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The analysis of biological samples of clinical interest has certainly many analytical challenges. Among these, 
the preparation of samples for the determination of metabolites of interest is of paramount importance to avoid 
error propagation to the following separation/detection steps, but also to simplify the data elaboration. Sample 
preparation represents the initial key step for the acquisition of reliable and interpretable information. In this 
review, we showcase and discuss the most recent sample preparation techniques used for biological samples, 
limiting to those extracting the small (volatile or volatilizable) metabolites, thus those applications which enable 
the subsequent GC analysis. Essentially, these include the group of sorbent-based and liquid-based sampling 
techniques. Dedicated sections devoted to both assisted (i.e., ultrasound, microwave) extraction techniques and 
chemical derivatizations will also be presented. In the discussion, the importance and recent trends towards the 
development of green solutions in sample preparation, via automation and miniaturization, are highlighted. 
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. Introduction 

The study of metabolites in biomedical research is in constant de-
elopment, making it one of the most active and promising fields of
pplication. Studies are mainly driven by the quest for novel diagnostic
olecules (or biomarkers) of health and altered states, and this rationale

elies on the fact that metabolites (and their level) are affected at the
arly stage of the disease. Early diagnosis, together with an increased
nderstanding of the pathological conditions, would improve patients’
ife quality and expectations. 

However, there are several challenges associated with biomarker dis-
overy that are related to the stability, variability, and complexity of
he biological matrices (i.e., biological fluids, biopsies/tissues, cell cul-
ures). Also, biological samples contain thousands of metabolites with
 wide range of concentrations and physicochemical properties, which
omplicate further the analytical scenario. Indeed, a universal analytical
Abbreviations: BTEX, Benzene, toluene, ethylbenzene and xylenes; DHS, Dynami
raction; DLLME, Dispersive liquid-liquid microextraction; DVB/CAR/PDMS, Diviny
C ×GC-ToF MS, Comprehensive two-dimensional gas chromatography coupled to ti

raction; LLE, Liquid-liquid extraction; LLME, Liquid-liquid microextraction; LPME, L
roextraction by packed sorbent; NTD, Needle trap device; NTE, Needle trap extraction
orptive extraction/Headspace sorptive extraction; SDME, Single-drop microextraction
esorption; TFME, Thin film microextraction; UAE, Ultrasound-assisted extraction; (s
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latform, able to exhaustively cover and analyze such a large assortment
f metabolites, does not exist, and multi-platform strategies should be
ursued ideally [1] . 

No matter the instrumentation in use, it is important to get high-
uality data with narrow confidence intervals to correlate and merge
ith other biological/clinical information for their interpretation. For

his reason, devoting enough time to optimizing and tailoring each of
he succeeding steps in the analysis workflow becomes essential. How-
ver, for practical limitations (e.g., time, resources, domain knowledge,
tc.) this is not always bearable, and compromises are accepted. Defini-
ively, a strong foundation of the early analytical steps assures a smaller
ropagation of errors and bias, before the final interpretation of the re-
ults. Quality control procedures can be implemented at each step of the
ntire workflow to monitor the performance and avoid misleading drift
c headspace; DI/HS-SPME, Direct immersion/Headspace solid-phase microex- 
lbenzene/Carboxen/Polydimethylsiloxane; EME, Electromembrane extraction; 
me-of-flight mass spectrometry; HF-LPME, Hollow-fiber liquid-phase microex- 
iquid-phase microextraction; MAE, Microwave-assisted extraction; MEPS, mi- 
; P&T, Purge and trap; POPs, Persistent organic pollutants; SBSE/HSSE, Stir bar 
; SPE, Solid-phase extraction; SPME, Solid-phase microextraction; TD, Thermal 

)VOC, (semi)Volatile organic compound. 
Criticality of sample preparation in analytical characterization (CriticalitySP) ” in 
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Without questioning the importance of a proper study design to
efine appropriate sampling, control/case groups, sample number and
eplicates, etc., the actual processing of the sample is the most time-
onsuming and error-prone process. 

The intention of this review is to feature the most used sample prepa-
ation techniques used for biological samples, especially considering
hose with a great premise in automation and in reducing the environ-
ental impact. We focus the discussion on those techniques and ap-
lications aiming at extracting small molecules for the high-resolution
nalysis involving GC–MS for the following separation and detection. 

. Significance of small metabolites and associated analytical 

hallenges 

Metabolomics gathers several disciplines, from biochemistry to com-
uter science with applications embracing many features of biological
nd biotech research (e.g., drug and biomarker discovery, toxicology,
utrition and food control, host interactions, etc.) [2] . The information
n metabolites complements the upstream biochemical information ob-
ained from genes, transcripts, and proteins, enlarging current genomic
econstructions of metabolism, and improves our understanding of cellu-
ar processes, physiology, and medicine by linking metabolic pathways
o biological mechanisms. 

A classic example of the indication of certain diseases using small
olecules is the peculiar odor from the human body, an idea which was

ntroduced 400 years BC by Hippocrates. He was the first using these
dorants to gain insights into pathogenesis, and his essays describing
he fetor oris and fetor hepaticus are notorious. Using these terms, he re-
erred to the specific bad smell resulting from breath or from sputum and
riginating by the putrid humors in the stomach caused by liver failure
3] . Other body fluids odors were used in the past for the diagnosis of
llness, like patients’ urine: the smell of a rotten apple was considered
s being a sign of diabetes condition [4] . Also naturally released mi-
robial odors from bacterial cultures ( M. tuberculosis and P. aeruginosa )
ere reported in the early 20th century as the result of their metabolism

5] . These antique olfactory assays provided clues leading to early di-
gnosis of disease or indication of microbial activity; nowadays instead,
he availability of modern chemical instrumentation makes possible to
nalyze these odors more rationally and to chemically identify them. 

These are just a few examples of the relevance of the more volatile
etabolites. Many other small chemical entities are physiologically re-

eased from different parts of the human body, as products of metabolic
rocesses, whose presence and amount characterize each individual.
dentifying and understanding these metabolite patterns may lead to
 new era for diagnosing various diseases and personalized medicine
ased on specific biomarkers. 

Despite the wide interest, there are many analytical challenges along
ifferent points of the metabolomics workflow (from study design to
ata analysis), which make the progression and establishment of the dis-
ipline tedious and slow [6] . The analysis of metabolites can be carried
ut on a large variety of organisms and biological samples. Nowadays,
he main investigated sources of metabolites are represented by urine,
lood serum and plasma, breath, secretions, tissues/biopsies, and in vitro

ell cultures. Each source of metabolites has its own peculiar challenges
e.g., the matrix heterogeneity and interferences, stability, physical state
f the sample, etc.) generating a cascade of hurdles with the following
nalysis steps. 

The host produces endogenous metabolites naturally or in response
o a pathological condition, while exogenous metabolites are instead
aken up by the organism because of interactions with the environment.

From an analytical standpoint, monitoring all these metabolites usu-
lly requires efforts to isolate them from the sample, to elucidate and
dentify their chemical structure, to quantify their real concentration
evel. When one (or a set of them) is characteristic of a specific con-
ition, then it (or they) can be considered as biomarker(s). Indeed, a
2 
iomarker measures a given biological characteristic considered repre-
entative of a biological or a pathological status. 

The metabolic profile over time, the chemical stability, and the sen-
itivity of the analytical method should be considered when selecting a
iomarker as an unambiguous indicator of exposure or disease. There-
ore, implementation of biomarker-related studies needs a sensitive and
eliable methodology. The identification of biomarkers and progress in
elated bioanalytical methodologies for the diagnosis of several diseases
n early stages is currently a hot topic in the clinical studies. In addition
o biomarkers linked to disease, there is another group of biomarkers
hat might assess the individual exposure to specific external factors
e.g., the diet and environment) which can alter or influence the health
tatus; these are referred as biomarkers of exposure [7] . 

The research studies with a more clinically thoughtful study design
all into two types of approaches, namely cross-sectional and longitudi-
al studies, depending on the research question(s). The main difference
etween the two approaches is that the first one compares different sam-
le groups at a single time point, like a snapshot. Typical examples of
his approach involve the differentiation of a particular atypical condi-
ion (e.g., infection, inflammation, etc.) versus a typical condition (e.g.,
ealthy controls). Longitudinal studies instead involve several observa-
ions of the same sample-type (or subject) over time. Typical examples
f this approach are the observation of a specific state progression, or
etabolism kinetics. 

. Toolbox of sample preparation techniques for biomedical GC 

pplications 

Complex biological samples, such as biofluids and tissues, require
fficient and high-throughput approaches to remove interferences from
he sample matrix and to pre-concentrate the analytes of interest prior
o analysis. This is particularly true when the analysis continues with GC
eparation, since non-volatile or solid residue can negatively affect the
hromatographic apparatus. In addition, because sample preparation is
he first step in the entire analytical procedure, selecting the optimal ex-
raction technique and conditions is critical for further sample handling
nd data interpretation. This step can be the main source of errors, af-
ecting method precision and accuracy, and may consume over 80% of
nalysis time [8] . Additionally, sample treatment is considered the most
olluting step in an analytical workflow, being responsible for most of
he generated waste. 

Different sample preparation techniques have been developed based
n the type of analytes and sample matrices [9] . Depending on the con-
ition used, each extraction procedure differs in speed, selectivity, ease
f use, and automation possibility. The most suitable method and con-
itions should be carefully selected and optimized, keeping in mind
he objective and the sample matrix (e.g., high/low-fat content, liq-
id/solid/gaseous sample). Usually, the extraction process can be either
olvent-based or sorbent-based, depending on whether the analytes of
nterest are partitioned into an extraction solvent or a sorptive material.

The recent and continuous attention to greener and sustainable con-
epts in general chemistry has driven towards the same direction also
he sample preparation techniques. In this context, the main efforts were
nd are being focused on reducing (i.e., miniaturization) or eliminating
he organic solvents, and in automatizing (i.e., automation) the proce-
ures. 

