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Abstract

Analysis of endogenous metabolites in biological samples may lead to the identification of
biomarkers in metabolomics studies. To achieve accurate sample analysis, a combined method of
continuous quick sampling and extraction is required for online compound detection. Solid-phase
microextraction (SPME) integrates sampling, extraction and concentration into a single solvent-
free step for chemical analysis. SPME has a number of advantages, including simplicity, high
sensitivity and a relatively non-invasive nature. In this article, we reviewed SPME technology in /in
vitro and in vivo analyses of metabolites after the ingestion of herbal medicines, foods and
pharmaceutical agents. The metabolites of microorganisms in dietary supplements and in the
gastrointestinal tract will also be examined. As a promising technology in biomedical and
pharmaceutical research, SPME and its future applications will depend on advances in analytical
technologies and material science.
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1. Introduction

Metabolomics systematically investigates the biochemical processes that produce
endogenous metabolites in a given organism. Detecting metabolites in biological samples is
critical for interpreting health status, medical diagnostics, disease conditions and treatment
outcomes [1,2]. For example, cancer is characterized by the abnormal growth of malignant
cells beyond their natural boundaries. A successful search for cancer-related biomarkers
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would contribute to the early diagnosis of malignancy [2]. Early stage melanoma can be
detected by volatile organic compounds (VOCSs) in the skin [3].

The key technical difficulty to achieving online accurate sample analysis is the establishment
of a continuous combined sampling and extraction method [1,4,5]. SPME has a number of
advantages: (1) the small sampling needle is relatively nonintrusive and is cost-effective, (2)
the coated material on the needle can be diverse, allowing for a wide range of applications,
and (3) the two-step integration method for sampling and sample preparation is convenient
and time-efficient. SPME also reduces potential extraction or operational errors. Thus, the
use of this stable apparatus can achieve identical analytical results with minimal injury to
laboratory animals [6-9].

In this article, we will describe the SPME methodology for the analysis of metabolites after
the ingestion of herbal medicines, foods and other nutrients, and pharmaceuticals. Then the
application of SPME in pharmaceutical research and medical diagnosis will be reviewed in
detail. The metabolites of microorganisms in dietary supplements and in the gastrointestinal
tract will also be examined (Fig. 1).

2. Solid-phase microextraction (SPME)

2.1 Conventional sample extractions and their limitations

The first extraction technique was liquid-liquid extraction (LLE), a time-consuming, labor-
intensive and multi-stage operation [4]. During the concentration of solution, LLE can
introduce errors or lose its specificity for analyzing VOCs. To overcome these limitations,
solid-phase extraction (SPE) was introduced [10]. SPE, however, also needs a sample
concentration step, in which VOCs could be lost. Other common problems of SPE include
material aggregation, percolation, and channeling formation [10,11]. To overcome the
limitations inherent in LLE and SPE, SPME was introduced by Arthur and Pawliszyn in
1989 [12].

2.2 Advantages of SPME and its potential development

SPME integrates sampling, extraction, concentration and sample introduction into a single,
solvent-free step [13,14]. SPME saves preparation time by producing a concentrated extract,
applicable for direct MS analysis with high accuracy and low operational and disposal cost
[4,15,16]. The advantages of SPME have become well-recognized, and many research
articles, book chapters and books on the technology have been published [1,17].

A key driving force of the development of SPME is the progress in the coating material
technology [18]. Fig. 2 is a schematic diagram of the in vitroand in vivo SPME needle
apparatuses. The commonly used needle-coating chemicals are polydimethylsiloxane
(PDMS), carboxen (CAR), hydrophilic lipophilic balanced (HLB), divinylbenzene (DVB),
octadecylsilyl derivatized silica column packing material (C18), carbowax (CW), templated
resin (TPR), polyacrylonitrile (PAN), benzenesulfonic acid (BSA) [1,4,15]. Coating
chemicals with different thicknesses and polarities are now commercially available [4,16].
For example, SPME coating fibers can be characterized with a DNA aptamer for selective
enrichment of a low abundance protein from diluted human plasma, and with antibody-
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linked immunoaffinity sorbents for diagnosing methicillin-resistant Staphylococcus aureus
[19,20].

