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Abstract
Solid-phase microextraction (SPME) is a well-established
sample preparation technique in the field of environmen-
tal and toxicological studies. The application of SPME
has extended from the headspace extraction of volatile
compounds to the capturing of short-lived and unstable
components of the ecosystem extracted from the living
organism via direct immersion of SPME probes into the
tissue (in vivo SPME). The development of biocompat-
ible coatings and availability of different calibration
approaches enables in vivo sampling of exogenous and
endogenous compounds from the living plants and
animals without the need for tissue collection. In addition,
new geometry designs such as thin-film coatings, needle
trap devices, recession needles, coated tips or blades has
increased the sensitivity and robustness of in vivo
sampling. Here, we present the fundamentals of in vivo
SPME technique, including the types of extraction mode,
geometry design of the coatings, calibration methods and
data analysis methods used in untargeted in vivo SPME.
We also discuss recent applications of in vivo SPME in
environmental studies and in the analysis of pollutants in
plant and animal tissues in addition to in vivo human
saliva, breath and skin analysis. In summary, in vivo
SPME technique shows great potential for both targeted
and untargeted screening of small molecules in the living
organisms exposed to the surrounding environment.
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1 Introduction

Solid-phase microextraction (SPME) was first introduced in
1989 as a novel sample preparation technique for environ-
mental analysis. Since then, SPME has received particular
attention as breakthrough “green” technology—not only in
the field of environmental and toxicological studies but also
in food analysis and biomedical research (Arthur and Paw-
liszyn 1990; Bojko and Pawliszyn 2014; Souza-Silva et al.
2015). One of the principal features that significantly dis-
tinguishes SPME from other techniques is that SPME inte-
grates sampling, sample clean-up, and analyte
pre-concentration into a single step, a feat which cannot be
achieved with the use of traditional sample preparation
protocols. This unique integrative feature of SPME not only
facilitates fast, simple, and efficient extraction of analytes of
interest from a variety of matrices, its superior clean-up
enables easy coupling of SPME to different instrumental
methods such as GC-MS and LC-MS, among others. Fur-
thermore, new advances in SPME have enabled the direct
coupling of SPME to MS for measurements of extracted
compounds, an attractive option that shortens total analysis
times while reducing errors related to sample handling
(Reyes-Garcés et al. 2018).

While SPME has gained considerable attraction in envi-
ronmental studies as a leading method for analysis of volatile
organic compounds (VOCs), the applicability of the tech-
nique has broadened over the past few years to allow for the
analysis of a wide variety of environmental pollutants,
including pharmaceutical and personal care products
(PPCPs), pesticides, and metal–organic compounds, as well
as the analysis of endogenous compounds of plants and
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animals exposed to contaminants (Llompart et al. 2019;
Wang et al. 2009; Zhang et al. 2018). SPME has also been
optimized for several on-site applications, such as analysis of
toxins present in inanimate and animate components of the
environment and evaluation studies concerning the impact of
emitted pollutants on the functioning of ecosystems.

Owing to its advantageous in vivo capabilities, SPME has
also been largely applied in environmental in vivo studies,
where non-lethal extraction of small molecules can be per-
formed on living organisms (Ouyang et al. 2011b; Vuckovic
et al. 2011). This feature of SPME facilitates monitoring of
the fate of pollutants in living organisms and allows for
investigations concerning the distribution and accumulation
of pollutants within an individual organism as a response to
the exposome. In vivo sampling via SPME additionally
enables the capture of short-lived and unstable metabolites
by stabilizing highly reactive small molecules of endogenous
and exogenous origin, thus preventing their degradation
during sample handling and storage. Recently, SPME tech-
nique has been also applied for direct measurements of free
drug concentration in solid tissue by a series of experiments
performed in the laboratory and also in silico by using a
mathematical model developed in COMSOL Multiphysics
(Huq et al. 2019). The applied strategy facilitated calcula-
tions of local depletion of the analyte by a coating and also
the mass transfer kinetics of SPME coating. The extraction
by SPME coating did not affect the free concentration of the
drug in solid tissue as the depletion of drug concentration
surrounding the fiber was negligible, therefore the mea-
surements of analyte distribution with the use of SPME
technique are feasible. Therefore, in vivo SPME does not
disturb homeostasis within investigated systems, as only a
small portion of metabolites is extracted from the system
under study (negligible depletion), thus enabling repeated
SPME sampling of the same tissue or organ in individual
organisms (Reyes-Garcés et al. 2018). More importantly, the
capture of low-molecular-weight compounds via in vivo
SPME may provide additional information concerning
metabolic changes in exposome-wide association studies
(EWAS) and also in a toxicological analysis. Important
compounds derived from natural or anthropogenic sources
of contamination, such as biomarkers of exposure, or toxi-
cants and their metabolites, could be extracted with the use
of this technology.

This chapter begins with an overview of the fundamentals
of in vivo SPME and related techniques. We next discuss the
most important topics regarding in vivo SPME: development
of in vivo SPME devices, calibration methods, and data
analysis for in vivo SPME sampling. A review of the main
applications of this technique in environmental monitoring
and toxicology studies of plant, animal, and human systems

is then presented. This chapter closes with future perspec-
tives of SPME and its potential in environmental studies.

2 Fundamentals of in Vivo SPME

2.1 In Vivo SPME and Related Techniques

SPME can be performed in headspace (HS) or direct
immersion (DI) mode for extraction of analytes from a
variety of matrices. Extraction is carried out for a predeter-
mined period of time with the use of an SPME device (e.g.,
blades, fibers) coated with an extraction phase (Godage and
Gionfriddo 2019; Pawliszyn 2012; Vuckovic 2013). Appli-
cation of HS-SPME and DI-SPME in environmental and
toxicological studies has been reported for analysis of dif-
ferent elements (living and inanimate) of the ecosystem,
including water, soil, plants, and animals. Following
extraction, the SPME device can be directly introduced to
GC for thermal desorption or desorbed using an optimized
solvent that is subsequently injected into LC–MS, or directly
coupled to MS.

The availability of different SPME devices and their
biocompatibility make SPME technology a convenient tool
for in vivo analysis, with minimum invasiveness to living
organisms (Vuckovic et al. 2010). The availability of dif-
ferent calibration approaches for quantitative analysis
enables optimal extraction and analysis of a broad range of
analytes with different polarities from environmental and
biological samples. Given that a derivatization step is nec-
essary for the analysis of nonvolatile pollutants, an on-fiber
derivatization technique, developed to combine the deriva-
tization reaction and extraction steps during SPME, is also
available for such applications (Martos and Pawliszyn
1998). In-tube SPME, on the other hand, enables direct
analysis of nonvolatile compounds in aqueous matrices, and
has been applied in the targeted analysis of environmental
pollutants (Moliner-Martinez et al. 2015).