In general, this wave of developments in sample preparation includes
he continuous shift from laborious, time-consuming, and multi-step
ethods to simple, more integrated, and automated protocols for fast

nd reliable analysis. In contrast to the classical liquid-based extraction
LLE), the shift towards liquid microextractions was accompanied by the
evelopment of the more recent sorbent-based techniques, in which the
nalyte is extracted and concentrated in a sorbent phase. 

In fact, both miniaturization and automation of sample preparation
rocedures are among the most interesting ways to make analytical pro-
edures more environmentally friendly [10] . Automation of analytical
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ethods has advantages such as reducing the analysis time and errors,
aster sampling, and delivering higher sensitivity and greater repro-
ucibility, in addition to facilitate the acceptance and diffusion of that
nalytical technique. 

In the following sections, the most relevant techniques and their use
or the GC determination of metabolites of biomedical relevance, will
e reported and discussed. Table S1 lists the applications and key infor-
ation described in the following sections. 

The necessity to have GC-amenable analytes makes the sample
reparation tailored to a reduced number of metabolites. This implies
he removal of these analytes of interest from the matrix bulk, or vice
ersa (extraction or purification). By nature, headspace (HS) techniques
old the capacity to extract easily the more accessible metabolites
VOC/sVOC) from the sample, in contrast to other immersion or liquid-
ased sampling techniques. However, because of the different penetra-
ion into sample matrix, the amount of information (thus, the extracted
nalytes) is totally different. Also, HS techniques find in GC–MS sepa-
ation the most natural and powerful partner for the intrinsic nature of
he analytes and the separation/identification capability of the hyphen-
tion. 

Another important consideration can be done for analyte extraction
rocedures in biomarker translational studies. Analyte extraction and
onditions should be indeed carefully considered and ideally maintained
dentical when in vitro studies have to be compared to in vivo ones for
iomarker discovery and translation. This is important to focus exclu-
ively on biological differences and minimize the variability given by the
ifferences in the sample preparation techniques. Each sample prepa-
ation technique is indeed characterized by peculiar properties (load-
ng factors, exhaustiveness, sensitivity, selectivity). When they are not
sed consistently among in vivo and in vitro research, the translation of
iomarkers might be troublesome. 

.1. Sorbent-based sampling techniques 

This most recent group of sample preparation techniques makes pos-
ible the recovery and reuse of the sorbent material, which is instead
ore complicated in liquid-phase extractions [11] . 

Sorbent-based sampling techniques minimize, or even eliminate, the
se of organic solvents in the entire procedure, thus reducing the envi-
onmental impact. In addition, these methods have high preconcentra-
ion capabilities (this latter advantage is also present in LPME), and a
unable selectivity due to the broad variety of solid materials available
ith specific affinity interactions towards the target compounds. 

Furthermore, a wide variety of sorbent-based microextraction tech-
iques have been developed over the last years due to the versatility
f different sorbent materials for being: (i) packed in small devices, (ii)
ispersed along the sample matrix, or (iii) coated on a solid support. The
orbent phases can be used either via a flow-through method, in direct
mmersion (DI), or in the HS mode [12] . 

The invention of SPME surely marked the new era of sorbent-based
icroextractions, in which low sorbent amounts and low (or none) sol-

ent volumes are exploited for high analyte enrichment. A brief survey
f SPME together with other relevant sampling techniques and varia-
ions (i.e., DI/HS-SPME, SBSE/HSSE, DHS, NTE, MEPS) for applications
f clinical interest will follow, accompanied with the recent research
orks involving GC-based separations. 

.1.1. Solid-phase microextraction 

Solid-phase microextraction (SPME) is the iconic modern sample
reparation technique integrating sampling, preconcentration, and ex-
raction into a single step. Furthermore, trapped analytes can be di-
ectly and easily introduced into the GC system. It is a non-exhaustive
echnique, and it probably represents the most automatable and GC-
ntegrated sampling technique, which makes SPME very attractive and
ccessible nowadays. 
3 
The most used form of SPME consists of fused silica fibers coated with
he extraction phase (single or in combination), which are exposed to
he headspace of, immersed in, or put in direct contact with the sample
13] . Considering the chemical complexity of biological samples and
etabolites GC-suitability, the most used approach in GC biomedical

pplications sees its use in the headspace [14] . 
SPME also paved the way for the development of novel sorbent-

ased microextractions and configurations. For example, different ge-
metries and sorbent amounts have allowed the development of thin
lm (TF) and “arrow ” SPME. Thin film microextraction (TF-SPME) ini-
ially emerged as an alternative to classical SPME, which provides a
igher volume of extractive phase as well as a larger surface-to-volume
atio compared to SPME fibers, which results in an improved sensitivity
ith relatively shorter extraction times. 

Several HS applications have been recently developed for the dis-
overy and monitoring of both endogenous metabolites and exogenous
ompounds. 

Regarding the exogenous compounds, Antonucci et al. developed
nd optimized a multiresidue HS-SPME method for the determination
f BTEX, MTBE, ethyl tertiary-butyl ether, tert-amyl methyl ether, and
iisopropyl ether in urine (14 mL) [15] . The method was validated by
esting its linearity, precision, recovery, accuracy, and detection and
uantitation limits. The authors collected urinary samples from 40 chil-
ren exposed to different levels of the monitored compounds according
o living environments and environmental tobacco smoke exposure and
uantified the target compounds. 

Vaníckova et al. applied HS-SPME on two analytical GC–MS plat-
orms (an GC-orbitrap MS and a GC × GC-ToF MS) to study the volatile
rofiles produced by human peripheral blood monocytes [16] . In this in
itro study, the optimal fiber resulted in the triphasic DVB/CAR/PDMS
n terms of VOCs coverage and chemical interference. The authors em-
hasized the differences in the volatile profile difference between the
tudied groups/conditions (the media and the blood monocytes, the dif-
erent growth times, and the presence of inflammatory agents) and high-
ighted potential in vitro inflammatory biomarkers for further clinical
tudies. They also remarked on the advantage and effectiveness of the
ultidimensional technique for the separation and discovery of a con-

istently higher number of metabolites. 
Also in vivo research can be carried out with SPME. For example,

 study for the efficiency evaluation of non-invasive in vivo TF-SPME
ampling of saliva, compared to ex vivo sampling, for the retrospective
etection of substances consumed was reported [17] . The authors used
oth LC and GC platforms, and regarding the GC-amenable compounds,
hey detected alcohols, aldehydes, aromatic compounds, benzocaine,
arboxylic acids, fatty acids, caffeine, etc. The sampling methodology
nvolved the use of a pre-loaded calibrant on the fiber to correct for dif-
erences in sampling conditions and provide quantification of substances
resent in saliva. The results showed that short in vivo or ex vivo SPME
ampling (thanks to the TF geometry) coupled to LC-MS and GC–MS
nalysis is sensitive enough to provide detection of hydrophilic com-
ounds and acidic compounds, such as acetaminophen, caffeine, and
enzocaine. 

Another interesting study involving the use of TF-SPME was focused
n the VOC profile of in vitro cancer cellular lines [18] . Notably, in ad-
ition to different TF coating evaluation, extraction time, and tempera-
ure optimization, the authors compared two different sampling proto-
ols to avoid contact between the biological material (potentially infec-
ious) and the sampling apparatus ( Fig. 1 ). However, the extraction effi-
iency in this alternative sampling resulted in higher extraction rates for
he conventional HS, probably because of deteriorated transfer through
lass wool into the glass tube and the additional tubing. 

An example of DI-SPME was conducted on saliva for the quantitative
nalysis of 13 cannabinoids of both natural and synthetic origin [19] .
he half-life of drugs in saliva is short, thus this methodology is useful to
eveal recent drug consumption (i.e., within hours from the sampling).
echnically interesting for the DI mode, it was reported that a simple
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Fig. 1. Modes of HS sampling: (A) External headspace TFME mesh was placed inside a sorption glass tube exposed to the sample via a 1/4 ″ Teflon tube (flushed five 
times in both directions prior to extraction), (B) Internal headspace, where TFME was suspended on a steel hook inside the tightly closed 20 mL glass vial containing 
5 mL of liquid sample. Adapted from [18] . 
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entrifugation step was able to remove most of the proteins and other po-
entially interfering components, avoiding significant interference from
he matrix and making the sample pretreatment fast and simple. 

.1.2. Stir-bar sorptive extraction 

As a technique derived directly from SPME, the stir bar sorptive ex-
raction (SBSE) is based on the same principles of distribution of the an-
lytes between the sorbent and the sample. As SPME, the stir bar can be
mmersed (classical SBSE) or suspended in the headspace (HSSE) of the
amples. This technique is based on the use of a small device consisting
f a magnetic bar which is jacketed in a glass tube coated by the sor-
ent, that is PDMS in most of the cases. Generally, the sorbent amount
s 50–300 times higher than the sorbent amount used in SPME, provid-
ng a significant increase in enrichment factors and giving at the same
ime higher extraction efficiency thanks to the larger volume and surface
rea [ 20 , 21 ]. Moreover, SBSE desorption can be directly obtained in a
hermal desorption (TD) unit in many GC systems, so it maintains one of
he main advantages derived from the use of SPME. However, the entire
xtraction procedure is more difficult to automatize fully, affecting the
nalysis throughput. 

The SBSE coupled with GC–MS has been used to extract and an-
lyze mainly hydrophobic organic compounds from aqueous samples.
owever, a variety of laboratory made coatings have been developed to
xtend the field of application of SBSE, especially to the extraction of
olar compounds, as well as to improve its selectivity [22] . 

A recent study presented a modified HSSE collection system for
etabolites from a human airway cell culture system [23] . Preliminary,

he two volatile signatures from the liquid below cells (SBSE) and the
eadspace above cells (HSSE) in cell culture samples and in media con-
rols were compared. From this evaluation, HSSE mode was chosen be-
ause it yielded better results regarding the distinction of the cell cul-
ures from media controls. Also, a comparison with the HS-SPME was
arried out, as shown in Fig. 2 , in which the authors reported an increase
n recovery of 52 times. 