Fig. 3 is a flow chart of the analytical process using SPME as sample preparation
technology. The coating is cleaned firstly to remove contaminants, which prevents a high
background in the chromatogram. Subsequently, absorption, desorption optimization, a
washing-out process and derivatization are performed [4,21]. The sampling processes can be
affected by several factors, such as sample location, selection and time [1,4,22]. Data
collection and statistical analysis are continuously implemented until a conclusion is
obtained [1,4]. During the analysis process, SPME can be matched with GC or LC
chromatography methods and MS or UV detection methods [21,23,24]. For instance, the
detection of VOCs in the blood stream using SPME-GC/MS provides accurate results, and
metabolic biomarkers could be found to screen colorectal cancer patients [25]. The sensitive,
selective and reproducible in-tube SPME-LC/UV can also be used to analyze lidocaine and
its metabolites in human plasma for anesthesiology research [26]. SPME can be considered
a new sample preparation method for global metabolomics studies from living biological
samples, supported by newly developed analytical techniques [27].

3. SPME applications for metabolite analysis

3.1 In vitro analysis

To establish a reliable SPME method, many /n vitro studies were first conducted using test
samples from botanicals, food, pharmaceuticals, microorganisms, and environmental
pollutants. After stable /n vitro sample collections and extractions were achieved, SPME was
subsequently applied to /n vivo experiments (Fig. 4).

3.1.1 Plant extracts—Botanical extracts from the liverwort Scapania aspera and citrus
essential oil vapor from Peucedanum cervaria are good candidates for SPME in vitro
exploration [28-30]. These extracts can be detected by SPME coupled with GC/MS. Extracts
of Hypericum perforatum, sunflower oil, Dracaena draco leaf, and Ficus carica were
analyzed for their VOCs by head space-SPME (HS-SPME) coupled with GC-ion trap (IT)-
MS. The data showed that these extracts are promising antioxidant agents. When the
antioxidant effects of these botanicals were evaluated by several chemical assays in vitro, the
results showed that DPPH, nitric oxide and superoxide radicals were inhibited in a
concentration-dependent manner [31-33].

Other researchers have discovered the existence of anti-malarial VOC components in the
Plinia corrocampanensis leaf [34]. The hypoglycemic and hypolipidemic effects of
Pelargonium graveolens were studied for their potential application in obesity, diabetes, and
metabolic syndrome [35]. The essential oil was detected by HS-SPME-GC/MS.

The composition of volatiles in micropropagated and field-grown botanicals from the islands
of Tuscany were identified using HS-SPME with GC/MS. These botanicals have the same
aromatic flavor and produce massive materials [36]. In a separate study, designed to detect
the activation of purified compounds, data were obtained from Plectranthus ornatus. The
researchers focused on the effects of different concentrations of 2,4-dichlorophenoxyacetic
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acid and 1-naphthaleneacetic acid on the induction of callus and the production of VOCs.
The VOCs were detected by HS-SPME followed with GC/MS [37]. Artemisia
umbelliformis, a protected species, was also studied with SPME, and only a very small
amount of the fresh botanical was needed [38].

The influence of growth regulators on biomass production and the volatile profile of the
botanicals of 7Aymus vulgaris were also studied /n vitro with SPME-GC [39]. In another
study, five different banana cultivars were distinguished by HS-SPME combined with one-
dimensional GC/MS [40].

3.1.2 Diet samples—Eucalyptus essential oil as a natural food preservative was studied
using SPME-GC/MS. This essential oil was used for fruit juice preservation against food-
spoiling yeast [41]. The effects of kefir culture entrapped in casein and in whey protein as
starter cultures for the production of feta-type cheese were also evaluated by SPME-GC/MS.
The researchers reported that the VOCs of the different cheese types depended on the nature
of the starter culture. When they used kefir culture as the starter, the products showed a soft,
fine taste with improved quality [42].

The antioxidant properties of a Chinese gingko wine were accessed using SPME-GC/MS.
The results indicated that the total phenol content of gingko wine was 456 mg/L gallic acid
equivalents. The antioxidant capacity was higher than that of typical Chinese liquors [43].

Olive oils from two geographic areas were identified and differentiated. The VOCs of the
monovarietal virgin olive oils were detected by HS-SPME. The results indicated that the
volatile formation was affected by both genetic factors and agronomic conditions [44]. The
VOCs in berries were considered at three developmental stages of Vitis vinifera, and were
exposed (or not) to UV-B both /n vitroand in field experiments. Of the VOCs that were
detected by HS-SPME-GC/MS, 10 VOCs were found at all developmental stages and were
found to affect wine flavor [45]. HS-SPME-GC/MS was also used to characterize three
coffee monoterpene synthases to help improve the quality control of various types of coffee
[46].