SPME can also be optimized for in vivo sampling via
coating optimization. A matrix-compatible,
PDMS-overcoated SPME fiber can be directly used in living
systems for in vivo sampling, whereas coatings with HLB
particles can extend the range of extracted compounds,
making such coatings ideal for comprehensive or untargeted
analyses of potential pollutants (Gionfriddo et al. 2017;
Godage and Gionfriddo 2019). The constant development of
SPME coatings aims to both improve coverage of com-
pounds and minimize the invasiveness of the procedure on
sampled animals during in vivo sampling.

The free concentration of a given pollutant in a living
system can reflect in vivo exposure levels, while its total
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concentration might reflect the long-term risk of the pollu-
tant with respect to different living systems. While SPME
fibers can directly measure free concentrations via
non-exhaustive extraction, attainment of both the free con-
centration and total concentration of a given pollutant would
allow for a more comprehensive and dynamic investigation
of their environmental behavior and risk (Boyacı et al.
2018). In such cases, needle trap devices (NTD), which
allow for exhaustive extraction, can be used to this end as
passive sampling devices in air pollution monitoring (Lord
et al. 2010). The NTD approach uses small needles con-
taining a packed sorbent bed to briefly trap both fluid-borne
analytes and particles. Similar to the SPME fiber, NTD can
be directly coupled to a GC injection system to release the
adsorbed analytes. An analytical approach exploiting both
NTD and SPME fiber can thus enable parallel measurements
of free concentrations and total concentrations of pollutants
in air, enabling a more comprehensive evaluation of risk for
living systems with respect to pollutants found in the envi-
ronment (Niri et al. 2009).

Thin-film SPME (TFME) was developed in recent years
for applications that demand higher extraction efficiency and
sensitivity (Jiang and Pawliszyn 2012). TFME employs a
larger surface area to extraction phase volume ratio so as to
increase surface contact with the sample. Different TFME
membranes are available for coupling with GC and LC
instrumentation. Depending on the aim of research and the
specific group(s) of compounds under study, analysts may
choose to employ either thermally stable TFME membranes
for gas chromatography or solvent-stable TFME membranes
for liquid chromatography. The cold fiber technique presents
yet another approach to increasing method sensitivity
(Menezes et al. 2013). Briefly, the technique works by
introducing cold air into a needle-based SPME apparatus.
This causes a temperature difference between the extraction
phase and sample, which enables faster and higher extraction
of compounds into the cooling SPME fiber. The cold fiber
technique has been applied in soil and sediment analyses as a
way to enhance method sensitivity for volatile compounds
(Martendal and Carasek 2011; Ghiasvand et al. 2006). These
two methods, TFME and cold fiber SPME, can also be
combined to further enhance method sensitivity for specific
applications, such as to measure fragrance compounds in air
(Jiang and Pawliszyn 2014).

Other geometries of SPME are also available for specific
in vivo environmental analysis purposes. For instance,
recession needles protect the extraction phase from
mechanical damage due to the presence of a recession notch
in the needles where the coating is housed (Poole et al.
2017). This research has been used in the untargeted analysis
for living fish. Coated tips and mini tips, on the other hand,
can be employed for extraction from small sample amounts
(<10 uL) such as blood from mice (Piri‐Moghadam et al.

2016; Vasiljevic et al. 2019). In addition to the advantages
described above, such technologies also offer direct coupling
with mass spectrometry for high-throughput analysis, and
can be applied for nontarget analysis, features that are highly
beneficial in exposome studies (Gómez-Ríos et al. 2018;
Augusto Gomez-Rios et al. 2017). Prior to in vivo sampling,
simulation-based experiments can be carried out to optimize
the geometry of the device in view of the intended purpose
of the research and the target sample (Alam et al. 2015).

2.2 Calibration Approaches

SPME is a non-exhaustive extraction method in which only
a free fraction of the analyte is extracted from the sample
matrix. Such a feature is particularly important in
environment-wide association studies (EWAS) and toxico-
logical studies, given that it is the unbound fraction of the
toxicant that determines its activity in living systems.
Quantitative analysis of targeted compounds is carried out
by first determining the relationship between extracted
amounts by the SPME coating and the analyte concentration
in the biomatrix. To this end, various calibration methods
have been developed to quantify concentrations of target
analytes in biological samples (Ouyang and Pawliszyn
2008). In the equilibrium calibration method, the analyte in
the extraction phase equilibrates with that in the sample
matrix, and the extracted amount in the extraction phase can
be expressed as

ne = C0
KfsVsVf

KfsVf + Vs
ð1Þ

where ne is the amount extracted, C0 is the initial concen-
tration of the target analyte in the sample, Vs is the sample
volume, Vf is the volume of extraction phase, and Kes is the
distribution coefficient of the analyte between the extraction
phase and the sample matrix. However, in most in vivo
SPME applications, the volume of the sample matrix is very
large (Vs � KfsVf), and Eq. (1) can be rewritten to the
following equation:

ne = C0KfsVf ð2Þ
In addition, under equilibrium conditions, calibration is

independent of hydrodynamic variables, such as blood flow
in a living system. However, due to the extended amount of
time required for some compounds to equilibrate with the
fiber, other calibration methods are often preferred for field
and on-site SPME analysis applications, namely on-fiber
kinetic calibration and sampling rate calibration (Bai et al.
2013). The kinetic calibration model has been used in sev-
eral animal studies, and is based on the preloading of the
fiber with a deuterated analog, which after introduction to a
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biological matrix is desorbed from the fiber while the ana-
lytes from the sample matrix are extracted. The free con-
centration of the analyte is then calculated based on the
isotropy of desorption of the deuterated analog from the
extraction phase and the simultaneous extraction of the
analyte from the sample. Use of this calibration method
improves the accuracy and precision of analysis while also
accounting for the influence of certain environmental factors,
such as temperature, on extracted amounts. However, one of
the main limitations of this calibration approach is that it is
not suitable for some in vivo studies, e.g., human studies,
since the introduction of exogenous substances to the living
system is forbidden. In such cases, use of pre-equilibrium
extraction approach may be considered for in vivo studies. In
this calibration method, the linear regime of the SPME
extraction process is required and the rate of mass transfer
(sampling rate) must remain constant throughout the dura-
tion of sampling. Several factors, including sample matrix
and the type of SPME coating employed, influence the ratio
between the concentration of target analyte in the sample
matrix and the extracted amount of analyte. Use of this
diffusion-based calibration method allows for much shorter
extraction times in comparison to the equilibrium extraction
approach. This method has been employed in in vivo SPME
fish studies; briefly, sampling rates were determined in lab-
oratory conditions, then used to determine concentrations of
analytes on-site (Ouyang et al. 2011a). The main advantage
of this calibration approach is the elimination of standard
addition or preloading of the SPME fiber. However, several
factors in the analyzed matrix, such as blood flow and fluid
content, may affect the amount of extracted analyte.