Similarly, Bean et al. used SBSE for in vitro experiments to study
he antifungal activity of VOC produced by different isolates of C. vac-

inii co-cultured with common plant pathogens (5 different strains of
ungi) [24] . The authors placed 3 stir bars, coated with both PDMS and
4 
olyethylene, in the sandwich plate used for culture and analyzed both
he single culture and the various co-culture combinations. The VOC
nalysis revealed that the volatile metabolomes of both the fungi and
he bacteria are altered in co-culture compared to their respective mono-
ultures. Indeed, as a protective behavior, also the fungi species release
efensive VOCs to reduce the production of antifungals by C. vaccinii . 

The SBSE is a very well-suited technique for contaminant anal-
sis, also for samples of biological origin. For example, a quantita-
ive method exploiting SBSE and using isotope dilution mass spec-
rometry was developed to quantify POPs in human serum and whole
lood samples [ 25 , 26 ]. Because of the non-polar nature of the tar-
eted contaminants, PDMS-coated stir bars were used. Traditional POPs
lasses were included (i.e., polychlorinated biphenyls, polybrominated
iphenyl ethers) for the optimization of extraction conditions, along
ith compounds that have not traditionally been classified as POPs but

how similar behavior in volatility, environmental persistence and ubiq-
ity, and hydrophobicity. The authors highlighted the importance and
obustness of the use of the direct isotope dilution for quantification
urposes [25] . 

Similarly to TF-SPME, the use of a thin layer geometry of the sorbent
emonstrated significant advantages due to its flat configuration and
igh surface-to-volume ratio. Indeed, a larger volume of the thin film
esults in higher sampling capacity, and thus higher sensitivity. This
sorptive tape ” extraction finds application in the collection of small
etabolites secreted from skin, which are typically present at very low

oncentrations. 
Also, the flat geometry of the thin film provides great flexibility for

n vivo sampling. Both headspace and direct contact sampling are easy
o conduct, and air contamination is reduced. As for the SPME and the
BSE, sorptive tape sampling can be directly coupled with a GC instru-
ent for thermal desorption, which simplifies the sample preparation

teps and improves the sensitivity. 
This approach has found interesting use in the passive in vivo skin

OCs analysis. 
Pawliszyn and coworkers used a thin PDMS sorptive pad as the ex-

raction phase for skin VOCs sampling. They evaluated the approach
eproducibility and storage conditions to minimize sample loss and ex-
ernal contamination [27] . In this study, a piece of stainless-steel mesh
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Fig. 2. GC chromatograms of HS-SPME (red trace) versus HSSE (black trace) sampling from the growth media control (at the top) and from the same cell culture 
(at the bottom). Reproduced from [23] . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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as used to avoid the pad from coming into direct contact with the
kin. This “membrane sandwich ” gave similar sampling efficiency for
he most volatile compounds, while avoiding direct contact with lipids
nd dust, which are possible sources of issues for the GC apparatus. As
or the storage conditions, being often impossible to analyze samples
mmediately after collection, the authors concluded that storing in dry
ce is the best way to preserve volatiles on the membrane and prevent
ontamination. Similarly, Naudé et al. investigated the relation of spe-
ific skin VOCs with mosquitoes’ bite [28–30] . The authors developed
 PDMS minisampler in the form of a loop to be used non-invasively
s bracelets or anklets ( Fig. 3 ). This was placed in direct contact with
he skin and covered with an aluminum sheet, everything secured with
edical tape. After sampling (several wearing times were tested, from
 to 9 h), the PDMS loop was thermally desorbed prior to GC separa-
ion. An internal standard was added to the PDMS samplers prior to
ampling to alleviate possible variations. This approach proved to have
reat potential as a non-invasive sampling method for skin metabolite
missions/secretions. 

.1.3. Dynamic headspace extraction 

The enrichment factor and the transportability have made the ther-
al desorption tubes a common device used for sampling, and especially

or off-line breath analysis [31–34] . Indeed, numerous are the studies
5 
n these challenging clinical studies which relies on dynamic headspace
DHS) sampling, using TD tubes [ 35 , 36 ]. Many applications are focused
n in vitro cultures to study the role of metabolites in a more controlled
nvironment [ 37 , 38 ]. It is well known that antibiotic resistance in bac-
eria affects the production of small metabolites. Smart and coworkers
ighlighted the difference in the VOC production in sensitive and re-
istant urinary tract infections-causing bacteria [39] . In this study, the
S of 18 bacterial isolates ( E. coli, K. pneumoniae , and P. aeruginosa )
ere sampled using TD tubes packed either with Tenax or a graphitized

arbon black. Significant differences in volatile profiles were found be-
ween cephalexin resistant and sensitive isolates of E. coli and K. pneu-

oniae , and between ciprofloxacin sensitive and resistant isolates of the
ame bacterial species. 

Analogously to SPME, also TD tubes can rely on several adsorbent
aterials designed to tune the selectivity toward specific classes of com-
ounds. Small volatile metabolites bio-sampling in serum and exhaled
reath using trap tubes was evaluated among different packing materials
onsisting of carbon molecular sieves, graphitized carbons and porous
olymers, alone or in combination (Carboxen 1000, 1016, and 1003;
arboxen 1016 and 1003; Carbopack Y, X, and B; Carbograph 5TD and
TD; Suficarb; Tenax TA) [ 37 , 40 ]. These studies highlighted the impor-
ance of the sorbent selection due to the different matrix contributions
e.g., the relative humidity effect on the sorbent type and complexity).
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Fig. 3. Wrist (top) and ankle (bottom) skin sampling using PDMS samplers worn as bracelets ( n = 3) and anklets ( n = 3). The sampler is covered with a strip of 
aluminized sheeting and secured with surgical dressing tape. Reproduced with permission from [30] . 
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mong the six tested sorbent traps, the tubes packed with Tenax TA
howed the best sampling performance in terms of reproducibility and
ensitivity, allowing longer metabolite tracking times and higher con-
istency of the measurements. The results reinforced the previous ob-
ervations about the sampling for bacterial VOC [37] . 

DHS is definitively more suitable and used for analytes present at low
oncentration, for example, secondary metabolites in exhaled breath or
lood [ 41 , 42 ]. Filipiak et al. investigated the effect of smoking habits
s well as human exposure to indoor-air pollutants on the VOCs’ profile
n exhaled breath of more than 100 individuals. Common in this kind of
nalyses, exhaled breath (commonly 1–5 L) is first collected on container
ags (different material are available, being Tedlar the most used), and
hen drawn into the TD tubes [43] . More recently, modern tools enabling
o skip the Tedlar bag sampling, have been developed [ 33 , 41 , 44 ]. They
re thought to minimize bias during the collection (volume, flow, por-
ion of exhaled breath, sample loss, external contamination, etc.) and
hey are engineering devices which allow the patient to blow directly
nto the TD tube [33] . 

Kakuta et al. compared DHS and static HS-SPME for a multi-
omponent profiling of VOC in blood in two in vivo models, acute and
hronic inflammation [42] . The DHS method showed higher sensitivity
ompared to classical SPME, being in addition able to extract the en-
ire gas phase by purging the headspace of the vial. Additionally, the
uthors compared various sorbents for the extraction and evaluated the
esponse of the target analytes generated on the GC–MS instrumenta-
ion, as shown in Fig. 4 . 

Purge-and-trap (P&T) is another dynamic extraction approach, clas-
ically used for water samples, which was recently explored in whole
lood samples for the determination of BTEX [45] . Fresh blood was ini-
ially stored with heparin to minimize clotting. As for the P&T tech-
 e  

6 
ique, blood samples were spiked with isotope IS and a defoamer be-
ore dilution in water. Authors optimized the purge time and temper-
ture, as well as the desorption temperature and time on the analyte
esponse. 

.1.4. Needle trap extraction 

A needle trap device (NTD), also known as in-tube or needle trap
xtraction (NTE), is an apparatus utilized for VOC sample extraction for
C analysis. An extraction needle device can be used to perform the
xtraction of VOCs from either gas or aqueous samples. Since sample
reparation using a needle extraction device is typically performed via

ctive sampling, the sensitivity of the following analysis depends on the
ample volume used and can be increased until the corresponding break-
hrough amount of the analytes from the needle device is reached. This
ethod can be seen as an upgrade of classical static HS extraction im-
lementing a sorbent material, or, similarly, as a further miniaturization
f DHS, or even as an approach in between them. 

Analogously to DHS, when using an NTE device, an appropriate
hoice of the adsorbent needs to be made based on the volatility and/or
olarity of the target analyte(s). Notably, the needle extraction device
an be reusable, making the approach cost-effective for VOC analysis. 

The needle extraction technique can be employed in combination
ith an autosampler, enabling high throughput in the routine analysis
f VOCs. 

A series of recent NTD applications can be recently found in biolog-
cal fluids, such as in urine [46] and breath [47–49] . 

With this approach, smaller volumes can be sampled usually, for ex-
mple, down to 2 mL for urine [46] and 20 mL for exhaled breath [47] .
n the case of exhaled breath sampling, a thorough evaluation of param-
ters affecting the performance of NTE sampling can be found in [47] .
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Fig. 4. A) Response comparison between different TD tubes packed with sorbents: Tenax TA (closed bars), Tenax GR (open bars), Carboxen100/Carbopack (dotted 
bars); B) Response comparison between DHS (closed bars, TD packed with Tenax TA) and HS-SPME (open bars). Reproduced from Kakuta et al. [42] . 
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he importance of NTE or NTE-based approaches to gather relevant in-
ormation from exhaled breath samples can be evidenced by a recent
tudy showing that acetone concentration in breath increases by a fac-
or of at least three in patients at home whose health conditions worsen
ollowing a heart failure relapse [48] . 

In another study, in order to provide an alternative source of infor-
ation on gastric cancer-related biomarkers and their sources, a head-

pace needle trap extraction (HS-NTE) was developed [50] . Tissue sam-
les were taken after gastric surgery (41 patients) and approx. 100 mg
ere used for the HS analysis (2-bed sorbent). The highly volatile species
 3 –C 12 were the target analytes. From this ex vivo analysis of tissue HS,
he authors identified 32 VOCs, correlating them to the presence of can-
er, smoking conditions, or bacterial infection. 