3.1.3 Biomedical research—To advance our understanding of the uptake, transportation,
and transformation dynamics of compounds for pharmaceutical research, SPME was used
for compound measurement [47]. Transport of chlorpromazine was investigated in a Caco-2
cell permeability assay. SPME detected free chlorpromazine concentration, and a precise
evaluation was made of the Caco-2 cell model [48]. Another study introduced SPME to
determine the free concentration of chlorpromazine in aqueous samples containing albumin
[49]. Binding studies of carbamazepine were conducted /7 vitro with SPME and LC/UV
[50].

For an /n vitro metabolism study, a high-throughput bioanalytical method was applied using
96-blade thin-film SPME and LC/MS/MS for the study of selected compounds and their
main metabolites [51]. A special SPME with a new type of p-cyclodextrin-modified
nanocellulose as a sorbent material showed a wide linear fluorimetric response against
danofloxacin. This special SPME’s recognition has been proven to be highly selective and
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efficient against this metabolite and other fluoroquinolones [52]. In a stereo-selective study
of fungal biotransformation, SPME determined whether fungi could biotransform
risperidone into its active metabolite [53]. Previous sample collection and complicated
processing after biotransformation may be associated with errors, and these errors can be
avoided by applying SPME technology, which is advantageous due to its simplicity.

3.1.4 Naturally occurring microorganisms—The applications and dynamics of lactic
acid bacteria for the four-season production of Vastedda-like cheese were investigated.
SPME with GC/MS detected the VOCs of the experimental cheeses, obtained with raw milk
and inoculated with single and multiple combinations of lactococci [54].

Preculturing of Lactobacillus rhamnosus and Bifidobacterium animalis sub-sp. lactis BB12
under sublethal stress conditions for survival and metabolite formation was investigated in
set-yoghurt. 35 volatile and 43 non-volatile polar metabolites were identified by SPME-
GC/MS and proton nuclear magnetic spectroscopy (SPME-HINMR). These data contribute
to the possibility of placing stress-adapted probiotics in a food-carrier environment [55]. The
effects of probiotics and prebiotics on the metabolic profile of human microbiota have been
analyzed with sampling from human feces by SPME-GC/MS [56].

The identification of VOCs produced by Cladosporium cladosporioides, which could
accelerate botanical growth, was detected by SPME-GC/MS. Promotion of fungal VOC-
mediated botanical growth requires in-depth study for application to large scale crops,
particularly those grown under greenhouse conditions [57]. The VOCs in solid-state and
submerge-cultured Antrodia camphorate were also accessed by HS-SPME-GC/MS [58]. The
starters of yoghurt are critical to the quality of product. Thus, the discovery of different
proteolytic strains of Streptococcus thermophilus in the production of set-yoghurt should
allow for better control of the quality of yoghurt starters [59].

3.1.5 Environmental pollutants—Indoor molds produce microbial VOCs (MVOCSs).
MVOCs have been detected with automated HS-SPME and GC/MS analysis. MVVOCs
produced by malt extract agar, plasterboard, and wallpaper have been compared [60]. In soil,
the bioavailability of estrogen-like endocrine-disrupting compounds contributed to the
assessment of risk to the environment using thin film geometry SPME (TF-SPME) [61].
With respect to water pollution, petroleum-related substances from refineries and refinery
effluents in water were studied with biologically based SPME methods [62]. The technique
also can be used to screen environmental petrochemical contamination in seafood [63].

3.1.6 Medical diagnosis from biological samples—TF-SPME coupled to
LC/MS/MS analysis was developed to measure bile acids in fluid samples from the
bronchoalveolar lavage. Thus, metabolites may provide additional information about the
occurrence and severity of gastric reflux/aspiration in lung patients, which will lead to a
more accurate diagnosis [64]. Cocaethylene (CE) is a metabolite formed during alcohol and
cocaine co-consumption. CE in hair is a biomarker indicating chronic alcohol consumption
among individuals who have consumed cocaine. HS-SPME coupled with GC/MS analysis is
able to reveal CE as biomarker. Specificity for chronic excessive alcohol consumption was
high among cocaine users and other drug addicts [65].
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Another study used SPME to collect headspace vapors from methicillin-sensitive
Staphylococcus aureus and methicillin-resistant S. aureus (MRSA) grown /n vitro in liquid
growth medium. The collected molecules were separated and identified by GC/MS. The data
distinguished the two strains and provided the foundation for a biomarker library to identify
specific bacterial infections [66]. Penicillin-binding protein 2a also can be detected by
antibody-linked immuno-affinity SPME sorbents. The established immuno-affinity platform
is expected to provide insights into the development of a specific, sensitive, accurate and
practical assay for diagnosing MRSA [20].