2.3 Data Analysis for in Vivo SPME

A major hindrance in SPME-based untargeted analysis is the
annotation of obtained data (Domingo-Almenara et al. 2018).
Since SPME can be performed on-site and in vivo, the scope
of extracted and analyzed chemicals is beyond our current
knowledge. This is called the “unknown unknown” paradox
for research performed at the metabolites level: we want to
identify unknown analytes as “markers”, but since unknown
compounds are annotated in a database, we have no prior
knowledge of these unknown compounds to identify them.
Thus, we become restricted to identifying “known” com-
pounds. For exposome studies, the major restriction in data
interpretation is that although we already have databases with
thousands of small molecules, we still don’t know whether
there are other short-life compounds or trace metabolites
totally ignored by the current knowledge scope, especially
exogenous compounds (Vuckovic et al. 2011).

To address this issue, reaction/structure directed analysis
was developed for SPME-based analysis (Yu et al. 2019).

Instead of using inductive rules and statistical properties
from known compounds, statistical properties of peaks from
real samples are considered for data mining. The qualitative
information obtained from high-resolution mass spectrome-
try is the accurate mass-to-charge ratio (m/z) of compounds.
However, multiple compounds could share the same
mass-to-charge ratios, while a single compound could also
generate multiple mass-to-charge ratios such as adducts,
neutral loss, or isotopologues. In this case, the single
mass-to-charge ratio is not a very useful parameter for the
annotation step. However, distances between mass-to-charge
ratios could indicate certain types of reactions or structures;
such an approach is called paired-mass distance
(PMD) analysis. For instance, a PMD of 15.99 Da is always
associated with an oxidation process. A randomly generated
dataset would not show a PMD of 15.99 Da, while in real
samples, a PMD of 15.99 Da will likely always appear with
high frequency. In addition, PMDs can also reveal structure
information for particular compounds. For instance, a PMD
of 14.02 Da is associated with a-CH2-bond, while the PMD
42.01 Da is associated with a peptide bond. In this case, the
use of local statistical properties (frequency of PMDs) to
screen reaction level bio-information is preferred over trying
to annotate each unknown compound. By quantitively
checking structure or reaction level changes from in vivo
SPME sampling, we may capture the changes of short live
metabolites’ profile.

3 Application of in Vivo SPME

Several organic compounds, such as PAHs, pesticides,
PPCPs, and inorganic compounds (such as heavy metals) are
constantly introduced to the ecosystem via a number of
routes. Contaminants circulating in water and/or residing in
sediments and soil eventually enter living organisms, where
they affect the functioning of these biological systems
(Miller et al. 2018). Even at very low concentrations, the
constant persistence of such compounds in living organisms
can exert adverse effects by acting on specific cellular pro-
cesses at the genome, proteome, and metabolome levels.
Due to their potential toxic, carcinogenic, and mutagenic
activities, such chemicals have been labeled as emerging
contaminants, indicating that their levels and distribution in
the environment should be tightly controlled. Therefore,
methods that will facilitate fast and efficient extraction and
analysis of these environmental toxicants are highly desired.

Different analytical methodologies have been developed
to investigate and determine trace levels of environmental
toxins in animals and plants’ tissues. Typical sample
preparation protocols include tissue homogenization fol-
lowed by extraction of analytes with the use of organic
solvents, whereupon the sample extract is cleaned-up prior
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to instrumental analysis. In order to reduce the number of
sampling/sample preparation steps, and so as to avoid
sample collection that necessitates the sacrifice of living
organisms, in vivo SPME has been introduced as a
promising tool for non-lethal sampling of organic contami-
nants on-site. As already mentioned, in vivo SPME offers
several advantages over conventional sample preparation
protocols for extraction of analytes from complex matrices
in field studies. Moreover, SPME can be directly coupled to
GC-MS or LC-MS to provide close to real-time information
about the types of toxicants present in living organisms as
well as their levels in the analyzed matrices (Fig. 1). Given
the advantages offered by in vivo SPME, application of this
technique in the analysis of environmental contaminants in
living plants and animals has been frequently reported (Xu
et al. 2016; Zhang et al. 2016).

3.1 In Vivo SPME in Plant Analysis

Given that plants are important components of the food
chain for many species, there is growing concern regarding
the exposure of plants to contaminants present in the sur-
rounding environment, including water, soil, and air. Once
introduced to the plant body, toxins are distributed and
reside in different parts of plants. Once plants are consumed,
such toxins can also be forwarded to other hosts within the
food chain, and affect the health status of those organisms.

Over the past years, multiple classes of emerging contami-
nants, including PAHs and PPCPs, have been detected in
edible parts of plants from contaminated regions. However,
extraction and quantitation of toxins in plants remain a
challenging task due to the very complex nature of this
matrix. Therefore, analytical methodologies that can track
tissue distribution of contaminants in plants, such as SPME,
are gaining increasing attention in food safety and environ-
mental studies (Musteata et al. 2016). For instance, in vivo
SPME was employed to monitor the fate of environmental
contaminants such as chlorinated VOCs in living plants (Zhu
et al. 2013). The optimized procedure facilitated extraction
of methyl tert-butyl ether (MTBE), a component of a fuel,
and prevented loss of this volatile compound, a loss previ-
ously observed during the traditional sample pre-treatment
procedure (Reiche et al. 2013). The optimized technique
facilitated monitoring of the level of MTBA present in reeds
as a function of the season and water concentration levels.
The accumulation and distribution of organochloride pesti-
cides (OCPs) and organophosphorus pesticides (OPPs) via
in vivo SPME were also investigated (Qiu et al. 2016).
Custom-made PDMS fibers were introduced to different
organs of living Malabar spinach plants, and concentrations
of analyzed pesticides were calculated using the sampling
rate calibration approach. Several factors, including the
distribution concentration factor (DCF), have been used to
assess the translocation and accumulation of toxins in dif-
ferent organs in order to improve our understanding of