.1.5. Microextraction by packed sorbent 

Microextraction by packed sorbent (MEPS) is a miniaturized form of
PE considered among the green sample pretreatment methodologies.
EPS needs only 1–2 mg of sorbent and is suitable for small sample

olumes and can easily be interfaced with different chromatographic
eparation techniques without modification. The sorbent(s) can also be
ntegrated into a liquid handling syringe that allows for low void volume
nd allows for sample manipulations, either manually or in combination
7 
ith automated laboratory robotics. Nowadays, the MEPS is gaining ac-
eptance in many fields, including bioanalytical applications. 

With the MEPS, the extraction regards the less volatile sample frac-
ion. Therefore, a derivatization step is often necessary for the fraction
f interest before GC analysis and only rare examples exist in which bi-
logical samples are analyzed directly without additional pretreatments
51] . 

In a recent research, pyrethroid metabolites in urine were extracted
nd quantified using MEPS [52] . The authors had to deconjugate the glu-
uronide metabolites ( via enzymatic reaction) before passing the sample
n the MEPS sorbent. In this study, a deep investigation and optimiza-
ion of the extracting sorbent, washing solvent(s), and draw-eject cycles
as conducted on spiked pooled urine samples. The final condition used
00 μL of urine, C 18 sorbent, methanol as conditioning solvent, while
exane was the final elution solvent for large volume GC injection. The
ethod was validated for 5 target pesticides and compared to previously

alidated methods involving classical LLE. 
In another example, metabolites from psychoactive substances were

nvestigated using the MEPS followed by derivatization [53] . The start-
ng matrix was whole blood (250 μL), on which a preliminary pro-
ein precipitation was performed. The diluted sample was then pro-
essed with the MEPS cation exchange sorbent (C and SCX) and re-
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ained/eluted using an acid (methanol added with formic acid)/basic
methanol added with ammonia hydrate) solution. Because of the pK a 
f the target drugs (codeine, morphine, and 6-monoacetylmorphine),
his allowed first the target to be positively charged and retained on
he sorbent in the first wash, and then eluted (negatively charged) in
he second one. After collecting the fraction of interest, the metabolites
ere derivatized as trimethyl-silyl ethers. The final extraction parame-

ers were obtained using a 2-factorial design of experiments, considering
ash solvent, formic acid and NH 4 OH content on spiked blood samples.
ven though low recoveries were obtained ( < 20%), the method showed
atisfactory figures of merit (sensitivity, linearity, and robustness) and
he quantification of the target analytes was not affected in the real sam-
les, also thanks to the sensitivity of the GC–MS/MS instrument. 

Similarly, Rosado et al. extracted cannabinoid metabolites from
lasma (250 μL) using MEPS [54] . They first optimized conditions with a
esign-of-experiment support and validated the method for tetrahydro-
annabinol and 2 other metabolites for routine drug monitoring. Prior
o analysis, a protein precipitation step with frozen acetonitrile (3:1)
as performed, followed by a dilution with potassium phosphate (5 mL,
.1 mM). After this, the samples were processed with a cation exchange
orbent (C 8 and SCX) and exploit the same ionic exchange properties of
he sorbent and the differently ionized target molecules. 

Few examples of direct GC injection of the fraction of interest with-
ut derivatization after the MEPS elution were reported for the analysis
f methadone and monoterpenes and their metabolites in urine [ 55 , 56 ].
n the latter, the measurement of monoterpenes in biological fluid re-
ected the individual environmental uptake and thus the quality of in-
oor air (e.g., their presence in biofluids might be related to fungi pres-
nce in the environment that produce characteristic terpenes). 

.2. Liquid-based sampling techniques 

The old fashioned solvent extraction can be considered the mother
f all the extraction techniques [57] . It is based on the different parti-
ion/solubility of the analytes in between the sample and the extraction
hase. This direct contact allows for a formidable penetration in the
ample, and thus for a comprehensive accessibility to its components. 

Its further advancement and use have been hindered by the appar-
nt incompatibility with the recent principles of green chemistry, by
he limited possibilities for automation and the growing and flourishing
competition ” of modern solid-phase extraction techniques. 

However, the trend towards simplification and miniaturization also
ouched these liquid-based techniques, thus reducing quantities of or-
anic solvents needed, and making them contribute to the greening
ovement in chemistry, under the class of liquid-phase microextractions

LPME). These indeed, apart from reduced solvent consumption, are
haracterized by the small-scale and possibility of automation. In this
ense, microextraction techniques have gained attention since the ex-
raction might be carried out using amounts of extracting phase smaller
han the sample amount (extraction of analytes is not always exhaus-
ive). 

In LPME, extraction normally takes place in a small amount of a
ater-immiscible solvent (acceptor phase) from an aqueous sample con-

aining analytes (donor phase). It can be divided into three main cate-
ories: single-drop microextraction (SDME) dispersive liquid-liquid mi-
roextraction (DLLME), and hollow-fiber liquid-phase microextraction
HF-LPME). 

Another great promise in increasing extraction yield and through-
ut is the use of external physical factors (e.g., ultrasound, microwave)
hich are discussed later in the dedicated section (Assisted techniques).

.2.1. Microextractions (LPMEs) 

Liquid-phase microextractions are the miniaturized forms of the
iquid-liquid extractions, consequently consuming less volume of sol-
ent(s). In 2006, Rezaee et al. developed a variation of LLME by com-
ining the dispersion of fine droplets of extraction solvent in an aqueous
8 
ample, defined as dispersive liquid-liquid microextraction [58] . This
echnique has become one of the most widely used liquid-based extrac-
ions in biomedical area due to its simplicity, rapidity, low cost, and high
ecovery values. DLLME uses an extraction phase, formed by a water-
mmiscible organic solvent (extraction solvent) and a water-miscible or-
anic solvent (dispersion solvent), that is injected into the aqueous sam-
le solution. Through agitation, a cloudy solution of finely dispersed ex-
raction phase droplets is formed. The organic phase is then separated
nd analyzed. 

Š imek et al. developed a method for the determination of sterols and
ocopherols in human serum and amniotic fluid [59] . This consisted
f the acylation of cholesterol and related metabolites hydroxyl groups
ollowed by liquid-liquid microextraction in which 500 μL of hexane
ere used to extract 100 μL of sample. Authors validated the method

tudying calibration curve, lower limit of quantification, precision and
ccuracy, recovery, and stability and tested it for GC–MS analysis. 

The same research group also developed a sample preparation proto-
ol to analyze the metabolomic profiling of protic metabolites in aque-
us biological matrices with low protein content [60] . This method used
imultaneous in situ derivatization and DLLME, followed by GC–MS
nalysis. The derivatization was performed by heptafluorobutyl chlo-
oformate, while the solvents used for the extraction were isooctane as
xtraction solvent, and NaOH-pyridine (24:1, v/v ) as dispersion solvent.
n this case, only 150 μL total of organic solvent was used for the extrac-
ion of 25 μL of sample, reducing the solvent volume even more than
he previous reports. 

A further variation of DLLME was developed by Karami and Yamini
61] . They used an electromembrane extraction-dispersive liquid-liquid
icroextraction (EME-DLLME), performed using a lab-on-a-disk device

LOAD), for the determination of tricyclic antidepressants in biofluids.
ME is a technique based on electrokinetic migration of ionized ana-
ytes from an aqueous donor phase to an acceptor solution across a liq-
id membrane. Since EME is a membrane-based extraction, it has be-
ome one of the preferred techniques for the cleaning-up of biological
amples. LOAD is a microfluidic platform based on the centrifugal force
or flow control. The centrifugal force is created by a rotary motor and
here is no need for external pumps. Moreover, it has the advantages of
andling bubble-free liquids and without dead volume, and the closed
uidic systems offer the capability of parallel sample operation on the
ame disk. 

Single drop microextraction is another interesting and miniaturized
lternative to traditional LLE, as it is a fast, inexpensive and virtually
olvent-free sample pre-treatment technique. The concept of SDME is
imple: a single drop of organic solvent is suspended by a syringe needle
n the aqueous phase, while the system is stirred to drive the organic
ompounds towards the drop. 

An efficient method for the determination of amphetamine and
ethylamphetamine was developed using electro-enhanced single-drop
icroextraction (EE-SDME) and GC [62] . The optimized EE-SDME-GC-

ID method was applied to analyze a urine sample from suspected am-
hetamine users. Prior to extraction, 1 mL of urine was diluted 5 times
ith deionized water to reduce viscosity and ionic strength. The pH of

he diluted urine sample was adjusted to 7.0. An advantage of the pro-
osed method is that the extraction efficiency is greatly improved by the
cceleration of the electric field of the mass transfer of the target ana-
ytes from the sample solution to the drop of organic solvent. In addition,
he extracted analytes were derivatized in situ with isobutyl chlorofor-
ate (IBCF) in the droplet, which further improved the sensitivity. 

In another study, pyrethroid metabolites in workers’ urine samples
ere monitored with a novel sample pretreatment process combin-

ng hollow-fiber liquid-phase microextraction and in-syringe derivati-
ation, followed by gas chromatography-electron capture detector anal-
sis [63] . The hollow-fiber liquid phase microextraction is a variant of
he LPME technique; in this, the HF is immersed in an organic solvent,
hich is immobilized in the pores of the fiber, while another solvent

n the fiber lumen is used as the acceptor phase. The acceptor phase is
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sually a solvent with a different pH than the donor phase, which traps
he analytes within the lumen, increasing extraction rates. 

Pyrethroid metabolites were simultaneously extracted and enriched
rom urine samples by HF-LPME sampling and acid hydrolysis at 70 °C
or 10 min. The derivatizing agents were pre-filled into the micro-
yringe barrel, and a segment of hollow fiber impregnated with ex-
raction solvent was inserted into the syringe needle to be used as the
PME probe. After extraction, the LPME probe was extracted from the
ample solution, and the in-syringe derivatization was achieved within
he syringe barrel by mixing the extraction solution and derivatizing
gents through plunger movements. To collect metabolites of synthetic
yrethroids, the derivatization step is also required to improve detection
ensitivity since LPME does not allow total extraction [63] . 

