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Preface to ”Solid-Phase Microextraction and Related
Techniques in Bioanalysis”

Bioanalysis of endogenous substances, metabolites, and contaminants poisons is important in

analyses of biological functions, metabolomics, forensic toxicology and patient diagnosis. In these

analyses, methods of sample preparation are essential for the isolation and concentration of target

analytes from complex biological matrices, including blood, urine, saliva, hair and tissue. However,

preparation processes are time-consuming, labor-intensive and error-prone, and markedly influence

the reliability and accuracy of determining target molecules. Thus, efficient sample preparation

techniques and their integration with analytical methods have become significant.

Solid-phase microextraction (SPME) is a simple and convenient sample preparation technique

that enables automation, miniaturization, high-throughput performance and online coupling with

analytical instruments. Moreover, SPME reduces analysis times, as well as solvent and disposal

costs. Since SPME was first introduced in the early 1990s by Arthur and Pawliszyn, more robust

fiber assemblies and coatings with higher extraction efficiencies, selectivity and stability have

become commercially available. Furthermore, new geometries have been designed for extraction

as alternatives to fibers, such as capillary tubes, magnetic stir bars or thin films; moreover, novel

intelligent polymer coatings with great sorption capacity or good selectivity have been developed for

use as extraction phases.

This Special Issue, entitled “Solid-Phase Microextraction and Related Techniques in Bioanalysis”,

consists of 14 original, peer-reviewed papers written by research groups worldwide. The

topics covered include headspace fiber SPME (HS-SPME) gas chromatography-mass spectrometry

(GC-MS), HS-in-needle microextraction GC-MS, thin film SPME liquid chromatography-tandem

mass spectrometry (LC-MS/MS), magnetic solid phase extraction LC-MS/MS, in-tube SPME

LC-MS/MS and in-tube SPME LC-UV. The samples analyzed include a wide range of plant-derived

volatile organic compounds; body odor from the skin; metabolites in urine, plasma and saliva sample;

biomarkers of exposure to tobacco smoke in hair and environmental estrogens in water.

I thank all contributors, authors, and colleagues who contributed to this Special Issue, as well as

the reviewers who devoted their time, effort and expertise to evaluating the submissions and ensuring

the quality of the published articles. I would also like to thank the publisher MDPI and the editorial

staff of the journal for their constant professional support and for their invitation to edit this Special

Issue. Furthermore, I would like to thank all readers, and I hope that the content of this book will

provide new perspectives and ideas for starting and continuing further research.

Hiroyuki Kataoka

Editor
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Editorial

Solid-Phase Microextraction and Related Techniques in Bioanalysis
Hiroyuki Kataoka

Laboratory of Applied Analytical Chemistry, School of Pharmacy, Shujitsu University,
Nishigawara, Okayama 703-8516, Japan; hkataoka@shujitsu.ac.jp; Tel.: +81-86-271-8342

Living organisms, such as microorganisms, plants and animals, are composed of com-
plex constituents, which may include bioactive components that maintain their functions.
In addition, these organisms may contain harmful external contaminants. Bioanalysis
of these endogenous substances, metabolites and contaminant poisons is important in
analyses of biological functions, metabolomics, forensic toxicology, patient diagnosis and
the biomonitoring of human exposure to hazardous chemicals. In these analyses, sample
preparation is essential for the isolation and concentration of target analytes from complex
biological matrices, including serum/plasma, urine, saliva, hair, breath and tissue. How-
ever, preparation processes are time-consuming, labor-intensive and error-prone, and they
markedly influence the reliability and accuracy of determining molecules of interest. Thus,
effective sample preparation techniques and their integration with analytical methods have
become a prominent research topic.

Solid-phase microextraction (SPME) is a simple and convenient sample preparation
technique that enables automation, miniaturization, high-throughput performance and
online coupling with analytical instruments. Moreover, SPME reduces analysis times, as
well as solvent and disposal costs. Since SPME was first introduced in the early 1990s [1],
more robust fiber assemblies and coatings with higher extraction efficiencies, selectivity
and, stability have become commercially available. Furthermore, new geometries have
been designed for extraction as alternatives to fibers, such as capillary tubes, magnetic
stir bars or thin films; moreover, novel intelligent polymer coatings with great sorption
capacity or good selectivity have been developed for use as extraction phases.

This Special Issue, entitled “Solid-Phase Microextraction and Related Techniques in Bioanal-
ysis”, consists of 14 original, peer-reviewed papers written by research groups worldwide. The
topics covered include headspace fiber SPME (HS-SPME) gas chromatography–mass spectrom-
etry (GC-MS) [2–8], HS-in-needle ME (HS-INME)-GC-MS [9], thin film SPME (TF-SPME)
liquid chromatography–tandem mass spectrometry (LC-MS/MS) [10], magnetic solid-
phase extraction (MSPE) LC-MS/MS [11], in-tube SPME (IT-SPME) LC-MS/MS [12–14]
and IT-SPME LC-UV [15]. The samples analyzed include a wide range of plant-derived
volatile organic compounds [2–7]; body odor from the skin [8,9]; metabolites from urine [10],
plasma [11] and saliva [12] samples; biomarkers of exposure to tobacco smoke in hair [13,14];
and environmental estrogens in water [15]. An overview of these papers is provided below.

Profiles of volatile organic compounds (VOCs) emitted by plants were analyzed
using HS-SPME GC-MS [2–4]. The tastes and aromas released during fruit ripening
play an important role in the identification of cultivars and the quality of fruits and
their products, including their characteristic flavors. Fragrance components include
a variety of low-molecular-weight VOCs, such as alcohols, esters, acids, aldehydes, ke-
tones, aliphatic and aromatic esters, terpenes, hydrocarbons, phenols and sulfur com-
pounds. An HS-SPME GC-MS analysis of the volatility profile in nine species of rumberry
(Myrciaria floribunda) fruits identified 36 VOCs, among which the sesquiterpenes caryophyl-
lene and γ-selinene were found to be flavor-determining components [2]. HS-SPME
GC-MS conditions were optimized to extract, detect and quantify volatile components
from the pulp of Eugenia klotzschiana O. Berg, a landrace of the Cerrado biome with impor-
tant nutritional value, and its aroma was found to be composed of 38 sesquiterpene and
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monoterpene compounds [3]. HS-SPME GC-MS also identified 22 VOCs in the essential
oil of dioecious aroeira seeds of Myracrodruon urundeuva using HS-SPME GC-MS, and
their anti-inflammatory properties were analyzed using a chemoinformatics approach [4].
A combination of HS-SPME GC-MS and multivariate statistical analysis was used to isolate
and identify VOCs in Herpetospermum pedunculosum, a dioecious plant that has been used
as a traditional Tibetan medicine for the treatment of hepatobiliary diseases [5]. These anal-
yses showed that the levels of nine VOCs, including isoamyl alcohol, (Z)-3-methylbutanal
oxime and 1-nitropentane, differed significantly in female and male flower buds.

The HS-SPME GC-MS method was also used to identify damage to crops caused by
pests [6,7]. Because stored crops can be affected by pests and parasites, the prevention
of damage and maintenance of quality parameters over time are important for ensuring
global food security. Rapid and appropriate methods of sampling, pest detection and data
analysis are therefore required to control crop quality in real time. VOCs from crops and
pests can serve as biomarkers for monitoring pest damage. For example, HS-SPME GC-MS
identified wheat- and insect-specific VOCs, including benzoquinone homologues, released
by three stored grain pests, suggesting that these compounds can act as biomarkers of
crop damage [6]. Similarly, HS-SPME GC-MS was used to compare VOCs from cabbage
plants that were and were not infected with the green peach aphid Myzus persicae [7].
Among the 28 VOCs detected in these plants, several, including propane; 2-methoxy; alpha-
and beta pinene; myrcene; 1-hexanone; 5-methyl-1-phenyl-; limonene; decane; γ-terpinen
and heptane; and 2,4,4-trimethyl propane, were more abundant in infected plants; this
indicated that these compounds were responsible for aphid attraction, and therefore, useful
in screening for M. persicae infection [7].

The odors and emanations released from the human body can provide important
information about an individual’s health status and the presence or absence of disease.
Among the various VOCs emitted from human skin, trans-2-nonenal, benzothiazole, hexyl
salicylate, α-hexyl cinnamaldehyde, and isopropyl palmitate are important indicators of
the degree of aging [9]. Because these compounds often emanate from the body’s surface
in very small quantities, simple sampling and sensitive analytical methods are required.
Two methods are available for sampling body odor using SPME: an in vivo method, in
which SPME fibers are placed on exposed skin, and an in vitro method, in which SPME
fibers indirectly extract body odor from a cotton swab or T-shirt. For example, an in vitro
method for the HS-SPME GC-MS analysis of trans-2-nonenal consisted of wiping body
odor from the skin’s surface with gauze, followed by an analysis of changes in body odor in
response to lifestyle changes [8]. In contrast, in vitro and in vivo HS-INME GC-MS analyses
of body odor VOCs involved solid dynamic microextraction using the adsorbent-coated
inner wall of the needle of a gas-tight syringe, or an adsorbent-coated stainless steel wire
inserted into the needle [9].

Cystoscopy is an invasive and uncomfortable procedure for patients with bladder can-
cer, and clinical tests, such as cytology of urine sediment, have low sensitivity and specificity
in the monitoring of early-stage bladder cancer. The untargeted metabolomic/metabolomic
profiling of biological fluids may be a more effective and less invasive approach to iden-
tifying biomarkers of bladder cancer, along with the development of new biomarker-
based diagnostic tools. For example, the metabolomic profiling of urine samples from
bladder cancer patients and healthy controls has been performed using high throughput
TF-SPME LC-MS [10].

Starting with cholesterol, steroid hormones are biosynthesized by various enzymes
in the adrenal cortex, gonads and brain, and are subsequently metabolized via phase I
oxidation and reduction reactions and phase II conjugation reactions. However, these
biosynthetic and metabolic pathways are complex, and their molecular roles are not fully
understood. The analysis of steroid hormones and their metabolites is important for
elucidating biological regulatory mechanisms and diagnosing diseases related to them.
One method of achieving this is dispersive MSPE, in which a magnetic sorbent is dispersed
in a sample solution, such as plasma, the solution stirred to extract the compounds of
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interest, and the extracted compounds eluted from the magnetic sorbent are used in
MSPE LC-MS/MS analysis of glucocorticoids, estrogens, progestogens and androgens [11].
Furthermore, an automated analysis system that couples on-line IT-SPME and LC-MS/MS
was constructed using an open-tube fused silica capillary with a coated inner surface as the
extraction device, enabling simultaneous selective and sensitive analysis of the metabolism
of sulfated steroids in saliva samples [12].

Tobacco smoking and exposure to environmental tobacco smoke are considered risk
factors for cancers, cardiovascular diseases and respiratory disease, and these health
effects have become a serious problem. Tobacco-related compounds, such as nicotine,
its metabolite cotinine and tobacco-specific nitrosamines, have been used as biomarkers
of exposure to tobacco smoke. Levels of nicotine and cotinine in the hair of non-smokers
were analyzed as biomarkers of exposure to tobacco smoke using IT-SPME LC-MS/MS, in
order to determine the risks of passive smoking in different lifestyle environments [13]. In
addition, online IT-SPME LC–MS/MS was used to simultaneously measure the content of
five tobacco-specific nitrosamines in hair as biomarkers of exposure to tobacco smoke [14].

Finally, an IT-SPME method using extraction tubes filled with hydrophilic, superhy-
drophilic, superhydrophobic and UV-irradiated superhydrophilic Ti wires as sorbents was
used for on-line IT-SPME LC-UV analysis of six estrogen-like hormones in water samples [15].
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Abstract: Among the many species of native fruit of Brazil that have been little explored, there is
Myrciaria floribunda (also known as rumberry, cambuizeiro, or guavaberry), a species with significant
variability, which has fruits of different colors (orange, red, and purple) when ripe. The physical-
chemical characteristics evaluated were fruit weight (FW), seed weight (SW), pulp weight (PW),
number of seeds (NS), longitudinal diameter (LD), transverse diameter (TD), format (LD/TD),
hydrogen potential (pH), soluble solids (SS), titratable acidity (TA), and ratio (SS/TA); further, the
volatile organic compounds (VOCs) of nine accesses of rumberry orchards were identified. The
averages of the variables FW, SW, PW, NS, LD, TD, shape, and firmness were 0.76 g, 0.22 g, 0.54 g,
1.45, 10.06 mm, 9.90 mm, 1.02, 2.96 N, respectively. LD/TD data showed that the fruits have a
slightly rounded shape (LD/TD = 1). The averages for pH, SS, TA, and SS/TA were 3.74, 17.58 Brix,
4.31% citric acid, and 4.31, respectively. The evaluated parameters indicated that the fruits can be
consumed both in natura and industrialized, with the red-colored fruits presenting a good balance of
SS/TA, standards demanded by the processing industries. Thirty-six VOCs were identified, with
emphasis on the sesquiterpenes. Caryophyllene (21.6% to 49.3%) and γ-selinene (11.3% to 16.3%)
were the most predominant compounds in rumberry fruits.