HS-SPME greatly facilitated the identification of VOCs in human feces for diagnosis and
health implications [67]. After investigating the effect of certain organophosphorus
pesticides on breast cancer risk, other researchers concluded that endocrine-disrupting
chemicals alter normal functioning. /n vitro experiments were conducted utilizing HS-SPME
combined with HPLC. The results revealed that chlorpyrifos binds to one class of sites on
sex hormones [68].

Results of SPME technology from in vitro samples are shown in Table 1. Only after accurate
SPME analysis is achieved with /in vitro samples can the new technique be applied to /n vivo
samples.

3.2 In vivo analysis

3.2.1 Botanicals—The health benefits of herbs and edible plants are remarkable, and
botanical materials have been used as preventative measures or as treatments for disease for
thousands of years. Thus, the composition of botanical matrixes from living plants has
gained more attention in recent years. With the rapid development of technology, botanicals
and their metabolites can be determined using SPME coupled with other advanced analytical
methods.

Orchids are one example of botanicals that can be analyzed using SPME coupled methods.
When SPME was applied to Italian grown orchids, HS-SPME-GC/MS proved a suitable
technique for distinguishing the volatile fingerprint of different orchid species [69]. One
study tested whether SPME could uncover the fingerprints of volatile and semi-volatile
metabolites in complex samples. With SPME-comprehensive two-dimensional gas
chromatography-time-of-flight mass spectrometry (GC/GC/TOF-MS), 399 metabolites of
apples were identified [70]. These results confirm that metabolites can be characterized in
botanical samples /in vivo.

3.2.2 Food science—SPME is compatible with methods for analyzing food samples. For
rapid food analysis and cleanliness monitoring, the volatile metabolites in farmed and wild
European sea bass have been accurately distinguished by SPME followed by GC/MS. These
data increased our knowledge of the quality of raw and processed sea bass. For example, the
off-flavor components in live fish were detected by SPME, and the detection limit was as
low as 0.12ng/g for geosmin and 0.21 ng/g for 2-methylisoborneol, which are far below
human sensory thresholds [71,72]. Similarly, the uptake and elimination of organic
pesticides in fish muscle were traced by SPME plus GC/MS [73].
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One /n vivo experiment showed that SPME was reliable for detecting changes in the volatile
fingerprint of Achillea collina, changes separately induced by an infestation of aphids,
mechanical damage, or jasmonic acid. Differences were clear between control, infested,
damaged and jasmonic-treated plants [74]. The responses of plants to external stimuli are
traceable and of value in food science. In another example, the biosynthesis of
sesquiterpenes in the grape berry exocarp of Vitis vinifera was evidence for transport of
farnesyl diphosphate precursors from plastids to the cytosol. The method used was HS-
SPME-GC/MS [75]. This SPME has also been applied in the deep processing of grapes.
Notable changes in some aroma compounds of Moscatel sparking-wine were detected in the
production process. Data showed the 75 compounds were co-eluted [76]. Even extremely
small differences in the components could be detected.

3.2.3 Pharmaceutical research and development—Most pharmaceuticals are
synthetic or semi-synthetic compounds. The absorption, distribution, metabolism and
excretion of pharmaceutical compounds have been studied with SPME. The technology has
also contributed to drug discovery. The anti-microbial potential of extracts of the liverwort
Scapania aspera was investigated, and the chemical composition of the extracts was
determined by SPME-GC/MS. The experimental results suggested that S. aspera contains
natural anti-microbial agents [28].

The diffusion-based calibration interface model of SPME has been proposed for the analysis
of the pharmacokinetics of selected drugs. For /in vivo SPME sampling, this model has
several advantages over other kinetic calibration models: (1) it does not require the addition
of a standard into the sample matrix, (2) it eliminates the need to pre-load a standard onto
the SPME extraction phase, and (3) the calibration constant can be calculated [77]. The /n
vivo detection of drugs and their metabolites can contribute to pharmaceutical research. A
SPME probe inserted directly into the peripheral vein of a living animal can monitor and
quantify the concentration of drugs and their metabolites [1].