.2.2. Assisted techniques 

Compared to the conventional procedures alone (e.g., LLE), the aid
f ultrasound (UAE) and microwave (MAE) considerably support the ex-
raction efficiency by reducing processing time, energy, and the amount
f solvents, making the process more environmental-friendly [64] . 

Microwave heating is indeed more efficient and rapid than convec-
ion and conduction and enhances the migration rate of compounds into
he extraction solvent. The ultrasound energy in UAE is used to increase
he extraction rate by enhancing the contact area between the sample
nd solvent and by promoting efficient agitation. 

The support of ultrasound/microwave can occur also on the minia-
urized liquid-based extraction techniques. 

Even though these assisted extractions find more use with food
nd environmental applications, few reports are present dealing
ith the analysis of biological samples. Lin and coworkers pro-
osed for the first time an ultrasound-assisted-DLLME approach for
he GC–MS determination of seven common recreational drugs (am-
hetamine, methamphetamine, 3,4-methylenedioxyamphetamine, 3,4-
ethylenedioxymethamphetamine, meperidine, methadone, and ke-

amine) in human whole blood without procedures of derivatization,
aporization, and reconstitution [65] . Authors compared several dis-
ersive (methanol, ethanol, acetone, acetonitrile, and isopropanol)
nd extraction (cyclohexane, 1-chlorobutane, benzene, methylben-
ene, methyl tert ‑butyl ether, dichloromethane, trichloromethane
nd tetrachloromethane) solvents, among which a combination of
ethanol/dichloromethane as dispersive/extraction solvent-mixture
as selected, thanks to its best performance in terms of emulsifica-

ion and extraction efficiency. The support of ultrasound shortened the
LLME time, achieving higher recoveries in only 2 min. The entire pro-
edure was validated in terms of selectivity, linearity, LOD, LOQ, en-
ichment factor, extraction recovery, intra-day and inter-day precision
nd accuracy [65] . 

The use of low-density solvents (LDS) during UA-DLLME can facil-
tate the collection of the extract before injection. Meng and cowork-
rs compared UA-LDS-DLLME with hollow-fiber liquid-phase microex-
raction for the GC–MS determination of drugs of abuse in biological
amples, obtaining comparable results in terms of linearity, LOD, and
epeatability. However, compared with HF-LPME, the UA-LDS-DLLME
pproach showed shorter extraction time and a better suitability for
atches of sample pretreatment simultaneously [66] . 

.3. Chemical transformations (derivatization) 

Derivatization is used to chemically transform polar and/or non-
olatile compounds to make them more compatible with GC analysis. It
an be used for different purposes, such as for solubility improvement,
or clean-up or fractionation purposes, and for separation or detection
nhancement. The derivatization strongly affects the non-polar/polar
roperty of the analyte, which modifies the interactions during the sub-
equent analytical separation. 

The most essential requirements to make a derivatization process
cceptable are the fullness of the reaction process and the stability of
9 
he products generated. The replacement of the active hydrogen (-H)
n polar groups represents a large percentage of the derivatization pro-
ess. Among the different derivatization reactions, i) alkylation, ii) acy-
ation, and iii) trimethylsilylation are the most common and widely used
 67 , 68 ]. 

According to the scientific goal, the derivatization process can be
erformed at different analytical stages (i.e., pre/post-extraction), in-
olving a fraction of the sample, or the whole matrix. 

Alkylation consists in the replacement of the active hydrogen into
olar groups, such as -OH, -SH, and -NH with alkyl groups to give
thio/amino) ethers, (thio/amino) esters, etc. Particularly active on
mines and carboxylic groups, it is mainly applied to derivatize ester-
fied and/or not esterified fatty acids in alkyl esters. Among different
erivatization reagents for fatty acid alkyl esters preparation, trimethyl-
ulfonium hydroxide (TMSH) [69] has been widely used in clinical re-
earches on different biological samples such as muscular biopsies [70] ,
uman plasma [71] , and bacteria strains [ 72 , 73 ]. The TMSH methodol-
gy can be directly applied to the bio-sample and/or after isolation of
he target analytes (i.e., extraction of phospholipids). Due to the sim-
licity, this approach can be useful for large batch analysis, but the
imit of the TMSH method is the insufficient derivatization efficiency
or the polyunsaturated fatty acids [74] . According to the needs, var-
ous direct trans-esterification approaches can be applied in biological
amples, each one with advantages and disadvantages [75] . 

Thanks to the continuous progress in analytical technologies, it is
ossible to automate the entire derivatization process by using dedicated
obotic sample preparation systems [76] . 

Another popular approach for alkylation in clinical samples involves
he use of alkyl chloroformates , as recently applied for the GC–MS deter-
ination of sterols and tocopherols in human serum and amniotic fluid

59] , as well as for the GC–MS investigation of more than 150 possible
iagnostic amino-carboxylic metabolites in human urines [77] . 

In the acylation process, an acyl group is introduced to an organic
ompound where the active -H is converted into ester, thioester, or
mide. If the organic compound is a carboxylic acid, there will be the
oss of the hydroxyl group. Acylation, more suitable for the derivati-
ation of amines, hydroxyls, and thiols, is a derivatization process that
refers an anhydrous environment, and it mainly occurs after an extrac-
ion procedure to isolate the target analytes. It has been successfully
pplied for the GC–MS determination of amino acids and their metabo-
ites in different biological samples such as in urine, sputum, and blood
lasma [78] . 

Silylation is the most common derivatization method applied in
etabolomic studies due to its comprehensive coverage of compound

lasses and relative ease of use. Indeed, the wide choice of silyl-reagents
vailable makes silylation suitable for most of the functional groups con-
aining an active hydrogen. To avoid hydrolysis of reagent/derivatize
roducts, care during this process must be taken, ensuring that both
amples and solvents are in an anhydrous environment [79] . 

According to the chemical nature of target analytes, a two-step
erivatization combining consecutive multiple reagents (e.g., for the
cylation, the silylation, and the methoxylation) is also possible and
utomatable [ 80 , 81 ]. 

The derivatization of metabolite extracts can potentially require long
ncubation times before injection, possibly leading to hydrolysis of the
erivatization reagent and derivatives. Thus, automation of the entire
rocess, together with the use of dedicated analytical tools to improve
he throughput, is highly desirable. An automated silyl-derivatization
rotocol for GC–MS non-target based metabolomic analysis of urine
amples has been proposed by Abbis and coworkers, in which each
ample was automatically ready for injection every 70 min. The auto-
ated protocols were compared with a manual two-step derivatization

pproach, obtaining comparable results [82] . 
All the derivatization processes can benefit from the presence of ex-

ernal physical phenomena (e.g., microwaves, ultrasounds) as discussed
n the previous section. The use of microwave heating (microwave-
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ssisted derivatization) in combination with the common derivatization
ethods (alkylation, acylation, and silylanization) can dramatically re-
uce the time needed to derivatize samples compared to conventional
offline ” approaches [82] . 

Also thanks to the advancement of specialized scientific microwave
nstruments with high throughput rotors capable of housing GC-ready
ials, it is possible to undertake high throughput sample derivatization
f multiple samples per reaction in large scale omics research [67] . Re-
ently, Chou and coworkers developed and validated a protocol using
irect ultrasound-assisted derivatization for the GC–MS determination
f organic acids in human serum [83] . 

There are other variations to save time/reduce the number of sample
rocessing steps before GC injection, such as performing the derivatiza-
ion in-syringe, in which sample and derivatization reagent are drawn
nto the GC syringe creating a multi-layer [84] . Another approach is
o combine the extraction with the derivatization process, such as for
he on-fiber SPME derivatization. This can occur absorbing the deriva-
ization reagent onto the SPME fiber before the sampling, allowing
hen a simultaneous sampling and derivatization step before the des-
rption into the GC system, as reported by Fuchs and coworkers [85] .
hey investigated several short-chain aldehydes in human breath as
ossible biomarkers in the context of lung cancer disease by on-fiber
erivatization-HS-SPME-GC–MS analysis. In general, examples of on-
ber SPME derivatization and derivatization in-syringe are more fre-
uent in environmental, food, and forensic sciences rather than in clin-
cal studies. 

Finally, it is also important to mention that an appropriate selec-
ion and regular replacement of the GC liner is necessary to limit un-
anted reactions and surface adsorption phenomena, with a possible un-
er/overestimation and degradation of the metabolites of interest [86] .
he presence of active catalytic sites in the liner might indeed generate
istorted peaks and contribute to carryover effects, both affecting the
eliability of analytes detection and quantification. 

. Conclusions and perspectives 

A portrait of the current approaches for the extraction of GC-
menable analytes in biomedical research has been outlined and they
ssentially are grouped in sorbent-based and liquid-based techniques. 

The techniques based on sorbent(s) represent the current trend in
ample preparation and a further consolidation is expected during the
ext years thanks to their intrinsic advantages also in terms of the green
nalytical chemistry principles. Besides the variety of available sorbents
nd the continuous discovery of novel ones, this type of extraction is
ore suitable for automation, which increases analysis throughput and

obustness (by reducing analytical errors). 
The intriguing idea of volatile biomarkers associated to the avail-

bility of the headspace sampling technology has induced and keeps a
renzy of research activities in this direction. The study of the volatilome
as its biological rationale, even though the biochemical pathways and
etabolic intermediates are yet far from being well known. 

Regarding the less volatile molecules (including amino acids, fatty
cids, etc.), which are intrinsically more bonded to the biological ma-
rix, the chemical transformation is the unavoidable step to make them
uitable for GC analysis, and often this is combined with additional pu-
ification/extraction steps. In this regard, more efforts are being focused
n automation and miniaturization with dedicated robotic apparatus,
oth offline and online. 

