab-
olomic workflow where it can play an important role in
capturing metabolites with fast turnover rates and/or reactive
metabolites. Further work in this area could explore the
trapping of known reactive metabolites and intermediates by
using glutathione or methoxylamine trapping agents, for
example.*"% Tn addition, this metabolomic approach can also
be extended to include tissue sampling where in vivo SPME
can play an important role as a less-invasive alternative to
biopsy sampling. Also, in vivo SPME in either headspace or
direct modes has the potential of providing insight into other
areas such as understanding of secondary metabolism,
assessing the quality of food commodities, understanding
the unintended effects of genetically modified foods and
crops, understanding the genotype—environment interaction,
and deducing factors responsible for variations in the content
of nutritionally relevant metabolites. Additional miniaturiza-
tion of SPME devices can further improve spatial resolution
which is exceedingly important for the studies of heteroge-
neous samples, and also facilitate new areas for exploration
such as single-cell studies. In summary, because of the
convenient format and versatility, we envision that in vivo
SPME can play an important role as a sample preparation
tool to facilitate the elucidation of chemical processes in living
systems.
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