A space-resolved SPME technique was used to study the tissue-specific bio-concentration of
pharmaceutical agents in live fish, which is critical for monitoring antibiotic abuse. SPME
needles were segmented and coated with novel fibers to detect specific pharmaceutical
residues in fish dorsal epaxial muscles and adipose tissues with repeat /n vivo sampling of
tissues. Precision was acceptable [78,79]. As material science and analytical technology
further develop, the accuracy of this technique will be further improved.

3.2.4 Microorganisms in the body—Metabolomics studies the anabolic and catabolic
pathways of bacteria and fungi and the dynamics of their metabolism. Metabolites with low
molecular weights can be qualitatively and quantitatively analyzed. VOCs fingerprinting of
Listeria monocytogenes was recognized by SPME-GC/MS and E-nose in pure culture
medium. Analysis of the VOCs fingerprint of microorganisms has the potential to become
routine in microbiology studies [80].

Aliphatic amides were applied to detect Helicobacter pylori using SPME coupled with
GC/MS. Propionic and butyric acid were the biomarkers for H. pylori after incubation with
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the corresponding amides. SPME also detected the acids and verified their hepatic stability.
The sensitivity of detection of both acids was in amounts as low as 0.8 pg [81].

Human gastrointestinal microbiota have become the subject of extensive research in recent
years. Fecal microbiota excreted by 30 healthy volunteers after treatment with Khorasan
wheat was detected by SPME-GC/MS. The data verified the anti-inflammatory effect and
counteraction of oxidative stress by Khorasan-based cereal foods [82].

3.2.5 Analysis of environmental pollutants—Environmental pollution is becoming a
serious problem in the world, so effective sampling methods may strengthen environmental
governance. /n vivo sampling of organic contaminants in fish with SPME improved the
sensitivity and extraction kinetics of the determination of trace pharmaceutical pollutants in
fish tissue. A novel thin film micro-extraction configuration based on C18 thin film was
introduced [83]. Another study developed and improved SPME for the sampling of
pharmaceuticals in fish tissue. SPME with a PDMS extraction phase was a robust tool and
was simpler than the traditional device. The new device is a platform for rapid sampling of
carbamazepine, diazepam, and nordiazepam in fish muscle with acceptable precision [83].

The quantitative evaluation of (+)-A3-carene metabolites from the living larvae of
Spodoptera litura was possible with HS-SPME. The method was sensitive enough to
quantitate the (+)-A3-carene metabolites released from the Spodoptera larvae [84]. The
medication lindane, widely used to treat agricultural pests, was evaluated for its toxicity,
persistence and tendency to bioaccumulate in terrestrial and aquatic ecosystems. In the
study, lindane was extracted by SPME and identified by GC/MS. Its metabolite, 1,3,4,5,6-
pentachloro-cyclohexene, contributed to the 7 s/t bioremediation of this pollutant [85]. In
the common reed, /in vivo sampling was performed on a site highly polluted with methyl
tertiary butyl ether. SPME fiber was directly introduced into the aerenchyma of the botanical
stem. This method seems feasible for the screening of VOCs in wetlands [86].

3.2.6 Disease diagnosis—Supported by many studies, SPME is a reliable technology for
early diagnosis. Rapid breath analysis was performed by SPME in cystic fibrosis patients,
and the analytical data helped the diagnosis of the disease in the near future [87]. TF-SPME
combines sampling and sample preparation into a single step. /n vivo sampling using TF-
SPME coupled with GC and LC for 5 minutes revealed a wide range of analytes with
different physical and chemical properties [7]. HS-SPME sampling for VOCs in humans
significantly reduced background signal intensity, and resulted in reproducible analysis. The
method can be used to detect the biomarkers of garlic intake and alcohol ingestion [88].

During surgery, metabolites can be collected directly with SPME for biochemical analysis
and for biomarker identification [89]. SPME coatings functionalized with a DNA aptamer
can selectively enrich aspecific proteins from diluted human plasma. This SPME was
successfully applied to detect thrombin in human plasma [19]. When SPME was used to
screen for VOCs, the results suggested a possible cause of death from a rare case of captan
ingestion [90]. With convenient sample preparation [91], SPME could be a valuable tool for
the early diagnosis of cardiovascular, oncologic and neurodegenerative illnesses. Selected
reports that used SPME for /n vivo sample analysis are shown in Table 2.
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4. Conclusion and outlook