Keywords: Myrtaceae; native fruit; volatile compounds; sesquiterpenes

1. Introduction

Myrciaria floribunda (H. West ex Willd.) O. Berg is a species belonging to the Myrtaceae
family, from which the fruits are popularly known as ‘camboim,’ ‘jabuticabinha,’ ‘myrtle,’
‘duke,’ ‘goiabarana,’ ‘araçazeiro,’ ‘cambuí,’ and ‘rumberry.’ In Brazil, this species can be
found mainly in the Atlantic Forest biome, easily observed in the Northeast of the country,
specifically in the states of Sergipe and Alagoas [1].

The rumberry has excellent potential for commercial export, widely cultivated due to
its edible fruits, consumed both in natura and industrialized. These are globose fruits, with
a slightly acidic flavor, of varied color (orange, red, and purple) [2], with high sugar content
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and are rich in bioactive compounds (carotenoids, flavonoids, and phenolic acids) [3].
When ripe, the fruits become attractive because of the intense citrusy and slightly sweet
aroma of the fleshy and succulent pulp [4].

Chemical compounds are responsible for the characteristic flavor of tropical or sub-
tropical fruits, playing an important role in the quality of the fruits and their products,
determined by several parameters, such as appearance, flavor, nutritional value, and food
security [5,6]. However, the chemical composition of rumberry fruits is still unknown,
which prevents further tapping into market potential.

The acceptance of fruits is directly related to taste and aroma, released mainly during
the ripening phase of the fruit. These parameters are among the most important quality
criteria of fresh and processed foods, since the aroma and taste of the fruit provoke sensory
sensations that stimulate the desire to consume it [7]. These sensations are attributed to
hundreds or thousands of volatile and non-volatile substances that are present in food
and which are measured by sensory organs. [8]. In general, the aromatic compounds of
fruits are low-molecular-weight substances, partially soluble in water and volatile at room
temperature, belonging to a wide variety of chemical families such as alcohols, esters, acids,
aldehydes, ketones, aliphatic and aromatic esters, terpenes, hydrocarbons, and phenolic
and sulfur compounds, which are found in different concentrations [9].

Recent studies have shown that the leaves of M. floribunda produce essential oils rich
in monoterpenes (53.9%) and, among them, 1,8-cineole is the main constituent (38.4%) [10].
The essential oils of M. floribunda showed pharmacological potential in terms of insectici-
dal activity [10], inhibition of acetylcholinesterase [11], and antimicrobial and antitumor
activity [12].

The determination of volatile compounds contributed to the discovery of a new aroma.
For this, there are techniques such as solid-phase microextraction (SPME), which is based
on the extraction and rapid concentration of volatile and semi-volatile organic compounds
without the use of organic solvents [7]. In this type of extraction, the analyte is adsorbed on
a silica fiber coated with a polymer, which is inserted in the headspace bottle for subsequent
thermal desorption, injecting the analytes in a gas chromatograph (GC) that, coupled with
mass spectrometry (MS), provides speed and practicality in the analysis of the volatile
profile of the fruits.

In the absence of studies evaluating the volatile profile of Myrciaria floribunda fruits
using the solid-phase microextraction technique, the objective of the present work was to
characterize the volatile profile of nine rumberry accesses through the polyacrylate fiber,
using SPME-HS/GC–MS.

2. Results and Discussion
2.1. Physicochemical Characterization of Rumberry Fruits

Significant differences (p ≤ 0.05) were observed between the different accesses eval-
uated, for the physicochemical characteristics, except for pH (Table 1). The fruits had an
average weight of 0.76 g, with the highest values found in AC132. These results agree with
those reported by Silva et al. [13] in the evaluation of the biometry of fruits of the same
species. In guabiju fruits (Myrcianthes pungens), the average weight was 2.87 g [14], and for
Campomanesia rufa, 10.88 g [15], species belonging to the Myrtaceae family.
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Table 1. Physical and physicochemical parameters of the nine accesses of rumberry.

Parameters

Access
FW SW PW

NS
LD TD Format Firmness

(N)
pH SS TA SS/TAg mm

AC67 0.58 a 0.17 a 0.41 a 1.18 a 8.91 b 9.95 b 0.90 b 1.46 a 3.53 a 21.30 d 5.15 b 4.15 a
AC92 0.43 a 0.14 a 0.29 a 1.19 a 7.10 a 8.94 a 0.86 a 2.59 a 3.83 a 22.78 e 5.05 b 4.51 a
AC112 0.79 b 0.25 b 0.54 b 1.71 c 10.81 d 9.81 b 1.10 d 3.26 a 3.68 a 16.88 b 4.93 b 3.60 a
AC132 1.14 c 0.49 c 0.64 b 1.66 c 11.64 e 10.43 c 1.12 d 1.44 a 3.99 a 17.65 c 4.93 b 3.58 a
AC136 0.81 b 0.21 b 0.61 b 1.48 b 10.69 d 9.65 b 1.11 d 3.57 a 3.75 a 16.53 b 4.90 b 3.55 a
AC137 0.77 b 0.16 a 0.61 b 1.50 b 10.76 d 9.54 b 1.13 d 2.61 a 3.99 a 18.30 c 2.70 a 6.87 b
AC153 0.82 b 0.24 b 0.58 b 1.42 b 9.50 b 10.47 c 0.91 b 1.98 a 3.90 a 16.10 b 4.35 b 3.79 a
AC156 0.91 b 0.22 b 0.69 b 1.91 c 10.66 d 11.50 d 0.93 c 4.08 a 3.62 a 15.43 b 3.95 b 3.98 a
AC160 0.57 a 0.10 a 0.47 a 1.01 a 9.84 c 8.82 a 1.12 d 5.67 a 3.35 a 13.25 a 2.80 a 4.75 a

Mean 0.76 0.22 0.54 1.45 10.06 9.90 1.02 2.96 3.74 17.58 4.31 4.31

CV (%) 20.07 20.83 22.43 12.11 5.09 5.95 1.51 56.17 9.83 4.02 14.66 16.28

Standard
Error 0.08 0.02 0.06 0.09 1.26 0.29 0.01 0.83 0.18 0.35 0.32 0.35

Mean values of four replicates of 32 fruits per access, expressed on a wet basis. Averages followed by the same letter in the column do
not differ statistically by the Scott–Knott Test, at 5% probability. FW: fruit weight; SW: seed weight; PW: pulp weight; NS: number of
seeds; LD: longitudinal diameter; TD: transverse diameter; Format: the relationship between LD/TD variables; pH: hydrogen potential;
SS: soluble solids (Brix); TA: titratable acidity (% citric acid); SS/TA: the ratio between the two variables. Means on the same column
followed by the same letter do not differ from each other by the Scott–Knott test at the 5% probability level.

The fruits of accesses AC67, AC92, and AC160 showed the lowest values in terms
of fruit weight, pulp weight, and a number of seeds. The study by Rodrigues et al. [14]
obtained an average for the weight of the fruit (2.87 g), pulp weight (1.29 g), and seed
weight (0.49 g) higher than those reported in the present study, while the number of seeds
remained equal, containing one to two seeds per fruit [1].

The accesses AC132 (11.64 mm of DL and 10.43 mm of DT) and AC156 (10.66 mm of
DL and 11.50 mm of DT) presented the largest dimensions and the highest pulp yields (0.64
and 0.69 g, respectively). The fruits had a medium diameter (longitudinal and transversal)
greater than those reported in red jambo (Syzygium malaccensis) [16] fruits and inferior
to those reported for rumberry fruits (Myrciaria floribunda), in their orange and purple
color—4.09 to 4.47 mm and 4.47 to 4.87, respectively [1].

The shape of the fruits showed an overall average of 1.02, characteristic of fruits with
a more rounded shape (LD/TD = 1). The shape of the fruits is an index of ripeness since
they are usually measured by the ratio of their diameter. This characteristic is also a factor
of industrial quality since the industries prefer round-shaped fruits for easy cleaning and
processing operations.

Statistically, there was not a significant difference regarding the firmness of the fruits.
However, the fruits of the AC160 access showed greater firmness, with an average of
5.67 N, while the AC67 access showed the lowest average of 1.46 N. It is noteworthy that,
to date, there are no reports in the literature regarding the firmness of rumberry fruits.

According to Becker et al. [17], firmness is a very important quality attribute in fruits
because the greater the firmness, the greater the resistance to mechanical injuries during
transport and commercialization of fruits responsible for flavor and aroma.

Rumberry fruits had a pH from 3.35 to 3.99, with an average value of 3.74, with no
significant difference between the accesses studied (Table 1). These values were similar to
those reported in fruits of the same species [1], whereas in fruits of the same genus, a pH of
2.41 was reported [18].

However, Almeida et al. [19] found pH values of 3.10 and 3.39 for the varieties of
jabuticaba Myrciaria jabuticaba and Myrciaria grandifolia, respectively. According to the
authors, the most acidic products are naturally more stable in terms of deterioration,
and the relative proportion of organic acids present in fruits and vegetables might vary
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according to the degree of ripeness and growth conditions. This information is relevant for
selecting accesses since more acidic fruits can be better used in the food industry.

The SS content varied significantly between accesses. AC67, AC92, AC132, and AC137
registered the highest values from 17.65 to 22.78 Brix, while accesses AC112, AC136, AC153,
AC156, and AC160 registered values in a range of 13.25–16.88 Brix. These values were
higher when compared to those reported by Vieira et al. [20] at different stages of fruit
ripening of ubaia-azeda (Eugenia azeda), whose values ranged from 3.13 to 4.35 ◦Brix, as
well as those reported by Souza, Silva and Aguiar [18] when obtaining values of 9.02 ◦Brix
in ripe fruits of camu-camu (Myrciaria dubia).

As for AT, the lowest values found were in the AC137 (2.70), and AC160 (2.80) accesses.
As for the accesses AC67, AC92, AC112, AC132, AC136, AC153, and AC156, there was no
significant difference among them. Souza, Silva, Aguiar [18] reported values lower than
those found when determining the chemical composition phases: unripe, semi-ripe, and
ripe, finding averages of 2.75, 2.77, and 2.4 g of citric acid 100 g−1, respectively.

Seraglio et al. [21], when analyzing the physicochemical parameters of mature fruits
of three species of Myrtaceae, reported values of 0.19 g of citric acid 100 g−1 for jabuticaba
fruits (Myrciaria cauliflora), 0.02 g for guabiju fruits (Myrcianthes pungens), and 0.04 g for
jambolan fruits (Syzygium cumini), respectively.

TA and SS are a crucial reference point for the ideal level of fruit ripeness, in addition
to being an important parameter for assessing the conservation status of all foods, once
through the decomposition process (hydrolysis, oxidation or fermentation), which changes
the concentration of organic acids, thus altering the acidity of the food [21].

The SS/TA ratio of rumberry fruits was higher than that reported by Vieira et al. [20]
and Neto, Silva and Dantas [22], who found mean values of 2.45 and 2.98, respectively.
Lattuada et al. [23] observed higher values, ranging from 13.12 to 17.10, in whole and ripe
fruits of five samples of jabuticaba trees (Plinia peruviana and Plinia cauliflora).

For the fresh and/or processed fruit market, high SS values and SS/TA ratios are the
most desirable and valued characteristics, both in natura and industrial use. In the case
of consumers, they give preference to larger fresh fruits, with an appealing appearance,
sweeter, and less acidic. Therefore, the best way to assess the fruit is through the SS/TA
ratio, as it is more representative than the isolated analysis of SS or TA [6]. Thus, the fruits
of the AC137 access would be the most suitable for presenting a higher SS/TA ratio (6.87).

2.2. Profile of Volatile Compounds

A total of 36 volatile organic compounds (VOCs) were identified by the polyacrylate
fiber (PA) through solid-phase microextraction in the headspace mode (SPME-HS). The
fruits of the different accesses of Myrciaria floribunda contained sesquiterpenes:
30.56% monoterpenes and 69.44% sesquiterpenes (Table 2).

Table 2. Volatile profile of fruits of Myrciaria floribunda, isolated by the polyacrylate fiber and SPME-HS/GC–MS.