Fig. 1 Application of SPME sampling along with the instrumental analysis and targeted/untargeted screening of metabolites in plant, animal and
human studies

In Vivo SPME for Bioanalysis in Environmental Monitoring … 27



contaminant behavior in living plants. In addition, in vivo
SPME was also applied for the analysis of metabolome
profile and for detection of alterations in metabolite com-
position in fruits during maturation on the tree (Risticevic
et al., under review). Several classes of esters were upreg-
ulated in very mature ‘Honeycrisp’ apples, where the level
of estragole was increasing with fruit ripening. Moreover,
novel bioactive molecules, namely Amaryllidaceae alkaloids
were extracted and successfully detected in the analyzed
apples by two-dimensional gas chromatography–
time-of-flight mass spectrometry (GCxGC-ToFMS). The
applied in vivo SPME protocol facilitated a metabolite
quenching and extraction of unique fruit components at
different maturity stages. These were not previously reported
in apples, possibly due to the use of sample preparation
approaches that could disturb real metabolite composition in
fruits via induction of enzymatic degradation and oxidation
processes.

3.2 In Vivo SPME in Animal Studies

SPME has been considered an easy and efficient tool for
in vivo analysis of contaminants present in the tissues and
organs of animals exposed to environmental toxins. The
ability to monitor the distribution of trace contaminants in
living organisms is a significant advantage of SPME over
conventional techniques, where complex sample preparation
prior to instrumental analysis may result in a loss of com-
pounds, especially those characterized by a volatile and/or
highly reactive nature. One of the first reports describing the
application of in vivo SPME in toxicological analysis in
animal species detailed a pharmacokinetic study of a VOC,
toluene, in the hippocampus of mice exposed to this toxin
via inhalation (Nakajima et al. 2006). It had been previously
observed on animal models that toluene can cause severe or
chronic toxicity related to central nervous system distur-
bances. However, due to the fast vaporization of toluene
during the traditional sampling steps, data regarding the
exact level and pharmacokinetics of this compound in the
brain had been inconsistent. Measurements of levels of
toluene via SPME probes directly inserted into the hip-
pocampus of freely moving rats provided reliable informa-
tion regarding the half-life of this toxin. In vivo SPME
followed by GC-MS instrumental analysis revealed that the
concentration of toluene in mice brains reached a maximum
within 30 min, and decreased rapidly in the next 90 min
upon exposure to the VOC. In another study, in vivo SPME
sampling was applied for analysis of the effects of
intraperitoneally administered toluene on the composition of
amino acids in the brain of living mice (Win-Shwe et al.
2007). The attained results helped to shed light into the
relationship between high doses of toluene and increasing

levels of glutamate and taurine in the hippocampus sug-
gesting that exposure to this toxin leads to the activation of
neuroprotective mechanisms in the brain.

Few laboratory and field-based studies have also
demonstrated the suitability of SPME technology for the
extraction of emerging contaminants present in aquatic
organisms. For instance, in vivo SPME has been applied for
measurement of a variety of PPCPs in fish muscles. Quan-
titative analysis of a wide range of pharmaceuticals,
including carbamazepine, naproxen, diclofenac, gemfibrozil,
bisphenol A, fluoxetine, ibuprofen, and atrazine, was carried
out with use of an SPME technique initially optimized in
laboratory conditions (Wang et al. 2011). In controlled lab
exposures, concentrations of the targeted compounds in fish
were found to be related to exposure concentrations in
effluents in a dose-dependent manner. Next, the optimized
technique was applied to a field study of wild fish exposed to
municipal wastewater effluents (MWWE). In vivo SPME
allowed for monitoring of dynamic bioaccumulation pro-
cesses of selected contaminants in the tissues of living
organisms. Wild fish sampling via in vivo SPME enabled
extraction of a selected group of emerging contaminants of
concern from the tissues of several fish species, yielding
results comparable to those attained via traditional moni-
toring methods. Togunde et al. developed an SPME method
for in vivo sampling of the dorsal–epaxial muscle of rainbow
trout (Oncorhynchus mykiss) in an 8-day laboratory expo-
sure to selected pharmaceuticals (carbamazepine, fluoxetine,
sertraline, paroxetine, atorvastatin, diclofenac, and ven-
lafaxine). Concentrations of extracted analytes were mea-
sured in vivo with custom-made SPME fibers (Togunde
et al. 2013). Due to the low invasiveness of the SPME
probes used in this study, the optimized method was also
applied for an on-site study of wild fish exposed to MWWE.
The uptake and bioconcentration of waterborne contami-
nants, such as pharmaceutical residues in the muscles of
Muskellunge (Esox masquinongy) were measured as a part
of this wild fish study. In another study, Ouyang et al.
developed a rapid in vivo SPME approach based on the
sampling rate calibration method for both laboratory and
field studies (Ouyang et al. 2011a). The SPME probe was
inserted in fish dorsal–epaxial muscle for 20 min for
extraction of certain pharmaceuticals (atrazine, carba-
mazepine, and fluoxetine). The method developed in the
laboratory also facilitated the detection of trace levels of
analytes within muscles in wild fish, yielding analytical
results comparable to those of traditional sample preparation
techniques involving lethal sampling followed by tissue
liquid extraction with the use of organic solvents.

Recently, in vivo SPME was applied in an EWAS for
monitoring of toxicants as well as for an assessment of the
biochemical response of sixty white suckers (Catastomus
commersonii) to exposure to potential contaminants
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(Roszkowska et al. 2019). SPME probes were placed into
dorsal–epaxial muscle for untargeted analysis of contami-
nants present in tissues of fish collected in the oil sands
development region and outside the deposit (pulp and paper
mill discharge region). Several organic compounds poten-
tially related to industrial and workplace toxins, such as
aliphatic and aromatic hydrocarbons, pesticides and PPCPs,
including unstable and highly reactive compounds, were
extracted via SPME probes from almost all sampling
regions. In addition, this study revealed the presence of
petroleum-related compounds in the fish muscle tissue,
providing important information regarding the exposome of
the organism to the surrounding environment as well as
alterations in the biochemical profile of fish muscles caused
by such exposures. The applied in vivo SPME technology
for wild fish studies presents an interesting alternative to
other techniques for biomonitoring studies aiming to track
alterations in organisms exposed to environmental
contaminants.