Among the three practical analytical steps (i.e., sample extraction,
eparation, and detection), the sample preparation is surely contribut-
ng greatly to the final reliability and robustness of the methodology.
owever, it is paying the cost of the different pace of the technological
dvancement of chromatography and detection techniques (especially
ass spectrometry). Despite the fast growing of automation, robustness,

electivity, and sensitivity of modern instrumentation could apparently
uestion the need for analyte enrichment and purification during the
10 
ample preparation, in the authors’ opinion, not only the appropriate-
ess but also the optimization of this initial step must not be underval-
ed, especially in addressing biomedical questions. 

Finally, in this growing quest for greener, miniaturized, faster, se-
ective/universal, and robust sampling strategies, it will be interesting
o see how some recently developed extraction concepts and variations
vacuum-based, paper-based, freeze-concentration extractions) will con-
ribute to study biological samples. 

eclaration of interests 

The authors declare that they have no known competing financial
nterests or personal relationships that could have appeared to influence
he work reported in this paper. 

upplementary materials 

Supplementary material associated with this article can be found in
he online version, at doi:10.1016/j.sampre.2022.100017 . 

eferences 

[1] R.W.R. Salek, Metabolomics, Chapman and Hall/CRC, CRC Press, Boca Raton,
Florida, 2019 [2019], doi: 10.1201/9781315370583 . 

[2] J. Troisi, Metabolomics Perspectives: From Theory to Practical Application, Elsevier,
2022 https://doi.org/, doi: 10.1016/B978-0-323-85062-9.00003-9 . 

[3] F. Adams, Hippocratic Writings, Hippocrat. Writings Aphorism 4,5, Web Atomics,
1994 New YorkAphorism 4,5 . 

[4] S.R. Johansson, R. Porter, Medicine and its blessings: a review essay, Popul. Dev.
Rev. 24 (1998) 624, doi: 10.2307/2808160 . 

[5] V.L. Omelianski, Aroma-producing microörganisms, J. Bacteriol. (1923),
doi: 10.1128/jb.8.4.393-419.1923 . 

[6] M. Catani, S. Felletti, F.A. Franchina, The role of the separation processes in
metabolomics research, in: J. Troisi (Ed.), Metabolomics Perspect. from Theory to
Pract. Appl, Elsevier, 2022, pp. 63–109 . 

[7] B.A. Weggler, B. Gruber, J.F. Focant, Comprehensive two-dimensional gas-
chromatography to study the human exposome: current trends and perspectives,
Curr. Opin. Environ. Sci. Heal. 15 (2020) 16–25, doi: 10.1016/j.coesh.2020.02.011 .

[8] M.Y. Mushtaq, Y.H. Choi, R. Verpoorte, E.G. Wilson, Extraction for
metabolomics: access to the metabolome, Phytochem. Anal. 25 (2014) 291–
306, doi: 10.1002/pca.2505 . 

[9] T. Hyotylainen, S. Wiedmer, Chromatographic Methods in Metabolomics, Royal So-
ciety of Chemistry, Cambridge, 2013, doi: 10.1039/9781849737272 . 

10] F. Pena-Pereira, I. Lavilla, C. Bendicho, Greening sample preparation: an overview
of cutting-edge contributions, Curr. Opin. Green Sustain. Chem. 30 (2021) 100481,
doi: 10.1016/j.cogsc.2021.100481 . 

11] C.F. Poole, Solid-phase Extraction, Elsevier, 2019, doi: 10.1016/C2018-0-00617-9 . 
12] F.A. Franchina, G. Purcaro, Sample preparation strategies for comprehen-

sive volatile fingerprinting, in: C. Cordero (Ed.), Charact. Odorant Pat-
terns By Compr, Two-Dimensional Gas Chromatogr, 2022, pp. 155–184,
doi: 10.1016/bs.coac.2022.02.001 . 

13] J. Pawliszyn, H.L. Lord, Handbook of sample preparation, 2011.
https://doi.org/10.1002/9780813823621. 

14] S. Ulrich, Solid-phase microextraction in biomedical analysis, J. Chromatogr. A. 902
(2000) 167–194, doi: 10.1016/S0021-9673(00)00934-1 . 

15] A. Antonucci, M. Vitali, P. Avino, M. Manigrasso, C. Protano, Sensitive multiresidue
method by HS-SPME/GC-MS for 10 volatile organic compounds in urine matrix: a
new tool for biomonitoring studies on children, Anal. Bioanal. Chem. 408 (2016)
5789–5800, doi: 10.1007/s00216-016-9682-x . 

16] K. Zemánková, K. Pavelicová, A. Pompeiano, L. Mravcová, M. Černý, K. Bendíčková,
M. Hortová Kohoutková, K. Dryahina, M. Vaculovi čová, J. Fri č, L. Vaníčková, Tar-
geted volatolomics of human monocytes: comparison of 2D-GC/TOF-MS and 1D-
GC/Orbitrap-MS methods, J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 1184
(2021) 122975, doi: 10.1016/j.jchromb.2021.122975 . 

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

18] W. Filipiak, K. Jaroch, P. Szeliska, K. Ż uchowska, B. Bojko, Application of thin-film
microextraction to analyze volatile metabolites in A549 cancer cells, Metabolites 11
(2021) 704, doi: 10.3390/metabo11100704 . 

19] L. Anzillotti, F. Marezza, L. Calò, R. Andreoli, S. Agazzi, F. Bianchi, M. Careri, R. Cec-
chi, Determination of synthetic and natural cannabinoids in oral fluid by solid-phase
microextraction coupled to gas chromatography/mass spectrometry: a pilot study,
Talanta 201 (2019) 335–341, doi: 10.1016/j.talanta.2019.04.029 . 

20] H.A. Baltussen, New Concepts in Sorption Based Sample Preparation For Chromatog-
raphy, Technische Universiteit Eindhoven, Eindhoven, The Netherlands, 2000,
doi: 10.6100/IR535092 . 

21] E. Baltussen, P. Sandra, F. David, C. Cramers, Stir bar sorptive extraction (SBSE), a
novel extraction technique for aqueous samples: theory and principles, J. Microcol-
umn Sep. 11 (1999) 737–747 . 



S. Malcangi, M. Romagnoli, M. Beccaria et al. Advances in Sample Preparation 2 (2022) 100017 

[  

 

[  

 

 

[  

 

 

[  

 

 

[  

 

 

[  

 

[  

 

 

 

[  

 

[  

 

 

[  

 

 

[  

[  

 

[  

 

 

[  

 

[  

 

 

[  

 

 

[  

 

 

[  

 

 

[  

 

[  

 

 

[  

 

[  

 

[  

 

 

 

 

[  

 

 

[  

 

[  

 

[  

 

 

 

[  

 

 

 

[  

 

 

[  

[  

 

 

[  

 

 

 

[  

 

 

[  

 

 

[  

 

 

[
[  

 

[  

 

 

 

[  

 

 

 

[  

 

 

[  

 

 

[  

 

 

[  

 

[  

 

 

 

[  

 

 

22] N. Ochiai, K. Sasamoto, F. David, P. Sandra, Recent Developments of stir bar sorptive
extraction for food applications: extension to Polar Solutes, J. Agric. Food Chem. 66
(2018) 7249–7255, doi: 10.1021/acs.jafc.8b02182 . 

23] M.S. Yamaguchi, M.M. McCartney, A.L. Linderholm, S.E. Ebeler, M. Schivo,
C.E. Davis, Headspace sorptive extraction-gas chromatography–mass spectrometry
method to measure volatile emissions from human airway cell cultures, J. Chro-
matogr. B. 1090 (2018) 36–42, doi: 10.1016/j.jchromb.2018.05.009 . 

24] G. Ebadzadsahrai, E.A. Higgins Keppler, S.D. Soby, H.D. Bean, Inhibition of
fungal growth and induction of a novel volatilome in response to chro-
mobacterium vaccinii volatile organic compounds, Front. Microbiol. (2020) 11,
doi: 10.3389/fmicb.2020.01035 . 

25] W. Hao, H.M.S. Kingston, A. Dillard, A. Macherone, J. Stuff, M. Pamuku, Quantifi-
cation of persistent organic pollutants in human whole blood samples using stir bar
sorptive extraction coupled with GC/MS/MS and isotope dilution mass spectrome-
try, Microchem. J. 153 (2020) 104279, doi: 10.1016/j.microc.2019.104279 . 

26] A.J. Boggess, G.M.M. Rahman, M. Pamukcu, S. Faber, H.M.S. Kingston, An accurate
and transferable protocol for reproducible quantification of organic pollutants in
human serum using direct isotope dilution mass spectrometry, Analyst 139 (2014)
6223–6231, doi: 10.1039/c4an00851k . 

27] R. Jiang, E. Cudjoe, B. Bojko, T. Abaffy, J. Pawliszyn, A non-invasive method for
in vivo skin volatile compounds sampling, Anal. Chim. Acta. 804 (2013) 111–119,
doi: 10.1016/j.aca.2013.09.056 . 

28] A.P. Roodt, Y. Naudé, A. Stoltz, E. Rohwer, Human skin volatiles: passive
sampling and GC × GC-ToFMS analysis as a tool to investigate the skin mi-
crobiome and interactions with anthropophilic mosquito disease vectors, J.
Chromatogr. B Anal. Technol. Biomed. Life Sci. 1097–1098 (2018) 83–93,
doi: 10.1016/j.jchromb.2018.09.002 . 

29] M. Wooding, E.R. Rohwer, Y. Naudé, Chemical profiling of the human skin surface
for malaria vector control via a non-invasive sorptive sampler with GC ×GC-TOFMS,
Anal. Bioanal. Chem. 412 (2020) 5759–5777, doi: 10.1007/s00216-020-02799-y . 

30] M. Wooding, E.R. Rohwer, Y. Naudé, Non-invasive sorptive extraction for the sep-
aration of human skin surface chemicals using comprehensive gas chromatography
coupled to time-of-flight mass spectrometry: a mosquito-host biting site investiga-
tion, J. Sep. Sci. 43 (2020) 4202–4215, doi: 10.1002/jssc.202000522 . 