No. VOCs CAS
% Area

AC67 AC92 AC112 AC132 AC136 AC137 AC153 AC156 AC160

1 α-pinene 80-56-8 0.59 0.24 0.19 1.09 - 0.54 - 0.08 -
2 Eucalyptus 470-82-6 10.6 0.29 1.26 4.36 4.04 2.45 8.74 6.56 0.7
3 3-carene 13466-78-9 5.0 1.06 0.09 1.09 2.48 1.66 1.69 - -
4 Ocimene 502-99-8 1.17 1.58 0.2 4.76 0.21 0.63 0.74 0.03 0.18
5 α-terpineol 98-55-5 1 0.61 2.69 3.93 4.44 5.66 - - 0.78
6 α-canfolenal 4501-58-0 0.2 0.71 0.11 0.21 0.5 - 0.48 0.37 -
7 Isopulegol acetate 57576-09-7 - 1.44 0.21 1.25 0.18 0.4 2.98 1.25 -
8 γ-terpineol 586-81-2 - 0.29 0.15 0.47 - 0.32 - 0.19 -
9 Acetate fenquila 13851-11-1 - 0.25 0.09 - - 0.56 - - -
10 Borneol 507-70-0 - - - 0.4 - 1.1 - - -
11 Isobornyl format 1200-67-5 5.83 - - - - - - 0.1 -
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Table 2. Cont.

No. VOCs CAS
% Area

AC67 AC92 AC112 AC132 AC136 AC137 AC153 AC156 AC160

Monoterpenes 24.26 6.47 4.99 17.56 11.85 13.32 14.63 8.58 1.66

12 α-muurolene 10208-80-7 21.04 1.19 9.27 1.13 9.72 1.22 1.17 1.46 1.57
13 Cyclosativene 22469-52-9 3.95 9.29 6.78 4.37 0.64 0.96 0.99 0.48 2.51
14 β-guaiene 0.48 0.38 1 2.45 5.15 5.58 2.85 3.1 3.21
15 Caryophyllene 21.59 8.20 25.8 1.77 35.73 0.05 32.88 0.45 48.51
16 α-longipinene 5989-08-2 3.99 4.66 3.78 24.21 3.63 6.2 1.04 1.28 2.42
17 Longifolene 61262-67-7 6.35 3.50 4.58 4.24 0.36 - 0.4 5.18 0.48
18 α-selinene 473-13-2 0.86 11.62 2.39 2.45 1.23 1.4 - - 0.3
19 Zonarene 41929-05-9 2.11 3.38 3.43 8.92 0.37 0.47 4.5 0.51 4.81
20 γ-selinene 515-17-3 - 4.64 11.2 0 16.05 58.18 0.4 63.1 0.63
21 Ledene 21747-46-6 0.4 0.03 4.38 13.21 0.17 7.7 0.52 - 2.44
22 Eudesma-3,7 (11) -diene 6813-21-4 0.15 0.16 0.07 0.3 0.16 0.62 2.27 8.14 0.14
23 α-gurjunene 489-40-7 6.6 4.05 4.45 0.3 3.61 0.34 0.16 0.32 0.23
24 Patchoulene 1405-16-9 1.62 32.56 1.87 1.74 3.07 0.48 0.52 0.42 0.92

25 Eremophila-1 (10),
11-diene 10219-75-7 2.6 2.67 4.88 5.85 2.64 - 1.69 0.05 3.94

26 γ-himachalene 53111-25-4 - 0.05 0.34 0.77 0.25 1 4.07 0.32 1.05

27 10s, 11s-himachala-3
(12), 4-diene 60909-28-6 0.2 0.68 0.78 7.6 1.18 0.49 8.89 0.65 6.94

28 Aristolen 88-84-6 0.2 0.23 1.37 - 1.05 0.71 18.22 0.52 16.7
29 γ-cadinene 39029-41-9 0.45 2.27 3.53 - 0.08 0.03 - - -
30 Cadina-3,9-diene 523-47-7 1 1.75 2.88 - 0.83 - 0.18 0.76 -
31 α-cubebene 17699-14-8 0.3 0.03 0.29 - 0.25 - - - -
32 α-ylangene 14912-44-8 - 0.19 0.38 - 0.44 - - - -
33 Guayana-1 (5), 11-diene 3691-12-1 0.11 0.52 0.29 - - 0.05 - 0.03 -
34 δ-elemene 20307-84-0 - 0.04 0.13 - - - - - -
35 Copena 3856-25-5 1.4 0.45 0.48 0.33 - - - - -
36 γ-muurolene 30021-74-0 - - - - - 0.04 - - -

Sesquiterpenes 75.42 92.54 94.35 79.64 86.61 85.52 80.75 86.77 96.8

Total identified 99.68 99.01 99.34 97.2 98.46 98.84 95.38 95.35 98.46

Accesses differentiated by the color characteristic of fruit: orange fruits (AC67, AC92, AC112, AC136, AC137, AC156, and AC157), red fruits
(AC132 and AC153) and purple fruits (AC160). -: undetected compounds.

In oils derived from leaves and flowers of Myrciaria floribunda, monoterpenes have
been reported as the main components, with sesquiterpenes predominating in stem oil [11].
Regarding the lyophilized fruits of the same species, the characterization was different,
as they presented a higher composition of monoterpenes (59.4%) than sesquiterpenes
(40.6%) [24]. By its turn, Kauffmann et al. [25] found oxygenated sesquiterpenes (82.66%)
and sesquiterpene hydrocarbons (11.05%) in the composition of the Myrciaria plinioides
essential oil.

For accesses AC67, AC132, AC92, AC160 and AC137, the main compounds were α-
muurolene (21.04%), α-longipinene (24.21%), patchoulene (32.56%), caryophyllene (48.51%)
and γ-selinene (58.18%), respectively. Similar results were reported by Silva Barbosa
et al. [26] by identifying the chemical composition of the essential oil of the peel of fruits of
Myrciaria floribunda. A total of 26 compounds were identified, most of them belonging to
the sesquiterpenes class—notably γ-cadinene (15.69%), γ- muurolene (6.21%), α-selinene
(6.11%), α-muurolene (6.11%), caryophyllene (5.54%) and α-copaene (5.02), as they were
the major compounds.

Comparing the results of the present study with those reported in fruits of the same
genus (Myrciaria), there was similarity in the presence of several compounds, such as
γ-muurolene, δ-elemene, α-cubebene, γ-cadinene, α-selinene, α -muurolene, aristolene,
α-terpineol, eucalyptol, ocimene, and α-pinene, reported by Freitas et al. [27] and Rondán
Sanabria et al. [28] in fruits of jabuticaba (Myrciaria jabuticaba).
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In camu-camu fruits (Myrciaria dubia), the compound caryophyllene was identified,
and presented greater abundance in the present study [18]. In the essential oil of Eugenia
involucrata (Myrtaceae) leaves, the compounds δ-elemene, α-cubebene, γ-cadinene, α-
gurjunene, and caryophyllene were reported [29].

The caryophyllene is a natural sesquiterpene found in the essential oils of various
spices, fruits, and medicinal and ornamental plants [30], such as cloves (Syzygium aro-
maticum), belonging to the Myrtaceae family [31]. The caryophyllene and its derivatives
have numerous properties—natural insecticide, acaricide, repellent, attractive and anti-
fungal properties [32], anti-inflammatory, antitumor, antibacterial, antioxidant and spas-
molytic [33].

In addition, the Food and Drug Administration (FDA) and the European Food Safety
Authority (EFSA) have approved the use of caryophyllene in food products as a food
additive, flavor enhancer, and a flavoring agent; and in the perfumery sector, as fragrance
or fixative plants [30,31].

Figure 1 shows chromatograms with the largest number of compounds, differen-
tiated by their color of orange (AC112), red (AC132) and purple (AC160), with ten of
the compounds similar among them (eucalyptol, ocimene, α-muurolene, cyclosativene,
α-longipinene, zonarene, eudesma-3,7(11)-diene, α-gurjunene, patchoulene and 10s, 11s-
himachala-3 (12), 4 -diene).
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Overall, the orange and red fruits did not have substantial differences when it comes
to the number of compounds detected, as both had monoterpenes and sesquiterpenes in
their composition. However, the purple-colored fruits showed a higher composition of
sesquiterpenes than monoterpenes, notably eucalyptol.

The 1,8-cineol or eucalyptol is a monoterpene with a high therapeutic index with
antihypertensive, antiasthmatic, and analgesic effects, which makes it a potent drug candi-
date [34]. It has biological activities such as antibacterial, antifungal, anti-inflammatory,
and anti-tumor [35]. In addition, it is used in the treatment of cough, rheumatism, neurosis,
muscle pain, asthma, kidney stones, and in cosmetic products.
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Currently, there are no previous reports on the volatile composition of rumberry fruits.
However, it is known that the Myrtaceae family commonly presents the group of sesquiter-
penes as the most prevalent chemical class, and to a lesser extent, the monoterpenes [29,36]—
the latter with the fungicidal and attractive function of pollinators in plants [6]. The
sesquiterpenes, in turn, have shown therapeutic potential with anti-inflammatory activity
in the essential oils of several plant species. Furthermore, high levels of sesquiterpenes have
antioxidant properties and a wide variety of biological and pharmaceutical activities [37].

The accesses of rumberry were differentiated into three groups—AC67, AC112, AC136,
AC153, and AC160 (Group 1); AC92 and AC132 (Group 2); and AC137 and AC156 (Group
3) (Figure 2).
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volatile profile of fruits of Myrciaria floribunda: (a) groups formed with variability of 80.70% of areas; (b) groups formed with
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Group 1 (Figure 2a,b) was mainly characterized by the presence of caryophyllene
(21.6% to 49.3%). However, it can be subdivided by the accesses AC112 and AC136, due to
the similarity between the compounds α-muurolene (9.3% to 21.1) and γ-selinene (11.3% to
16.3), as seen in accesses AC153 and AC160, grouped by the compounds aristolene (17.0%
to 19.1%) and 10s, 11s-himachala-3 (12), 4-diene (7.0% to 9.3%).

Group 2 behaved differently. In Figure 2b, the interaction between main component
1 (PC1) and main component 3 (PC3) is shown. This interaction was responsible for the
separation of the group by the compounds patchoulene (32.9%) and α-longipinene (24.9%)
(Figure 3), as these compounds had the highest percentage of VOCs area identified for such
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accesses (Table 2). This distinction between components may occur because they are fruits
of a different color.
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Figure 3. PCA loadings plot obtained from the monoterpenes and sesquiterpenes results of the
volatile profile of fruits of Myrciaria floribunda.

Chalannavar et al. [38], when investigating the composition of the essential oil of
Psidium cattleianum var. lucidum (Myrtaceae), reported patchoulene among the most
predominant constituents. While Noudogbessi et al. [39] mentioned the presence of α-
longipinene in the composition of the essential oil of dry leaves of Syzygium guineense. Li,
Xuan and Shou [40] highlighted the therapeutic potential of α-longipinene against anxiety.

As for group 3, this includes the presence of the sesquiterpene γ-selinene, a compound
with the highest percentage of area among the accesses (Table 2), which was similar to the
subgroup composed of the accesses AC112 and AC136, as they are fruits of the same color.

Figure 3 shows the PCA loadings graph for the first three principal components. It
is observed that the detailed analysis of the loadings showed in its greatest composition
the class of sesquiterpenes. On the positive side of the axis of main component 1, the
compounds ledene, γ-selinene, γ-muurolene, and γ-hymachalene stood out. In contrast,
on the negative side of the axis were the following compounds: α-longipinene, 10s, 11s-
himachala 3 (12), 4-diene, zonarene, eremophila-1 (10), 11-diene, aristolene, α-gurjunene,
cyclosativene, α-selinene, cadina-3,9-diene, caryophyllene, and patchoulene.

It should be noted that four of the compounds present in the loadings were located
at the ends of quadrant I (γ-selinene), quadrant III (α-longipinene), and quadrant VI
(caryophyllene and patchoulene), due to the higher values percentage of total areas, con-
sidered as the most important compounds of the volatile profile of rumberry fruits.

The groups formed in the PCA (Figure 2) were confirmed with the application of the
Hierarchical Cluster Analysis (HCA), considering Euclidean distances, which generated
the dendrogram shown in Figure 4. The dendrogram of the Hierarchical Cluster Analysis
(HCA) is presented, which grouped the rumberry accesses into three main groups with a
distance = 50.
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Figure 4. Dendrogram of the Hierarchical Cluster Analysis (HCA) of the different rumberry accesses,
regarding the profile of volatile compounds.

The first group was formed by the purple (AC160), the red (AC153), and the three
orange accesses (AC67, AC112, and AC136) due to the high percentages of the area obtained
for the caryophyllene. The second group was formed by the accesses AC92 (orange fruits)
and AC132 (red fruits). However, they were isolated in the graph of scores due to their
different profiles. The third group was formed by the accesses AC137 and AC156 (orange
fruits) grouped mainly by the compound γ-selinene, which had percentage total areas of
58.9% and 66.2%, respectively.