3.3 In Vivo SPME in Human Studies

In vivo sampling of different human matrices, including bio-
fluids and solid tissues, can reveal real-time changes in certain
metabolic pathways and also the presence of exogenous
compounds as a response to environmental exposures (Vereb
et al. 2011). SPME and related techniques have been applied
in such studies as minimally invasive approaches capable of
capturing short-lived species and endogenous compounds.
For instance, HS-SPME has been used as a noninvasive
diagnostic tool in breath analysis, where a commercially
available SPME device was modified for direct, real-time
extraction and quantitative determination of ethanol, acetone,
and isoprene in human breath (Grote and Pawliszyn 1997).
Recently, needle trap device (NTD) technology coupled with
thermal-desorption photoionization time-of-flight mass
spectrometry (TD-PI-TOFMS)was used during in vivo breath
sampling to evaluate human exposure to smoke (Kleeblatt
et al. 2015). In this work, several xenobiotic substances
(benzene, toluene, styrene, and ethylbenzene) were success-
fully extracted and identified in the breath of smoking indi-
viduals. Another interesting human matrix for application of
the in vivo SPME technique is saliva. As a complex biological
matrix that can be easily collected in a noninvasive manner,
saliva is essentially composed of filtered blood, and is thus
potentially able to reflect human real-time exposure condi-
tions to pollutants. In a nontargeted EWAS, a TFME device
was immersed into saliva for in vivo monitoring of saliva with
the aim of investigating associations between environmental
exposure and chronic diseases (Bessonneau et al. 2013). To
further increase the sensitivity of the saliva sampling method,
TFMEwas also applied in in vivo saliva extraction by placing

the TFME device directly in the mouth of participants for a
5 min sampling period (Bessonneau et al. 2015; Shigeyama
et al. 2019). The method was validated for simultaneous
quantification of 49 prohibited substances, and can be used in
doping tests. This optimized technique facilitated detection of
trace levels of endogenous steroid hormones. Skin odor, on
the other hand, is capable of revealing environmental expo-
sure conditions as well as alterations in endogenous metabo-
lites; to this end, HS-SPME has been used for in vivo skin
analysis of human fragrance profiles (Duffy et al. 2017). In
contrast to the SPME fiber, a TFMEmembrane can be directly
applied onto the skin surface, enabling better sensitivity for
semi- and low- volatility compounds in in vivo analysis (Jiang
et al. 2013). Due to theminimal invasiveness of this technique,
its non-depletive extraction mode and biocompatibility,
in vivo SPME shows great potential for real-time monitoring
of exposure of human tissues and organs to environmental
contaminants and other toxins.

4 Conclusions and Future Perspectives

Increasing concern for ecosystem protection continues to
extend the application of SPME in in vivo environmental
and toxicological studies to the analysis of the accumulation
and metabolism of contaminants, as well as to a wide range
of exposome studies. SPME technology facilitates tracing of
the behavior of certain toxins in living systems while also
offering the possibility for monitoring of biochemical
responses of organisms to exposure to environmental con-
taminants. In vivo SPME sampling provides more accurate
and reliable information about the distribution of target
compounds as it enables minimally invasive, real-time
extraction of small molecules from living systems without
the need for sample pre-treatment or animal sacrifices. This
is especially important for low-abundance populations of
animals and plants, for which traditional sampling can be
problematic. Development of novel SPME devices and
extraction phases as well as direct coupling of SPME probes
to MS will extended the application of SPME techniques in
EWAS and toxicological analyses; this in turn can provide
further insight into the composition of exogenous substances
and endogenous profiles of individual organisms. Use of this
technique in cause–effect relationship studies of metabolome
response of living organisms to exposure to contaminants
may allow for the identification of novel biomarkers of the
exposome, and provide crucial information necessary for a
better understanding of the persistence and effects of pollu-
tants in the environment.

Acknowledgements This monograph was developed within the
framework of the Environment Canada through the Environmental
Damages Fund (grant EC-129114).

In Vivo SPME for Bioanalysis in Environmental Monitoring … 29



References

Alam MN, Ricardez-Sandoval L, Pawliszyn J (2015) Numerical
modeling of solid-phase microextraction: binding matrix effect on
equilibrium time. Anal Chem 87:9846–9854. https://doi.org/10.
1021/acs.analchem.5b02239

Arthur CL, Pawliszyn J (1990) Solid phase microextraction with
thermal desorption using fused silica optical fibers. Anal Chem
62:2145–2148. https://doi.org/10.1021/ac00218a019

Augusto Gomez-Rios G, Vasiljevic T, Gionfriddo E, Yu M,
Pawliszyn J (2017) Towards on-site analysis of complex matrices
by solid-phase microextraction-transmission mode coupled to a
portable mass spectrometer via direct analysis in real time. Analyst.
https://doi.org/10.1039/C7AN00718C

Bai Z, Pilote A, Sarker PK, Vandenberg G, Pawliszyn J (2013) In vivo
solid-phase microextraction with in vitro calibration: determination
of off-flavor components in live fish. Anal Chem 85:2328–2332.
https://doi.org/10.1021/ac3033245

Bessonneau V, Bojko B, Pawliszyn J (2013) Analysis of human saliva
metabolome by direct immersion solid-phase microextraction LC
and benchtop orbitrap MS. Bioanalysis 5:783–792. https://doi.org/
10.4155/bio.13.35

Bessonneau V, Boyaci E, Maciazek-Jurczyk M, Pawliszyn J (2015) In
vivo solid phase microextraction sampling of human saliva for
non-invasive and on-site monitoring. Anal Chim Acta 856:35–45.
https://doi.org/10.1016/j.aca.2014.11.029

Bojko B, Pawliszyn J (2014) In vivo and ex vivo SPME: a low invasive
sampling and sample preparation tool in clinical bioanalysis.
Bioanalysis 6:1227–1239. https://doi.org/10.4155/bio.14.91

Boyacı E, Bojko B, Reyes-Garcés N, Poole JJ, Gómez-Ríos GA,
Teixeira A, Nicol B, Pawliszyn J (2018) High-throughput analysis
using non-depletive SPME: challenges and applications to the
determination of free and total concentrations in small sample
volumes. Sci Rep 8. https://doi.org/10.1038/s41598-018-19313-1

Domingo-Almenara X, Montenegro-Burke JR, Benton HP, Siuzdak G
(2018) Annotation: a computational solution for streamlining
metabolomics analysis. Anal Chem 90:480–489. https://doi.org/
10.1021/acs.analchem.7b03929