Sample collection is critical to the determination of various compounds and their metabolites
in different matrices. In the last few years, there has been a notable increase in the
application of SPME. This new technology is sensitive, selective, simple, reproducible and
relatively noninvasive. Thus, SPME is a well-established technique for the study of the
chemical composition of botanicals, food and pharmaceuticals, all of which could be
affected by microorganisms and the environmental factors. SPME is particularly useful for
medical diagnosis because its tissue damage is minimal. The application of SPME to the
diagnosis of human diseases, however, is still in its early stage. In the future, the application
of SPME in metabolite analysis will depend on advances in specific analytical technologies
and material science. It is anticipated that the sensitivity and accuracy of the detection and
analysis of non-volatile compounds from minute samples will be increased. SPME has a
promising future in biomedical and pharmaceutical research.
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Metabolites

Chemical analysis

Biomarkers

Health improvement

Fig. 1.
Application of solid-phase microextraction (SPME) technology. This technique has been

used in food science research, botanical component analysis, and pharmaceutical studies. In
addition, the SPME has also been reported in research related to microorganisms,
environmental factors, and medical diagnosis. The small endogenous molecules detected
using SPME investigations are critical for metabolomic analysis and biomarker
identification to improve human health.
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Schematic diagram of the /n vitroand in vivo SPME needle apparatuses for metabolite
analysis. The tips of the needles can be covered by various coating materials. PDMS,
polydimethylsiloxane; CAR, carboxen; HLB, hydrophilic lipophilic balanced; DVB,
divinylbenzene; C18, octadecylsilyl derivatized silica column packing material; CW,
carbowax; TPR, templated resin; PAN, polyacrylonitrile; BSA, benzenesulfonic acid.
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Fig. 3.
Flow chart of the analytical process using SPME as sample preparation technology. The

sampling is influenced by six factors, which are listed on the right and left.

Trends Analyt Chem. Author manuscript; available in PMC 2016 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhang et al.

Plant extracts

Page 18

(Hypericum perforatum [31])
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(China gingko wine [43])
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Fig. 4.

Different investigations using SPME technology. A representative study in each category is

selected.

Trends Analyt Chem. Author manuscript; available in PMC 2016 December 01.




Page 19

Zhang et al.

sisouBelq [ealps|A 10} ajdwes

[e9] SIN/O9D €/59 pooyess ‘0'0g 00T ‘59 aAQ/SAd ‘SINad poojess auseypydeu ‘uifens) ‘suszusqiAiv
[09] SIN/O9D 0€/5€ 3Inynd ysa.4 05 ‘0€ SINQd/¥vO/and plow Joopuj 939 ‘Jouedold|Ayiaw :SOOAIN
S1uUelIN||0d [eluswuUoIIAUg
[6s]  dWN/O9O 0T/14 aInynd ‘Jw 0°g GL SINAd/usxogied unyBoA 013 ‘91942013)3Y ‘|0Y0[e SDOA
[2¢] SIN/OD 0g/S2 aIn)nd ‘jw 09 59 ana/sinad 000eq0 L aua|jAydoAres ‘auauld
[9g] SIN/OD ov/Sy $3094 '0°€ g8 SINQd/EVO a|dies 100IS Sal[ogeIdN
[vs] SIN/O9D 0€/09 8s39Y2 ‘0°0T SINAd/¥vO/IAGa 85930 91|-BPP3ISEA 12188 ‘apAyap|e ‘|oyodle ‘proy
swisiueb.100491\ Buiaindo-AjeanieN
[es] SN/ 0g/14 jueleussdns ‘lw o'z 17 810 rebuny gjpaureybutuund auopuiadst HO-6/auopliadsiy
[os] HIAN/OT 0G/14 ewseld ‘|w g'T 81D ewse|d asnow 10 ulwng|y auldazeweqied
[6v] AN/OT  0Zh/Ld uonn|os ‘2’0 0g vd  uiwngje fuiurejuod snosnby auizewoldiolyo
yoaeasay [eolpawolg
[es] SIN/O9D ov/Sy 8ULIN/003S '0'E 8 dvo/snad £]01g0.01W [934 aH|0geIN
[sy] SN/ ov/ov Auzq adesb ‘0'g 0S ‘0¢ SIAd/vo/ana aunadesB eiapruin St 10yod[e ‘apAyap|e ‘auadIalouoN
[ev] SIN/OD G¥/0S BUIM ‘JW 0'G L ¥vO/ SINad auim oxbuI u0g.e20IpAy ‘proe ‘joyodfe sls3
[tv] SIN/OD 0T/1d 110 [BRUBSS3 ‘0°'G g9 aAa/swad smaAyeong auaudiay ‘auauld ‘susuowl| ‘8|oauldy
s|dwes 181Q
[ov] SIN/OD 09/05 Uiy g0 9 and/snad BUBLIEQ YSIPUBARD HEMQ $13159 |AU33 3113e|0A
[6€l S/09 GT/09 o3| ‘2’0 g9 aAa/snad SHEBINA SIWAY L JowAup ‘auawiAd ‘ausuidia)
[2€] S/D9 02/09 sn|ed ‘0’1 00T SINad “dds snuypueios)d sauadiarouow ‘aye1ade [Auldia)l
[sel SIN/OD 21y $831 ‘2°0/T°0 9 and/snad Susj0aARIG WNUobIElod SOOA
[vel S/09 v1/6v Jes| ‘50 0S ‘0¢ SWAd/dvo/ana SISUBLEAWEI0LIZD BIUll] SOOA
[eg] SIN/O9D 09/0% unig 9 ana/swad ©I11IS191 sauadiajouow ‘susdiennbsss
[eel SIN/OD 0z/S¥ §831 'T°0 9 and/snad ooelp euseIRIq PIOUBI0IED ‘SDOA
[tel aos3/09 0z/oy 1oenXx3 00T ‘S. 4vO/SINAd ‘SINad wingesopssd wnalisdlH sapAysply
_”om_ SN/O9D 0g/1d unay ‘0¢ (0] SINdd BLIEAISI WNUEP3INSS auaulges .mcmc_n_
10e1X3 WEld
poyssw  (uIwyD.,)
oy |eonAjeuy  uonipuo)  ued ‘(B) sjdwes  (wr) ssauxoiyL Buireod usqi4 108[gns Apnms
siIsAjeue ajdwies o4z ur ur ABojouydal JINdS ayl Buisn suodas palos)as
T 8lqeL