Assessing these groups, only two (caryophyllene and γ-selinene) of the identified
VOCs stood out as the main compounds responsible for the volatile profile of rumberry
fruits regardless of their color, as both compounds predominated in all accesses except
AC67, which did not show the presence of γ-selinene. Despite this, no reports were
found on the volatile profile of Myrciaria floribunda fruits, so this is believed to be the first
description of their chemical composition, so the compounds mentioned above are the first
record of the species.

3. Materials and Methods
3.1. Material

Fruits of nine accesses of rumberry orchards identified by the codes AC67, AC92,
AC112, AC132, AC136, AC137, AC153, AC156, and AC160 were acquired from the Cambuí
Active Germplasm Bank (BAG–Cambuí), located in the municipality of Rio Largo (lati-
tude 09◦28′42” S, longitude 35◦51′12” W, altitude of 127 m), belonging to the Center of
Agricultural Sciences, of the Federal University of Alagoas (CECA-UFAL). The accesses
were differentiated by the color characteristics of the fruit: orange fruits (AC67, AC92,
AC112, AC136, AC137, AC156, and AC157), red fruits (AC132 and AC153), and purple
fruits (AC160).

Approximately 350 g of fruits were collected per access, bagged in polyethylene bags,
labeled, and packed in thermally insulated boxes with ice while being transported to
the Plant Biotechnology Laboratory (BIOVEG)/CECA-UFAL. The fruits were washed in
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running water and sanitized with 20 mL of 1% sodium hypochlorite for 5 min. Then, a
second rinse was carried out under running water for 2 min to remove chlorine residues.

Subsequently, the fruits were manually pulped, discarding only the seed and, with
the help of a mixer, the pulp and the peel were homogenized. The homogenate was placed
in 50 mL Falcon flasks, kept in the freezer at −60 ◦C until they were transported to the
Mass Spectrometry Laboratory of the Department of Chemistry at the Federal University
of Minas Gerais (UFMG), Belo Horizonte-MG.

3.2. Methods
3.2.1. Physical and Physicochemical Characterization

In order to determine the physical characteristics, 128 fruits were separated by access.
These fruits were individually evaluated using the weight of the fruit (FW) and the weight
of the seed (SW), utilizing an analytical balance. Longitudinal diameter (LD) and transverse
diameter (TD) were measured using a digital caliper. The pulp weight (PW) was obtained
by the difference between the weight of the fruit and the seed. The number of seeds per
fruit (NS) was determined by manual counting and the firmness obtained through a digital
penetrometer with a 3.0 mm diameter tip, expressed in Newton (N).

For the physicochemical analysis, the samples (32 fruits) were crushed and homoge-
nized with the aid of a mortar. The analyses were carried out in four replicates according to
the “Analytical Norms of the Aldo Lutz Institute” [41]. The pH was obtained directly from
a digital pH meter, duly calibrated with buffer solutions 4.0 and 7.0. Soluble solids (SS)
were quantified in a digital refractometer, expressed in Brix, according to method 932.12 of
the “Association of Official Analytical Chemists-AOAC” [42]. The titratable acidity (AT)
was quantified by titrimetry; approximately 2.0 g of the pulp, diluted in 50 mL of distilled
water with three drops of phenolphthalein, was titrated with a 0.1 N NaOH solution. The
results were expressed in citric acid g/100 mL (%) [41]. The ratio (SS/AT) was calculated
by the quotient between the values of soluble solids and titratable acidity.

3.2.2. Isolation of Volatile Organic Compounds (VOCs)

The solid-phase microextraction (SPME) technique was used in the headspace (HS)
mode with a polyacrylate polar fiber (PA 85 µm, supelco). According to the manufacturer’s
instructions, the fiber was first conditioned in a gas chromatograph (Trace GC Ultra) with a
temperature range of 220–300 ◦C, for 60 min.

Headspace bottles (20 mL), sealed with aluminum seal and rubber septum containing
0.5 g of sample were used. Subsequently, the vials were placed onto an aluminum block
and heated to 85 ◦C over 5 min. After that, the fiber was exposed to the sample for 26 min in
the headspace. Then, the fiber (PA) was removed from the sample, and manually inserted
into the GC–MS injector.

3.2.3. Separation and Identification of Volatile Compounds (VOCs)

For the separation of VOCs, the gas chromatograph (Trace GC Ultra) was coupled
to a mass spectrometer (Polaris Q) with an “ion-trap” analyzer (Thermo Scientific, San
Jose, CA, USA.). A capillary column HP-5 MS (5% phenyl and 95% methylpolysiloxane),
(30 m × 0.25 mm × 0.25 µm) was used for the separation. Helium was used as carrier gas
with a constant flow of 1 mL/minutes (Agilent Techonolgies Inc, Waldbronn, Germany).
The injector temperature was 250 ◦C in the splitless mode, time 5 min; the temperature of
the ion source was 200 ◦C and the temperature of the interface temperature was 270 ◦C.
For this, the following oven programming was used, starting at 40 ◦C for 5 min, with
an increase of 5 ◦C/min until reaching 125 ◦C. Then, rising to 10 ◦C/min until reaching
245 ◦C, maintaining the isotherm for 3 min [43–45].

The chromatograms were extracted from the Xcalibur 1.4 software from Thermo
Electron Corporation (San Jose, CA, USA.) [46]. The detection of the compounds was
performed by electron impact ionization at 70 eV, in the full scan mode, identified according
to their m/z ratio of 50 to 300, at a similarity level (RSI) greater than 500 [45,46]. The mass
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spectra were compared with the reference compounds from the NIST library (National
Institute of Standards and Technology) and the data reported in the literature. For this, the
percentages of the areas the VOCs obtained were analyzed by Excel version 2013 (Microsoft,
Redmond, WA, USA) [47].

3.2.4. Statistics

For the physical and physical-chemical characterization of the samples, an experimen-
tal design was used entirely randomized (DIC), with four replicates of thirty-two fruits for
each access, totaling 128 fruits per access. The data obtained were submitted to variance
analysis and the means were compared by the Scott–Knott test, at 5% probability, using the
Sisvar software, version 5.7.

The Principal Component Multivariate Analysis (PCA) and Hierarchical Cluster Anal-
ysis (HCA) were performed to verify the possible correlation between rumberry accesses
and the identified VOCs. In this regard, the percentages of the total areas of the chromato-
graphic peaks of the isolated VOCs were considered as variables, which were analyzed
by the MatLab program version 7.9.0.529 (Mathworks, Natick, MA, USA) [48] with the
aid of the PLS Toolbox version 5.2.2 (Eigenvectors Research, Manson, WA, USA) [49]. The
data obtained were organized in a matrix composed of 9 columns (accesses) and 36 rows
(VOCs), which were pre-processed by self-scaling so that each variable contributed with
the same weight in the analysis. In the case of HCA, Euclidean distance was used as a
dissimilarity coefficient.

4. Conclusions

In view of the values obtained in this work, it is concluded that the fruits of rumberry
(Myrciaria floribunda) were characterized by being acidic, explained by the low pH levels.
Among the evaluated accesses, the red fruits (AC132) stood out for presenting the highest
weights and dimensions. However, the orange-colored fruits had the highest pulp yields
(AC156), soluble solids (AC92), the ratio of soluble solids/titratable acidity (AC137). The
purple fruits (AC160) showed greater firmness and low levels of titratable acidity.

As for the volatile profile, 36 compounds were identified, standing out from the
sesquiterpenes class. The accesses AC67, AC132, AC92, AC160, and AC137 showed the
highest percentages of areas corresponding to the following compounds: α-muurolene,
α-longipinene, patchoulene, caryophyllene, and γ-selinene.

According to the PCA and HCA, there was chemical variability between the different
accesses of Myrciaria floribunda, which was verified by the three groups formed. The
compounds caryophyllene and γ-selinene stood out among the identified VOCs. Said
compounds mainly contribute to the volatile profile of the fruits. The identification of new
VOCs enables the choice and elaboration of quality products for both the industry and the
consumer, thus reducing costs and bringing greater benefits, due to the demand for finding
differentiated products in the market. Therefore, knowledge of the chemical composition
of rumberry fruits can contribute to the expansion of chemotaxonomic studies of this genus
species, as well as to the selection of new varieties.
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Abstract: Eugenia klotzschiana O. Berg is a native species to the Cerrado biome with significant
nutritional value. However, its volatile organic compounds (VOCs) chemical profile is not reported in
the scientific literature. VOCs are low molecular weight chemical compounds capable of conferring
aroma to fruit, constituting quality markers, and participating in the maintenance and preservation
of fruit species. This work studied and determined the best conditions for extraction and analysis of
VOCs from the pulp of Eugenia klotzschiana O. Berg fruit and identified and characterized its aroma.
Headspace solid-phase microextraction (HS-SPME) was employed using different fiber sorbents:
DVB/CAR/PDMS, PDMS/DVB, and PA. Gas chromatography and mass spectrometry (GC-MS) were
employed to separate, detect, and identify VOCs. Variables of time and temperature of extraction
and sample weight distinctly influenced the extraction of volatiles for each fiber. PDMS/DVB was
the most efficient, followed by PA and CAR/PDMS/DVB. Thirty-eight compounds that comprise the
aroma were identified among sesquiterpenes (56.4%) and monoterpenes (30.8%), such as α-fenchene,
guaiol, globulol, α-muurolene, γ-himachalene, α-pinene, γ-elemene, and patchoulene.

Keywords: Myrtaceae; headspace solid-phase microextraction; Cerrado; aroma; volatile organic
compounds

1. Introduction

Cerrado is an ecosystem that concentrates one of the greatest biodiversities on the
planet, occupying about 22% of the Brazilian territory and typified by a variety of plant
species such as herbs, sub-shrubs, shrubs, trees, and vines, which together add up to
more than 6000 identified species [1]. It is formed by different ecoregions due to its great
latitudinal and longitudinal variation, comprising open pastures, savanna woods, forests,
and perennial riparian forests [2]. Fruit trees stand out mainly due to their economic
potential and the high nutrient content that they present in their compositions, in addition
to the distinct flavor and aroma characteristics of their fruits [3].

Cerrado fruits such as araticum [4], grumixama [5,6], acerola [7], cagaita [8], murici [9,10],
and pequi [11,12] have stood out commercially due to their unique nutritional properties,
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flavors, and aromas. The expansion of cultivation and advances in research on these fruits
have fostered the development of new products for the food industry, providing income
generation to communities of small producers and fruit collectors in the Cerrado [13–15].

Eugenia klotzschiana O. Berg belongs to the Myrtaceae family and has important nu-
tritional value, including the content of polyphenolic compounds (566.3 mg Gallic Acid
Equivalent 100 g−1) and flavonoids (550.0 mg Quercetin Equivalent/100 g), in addition
to a considerable content of ascorbic acid (8.66 mg 100 g−1 fresh weight) and dietary
fiber (6.45 g 100 g−1) [16,17]. The present study represents an advance in optimizing ex-
traction conditions of volatile compounds from the fruits of Eugenia klotzschiana by the
solid-phase microextraction (SPME) method. It is the first time that the influence of the
fibers PA, DVB/CAR/PDMS, and PDMS/DVB, as well as temperature, time, and agitation
employed in the extraction of VOCs present in these fruits were evaluated. In a previous
study, one experimental condition used PDMS/DVB SPME fiber, allowing isolation of only
11 compounds [18].

Volatile compounds constitute the aroma of fruits, which is understood as the process
of releasing low molecular weight compounds that impart odors and are captured by
the human sensory system through olfaction [19]. It is noteworthy that the fruit aroma
associated with the characteristics of color, texture, and size is fundamental in the perception
and subsequent predilection of the consumer to a particular food. Furthermore, volatile
compounds can be used to differentiate varieties of the same plant species [9], as important
chemical signals in the cultivation and maintenance of the species in nature [20], and also
allow the characterization of the fruit maturation stages and its quality as a whole [21].

Analysis of volatile compounds covers the process of extraction or recovery, des-
orption, separation, detection, and identification. Several extraction methods have been
developed. Currently, headspace (HS) solid-phase microextraction (SPME) (HS-SPME) is
used for the analysis of samples with complex matrices, such as food, due to the excellent
results obtained and no employment of organic solvents or destruction of the analyzed
sample. In addition to its repeatability and possibility to adjust the conditions and types of
fibers used. Fibers available on the market vary in the type of coating and the thickness.
Coatings represent the phase that establishes affinity for the analytes in the HS-SPME
system, allowing their extraction, such as divinylbenzene/carboxen/polydimethylsiloxane
(DVB/CAR/PDMS), polydimethylsiloxane/divinylbenzene (PDMS/DVB), and polyacry-
late (PA). Desorption, separation, and detection steps can be performed using gas chro-
matography coupled with mass spectrometry (GC-MS) or high-performance liquid chro-
matography (HPLC) [9,22–24].