Duffy E, Jacobs MR, Kirby B, Morrin A (2017) Probing skin
physiology through the volatile footprint: discriminating volatile
emissions before and after acute barrier disruption. Exp Dermatol
10:919–925. https://doi.org/10.1111/exd.13344

Ghiasvand AR, Hosseinzadeh S, Pawliszyn J (2006) New cold-fiber
headspace solid-phase microextraction device for quantitative
extraction of polycyclic aromatic hydrocarbons in sediment.
J Chromatogr A ExTech 2006 (1124):35–42. https://doi.org/10.
1016/j.chroma.2006.04.088

Gionfriddo E, Boyacı E, Pawliszyn J (2017) New generation of
solid-phase microextraction coatings for complementary separation
approaches: a step toward comprehensive metabolomics and
multiresidue analyses in complex matrices. Anal Chem 89:4046–
4054. https://doi.org/10.1021/acs.analchem.6b04690

Godage NH, Gionfriddo E (2019) A critical outlook on recent
developments and applications of matrix compatible coatings for
solid phase microextraction. TrAC Trends Anal Chem 111:220–
228. https://doi.org/10.1016/j.trac.2018.12.019

Gómez-Ríos GA, Tascon M, Pawliszyn J (2018) Coated blade spray:
shifting the paradigm of direct sample introduction to MS.
Bioanalysis 10:257–271. https://doi.org/10.4155/bio-2017-0153

Grote C, Pawliszyn J (1997) Solid-phase microextraction for the
analysis of human breath. Anal Chem 69:587–596. https://doi.org/
10.1021/ac960749l

Huq M, Tascon M, Nazdrajic E, Roszkowska A, Pawliszyn J (2019)
Measurement of free drug concentration from biological tissue by

solid-phase microextraction: in Silico and experimental study. Anal
Chem. https://doi.org/10.1021/acs.analchem.9b00983

Jiang R, Cudjoe E, Bojko B, Abaffy T, Pawliszyn J (2013) A
non-invasive method for in vivo skin volatile compounds sampling.
Anal Chim Acta 804:111–119. https://doi.org/10.1016/j.aca.2013.
09.056

Jiang R, Pawliszyn J (2014) Cooled membrane for high sensitivity gas
sampling. J Chromatogr A 1338:17–23. https://doi.org/10.1016/j.
chroma.2014.02.070

Jiang R, Pawliszyn J (2012) Thin-film microextraction offers another
geometry for solid-phase microextraction. TrAC Trends Anal Chem
39:245–253. https://doi.org/10.1016/j.trac.2012.07.005

Kleeblatt J, Schubert JK, Zimmermann R (2015) Detection of gaseous
compounds by needle trap sampling and direct thermal-desorption
photoionization mass spectrometry: concept and demonstrative
application to breath gas analysis. Anal Chem 87:1773–1781.
https://doi.org/10.1021/ac5039829

Llompart M, Celeiro M, García-Jares C, Dagnac T (2019) Environ-
mental applications of solid-phase microextraction. TrAC Trends
Anal Chem 112:1–12. https://doi.org/10.1016/j.trac.2018.12.020

Lord HL, Zhan W, Pawliszyn J (2010) Fundamentals and applications
of needle trap devices: a critical review. Anal Chim Acta 677(1):3–
18. A selection of papers presented at the 11th International
Symposium on Advances in Extraction Technologies
(ExTech2009). https://doi.org/10.1016/j.aca.2010.06.020

Martendal E, Carasek E (2011) A new approach based on a
combination of direct and headspace cold-fiber solid-phase
microextraction modes in the same procedure for the determination
of polycyclic aromatic hydrocarbons and phthalate esters in soil
samples. J Chromatogr A 1218:1707–1714. https://doi.org/10.1016/
j.chroma.2011.01.074

Martos PA, Pawliszyn J (1998) Sampling and determination of
formaldehyde using solid-phase microextraction with on-fiber
derivatization. Anal Chem 70:2311–2320. https://doi.org/10.1021/
ac9711394

Menezes HC, Paiva MJN, Santos RR, Sousa LP, Resende SF,
Saturnino JA, Paulo BP, Cardeal ZL (2013) A sensitive GC/MS
method using cold fiber SPME to determine polycyclic aromatic
hydrocarbons in spring water. Microchem J 110:209–214. https://
doi.org/10.1016/j.microc.2013.03.010

Miller TH, Bury NR, Owen SF, MacRae JI, Barron LP (2018) A review
of the pharmaceutical exposome in aquatic fauna. Environ Pollut
239:129–146. https://doi.org/10.1016/j.envpol.2018.04.012

Moliner-Martinez Y, Herráez-Hernández R, Verdú-Andrés J,
Molins-Legua C, Campíns-Falcó P (2015) Recent advances of
in-tube solid-phase microextraction. TrAC Trends Anal Chem
71:205–213. https://doi.org/10.1016/j.trac.2015.02.020

Musteata FM, Sandoval M, Ruiz-Macedo JC, Harrison K, McKenna D,
Millington W (2016) Evaluation of in vivo solid phase microex-
traction for minimally invasive analysis of nonvolatile phytochem-
icals in Amazonian plants. Anal Chim Acta 933:124–133. https://
doi.org/10.1016/j.aca.2016.05.053

Nakajima D, Tin-Tin-Win-Shwe Kakeyama M, Fujimaki H, Goto S
(2006) Determination of toluene in brain of freely moving mice
using solid-phase microextraction technique. Neuro Toxicol 27:
615–618. https://doi.org/10.1016/j.neuro.2005.12.006

Niri VH, Eom I-Y, Kermani FR, Pawliszyn J (2009) Sampling free and
particle-bound chemicals using solid-phase microextraction and
needle trap device simultaneously. J Sep Sci 32:1075–1080. https://
doi.org/10.1002/jssc.200800603

Ouyang G, Oakes KD, Bragg L, Wang S, Liu H, Cui S, Servos MR,
Dixon DG, Pawliszyn J (2011a) Sampling-rate calibration for rapid
and nonlethal monitoring of organic contaminants in fish muscle by
solid-phase microextraction. Environ Sci Technol 45:7792–7798.
https://doi.org/10.1021/es201709j