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Trends Analyt Chem. Author manuscript; available in PMC 2016 December 01.



Page 20

Zhang et al.

'spunodwod 21ueblo 8]11eJ0A-SDOA ‘Bin1aidwial wool-1Y ‘auexojisjAylswipAjod-SINad ‘a1ejAioehjod-vd
‘spunodwod d1uefio a]13e|oA [BIGOIdIW-SDOAIN ‘S8]91ed paouefeq d1jydodi) o1jiydospAy-g1H ‘uaxogred-ywD ‘(p1oe d1sjew-09-a]111uojAIde) Ajod pazijeuonouny Jsweide-wINDNVA-1dY :SuoieinaIqqy

[sal AN/DT oe/zy uopnjos 00t 4H-Vd  UOolN|os suowioy pue Sdd auowloy xas ‘sopAdiolyo
[99] SN/OD  08¥-0T/LH aImynd ‘Jw 0'g G/'0L  SINQd/4VD ‘9AQ/MD Sna.ne sna2020Aydels Areiq) soxjreworg
[oz] SIN/OT 0¢//1d uonoeIIXs ‘0'sZ JINdS-ounwiw| uolIN|os uoldeIIXs egddd ez ud04d Buipuiq uljjiviusd

poylsw  (UIW/D.)
‘Jod  |eonAjeuy  uonipuo)  ed ‘(B) sjdwes  (wrl) ssauxoiyL Buireod 1sqi4 108[qns Apnis

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Trends Analyt Chem. Author manuscript; available in PMC 2016 December 01.



Page 21

'spunodwod 21uehlio 3]11.J0A-SDOA ‘8inaidwial wool-1 Y ‘auexofis|AylawipAjod-SINAd ‘a1ejAioeA|od-vd ‘spunodwod o1ueblo a]13e|oA [e1qoJoIW-SDOAIN
‘sajoned pasuereq a1jydodiy a1jiydolpAy-gTH ‘Yrealq pajeyxa-g3 ‘usxogsed-yvD ‘pIoe d1uojnsauszusg-y'g :(pIoe d1sjew-03-a[1uojAioe) Ajod pazijeuonouny Jaweide-yNDNVd-1dY :SUoieIAIgaY

Zhang et al.