Therefore, the objective of this work was to study the optimal conditions for extraction,
detection, and determination of volatiles from the pulp of Eugenia klotzschiana O. Berg fruits,
as well as to define the best SPME fiber and discriminate the volatile chemical constituents
employing HS-SPME and GC-MS.

2. Results and Discussion

Major components of the aroma found in the pulp of Eugenia klotzschiana are sesquiter-
penes (55.3%) and monoterpenes (31.6%). Esters, amines, and other compounds are present
in smaller amounts (13.2%) (Figure 1). It is noteworthy that the volatile chemical compo-
sition is characteristic of each fruit due to the characteristics of the food matrix and the
influence of external factors, such as environmental and cultivation conditions, to which
the plant species was exposed [25].

In acerola, for example, volatiles are mainly made up of esters and alcohols [7], whereas
for cambuí, sesquiterpenes correspond to 71% of the identified volatiles [9]. A study with
cagaita (Eugenia dysenterica) showed monoterpenes representing 34.6% of the volatile
profile and esters, 36.3% [26]. In contrast, grumixama (Eugenia brasiliensis) comprised
94.7% sesquiterpenes and 5.3% monoterpenes [5].
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Figure 1. Peaks detected by GC-MS represent volatile compounds extracted by the PDMS/DVB fiber.

Thirty-eight volatile compounds were identified by employing three extraction fibers.
Table A1 (Appendix A) shows the breakdown of volatile chemical constituents detected in
the fruit pulp. The arranged columns represent identified compounds and the respective
type(s) of fiber(s) that extracted them. The letter “X” marks the fiber that extracted the
compound for identification purposes.

What is sensorially perceived as the aroma is the set of synergistic effects of volatile
compounds present in fruits. The composition of the compounds becomes specific to each
species [10,26]. However, it is possible to identify similar compounds in E. klotzschiana and
cambuí, which have eight common volatiles in the aromatic profile: α-fenchene, guaiol,
globulol, α-muurolene, γ-himachalene, α-pinene, γ-elemene, and patchoulene [27].

α-Pinene confers a characteristic odor of pine [28], also characteristic of the presence of
camphene, which emits a woody and citrusy odor [29]. Myrtenol contributes to the odor of
flowers and mint, while isogeraniol contributes to flowers and jasmine [30]. Linalyl acetate
is responsible for the fruit and lavender notes, softening the fennel and lavanduol, the green
lavender aroma [31]. α-Humulene is present in high amounts in hops (Humulus lupulus),
which is used in beer production due to its flavoring potential. It provides a characteristic
aroma to the beverage and other compounds and woody notes [29]. It is noteworthy that
E. klotzschiana is consumed by the regional population in juices and is known as cervejinha
do campo, “field beer”, due to the characteristic aroma of the fruit. Finally, guaiene and
benzyl acetate contribute to the perception of wood and balsamic, apple, floral, and fruity
notes, respectively [32].

Figure 2 shows the percentage of the area of volatiles extracted from the chromatograms
using each SPME fiber. The largest volatile areas were detected in the chromatograms of
the tests performed with PDMS/DVB fiber, followed by PA fiber and with the smallest area,
DVB/CAR/PDMS fiber, corresponding to 73.4%, 15.9% and 10.7% of the entire identified
area, respectively.

A possible interpretation of the fibers’ behavior due to the volatiles present in the pulp
of E. klotzschiana is the affinity of the type of coating of each fiber for specific analytes since
the aromatic profile of E. klotzschiana is mainly composed of sesquiterpenes (56.41%), which
are compounds characterized by medium polarity. The PDMS/DVB coating is semipolar,
making it chemically more susceptible to adsorb substances with similar polarity [10]. While
esters, which have higher polarity, represent less than 13.60% of the volatiles, corroborating
the values of the area extracted by the fiber with the polyacrylate coating.
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Figure 2. Percentage of peak areas of volatile chemical compounds extracted by SPME-HS using
different types of coating.

The DVB/CAR/PDMS fiber had the smallest area extracted from volatiles. However,
five compounds were only isolated in assays carried out with this coating: cadina-3,9-diene,
(±)-α-pinene, γ-himachalene, (±)-camphene, and sabinene hydrate trans acetate.

2.1. Evaluation of the Effect of Independent Variables on the Extraction of VOCs
2.1.1. Extraction Temperature

Temperature is one of the main factors influencing the yield of volatile compounds’
extraction, especially in plant matrices [7,9,26]. This condition is due to its ability to max-
imize or reduce the extracted volatiles due to the potential degradation of analytes that
exacerbated temperature values can trigger [33]. For the levels used in this study, the
temperature significantly affected the experiment performed with DVB/CAR/PDMS and
PDMS/DVB fibers.

As for DVB/CAR/PDMS fibers, the temperature was the only variable that exerted
a significant effect, maximizing the area of extracted volatiles (Figure 3). It was observed
that the largest extraction areas were obtained at temperatures from 80 ◦C. Related to the
region with the most significant area, the use of larger amounts of pulp is noted, indicating
that, in order to obtain significant values for the volatile area, it is necessary to use high
temperatures and a larger quantity of pulp. A possible explanation is the lower affinity
of the compounds with the fiber coating, making it demand high values of the system
variables to obtain a better response [22].

Observing the graph of the response surface of the PDMS/DVB fiber (Figure 3), which
depicts the behavior of temperature in the extraction of volatiles, it appears that temperature
had a positive effect on the area of extracted volatiles. Thus, the response was maximized in
the presence of heat, especially from 50 to 107 ◦C, where the region of the response surface
was identified with a larger area. However, temperatures higher than 107 ◦C reduced the
volatile area, indicating that although it is effective and important for the HS-SPME system
in the analyzed sample, exacerbating values can negatively affect volatile extraction. A
possible explanation for this is the occurrence of degradation of volatiles due to the use of
high temperatures [33], which in the studied system was temperatures higher than 107 ◦C.
From 50 ◦C, a positive effect on the extraction yield is already observed, indicating that
applying high temperatures is unnecessary.
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Figure 3. Effects of time and temperature of extraction and quantity of pulp variables on the
extraction of volatiles using different fiber coatings for HS-SPME: (a) PDMS/DVB, (b) PA, and
(c) CAR/PDMS/DVB.

In assays carried out with PA fibers, the temperature conditions had no significant
effect on the extraction of volatiles. The lowest temperature values were enough to release
analytes from the plant matrix and their adsorption by compatibility with the polyacrylate
coating from the headspace. This reinforces that it is not necessary to use high-temperature
values to maximize the yield of volatile extraction from E. klotzschiana in the studied
systems.

2.1.2. Extraction Time

Extraction time is an essential parameter for the effective use of the HS-SPME tech-
nique. It must be sufficient to release the analytes from the analyzed matrix until they
settle in equilibrium in the headspace vial and are adsorbed or absorbed by the fiber
coating [23,33,34]. In the experiments carried out, ranging from 10 to 30 min, the time did
not significantly affect the volatile extraction yield for the studied fibers.

Observing the DVB/CAR/PDMS fiber response surface graph (Figure 4), it is possible
to confirm no influence of weather conditions on the extracted volatile area. The most
significant areas were obtained from 24 min of fiber exposure. It was observed that there
was no increase in the efficiency of extracting volatile compounds from the sample, even in
tests with more extended time values at a constant sample quantity.
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On the other hand, the volatile areas extracted by PDMS/DVB were greater when
using time values greater than 20 min, even when associated with a smaller amount of
sample, and intrinsically, a lower concentration of VOCs. In regions with sample amounts
greater than 2.0 g, it is also possible to obtain higher extraction yields. However, they were
not superior to those obtained with 0.5 g of E. klotzschiana pulp at a time longer than 20 min.
The optimal extraction time calculated by the model was 19.71 min, confirming what was
demonstrated by the response surface.

Figure 4. Three-dimensional response surface (RSM) graphs of the variables time and temperature
of extraction and amount of pulp in the extraction of volatiles using different fiber coatings for
HS-SPME: (a) DVB/CAR/PDMS extraction temperature vs. sample weight, (b) DVB/CAR/PDMS
extraction time vs. sample weight, (c) PDMS/DVB extraction time vs. sample weight, (d) PDMS/DVB
extraction temperature vs. sample weight, (e) PA extraction temperature vs. sample weight, and
(f) PA extraction time vs. sample weight.
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As for the PA fiber, it was observed that the highest extraction yield values were
detected in a time greater than 20 min. However, similar values were not observed when
larger amounts of sample were used, as occurred in the PDMS/DVB fiber. A possible
explanation is that the fiber sorbent reached its maximum adsorption capacity of the
analytes to which it was exposed [35].

2.1.3. Sample Weight

Sample weight in the experiments ranged from 0.5 to 2.0 g of E. klotzschiana pulp. The
volume contained in the headspace flask must be sufficient for the isolation of volatiles and
their adsorption and/or absorption by the sorbent to occur [9].

It was found that sample weight did not influence volatile extraction yield when using
DVB/CAR/PDMS and PDMS/DVB fibers. However, it is noteworthy that, due to the
larger sample volume, it was possible to detect an increase in yield in PDMS/DVB assays
that used more than 2.0 g of pulp with extraction times shorter than 16 min. This result
portrays that a greater quantity of analytes were eluted into the vapor phase (headspace)
due to the more significant amount of pulp, and the fiber could adsorb this greater fraction,
maximizing the extracted area.

When analyzing results with DVB/CAR/PDMS fibers, the most considerable areas
were obtained only from 1.4 g of pulp, regardless of the temperature or time employed.

As for PA fibers, the variation in pulp amount positively affected the yield of extraction
of volatiles, increasing the area extracted when the amount of pulp was more significant
than 2.0 g. However, it is essential to emphasize that 0.5 g was enough to obtain the same
volatile areas. What happens when using 2.0 g of pulp or more is the greater accumulation
of analytes in the headspace due to the more significant amount of substrate, so that the
content was able to be absorbed by the polyacrylate sorbent, for the volatiles present in the
pulp of E. klotzschiana at the levels and parameters studied [34].

3. Materials and Methods
3.1. Sample Acquisition

Fruit samples of Eugenia klotzschiana O. Berg were obtained through a donation from
trees located in the region of Turmalina, State of Minas Gerais, Brazil (Lat-17.287410, Long-
42.718210). Fully ripened fruits (greenish-yellow skin color) were collected directly from
trees from January to February 2019, amounting to about 3 kg.

After collection, the fruits were washed under running water to remove impurities
and sanitized with a chlorinated solution (200 ppm) for 15 min, followed by rinsing in
running water. The fruits were then fully packed in polyethylene bags and stored at a
temperature of −18 ◦C until analysis. Samples were transported in a secondary package
containing ice to the Mass Spectrometry Laboratory of the Department of Chemistry at the
Federal University of Minas Gerais (UFMG), Belo Horizonte, Minas Gerais, Brazil.

Analyses were performed using the fruit pulp, obtained by manual pulp removal,
followed by homogenization with a mixer (Mixer Mondial Versatile Black M-08).

3.2. Experimental Design

The central composite design was used with five repetitions at the central point and
six axial points, with three independent variables: extraction time (minutes), extraction
temperature (Celsius), and sample weight (grams), with two levels each, namely: for
extraction time a minimum level of 10 min, a maximum of 30 min, and a center point of
20 min, for extraction temperature a minimum of 30 ◦C, a maximum of 120 ◦C, and a center
point of 75 ◦C, and for sample weight a minimum of 0.5 g, a maximum of 2.0 g, and a center
point of 1.25 g.

Three types of fibers were used, DVB/CAR/PDMS (50/30 µm), PDMS/DVB (65 µm),
and PA (85 µm) (Sigma-Aldrich, St. Louis, MO, USA) [24]; thus, three experiments were
performed with nineteen repetitions each.
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Peaks included were those with a relative abundance greater than 2% of the total area
of the chromatogram. The total relative area (%) of the peaks: the sum of the percentage
abundance of the area of valid peaks obtained in the chromatograms, was determined as the
dependent variable using Microsoft Office Excel® 2010. Results were analyzed according
to the area extracted by each fiber and the behavior of the independent variables through
the response surface methodology using Statisticv.10 (Stat-Soft Inc., Tulsa, OK, USA).

3.3. Headspace Solid-Phase Microextraction (HS-SPME)

Eugenia klotzschiana O. Berg pulp was transferred to identified glass vials. Pulp amount
was weighed according to the experimental planning, and the flasks were sealed with an
aluminum seal and septum rubber [7,10].