31] J.J. Haworth, C.K. Pitcher, G. Ferrandino, A.R. Hobson, K.L. Pappan, J.L.D. Law-
son, Breathing new life into clinical testing and diagnostics: perspectives
on volatile biomarkers from breath, Crit. Rev. Clin. Lab. Sci. (2022) 1–20,
doi: 10.1080/10408363.2022.2038075 . 

32] J.V. Hinshaw, Thermal desorption sampling, LC-GC North Am 34 (2016) 26–32
https://www.chromatographyonline.com/view/thermal-desorption-sampling . 

33] M. Beccaria, P.-.H. Stefanuto, G. Purcaro, F.A. Franchina, The diagnostic purpose of
odorant patterns for clinical applications using GC × GC, in: C. Cordero (Ed.), Char-
act. Odorant Patterns By Compr, Two-Dimensional Gas Chromatogr, 2022, pp. 367–
409, doi: 10.1016/bs.coac.2021.11.004 . 

34] F.A. Franchina, T.R. Mellors, M. Aliyeva, J. Wagner, N. Daphtary, L.K.A. Lundblad,
S.M. Fortune, E.J. Rubin, J.E. Hill, Towards the use of breath for detecting my-
cobacterial infection: a case study in a murine model, J. Breath Res. 12 (2018),
doi: 10.1088/1752-7163/aaa016 . 

35] E.A. Higgins Keppler, C.L. Jenkins, T.J. Davis, H.D. Bean, Advances in the application
of comprehensive two-dimensional gas chromatography in metabolomics, TrAC -
Trends Anal. Chem. 109 (2018) 275–286, doi: 10.1016/j.trac.2018.10.015 . 

36] F.A. Franchina, D. Zanella, L.M. Dubois, J.F. Focant, The role of sample preparation
in multidimensional gas chromatographic separations for non-targeted analysis with
the focus on recent biomedical, food, and plant applications, J. Sep. Sci. (2020)
jssc.202000855, doi: 10.1002/jssc.202000855 . 

37] F.A. Franchina, G. Purcaro, A. Burklund, M. Beccaria, J.E. Hill, Evalua-
tion of different adsorbent materials for the untargeted and targeted bacte-
rial VOC analysis using GC ×GC-MS, Anal. Chim. Acta. 1066 (2019) 146–153,
doi: 10.1016/j.aca.2019.03.027 . 

38] T.R. Mellors, M. Nasir, F.A. Franchina, A. Smolinska, L. Blanchet, J.L. Flynn,
J. Tomko, M. O’Malley, C.A. Scanga, P.L. Lin, J. Wagner, J.E. Hill, Identification of
Mycobacterium tuberculosis using volatile biomarkers in culture and exhaled breath,
J. Breath Res. 13 (2019) 0–6, doi: 10.1088/1752-7163/aacd18 . 

39] A. Smart, B. de Lacy Costello, P. White, M. Avison, C. Batty, C. Turner, R. Persad,
N. Ratcliffe, Sniffing out resistance – rapid identification of urinary tract infection-
causing bacteria and their antibiotic susceptibility using volatile metabolite profiles,
J. Pharm. Biomed. Anal. 167 (2019) 59–65, doi: 10.1016/j.jpba.2019.01.044 . 

40] F.A. Franchina, D. Zanella, T. Dejong, J.-.F. Focant, Impact of the adsorbent material
on volatile metabolites during in vitro and in vivo bio-sampling, Talanta 222 (2021)
121569, doi: 10.1016/j.talanta.2020.121569 . 

41] M.E. Adam, M. Fehervari, P.R. Boshier, S.T. Chin, G.P. Lin, A. Romano, S. Ku-
mar, G.B. Hanna, Mass-spectrometry analysis of mixed-breath, isolated-bronchial-
breath, and gastric-endoluminal-air volatile fatty acids in esophagogastric cancer,
Anal. Chem. 91 (2019) 3740–3746, doi: 10.1021/acs.analchem.9b00148 . 

42] S. Kakuta, T. Yamashita, S. Nishiumi, M. Yoshida, E. Fukusaki, T. Bamba, Multi-
Component profiling of trace volatiles in blood by gas chromatography/mass spec-
trometry with dynamic headspace extraction, Mass Spectrom 4 (2015) A0034 –
A0034, doi: 10.5702/massspectrometry.a0034 . 

43] O. Lawal, W.M. Ahmed, T.M.E. Nijsen, R. Goodacre, S.J. Fowler, Exhaled breath
analysis: a review of ‘breath-taking’ methods for off-line analysis, Metabolomics 13
(2017) 1–16, doi: 10.1007/s11306-017-1241-8 . 

44] M.J. Wilde, R.L. Cordell, D. Salman, B. Zhao, W. Ibrahim, L. Bryant, D. Ruszkiewicz,
A. Singapuri, R.C. Free, E.A. Gaillard, C. Beardsmore, C.L.P. Thomas, C.E. Brightling,
S. Siddiqui, P.S. Monks, Breath analysis by two-dimensional gas chromatography
with dual flame ionisation and mass spectrometric detection – Method optimisation
11 
and integration within a large-scale clinical study, J. Chromatogr. A. 1594 (2019)
160–172, doi: 10.1016/j.chroma.2019.02.001 . 

45] L. Zhao, X. Qin, X. Hou, Y. Li, K. Zhang, W. Gong, J. Nie, T. Wang, Research on deter-
mination of BTEX in human whole blood using purge and trap-gas chromatography-
mass spectrometry combined with isotope internal standard, Microchem. J. 145
(2019) 308–312, doi: 10.1016/j.microc.2018.10.038 . 

46] P. Porto-Figueira, J. Pereira, W. Miekisch, J.S. Câmara, Exploring the potential of
NTME/GC-MS, in the establishment of urinary volatomic profiles. Lung cancer pa-
tients as case study, Sci. Rep. 8 (2018) 13113, doi: 10.1038/s41598-018-31380-y . 

47] P. Trefz, L. Rösner, D. Hein, J.K. Schubert, W. Miekisch, Evaluation of needle trap
micro-extraction and automatic alveolar sampling for point-of-care breath analysis,
Anal. Bioanal. Chem. 405 (2013) 3105–3115, doi: 10.1007/s00216-013-6781-9 . 

48] D. Biagini, T. Lomonaco, S. Ghimenti, F.G. Bellagambi, M. Onor, M.C. Scali, V. Bar-
letta, M. Marzilli, P. Salvo, M.G. Trivella, R. Fuoco, F. Di Francesco, Determination
of volatile organic compounds in exhaled breath of heart failure patients by needle
trap micro-extraction coupled with gas chromatography-tandem mass spectrometry,
J. Breath Res. 11 (2017) 047110, doi: 10.1088/1752-7163/aa94e7 . 

49] A. Hengerics Szabó, P. Podolec, V. Ferenczy, R. Kubinec, J. Bla š ko, L. So-
ják, R. Górová, G. Addová, I. Ostrovský, J. Vi šň ovský, V. Bierhanzl, R. Čabala,
A. Amann, The analysis of linear and monomethylalkanes in exhaled breath sam-
ples by GC ×GC-FID and GC–MS/MS, J. Chromatogr. B. 978–979 (2015) 62–69,
doi: 10.1016/j.jchromb.2014.11.026 . 

50] P. Mochalski, M. Leja, E. Gasenko, R. Skapars, D. Santare, A. Sivins, D.E. Aronsson,
C. Ager, C. Jaeschke, G. Shani, J. Mitrovics, C.A. Mayhew, H. Haick, Ex vivo emis-
sion of volatile organic compounds from gastric cancer and non-cancerous tissue, J.
Breath Res. 12 (2018) 046005, doi: 10.1088/1752-7163/aacbfb . 

51] M. Abdel-Rehim, Microextraction by packed sorbent (MEPS): a tutorial, Anal. Chim.
Acta. 701 (2011) 119–128, doi: 10.1016/j.aca.2011.05.037 . 

52] A. Klimowska, B. Wielgomas, Off-line microextraction by packed sorbent com-
bined with on solid support derivatization and GC-MS: application for the analy-
sis of five pyrethroid metabolites in urine samples, Talanta 176 (2018) 165–171,
doi: 10.1016/j.talanta.2017.08.011 . 

53] M. Prata, A. Ribeiro, D. Figueirinha, T. Rosado, D. Oppolzer, J. Restolho,
A.R.T.S. Araújo, S. Costa, M. Barroso, E. Gallardo, Determination of opi-
ates in whole blood using microextraction by packed sorbent and gas
chromatography-tandem mass spectrometry, J. Chromatogr. A. 1602 (2019) 1–10,
doi: 10.1016/j.chroma.2019.05.021 . 

54] T. Rosado, L. Fernandes, M. Barroso, E. Gallardo, Sensitive determination of THC and
main metabolites in human plasma by means of microextraction in packed sorbent
and gas chromatography–tandem mass spectrometry, J. Chromatogr. B. 1043 (2017)
63–73, doi: 10.1016/j.jchromb.2016.09.007 . 

55] A. El-Beqqali, M. Abdel-Rehim, Quantitative analysis of methadone in human urine
samples by microextraction in packed syringe-gas chromatography-mass spectrome-
try (MEPS-GC-MS), J. Sep. Sci. 30 (2007) 2501–2505, doi: 10.1002/jssc.200700067 .

56] S. Matysik, F.M. Matysik, Microextraction by packed sorbent coupled with gas
chromatography-mass spectrometry: application to the determination of metabolites
of monoterpenes in small volumes of human urine, Microchim. Acta. 166 (2009)
109–114, doi: 10.1007/s00604-009-0170-2 . 

57] C.F. Poole, Liquid-phase Extraction, 2019, doi: 10.1016/C2018-0-00618-0 . 
58] M. Rezaee, Y. Assadi, M.R. Milani Hosseini, E. Aghaee, F. Ahmadi, S. Berijani, De-

termination of organic compounds in water using dispersive liquid-liquid microex-
traction, J. Chromatogr. A. 1116 (2006) 1–9, doi: 10.1016/j.chroma.2006.03.007 . 