[oe]  sw/9 0z/0¥ 19/P00|q ‘|W 0'T 00T SINAd JUSIUOD BIBISIA UBWNH sa)l|0qelsW s) pue ueyded
[6sl  swoT 0€'0e/1d uefio 14 va/810 B1d a11ys>IoA aleIN auojosiupaidjAupain
[ss]  sw/9 09/0 unis v5C SINAd unis uerdeassw-1A|[e ‘SINY ‘0SNG
[281  sw/9 oT/1d g3 ‘Jw 0'00T GL SINAd/AVO ylealq pajeyxa uewnH SOOA
[61] SIN/OT 09/14 ewseyd ‘Jw 0'g VINONVd-1dy ewse|d uewnH uIquioay L
[21  swmoo §/1d BAIfes ‘| 0'T G9  8TO/GTH/SINGd BAI[es UBWnH pl0Jals snouaBopu3
sisoufelq asessiq
os]  swr9 0zT/1d Buijdwes jueld a8 SINAd/AVO sijessne saywbed 1818 1Ainga7 |Au1eIN
_”mwu SN/O9D 0€/0S 191emeas ‘0'GT 00T SINdd M\\_m\\mn\ Q&NCNE%E\Q.\ w:wxmso_u\a 0l0Jydelusd
[vel  swo 0g/52 aentel ‘g0 0€:0S  SINAd/EVO/and einylf ers)aopods a)I|oqeIaL BUased-¢V-(+)
[e8] SIN/OT ovbT/1d ajosnw [eixed3 (3 8TD  MOuUIW peayleq ‘IN0J) moquiey '019 ‘BUI[eJ1BS ‘BUIXBYRIUSA ‘Bullaxon|4
SJURIN||0d [RIUBILOAIAUT JO SISAeuy
[18] SIN/OD G//E€  @4n)nd ysal) ‘|w 0'GZ aAad/MO uresls adualayal LiojAd ‘H p1oe auAing / s1uoidoud
Apog 8y ui swisiuebI00401A
[621 SN/ 0T/ 14 uebio 00T VO-vAd®Sd ustd 8UNBXON[}/PId. JIWEUBJDIN
[8.1 SIN/OT 0T/ 1¥ uebio oce snad 1non moqurey senpisal Bniqg
[22] SIW/OT ¥/ 1o uebiQ 1Adoidoue/AD/8TD ey |0J310U8}/]01810UBY AXOUIBIN
juswdojanag 7 yaaeasay Aoewaeyd
[921 SW/09/09 oT/0v SUIM ‘| 02 99 dAa/sinad aum Buipieds [a1easoN Joyooje “481s9 ‘auadislouo
[s/] SN/09 0T/09 Josindaid ', OTxT G8 vd 2ISIUIN STUN auadiapnbsss Jo 10s1ndald
ezl swo09  oz'ot/Ld ajosnw [erxed3 SOT ‘v SINad SENTILERS LR anpisay aplonsad
[ezl  swo 0€/1d anssi ‘0 59 SINQd nos mogqurey 103U40QOS! JAYIBW-Z ‘UIWS08D)
39U3I19S PooH
[69] SIN/09 081/082 juejd Bunamol 0£'0S SINQd/YvO/and sapobayds sAiydo 019 ‘Ueun) ‘apAyaple ‘uogIeaoIpAH
|ealuelog
poyaw (uwyo.)
‘Joy  [ednAjeuy  uonIpuo)d 11ed ‘(6) sjdwes (wr) ssauxoIy.L Buneod 1aqi4 108[gns Apnmis

Author Manuscript

Author Manuscript

sisAjeue ajdwres o ur ul ABojouyaal JINdS ayi Buisn suodai palos)as

¢ dlqeL

Author Manuscript

Author Manuscript

Trends Analyt Chem. Author manuscript; available in PMC 2016 December 01.



	Abstract
	1. Introduction
	2. Solid-phase microextraction (SPME)
	2.1 Conventional sample extractions and their limitations
	2.2 Advantages of SPME and its potential development

	3. SPME applications for metabolite analysis
	3.1 In vitro analysis
	3.1.1 Plant extracts
	3.1.2 Diet samples
	3.1.3 Biomedical research
	3.1.4 Naturally occurring microorganisms
	3.1.5 Environmental pollutants
	3.1.6 Medical diagnosis from biological samples

	3.2 In vivo analysis
	3.2.1 Botanicals
	3.2.2 Food science
	3.2.3 Pharmaceutical research and development
	3.2.4 Microorganisms in the body
	3.2.5 Analysis of environmental pollutants
	3.2.6 Disease diagnosis


	4. Conclusion and outlook
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Table 1
	Table 2