Subsequently, the vials containing the pulp were subjected to time, temperature, fiber
type, and extraction conditions. For this purpose, a system was structured containing a
heating plate, an aluminum block to contain the vials with the sample, and an iron support
with a clamp to ensure the proper positioning of the SPME device containing the fiber
when exposed. After extraction, the fiber was retracted and taken to the chromatograph
(GC-MS) for desorption of the compound [9,23,34,36].

3.4. Gas Chromatography Coupled with Mass Spectrometry Analysis and Identification of Volatile
Compounds

Volatile compounds were analyzed using a gas chromatograph (Trace CG Ultra) cou-
pled to the mass spectrometer (Polaris Q) with an ion-trap analyzer (Thermo Scientific,
San Jose, CA, USA). Compounds were separated using a capillary column HP−5 MS
(5% phenyl and 95% methylpolysiloxane) of 30 m long, 0.25 mm internal diameter, 0.25 µm
film thickness, and helium gas with a constant flow rate of 1 mL min−1 (Agilent Techonol-
gies Inc., Waldbronn, Germany). The injector (splitless mode) was maintained for 5 min at
a temperature of 250 ◦C, the ion source at 200 ◦C, and the interface at 270 ◦C. The oven was
programmed at 40 ◦C for 1 min, followed by an increase in temperature at a rate of 12 ◦C
min−1 until it reached 120 ◦C, maintaining it for 2 min. Then, at 15 ◦C min−1 to 150 ◦C and
finally, at 20 ◦C min−1 to 245 ◦C, maintaining for 2 min.

The identification of volatile compounds was carried out using the National Institute
of Standards and Technology Research Library (NIST). This identification was also based
on articles that determined volatile compounds in Eugenia klotzschiana O. Berg. The total
peak area was obtained in Xcalibur1.4 from Thermo Electron Corporation (Thermo Electron,
San Jose, CA, USA) and analyzed in Microsoft Office Excel 2010®.

4. Conclusions

The profile of volatile compounds from the pulp of Eugenia klotzschiana O. Berg is
varied and complex, containing 38 volatiles constituted by 55.3% of sesquiterpenes and
31.6% of monoterpenes. The PDMS/DVB fiber allowed the identification of 23 volatiles,
the PA fiber 17, and the DVB/CAR/PDMS fiber only 8. Variables of time, temperature,
and weight of the sample behaved differently for the three fibers studied. However,
the HS-SPME method proved to be effective in extracting volatile compounds present
in the pulp of Eugenia klotzschiana O. Berg, with the best performance occurring when
using the PDMS/DVB fiber, under conditions of 56 ◦C, 2.6 g of pulp, and 20 min of
extraction. Consequently, this study presented new information about a fruit species of
great importance in the Cerrado.
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Yuri G. Figueiredo 1 , Eduardo A. Corrêa 2,3 , Afonso H. de Oliveira Junior 1 , Ana C. d. C. Mazzinghy 1,
Henrique d. O. P. Mendonça 1, Yan J. G. Lobo 2, Yesenia M. García 1, Marcelo A. d. S. Gouvêia 4,
Ana C. C. F. F. de Paula 4, Rodinei Augusti 5 , Luisa D. C. B. Reina 6 , Carlos H. da Silveira 7 ,
Leonardo H. F. de Lima 1 and Júlio O. F. Melo 1,*

1 Departamento de Ciências Exatas e Biológicas, Campus Sete Lagoas, Universidade Federal de São João
Del-Rei, Sete Lagoas 35700-000, MG, Brazil; yuri.gfigueiredo@hotmail.com (Y.G.F.);
afonsohoj@gmail.com (A.H.d.O.J.); anamazzinghy@yahoo.com.br (A.C.d.C.M.);
hp.quimico@hotmail.com (H.d.O.P.M.); jenny_thesiba@hotmail.com (Y.M.G.);
leofrancalima@ufsj.edu.br (L.H.F.d.L.)

2 Campus Dona Lindu, Universidade Federal de São João Del-Rei, Divinópolis 35501-296, MG, Brazil;
eduardo@epamig.br (E.A.C.); yanjeronimo88@gmail.com (Y.J.G.L.)

3 Empresa de Pesquisa Agropecuária de Minas Gerais, Unidade EPAMIG ITAC, Pitangui 35650-000, MG, Brazil
4 Departamento de Ciências Agrárias, Instituto Federal de Educação, Ciência e Tecnologia de Minas Gerais,

Campus Bambuí, Bambuí 38900-000, MG, Brazil; marcelogouveiatc@gmail.com (M.A.d.S.G.);
ana.paula@ifmg.edu.br (A.C.C.F.F.d.P.)

5 Departamento de Química, Campus Pampulha, Universidade Federal de Minas Gerais,
Belo Horizonte 35702-031, MG, Brazil; augusti.rodinei@gmail.com

6 Instituto de Ciências Naturais, Humanas e Sociais, Universidade Federal de Minas Gerais,
Belo Horizonte 35702-031, MG, Brazil; luisabarrett@gmail.com

7 Instituto de Ciências Tecnológicas, Campus Itabira, Universidade Federal de Itajubá,
Itabira 35903-087, MG, Brazil; carlos.silveira@gmail.com

* Correspondence: onesiomelo@gmail.com

Abstract: Myracrodruon urundeuva Fr. Allem. (Anacardiaceae) is a tree popularly known as the
“aroeira-do-sertão”, native to the caatinga and cerrado biomes, with a natural dispersion ranging
from the Northeast, Midwest, to Southeast Brazil. Its wood is highly valued and overexploited, due to
its characteristics such as durability and resistance to decaying. The diversity of chemical constituents
in aroeira seed has shown biological properties against microorganisms and helminths. As such,
this work aimed to identify the profile of volatile compounds present in aroeira seeds. Headspace
solid phase microextraction was employed (HS-SPME) using semi-polar polydimethylsiloxane-
divinylbenzene fiber (PDMS/DVB) for the extraction of VOCs. 22 volatile organic compounds were
identified: nine monoterpenes and eight sesquiterpenes, in addition to six compounds belonging
to different chemical classes such as fatty acids, terpenoids, salicylates and others. Those that
stood out were p-mentha-1,4, 4(8)-diene, 3-carene (found in all samples), caryophyllene and cis-
geranylacetone. A virtual docking analysis suggested that around 65% of the VOCs molar content
from the aroeiras seeds present moderate a strong ability to bind to cyclooxygenase I (COX-I) active
site, oxide nitric synthase (iNOS) active site (iNOSas) or to iNOS cofactor site (iNOScs), corroborating
an anti-inflamatory potential. A pharmacophoric descriptor analysis allowed to infer the more
determinant characteristics of these compounds’ conferring affinity to each site. Taken together, our
results illustrate the high applicability for the integrated use of SPME, in silico virtual screening
and chemoinformatics tools at the profiling of the biotechnological and pharmaceutical potential of
natural sources.

Keywords: cerrado; Anacardiaceae; aroeira; biological properties; virtual screening; chemoinformatics
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1. Introduction

Aroeira (Myracrodruon urundeuva), commonly known in Brazil as “aroeira do sertão”
is a dioecious species. Its fruits have an oval shape, and a firm calyx, considered fruit-
seed [1,2]. This species comes from cerrado and semiarid regions [3] and can be found
in Brazil from the Northeast to the South of the country, presenting significant economic
value [4–6].

Aroeira has been widely studied due to its therapeutic properties, with emphasis on
anti-inflammatory, antioxidant, antimicrobial and healing activities. Its peel, leaves and
fruits are used [7]. A set of recent studies have also pointed to the medicinal properties
of the whole plant, particularly the extracts and essential oils from the seeds [8–10]. The
complex mixture of aroeira seed organic compounds has also shown anthelmintic and
antimicrobial activity [11].

Certain bioactive compounds present in the aroeira species, such as flavonoids, ter-
penes and tannins, have already been probed to exert anti-inflammatory effects with great
proficiency, for instance in selectively inhibiting the phospholipase A2, an enzyme that has
pro-inflammatory activity [12–14]. In the literature, there are several reports that the use
of aroeira’s hydroalcoholic extract improves healing of several variations of inflammatory
conditions and therefore, provides better healing aspects [15].

In particular, essential oils (EOs) are mainly made up of terpenes, terpenoids and
their derivatives; for which evolution has selected a myriad of chemical groups and cross
interactions with an equal number of biological targets in plants and animals; presenting
these targets’ varied functions [16]. Allied to this, the EOs molecular constituents are
usually small and lipophilic plant metabolites, with a natural ability to overcome biological
barriers, in order to presenting ease of extraction and biodegradability [17,18]. This set of
attributes means these plant extracts have been used in natural medicine and in various
technological and biotechnological applications since ancient times [19–24]. Of the different
biological activities reported for EOs in humans, anti-inflammatory properties appear
with a prominent role, presenting potential for a less invasive aid to more orthodox drugs
against classical and current illnesses (such as COVID-19) [25–29]. For the above reasons,
the development of an inexpensive, environmentally safe and sufficiently accurate method
to profile the molecular content and its relative variances of the EOs from M. urundeuva
seeds and a first approach to obtain insights about such activity are both valuable goals.

Solid-phase microextraction (SPME) is a technique that has been substantially success-
ful in profiling volatile compounds with a low economic and environmental burden [30,31].
SPME consists of the analyte partitioning between the sample and an extracting microcom-
ponent, constituting a polymeric phase that can be solid or liquid that involves a fused
silica fiber [32]. Relatively to the advantages of this technique, it is noteworthy that it
does not demand sophisticated analytical tools, in addition to organic solvents dispens-
ing and enabling the reuse of the extraction fibers [33–36]. This technique also presents
itself widely dependent on the type of fiber. It was shown in the work of [36] that the
PDMS/DVB fiber allowed the identification of more than twice the volatile compounds
than the DVB/CAR/PDMS fiber for the pulp of Eugenia klotzchiana O.

Regarding the research of anti-inflammatory targets for natural compounds, cyclooxy-
genases (COX) and inducible nitric oxide synthase (iNOS) are two canonical targets [37,38].
The cyclooxygenase enzyme has two isoforms called COX-1 and COX-2, reported in the
literature [39–41]. Both cyclooxygenases have been already proved as targets of Eos and
other natural compounds with anti-inflammatory properties [42–45]. In fact, the COX
natural substrate, arachidonic acid, is a 20-carbon polyunsaturated fatty acid (Figure 1A,B).
It is hence expected that the natural adaptation of the enzyme active site to this huge
and hydrophobic substrate can also promote a substantial fit to a set of equally bulk and
hydrophobic terpene derivatives (overall sesquiterpenes and sesquiterpenoids) present in
EOs. Constantly expressed, Cyclooxygenase 1 (COX-1) is constitutive in most tissues and
is extremely important to maintain their normal physiological state [46].
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Figure 1. Physical-chemical characteristics for each docking site and their complementarity to the
respective higher affinity controls. (A)—Full vision of the COX-1 with their two monomers (cartoons
in green and yellow), cofactors (spheres and sticks) and the docked active site in surface and spheres.
(B)—inlet vision of the same active site containing the crystallographic and the three first docking
poses of the more positive control (substrate arachidonic acid represented in spheres, colored in grey
and red for carbons and oxygens, respectively), as well its skeletal formula. The polar residues at
the active site (a.s.) surface are shown in blue, while the nonpolar in orange. Dashed circles show
the two a.s. entrances. (C)—Similar full vision of the two monomers from iNOS. (D)—Inlet of the
iNOS active site (iNOSas) containing the more positive control bis-isothiourea (competitive inhibitor).
Colors and schemes similar to B, with the heme group from the a.s. also shown in spheres, as well
the ligand’s sulfurs and nitrogens, respectively in yellow and blue. (E)—inlet of the iNOS cofactor site
(iNOScs) containing the more positive control sapropterin (cofactor). Colors and schemes similar to
D, but with the nonpolar regions of the cofactor site (c.s.) in silver.

The iNOS enzyme produces nitric oxide (NO) in a sustained manner and is expressed
in many inflammatory conditions [47,48]. In particular, the participation of this enzyme on
the inflammatory and angiogenic mechanisms implicated on tumor growth and carcino-
genesis (with both enhancing as inhibiting paradoxical behaviors) has made it a promising
and intriguing therapeutic target [49–52]. To find efficient and safe iNOS inhibitors persists
as a difficult task, with just the considerably cytotoxic bis-isothiourea showing significant
inhibitory potency currently (Figure 1C,D) [53]. However, a set of natural substances,
between them phytochemicals and EO compounds, have shown direct and/or indirect
inhibitory effects on this enzyme [54,55].