30 A. Roszkowska et al.

http://dx.doi.org/10.1021/acs.analchem.5b02239
http://dx.doi.org/10.1021/acs.analchem.5b02239
http://dx.doi.org/10.1021/ac00218a019
http://dx.doi.org/10.1039/C7AN00718C
http://dx.doi.org/10.1021/ac3033245
http://dx.doi.org/10.4155/bio.13.35
http://dx.doi.org/10.4155/bio.13.35
http://dx.doi.org/10.1016/j.aca.2014.11.029
http://dx.doi.org/10.4155/bio.14.91
http://dx.doi.org/10.1038/s41598-018-19313-1
http://dx.doi.org/10.1021/acs.analchem.7b03929
http://dx.doi.org/10.1021/acs.analchem.7b03929
http://dx.doi.org/10.1111/exd.13344
http://dx.doi.org/10.1016/j.chroma.2006.04.088
http://dx.doi.org/10.1016/j.chroma.2006.04.088
http://dx.doi.org/10.1021/acs.analchem.6b04690
http://dx.doi.org/10.1016/j.trac.2018.12.019
http://dx.doi.org/10.4155/bio-2017-0153
http://dx.doi.org/10.1021/ac960749l
http://dx.doi.org/10.1021/ac960749l
http://dx.doi.org/10.1021/acs.analchem.9b00983
http://dx.doi.org/10.1016/j.aca.2013.09.056
http://dx.doi.org/10.1016/j.aca.2013.09.056
http://dx.doi.org/10.1016/j.chroma.2014.02.070
http://dx.doi.org/10.1016/j.chroma.2014.02.070
http://dx.doi.org/10.1016/j.trac.2012.07.005
http://dx.doi.org/10.1021/ac5039829
http://dx.doi.org/10.1016/j.trac.2018.12.020
http://dx.doi.org/10.1016/j.aca.2010.06.020
http://dx.doi.org/10.1016/j.chroma.2011.01.074
http://dx.doi.org/10.1016/j.chroma.2011.01.074
http://dx.doi.org/10.1021/ac9711394
http://dx.doi.org/10.1021/ac9711394
http://dx.doi.org/10.1016/j.microc.2013.03.010
http://dx.doi.org/10.1016/j.microc.2013.03.010
http://dx.doi.org/10.1016/j.envpol.2018.04.012
http://dx.doi.org/10.1016/j.trac.2015.02.020
http://dx.doi.org/10.1016/j.aca.2016.05.053
http://dx.doi.org/10.1016/j.aca.2016.05.053
http://dx.doi.org/10.1016/j.neuro.2005.12.006
http://dx.doi.org/10.1002/jssc.200800603
http://dx.doi.org/10.1002/jssc.200800603
http://dx.doi.org/10.1021/es201709j


Ouyang G, Vuckovic D, Pawliszyn J (2011b) Nondestructive sampling
of living systems using in vivo solid-phase microextraction. Chem
Rev 111:2784–2814. https://doi.org/10.1021/cr100203t

Ouyang G, Pawliszyn J (2008) A critical review in calibration methods
for solid-phase microextraction. Anal Chim Acta 627:184–197.
https://doi.org/10.1016/j.aca.2008.08.015

Pawliszyn J (2012) Handbook of solid phase microextraction. Elsevier.
https://doi.org/10.1016/C2011-0-04297-7

Piri-Moghadam H, Ahmadi F, Gómez-Ríos GA, Boyacı E,
Reyes-Garcés N, Aghakhani A, Bojko B, Pawliszyn J (2016) Fast
quantitation of target analytes in small volumes of complex samples
by matrix-compatible solid-phase microextraction devices. Angew
Chem Int Ed 55:7510–7514. https://doi.org/10.1002/anie.
201601476

Poole JJ, Grandy JJ, Yu M, Boyaci E, Gómez-Ríos GA, Reyes-Garcés
N, Bojko B, Heide HV, Pawliszyn J (2017) Deposition of a sorbent
into a recession on a solid support to provide a new, mechanically
robust solid-phase microextraction device. Anal Chem. https://doi.
org/10.1021/acs.analchem.7b01382

Qiu J, Chen G, Xu J, Luo E, Liu Yan, Wang F, Zhou H, Liu Yuan,
Zhu F, Ouyang G (2016) In vivo tracing of organochloride and
organophosphorus pesticides in different organs of hydroponically
grown malabar spinach (Basella alba L.). J Hazard Mater 316:52–
59. https://doi.org/10.1016/j.jhazmat.2016.05.024

Reiche N, Mothes F, Fiedler P, Borsdorf H (2013) A solid-phase
microextraction method for the in vivo sampling of MTBE in
common reed (Phragmites Australis). Environ Monit Assess
185:7133–7144. https://doi.org/10.1007/s10661-013-3089-3

Reyes-Garcés N, Gionfriddo E, Gómez-Ríos GA, Alam MN, Boyacı E,
Bojko B, Singh V, Grandy J, Pawliszyn J (2018) Advances in solid
phase microextraction and perspective on future directions. Anal
Chem 90:302–360. https://doi.org/10.1021/acs.analchem.7b04502

Risticevic S, Souza-Silva EA, Gionfriddo E, DeEll JR, Cochran J,
Hopkins WS, Pawliszyn J Application of in vivo solid phase
microextraction (SPME) in capturing metabolome of apple
(Malus � domestica Borkh.) fruit, under review (Frontiers in Plant
Science)

Roszkowska A, Yu M, Bessonneau V, Ings J, McMaster M, Smith R,
Bragg L, Servos M, Pawliszyn J (2019) In vivo solid-phase
microextraction sampling combined with metabolomics and toxi-
cological studies for the non-lethal monitoring of the exposome in
fish tissue. Environ Pollut 249:109–115. https://doi.org/10.1016/j.
envpol.2019.03.024

Shigeyama H, Wang T, Ichinose M, Ansai T, Lee S-W (2019)
Identification of volatile metabolites in human saliva from patients
with oral squamous cell carcinoma via zeolite-based thin-film
microextraction coupled with GC–MS. J Chromatogr B 1104:49–
58. https://doi.org/10.1016/j.jchromb.2018.11.002

Souza-Silva ÉA, Gionfriddo E, Pawliszyn J (2015) A critical review of
the state of the art of solid-phase microextraction of complex
matrices II. Food analysis. TrAC Trends Anal Chem 71:236–248.
https://doi.org/10.1016/j.trac.2015.04.018

Togunde OP, Lord H, Oakes KD, Servos MR, Pawliszyn J (2013)
Development and evaluation of a new in vivo solid-phase

microextraction sampler. J Sep Sci 36:219–223. https://doi.org/10.
1002/jssc.201200839