59] L. Ř imnáčová, P. Hu š ek, P. Š imek, A new method for immediate derivatization
of hydroxyl groups by fluoroalkyl chloroformates and its application for the de-
termination of sterols and tocopherols in human serum and amniotic fluid by
gas chromatography-mass spectrometry, J. Chromatogr. A. 1339 (2014) 154–167,
doi: 10.1016/j.chroma.2014.03.007 . 

60] P. Hu š ek, Z. Š vagera, D. Hanzlíková, I. Karlínová, L. Ř imnáčová, H. Zahradníčková,
P. Š imek, G.C.-.M.S. Metabolomic Profiling of protic metabolites following heptaflu-
orobutyl chloroformate mediated dispersive liquid microextraction sample prepa-
ration protocol, in: 2018: pp. 159–181. https://doi.org/10.1007/978-1-4939-7643-
0_11. 

61] M. Karami, Y. Yamini, On-disc electromembrane extraction-dispersive liquid-liquid
microextraction: a fast and effective method for extraction and determination of
ionic target analytes from complex biofluids by GC/MS, Anal. Chim. Acta. 1105
(2020) 95–104, doi: 10.1016/j.aca.2020.01.024 . 

62] A. Song, J. Yang, Efficient determination of amphetamine and methylamphetamine
in human urine using electro-enhanced single-drop microextraction with in-drop
derivatization and gas chromatography, Anal. Chim. Acta. 1045 (2019) 162–168,
doi: 10.1016/j.aca.2018.09.024 . 

63] C.H. Lin, C.T. Yan, P.V. Kumar, H.P. Li, J.F. Jen, Determination of pyrethroid
metabolites in human urine using liquid phase microextraction coupled in-syringe
derivatization followed by gas chromatography/electron capture detection, Anal.
Bioanal. Chem. 401 (2011) 927–937, doi: 10.1007/s00216-011-5122-0 . 

64] L. Vernès, M. Vian, F. Chemat, Ultrasound and microwave as green tools
for solid-liquid extraction, Liq. Extr. (2020) 355–374, doi: 10.1016/B978-0-12-
816911-7.00012-8 . 

65] Z. Lin, J. Li, X. Zhang, M. Qiu, Z. Huang, Y. Rao, Ultrasound-assisted disper-
sive liquid-liquid microextraction for the determination of seven recreational
drugs in human whole blood using gas chromatography–mass spectrometry,
J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 1046 (2017) 177–184,
doi: 10.1016/j.jchromb.2017.01.024 . 

66] L. Meng, W. Zhang, P. Meng, B. Zhu, K. Zheng, Comparison of hollow fiber liquid-
phase microextraction and ultrasound-assisted low-density solvent dispersive liquid-
liquid microextraction for the determination of drugs of abuse in biological samples



S. Malcangi, M. Romagnoli, M. Beccaria et al. Advances in Sample Preparation 2 (2022) 100017 

 

[  

 

 

[  

 

[  

 

 

[  

 

 

[  

 

[  

 

 

[  

 

[  

 

 

 

[  

 

[  

 

 

[  

 

 

 

[  

 

 

[  

[  

 

 

[  

[  

 

 

[  

 

 

[  

 

[  

[  

 

 

by gas chromatography-mass spectrometry, J. Chromatogr. B Anal. Technol. Biomed.
Life Sci. 989 (2015) 46–53, doi: 10.1016/j.jchromb.2015.02.039 . 

67] D.J. Beale, F.R. Pinu, K.A. Kouremenos, M.M. Poojary, V.K. Narayana,
B.A. Boughton, K. Kanojia, S. Dayalan, O.A.H. Jones, D.A. Dias, Review of
recent developments in GC–MS approaches to metabolomics-based research,
Metabolomics 14 (2018) 152, doi: 10.1007/s11306-018-1449-2 . 

68] A.I. Ruiz-Matute, O. Hernández-Hernández, S. Rodríguez-Sánchez, M.L. Sanz,
I. Martínez-Castro, Derivatization of carbohydrates for GC and GC–MS analyses, J.
Chromatogr. B. 879 (2011) 1226–1240, doi: 10.1016/j.jchromb.2010.11.013 . 

69] K.-.D. Müller, H. Husmann, H.P. Nalik, G. Schomburg, Trans-esterification of
fatty acids from microorganisms and human blood serum by trimethylsulfo-
nium hydroxide (TMSH) for GC analysis, Chromatographia 30 (1990) 245–248,
doi: 10.1007/BF02319701 . 

70] M. Aguennouz, M. Beccaria, G. Purcaro, M. Oteri, G. Micalizzi, O. Musumesci,
A. Ciranni, R.M. Di Giorgio, A. Toscano, P. Dugo, L. Mondello, Analysis of lipid
profile in lipid storage myopathy, J. Chromatogr. B. 1029–1030 (2016) 157–168,
doi: 10.1016/j.jchromb.2016.06.039 . 

71] N. Firl, H. Kienberger, T. Hauser, M. Rychlik, Determination of the fatty acid profile
of neutral lipids, free fatty acids and phospholipids in human plasma, Clin. Chem.
Lab. Med. 51 (2013) 799–810, doi: 10.1515/cclm-2012-0203 . 

72] C.A. Rees, M. Beccaria, F.A. Franchina, J.E. Hill, G. Purcaro, Fatty Acid Methyl
Ester (FAME) Profiling Identifies Carbapenemase-Producing Klebsiella pneumoniae
Belonging to Clonal Complex 258, Separations 6 (2019) 32, doi: 10.3390/separa-
tions6020032 . 

73] M. Beccaria, F.A. Franchina, M. Nasir, T. Mellors, J.E. Hill, G. Purcaro, Investigation
of mycobacteria fatty acid profile using different ionization energies in GC–MS, Anal.
Bioanal. Chem. 410 (2018) 7987–7996, doi: 10.1007/s00216-018-1421-z . 

74] A.I. Ostermann, M. Müller, I. Willenberg, N.H. Schebb, Determining the fatty
acid composition in plasma and tissues as fatty acid methyl esters using
gas chromatography - a comparison of different derivatization and extrac-
tion procedures, Prostaglandins Leukot. Essent. Fat. Acids. 91 (2014) 235–241,
doi: 10.1016/j.plefa.2014.10.002 . 

75] H.H. Chiu, C.H. Kuo, Gas chromatography-mass spectrometry-based analytical
strategies for fatty acid analysis in biological samples, J. Food Drug Anal. 28 (2020)
60–73, doi: 10.1016/j.jfda.2019.10.003 . 

76] G. Micalizzi, E. Ragosta, S. Farnetti, P. Dugo, P.Q. Tranchida, L. Mondello, F. Rig-
ano, Rapid and miniaturized qualitative and quantitative gas chromatography pro-
filing of human blood total fatty acids, Anal. Bioanal. Chem. 412 (2020) 2327–2337,
doi: 10.1007/s00216-020-02424-y . 
12 
77] P. Hu š ek, Z. Š vagera, D. Hanzlíková, L. Ř imnáčová, H. Zahradníčková,
I. Opekarová, P. Š imek, Profiling of urinary amino-carboxylic metabolites by
in-situ heptafluorobutyl chloroformate mediated sample preparation and gas
chromatography-mass spectrometry, J. Chromatogr. A. 1443 (2016) 211–232,
doi: 10.1016/j.chroma.2016.03.019 . 

78] A.A. Kayacelebi, A.-.K. Knöfel, B. Beckmann, E. Hanff, G. Warnecke, D. Tsikas, Mea-
surement of unlabeled and stable isotope-labeled homoarginine, arginine and their
metabolites in biological samples by GC–MS and GC–MS/MS, Amino Acids 47 (2015)
2023–2034, doi: 10.1007/s00726-015-1984-3 . 

79] C.F. Poole, Alkylsilyl derivatives for gas chromatography, J. Chromatogr. A. 1296
(2013) 2–14, doi: 10.1016/j.chroma.2013.01.097 . 

80] B. Fodor, E. Üveges, I. Molnár-Perl, Direct sample preparation and simultaneous
perfluoroacylation - Trimethylsilylation of biogenic monoamines along with their
acidic metabolites for a single step analysis by GC-MS, Anal. Chim. Acta. 1127 (2020)
9–19, doi: 10.1016/j.aca.2020.06.032 . 

81] chiew mei Chong, H.-.J. Huebschmann, Metabolite Profiling by Automated Methox-
imation and Silylation, 2022. 

82] H. Abbiss, C. Rawlinson, G.L. Maker, R. Trengove, Assessment of au-
tomated trimethylsilyl derivatization protocols for GC–MS-based untar-
geted metabolomic analysis of urine, Metabolomics 11 (2015) 1908–1921,
doi: 10.1007/s11306-015-0839-y . 

83] M. Zhang, J. Chou, Z. Sun, J. Zhao, J. Guo, J. Yu, S. Gao, Y. Tang, L. Liu, Gas chro-
matography/mass spectrometry analysis of organic acid profiles in human serum:
a protocol of direct ultrasound-assisted derivatization, Rapid Commun. Mass Spec-
trom. 35 (2021), doi: 10.1002/rcm.9149 . 

84] G. Moros, A.C. Chatziioannou, H.G. Gika, N. Raikos, G. Theodoridis, Investigation
of the derivatization conditions for GC–MS metabolomics of biological samples, Bio-
analysis 9 (2017) 53–65, doi: 10.4155/bio-2016-0224 . 

85] P. Fuchs, C. Loeseken, J.K. Schubert, W. Miekisch, Breath gas aldehydes as biomark-
ers of lung cancer, Int. J. Cancer. (2009) NA-NA, doi: 10.1002/ijc.24970 . 

86] E.D. Tsochatzis, C. Nebel, M. Danielsen, U.K. Sundekilde, T.Kastrup Dalsgaard, Ther-
mal degradation of metabolites in urine using multiple isotope-labelled internal stan-
dards for off-line GC metabolomics - effects of injector and oven temperatures, J.
Chromatogr. B. 1181 (2021) 122902, doi: 10.1016/j.jchromb.2021.122902 . 