In addition, iNOS function is possible to modulate both by direct binding at its active
site (iNOSa.s.) and by allosteric binding to its coactivator site (iNOSc.s.), i.e., by some sub-
stance competing to the binding to this site with the enzyme cofactor tetrahydroneopterin,
as shown in Figure 1C,E [56]. This makes this enzyme an interesting and promising double
target for EOs compounds.

Computational and chemoinformatics screening approaches have proved to be useful
in natural bioactive compounds selection, as well as in the elucidation of which physico-
chemical characteristics are most related to their structure–activity relationship [57,58]. In
particular, such applications have been used successfully for COX-1 and iNOS [58–60].

In the present work, we used the SPME technique to identify the volatile compounds
(VOCs) present in EOs from aroeira seed samples from different regions of the state of
Minas Gerais (Brazil). The bibliographical research for the present work did not find
works that had the aroeira seeds as a target for the extraction and evaluation of volatile
compounds, whereas works that prioritized the leaves, stems, and bark for this purpose
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were found. Therefore, we strategically chose the seeds as the object of study due to the lack
of information based on the seeds chemical profile. Moreover, we complement them with
virtual screening techniques to verify promising compounds to bind to human COX-1 and
iNOS, followed by chemical descriptors and a chemoinformatics analysis to understand
which characteristics could make them more likely to interact with these canonical anti-
inflammatory targets. For iNOS, both affinity with the active site (iNOSa.s.) and with the
cofactor site (iNOSc.s.) were verified. The results point to a high incidence of promising
compounds for both enzymes. For COX-1 a higher direct correlation between the in silico
recovered affinity and the molecular volume and hydrophobicity was found, making the
sesquiterpene fraction stand out on the binding. For the iNOS binding at the iNOSa.s.,
some correlation is still observed between the affinity and molar volume/hydrophobicity,
although with considerably less significance compared to COX-1, both sesquiterpenes and
monoterpenes, as well a minor fraction of oxygenated compounds, figurating between
the higher affinity hits. Finally, for the iNOSc.s. binding, no significant correlation is
observed with any simple chemical descriptor, indicating a more complex structure–activity
relationship. A relatively weak correlation was found, however, between the affinity and the
molecular length and extensibility. Beside this, no sesquiterpenes were found between the
higher affinity compounds, the top hits being equally distributed between monoterpenes
and oxygenated molecules. This indicates a less permissive site to substantially voluminous
and highly hydrophobic molecules. The computational analysis of the more relevant
contacts with each respective active site shed light on the above mentioned chemical
descriptor features, in addition to the support found on the comparison with experimental
structures of the targets bound to canonical ligands.

Taken together, the results of our study illustrate the applicability of SPME pro-
filing added to chemoinformatics analysis to obtain fast, environmentally friendly and
non-expansive information about the medicinal and biotechnological potential of natu-
ral sources. It is hoped that the results presented here will be useful in directing future
prospecting approaches for natural bioactive compounds, as well as rational planning for
new ligands.

2. Results
2.1. Solid Phase Microextraction Allows Fine Profiling of the Aroeira Seeds Volatiles

Figure 2 shows the chromatograms of the seed samples of all aroeira trees analyzed.

Figure 2. Chromatograms showing DVB/PDMS fiber VOC extraction results. Each chromatogram
listed from (A–E) represents, respectively, matrices 1 to 5.
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The peaks show the volatile organic compounds identified in a m/z ratio.
As it can be seen, all chromatograms show similarities between the peaks in relation

to retention time, because even though they are chromatograms of different trees, they are
still the same species which do not differentiate significantly in the synthesis of secondary
metabolites, since these are determined primarily by the genotype.

Table 1 shows the HS-SPME/GC-MS identified compounds through the chromatograms
of the samples.

Table 1. Volatile compounds extracted from Aroeira (Myracrodruon urundeuva) seeds by HS-SPME/GC-MS.

N◦
Volatile Organic

Compoud CAS Formula
Sampled Trees

A.1 A.2 A.3 A.4 A.5

MONOTERPENES

1 α-Pinene a,b,c,d,e,f,g,i,j,l,m,n 7785-70-8 C10H16 22.6% ND ND ND ND

2 3-Carene a,b,c,d,f,g,i,k,l 13466-78-9 C10H16 11.0% 34.8% 46.5% 49.9% 55.2%

3 Camphene f,i,l,m,n 79-92-5 C10H16 ND ND 0.5% 0.6% 0.5%

4 α-Campholenal f 4501-58-0 C10H16O ND 7.7% ND 4.6% ND

5 Camphenol,6- 3570-04-5 C10H16O 14.9% ND 4.2% ND 5.7%

6 D-Limonene a,b,c,d,e,f,g,h,l,n 5989-27-5 C10H16 ND 23.0% ND ND ND

7 m -Mentha-6,8-diene® 1461-27-4 C10H16 ND ND 30.7% ND ND

8
p-Mentha-1,4(8)—

diene d,f,k 586-62-9 C10H16 1.0% 1.3% 0.9% 2.9% ND

9 p-1,8-diene,(S) 5989-54-8 C10H16 5% ND ND 10.4% 21.1%

SESQUITERPENES

10 β -Guaiene k 88-84-6 C15H24 0.8% 0.2%

11 Caryophyllene
b,c,d,e,f,g,i,j,m,n 87-44-5 C15H24 11.4% 6.0% 1.9% 0.6% 0.3%

12 Cedr-8(15) ene 11028-42-5 C15H24 1.7% 1.2% 0.6% 2.6% ND

13 Elemene d,f,m,n 339154-9 C15H24 0.2% ND ND ND ND

14 β-Chamigrene 18431-82-8 C15H24 ND ND ND ND 0.4%

15 Guaia-1(5),11-diene 3691-12-1 C15H24 ND ND 0.4% ND ND

16 Patchoulene 1405-16-9 C15H24 ND 0.6% ND ND ND

17

1H-
Benzocycloheptene,2,4aα,5,
6,7,8,9aα-octahydro-3,5,5-
trimethyl-9-methylene-

3853-83-6 C15H24 1% 0.8% ND 0.8% ND

OTHER CLASSES

18 Ethylcaproate 123-66-0 C8H16O2 4.0% ND 0.8% ND ND

19 Cis- Geranylacetone 3879-26-3 C13H22O 27.2% ND 25.4% 24.3% 10.3%

20 o-Anisic acid, methylester 606-45-1 C9H10O3 ND 0.5% ND ND 0.7%

21 Salicylic acid, methyl,
methylester e 119-36-8 C8H8O3 ND 2.3% ND 2.0% 5.6%

22 Trans-Geranylacetone 3796-70-1 C13H22O ND 21.6% ND ND ND

23 Hexanoic acid
1-cyclopentylethylester NA C13H24O2 ND ND ND 0.6% ND

Identified Volatile compounds: letters indicate compounds found by other authors in different species of the
Anarcadiceae family.
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Among the compounds found in the aroeira samples using DVB-PDMS fibers, 22 volatile
organic compounds of different chemical classes were identified, including terpenoids,
carboxylic acids, and ketones. With 17 compounds identified, terpenoides were the most
found in all samples, especially caryophyllene and 3-carene. When analyzing the literature
of similar works in the characterization of aroeira’s chemical profile, chemical compounds
such as 1 R-α-pinene, 3-carene, caryophyllene, camphene, and limonene were also fre-
quently found, such as in the work of [12]. In addition to being identified in all five samples,
3-carene was the major constituent in samples 3, 4 and 5, with an abundance of 46.5%,
49.9%, and 55.2%, respectively, and the second most abundant in sample 2 (34.8%). [38]
also identified 3-carene as the most common monoterpene (30.4%) when the activity of
the essential oil of the “red aroeira” (Schinus terebinthifolius Radd) was evaluated as an
antibacterial agent.

In the work of [61], two samples of aroeira regarding the profile of their essential oils
were analyzed. One sample was from Mato Grosso, and the other from Tocantins, and
both presented 3-carene as a major constituent (78.1%; 56.3%), which is in line with the
present work, where all the samples comprised this compound, which was also a major
contributor in the composition of most samples (samples 3, 4, and 5). However, in the
work by [30] where the chemical profile of aroeira and “red aroeira” (Schinus terebinthifolius
Radd) was evaluated, the constituent 3-Carene was not found, and trans-geranylacetone
was the major compound found. Therefore, it is evident that although samples from
different regions show differences in the composition of volatile compounds, there is still a
predominance of certain terpenes that characterize the species. Regarding monoterpenes
found in this work, it is worth mentioning that the essential oils of the aroeira tree are
pointed out in other papers as antimicrobial agents due to the action of some compounds,
such as 3-carene, a monoterpene involved in the bactericide action on wild-type hospital
strains [62]. Ref [63] found the monoterpenes α-pinene and D-limonene as compounds
with a higher antibacterial activity against gram-negative and gram-positive bacteria in the
constitution of the essential oil of two species of the genus Schinus (Anacardiaceae).

2.2. Comparative Virtual Docking Points for Significant Distinctions between Hits for COX-1 and
iNOScs, with iNOSas Presenting an “Intermediary” Behavior between Both Sites

These compounds were compared against the compounds recovered by the exper-
imental assays (Figure 3—blue bars). As expected, the negative controls presented an
intermediary or low binding affinity in all target sites. The positive and negative controls
are clearly distinguishable for COX-1and iNOScs, but iNOSas presented a mixing behavior,
except bis-isothiourea (a known competitive inhibitor) and hexane which presented respec-
tively a high and low affinity to the active site compared to the other controls. Thus, we
sorted the tested compounds into three groups based on how close their docking scores
were from the best positive control score (top compounds group), from the worst negative
control score (worst compounds group) or compounds with intermediary behavior (middle
compounds group). Once the groups were defined independently for each target site, we
looked closer to the molecular structure of these compounds searching for possible struc-
tural patterns (Figure 4). Perhaps predictably, no superposition of compound structures
was found between COX-1 and iNOScs once they were at quite distinct sites. Otherwise,
iNOSas selected multiple top compounds able to bind favorably both in COX-1 and iNOScs,
suggesting possible multi-front anti-inflammatory compounds. Between these, stand out
compounds as caryophyllene and patchoulene (respective compounds 4 and 6 in Figure 4),
already with substantially reported anti-inflammatory activities [25–29]. Similarly, a set of
monoterpenes and oxygenated compounds were recovered as top hits for iNOS by binding
to both sites, the active and the cofactor one. In this way, the iNOSas pocket has shown an
intermediary behavior concerning compound selectivity compared to the other two sites
here studied. The same was observed for the worst groups, highlighting the compound 23
which was the only one to present a low affinity to COX-1 and iNOSas and a high affinity
to iNOScs, suggesting a potential specific inhibitor.
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Figure 3. Average docking scores for the three first poses of the respective aroeira compounds and
controls at the three targeted sites. (A)—COX-1; (B)—iNOS active site (iNOSas); (C)—iNOS cofactor
site (iNOScs). Bars are colored in blue for the aroeira compounds, green for positive controls and
yellow for negative controls. Letters below the bars indicate the grouping of the scores according to
ANOVA. A blue “plus” (+) and a red “minus” (−) symbols indicate, respectively, top and worst hits
between the aroeira volatiles for each site at each enzyme.

2.3. Volume and Hydrophobicity as Major Components for the COX-1 Affinity, Followed by Inos
and with iNOScs Presenting a More Complex and Less Predictable Behavior

The in silico recovered affinity for aroeira compounds to the COX-1 active site suggests
to be directly dependent on volume and hydrophobicity. This can be inferred both by
the fact that its top hits are totally composed of voluminous sesquiterpenes, as by the
substantial anti-correlation between a set of chemical descriptors related to volume and
hydrophobicity (as molar volume, polarizability, molar refractivity, LogP, parachor) and
their docking free energy (Figures 4–6). Also, the considerable positive correlation between
the docking free energy and descriptors related to polarity and hydrogen bonds, as total
polar surface area (TPSA) and the number of hydrogen bond acceptors, corroborates this
trend (Figure 5).
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Figure 4. Aroeira compounds and respective classifications according affinities to eachsite. 1—
β-guaiene; 2—Cedr(8)-15 ene; 3—α-Himachalene; 4—Caryophyllene; 5—Guaia-1(5),11-diene; 6—
Patchoulene; 7—β-Chamigrene; 8—Elemene; 9—Cyclopentylethylhexanoate; 10—D-Limonene;
11—p-1,8-diene,(S)(Limonene); 12—m-Mentha-6,8-diene; 13—trans-Geranylacetone; 14—3-Carene;
15—p-Mentha-1,4(8)–diene; 16—Salicylic acid, methyl, methylester; 17—cis-Geranylacetone; 18—
Camphenol,6; 19—α-Campholenal; 20—α-Pinene; 21—Camphene; 22—Ethylcaproate; 23—o-Anisic
acid, methylester. The two salicylate derivatives (compounds 16 and 23), potentially able to suicide
inhibition (directly, or after modifications) are highlited with a blue asterisk.
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Figure 5. (a) Aroeira + Controls: Correlation vectors between different molecular descriptors from
the aroeira compounds and their docking scores at each site. Negative correlations between the
descriptors and the dockins scores (red) indicate attributes that improve the affinity. Positive cor-
relations (blue) indicate attributes that draw back the affinity. No correlation (white) indicates no
significant influence. (b) Aroeira: Correlation vectors between different molecular descriptors from
the aroeira compounds and their docking scores at each site. Negative correlations between the
descriptors and the dockins scores (red) indicate attributes that improve the affinity. Positive cor-
relations (blue) indicate attributes that draw back the affinity. No correlation (white) indicates no
significant influence.