Vasiljevic T, Singh V, Pawliszyn J (2019) Miniaturized SPME tips
directly coupled to mass spectrometry for targeted determination
and untargeted profiling of small samples. Talanta 199:689–697.
https://doi.org/10.1016/j.talanta.2019.03.025

Vereb H, Dietrich AM, Alfeeli B, Agah M (2011) The possibilities will
take your breath away: breath analysis for assessing environmental
exposure. Environ Sci Technol 45:8167–8175. https://doi.org/10.
1021/es202041j

Vuckovic D (2013) High-throughput solid-phase microextraction in
multi-well-plate format. TrAC Trends Anal Chem 45:136–153.
https://doi.org/10.1016/j.trac.2013.01.004

Vuckovic D, de Lannoy I, Gien B, Shirey RE, Sidisky LM, Dutta S,
Pawliszyn J (2011) In Vivo Solid-Phase Microextraction: Capturing
the Elusive Portion of Metabolome. Angew Chem Int Ed 50:5344–
5348. https://doi.org/10.1002/anie.201006715

Vuckovic D, Zhang X, Cudjoe E, Pawliszyn J (2010) Solid-phase
microextraction in bioanalysis: new devices and directions. J Chro-
matogr Mass Spectrom Innov Appl Part VI 1217:4041–4060.
https://doi.org/10.1016/j.chroma.2009.11.061

Wang S, Oakes KD, Bragg LM, Pawliszyn J, Dixon G, ServosMR (2011)
Validation and use of in vivo solid phase micro-extraction (SPME) for
the detection of emerging contaminants in fish. Chemosphere
85:1472–1480. https://doi.org/10.1016/j.chemosphere.2011.08.035

Wang Y, Zhang J, Ding Y, Zhou J, Ni L, Sun C (2009) Quantitative
determination of 16 polycyclic aromatic hydrocarbons in soil
samples using solid-phase microextraction. J Sep Sci 32:3951–
3957. https://doi.org/10.1002/jssc.200900420

Win-Shwe T-T, Mitsushima D, Nakajima D, Ahmed S, Yamamoto S,
Tsukahara S, Kakeyama M, Goto S, Fujimaki H (2007) Toluene
induces rapid and reversible rise of hippocampal glutamate and
taurine neurotransmitter levels in mice. Toxicol Lett 168:75–82.
https://doi.org/10.1016/j.toxlet.2006.10.017

Xu J, Chen G, Huang S, Qiu J, Jiang R, Zhu F, Ouyang G (2016)
Application of in vivo solid-phase microextraction in environmental
analysis. TrAC Trends Anal Chem 85:26–35. https://doi.org/10.
1016/j.trac.2016.03.003

Yu M, Olkowicz M, Pawliszyn J (2019) Structure/reaction directed
analysis for LC-MS based untargeted analysis. Anal Chim Acta
1050:16–24. https://doi.org/10.1016/j.aca.2018.10.062

Zhang L, Gionfriddo E, Acquaro V, Pawliszyn J (2018) Direct
immersion solid-phase microextraction analysis of multi-class
contaminants in edible seaweeds by gas chromatography-mass
spectrometry. Anal Chim Acta 1031:83–97. https://doi.org/10.1016/
j.aca.2018.05.066

Zhang Q-H, Zhou L-D, Chen H, Wang C-Z, Xia Z-N, Yuan C-S (2016)
Solid-phase microextraction technology for in vitro and in vivo
metabolite analysis. TrAC Trends Anal Chem 80:57–65. https://doi.
org/10.1016/j.trac.2016.02.017

Zhu F, Xu J, Ke Y, Huang S, Zeng F, Luan T, Ouyang G (2013)
Applications of in vivo and in vitro solid-phase microextraction
techniques in plant analysis: a review. Anal Chim Acta 794:1–14.
https://doi.org/10.1016/j.aca.2013.05.016

In Vivo SPME for Bioanalysis in Environmental Monitoring … 31

http://dx.doi.org/10.1021/cr100203t
http://dx.doi.org/10.1016/j.aca.2008.08.015
http://dx.doi.org/10.1016/C2011-0-04297-7
http://dx.doi.org/10.1002/anie.201601476
http://dx.doi.org/10.1002/anie.201601476
http://dx.doi.org/10.1021/acs.analchem.7b01382
http://dx.doi.org/10.1021/acs.analchem.7b01382
http://dx.doi.org/10.1016/j.jhazmat.2016.05.024
http://dx.doi.org/10.1007/s10661-013-3089-3
http://dx.doi.org/10.1021/acs.analchem.7b04502
http://dx.doi.org/10.1016/j.envpol.2019.03.024
http://dx.doi.org/10.1016/j.envpol.2019.03.024
http://dx.doi.org/10.1016/j.jchromb.2018.11.002
http://dx.doi.org/10.1016/j.trac.2015.04.018
http://dx.doi.org/10.1002/jssc.201200839
http://dx.doi.org/10.1002/jssc.201200839
http://dx.doi.org/10.1016/j.talanta.2019.03.025
http://dx.doi.org/10.1021/es202041j
http://dx.doi.org/10.1021/es202041j
http://dx.doi.org/10.1016/j.trac.2013.01.004
http://dx.doi.org/10.1002/anie.201006715
http://dx.doi.org/10.1016/j.chroma.2009.11.061
http://dx.doi.org/10.1016/j.chemosphere.2011.08.035
http://dx.doi.org/10.1002/jssc.200900420
http://dx.doi.org/10.1016/j.toxlet.2006.10.017
http://dx.doi.org/10.1016/j.trac.2016.03.003
http://dx.doi.org/10.1016/j.trac.2016.03.003
http://dx.doi.org/10.1016/j.aca.2018.10.062
http://dx.doi.org/10.1016/j.aca.2018.05.066
http://dx.doi.org/10.1016/j.aca.2018.05.066
http://dx.doi.org/10.1016/j.trac.2016.02.017
http://dx.doi.org/10.1016/j.trac.2016.02.017
http://dx.doi.org/10.1016/j.aca.2013.05.016

	3 In Vivo SPME for Bioanalysis in Environmental Monitoring and Toxicology
	Abstract
	1 Introduction
	2 Fundamentals of in Vivo SPME
	2.1 In Vivo SPME and Related Techniques
	2.2 Calibration Approaches
	2.3 Data Analysis for in Vivo SPME

	3 Application of in Vivo SPME
	3.1 In Vivo SPME in Plant Analysis
	3.2 In Vivo SPME in Animal Studies
	3.3 In Vivo SPME in Human Studies

	4 Conclusions and Future Perspectives
	Acknowledgements
	References