41



Molecules 2022, 27, 1633

Molecules 2022, 27, x FOR PEER REVIEW 10 of 19 
 

 

aroeira compounds and their docking scores at each site. Negative correlations between the de-
scriptors and the dockins scores (red) indicate attributes that improve the affinity. Positive correla-
tions (blue) indicate attributes that draw back the affinity. No correlation (white) indicates no sig-
nificant influence. 

 
Figure 6. Statistics and numbers concerning the aroeira compounds classified according to their 
respective virtual affinities for the three targeted sites. (A–F)-respective plots of the docking scores, 
number of compounds (between the 23 profiled), average percent of the compounds at the five sam-
ples, average polarizability, miLogP and maximal length, according to the compounds belong to the 
top, middle, or worst groups for COX-1, iNOSas and iNOScs. (G-I)-Respective plots for COX-1, iN-
OSas and iNOScs of the percent of sesquiterpenes, monoterpenes and other classes at each one of 
the top, middle, and worst docking score classifications. 

2.4. Structural Interpretation of the Differential Selectivity for COX-1 and iNOS 
Active/Cofactor Sites for the Different Ligand Classes on Aroeira Seeds 

In order to better understand the correlations between the target selectivity and the 
aroeira VOCs physical-chemical attributes, we carried structural analysis on the contact 
patterns between the top hits at each active site. We also compared the contact patterns 
from the docked VOCs and from the respective first ranked positive controls (from exper-
imental and docked structures) in order to best validate our results. 

A primary point to be discussed here is that the first ranked docking positive control 
for COX-1 (the substrate arachidonic acid) does not reproduce the poses of the crystallo-
graphic models at the two available PDB structures, the PDB-ID:1DIY (with 3.00 Å reso-
lution) and the PDB-ID:1U67 (with 3.10 Å resolution) (Figure 7). This is not surprising, 

Figure 6. Statistics and numbers concerning the aroeira compounds classified according to their
respective virtual affinities for the three targeted sites. (A–F)-respective plots of the docking scores,
number of compounds (between the 23 profiled), average percent of the compounds at the five
samples, average polarizability, miLogP and maximal length, according to the compounds belong to
the top, middle, or worst groups for COX-1, iNOSas and iNOScs. (G–I)-Respective plots for COX-1,
iNOSas and iNOScs of the percent of sesquiterpenes, monoterpenes and other classes at each one of
the top, middle, and worst docking score classifications.

2.4. Structural Interpretation of the Differential Selectivity for COX-1 and iNOS Active/Cofactor
Sites for the Different Ligand Classes on Aroeira Seeds

In order to better understand the correlations between the target selectivity and the
aroeira VOCs physical-chemical attributes, we carried structural analysis on the contact
patterns between the top hits at each active site. We also compared the contact patterns from
the docked VOCs and from the respective first ranked positive controls (from experimental
and docked structures) in order to best validate our results.

A primary point to be discussed here is that the first ranked docking positive control for
COX-1 (the substrate arachidonic acid) does not reproduce the poses of the crystallographic
models at the two available PDB structures, the PDB-ID:1DIY (with 3.00 Å resolution) and
the PDB-ID:1U67 (with 3.10 Å resolution) (Figure 7). This is not surprising, however, when
both the resolution and the specific electronic density map inside the enzyme active site of
each crystal structure are taken into accounts.
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Figure 7. Different binding modes for the ligands at the COX-1 crystallographic and docked structures
and their fits to crystal electronic density. At the Top the electronic densities and different molecular
model superpositions for the human COX-1 complexed with arachidonic acid structure at the PDB-
ID:1DIY is shown. At the bottom, the superpositions with the electronic density of the same complex
as solved at the PDB-ID:1U67 are depicted. In both cases, the red and blue meshes depict the respective
FoFc electronic density (i.e., electronic densities for which the authors model have found atomic
fitting) and 2FoFc maps (i.e., electronic densities for which the author’s molecular model has not
found atomic superposition). In both cases also the respective electronic density maps are considered
with a σ factor of 1.0. From left to right it can be seen the respective superposition at both densities for
the models deposited at the protein data bank; for our Arachidonic acid docked structures (positive
control); for both (crystallographic and docked); for the set of the three first docked poses of the top
hits for this enzyme between the VOCs profiled from the M. urundeuva seeds.

In Figure 8, three-dimensional maps considering the intensity (the sphere size) and
frequency between different ligands and poses (the font size) for the major contacts at each
target are comparatively depicted. The contacts are compared (from left to right) between
crystallographic poses (arachidonic acid at the PDB-ID:1DIY for COX-1; L-arginine at PDB-
ID:3NOS and isothiourea at PDB-ID:4NOS for iNOSas; sapropterin at PDB-ID:4NOS for
iNOScs), the docked three first poses of the respective most positive controls (arachidonic
acid for COX-1; bis-isothiourea for iNOSas; sapropterin for iNOScs) and the set of three
first poses for all the top compounds for each target.

2.5. Two Salicylate Derivatives on Aroeira Seeds Seems to Be Promissor for Direct, or after
Modification, Suicide Inhibition of the COX-1 Enzyme

Two salicylate derivatives (compounds 16 and 23 in Figure 4) are present in minor
concentrations at the VOCs from M. urundeuva seeds (Figure 6). Although they are present
in substantially low concentrations and even absent in some samples, the docking poses
recovered by these two compounds trend to approximate the respective methoxy and
hydroxyl groups from the COX-1 catalytic serine on similar way that the suicide acetyl in
aspirinTM (Figure 9).

43



Molecules 2022, 27, 1633

Figure 8. Tridimensional graphic representation of the major contacts at the active site for positive
controls and top compounds from essential oils from M. urundeuva seeds. The tridimensional repre-
sentation (at the x, y, z axes) of each respective active site is arbitrarily centralized at the geometrical
center of the set of atoms involved in contacts around all the analysis. The grid spacement at the
three-dimensional space in each graphic is always of 5 Å at each dimnension. The density of the
spheres on the image depicts how many superposed atoms there are at that region between different
docks with the same ligand (the three first poses from the docking procedure were considered) and
between different compounds. The font size depicting the residue identity and number increases
according to the average intensity of the contacts involving it (i.e., the average contact area superpo-
sition between the ligands and the residue). The subdivision of the large Heme group was carried
out as mentioned in the Materials and Methods section. From top to bottom it can be noticed the
contacts for the COX-1, iNOSa.s. and iNOSc.s. pockets. From the left to the right the respective
contact intensities for the crystallographic controls (the arachidonic acid contacts at the PDB-ID:1DIY
for COX-1, the L-Arginine-iNOS contacts at the PDB-ID:3NOS plus the isothiourea-iNOS contacts
at the PDB-ID:4NOS for iNOSa.s., the tetrahydroneopterin-iNOS contacts at the PDB-ID:4NOS for
iNOSc.s.); for the docked three first poses for the most positive controls (arachidonic acid for COX-1,
bis-isothiourea for iNOSa.s. and tetrahydropterin for iNOSc.s.); as well the three first poses of the top
hits for each site are depicted. M. ur. = Myracrondruon urundeuva. EO = Essential oil.
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Figure 9. Docking poses for acetylsalicylic acid and salicylate related compounds from aroeira seeds at
COX-1 active site. (A)-Acetylsalycilic acid (aspirinTM, positive control); (B)-Aroeira compound 23 (the
respective docking poses I, II and IV are depicted); (C)-Aroeira compound 16. The contacts between
the S530 residue (subjected to suicide inhibition by aspirinTM) and the compound’s nucleophilic
attack sensitive center (when present) or hydroxyl radical are both shown as dashed lines. Both at the
skeletal formulas as at the docked structures, the respective groups susceptible to S530 nucleophilic
attack (red asterisk/sphere) and esterified to the original acid (dashed circle/sphere) are, all of them,
highlighted when present.

3. Material and Methods

Mature seeds of Myracrodruon urundeuva from 5 adult matrices were collected in Octo-
ber and November 2019 in different areas of Sete Lagoas-MG, Brazil, located at coordinates
19◦28′29.0′′ S 44◦11′39.9′′ W, at an altitude of 751 m. According to Köeppen, the regional
climate is Cwa, i.e., typical savanna climate, with dry winters and wet and rainy sum-
mers [61]. The seeds of each matrix were transferred separately to the chemistry laboratory,
where the manual process of removing dirt particles and undesirable parts of the plant was
carried out. The next step consisted of grinding the seeds of each matrix separately in an A
11 IKA analytical mill, followed by weighing each sample on a Marbeg balance and storing
it in headspace flasks.

Headspace solid phase microextraction (HS-SPME) was employed for the extrac-
tion of volatile compounds, using a semi-polar polymeric film, polydimethylsiloxane-
divinylbenzene (PDMS/DVB). In the extraction of the VOCs, 2 g of the previously ground
seeds were used, placed in a 20 mL headspace vial, the containers were closed with an
aluminum seal and a rubber septum. The 20-mL headspace vial was then placed on an
aluminum block and heated to 60 ◦C. After 5 min of heating, the SPME polymeric film
(PDMS/DVB) was exposed to the sample for 20 min, and then the holder containing the
polymeric film was retracted and manually inserted into the injector of the gas chromato-
graph coupled to the mass spectrometer, exposing the polymeric film during 5 min for
the desorption of the extracted volatile organic compounds. The two figures below show
aroeira seeds in early stages of development.

3.1. Gas Chromatography—Mass Spectrometry

Aroeira seed samples were analyzed by a gas chromatograph (Trace GC Ultra) coupled
to a mass spectrometer (Polaris Q model, Thermo Scientific, San Jose, CA, USA), with an ion
trap type analyzer, located in the Mass Spectrometry Laboratory of the UFMG’s Chemistry
Department. The samples were analyzed in the following settings: injector temperature of
250 ◦C; splitless mode injection, desorption time of 5 min; injector temperature of 200 ◦C;
interface temperature of 275 ◦C. The column heating temperature was set up starting
at 40 ◦C and remaining at the temperature for 1 min followed by gradual temperature
increase of 10 ◦C/min up to 100 ◦C keeping the isotherm for 1 min, 12 ◦C/min up to
150 ◦C, keeping the isotherm for 1 min and then 15 ◦C/min up to 245 ◦C, temperature at
which the isotherm was kept for 1 min. The detector was kept in scanning mode (fullscan,
from 35 to 300 m/z), using the Electron Impact Ionization (EI) technique, at an energy
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of 70 electron-volt (eV). Throughout the process an HP-5 MS capillary chromatographic
column (5% phenyl and 95% methylpolisiloxane) was used, of the following dimensions:
30 m in length, 0.25 mm (mm) internal diameter and 0.25 µm film thickness [33,35].

3.2. Volatile Compound Identification

For the identification of the volatile compounds, the mass-to-charge ratio (m/z) cor-
responding to each peak generated by the chromatogram was compared with the mass
spectra obtained through ionization by EI, using energy of 70 eV, and the fullscan range
from 35 to 300 m/z As such, the mass spectra of the analytes found were compared with the
mass spectra data obtained from the NIST (National Institute of Standards and Technology)
library, using as an auxiliary tool the data recorded in the literature for the confirmation of
the volatile compounds found in the seed samples. The RSI index consists of a numerical
comparison factor, where the higher the value, the closer the compound is to the one found
in the NIST library. However, only peaks with values of relative standard intensity (RSI)
higher than 600, and a signal-to-noise ratio (S/N) above 50 decibels were selected. Intensity
values of the peaks obtained and the S/N ratio were obtained using Thermo Electron
Corporation’s XCalibur 1.4 program and the data were transferred to Microsoft Office Excel
2013, where the peak selections were made according to the S/N ratio in the UFSJ/CSL
Chemistry Laboratory.

3.3. Virtual Docking Assays

Structure- based virtual screening applying docking simulations was performed using
the AutoDock Vina tool [64]. The respective structures for each target were obtained from
the protein data bank [65] or modeled by homology. The human COX-1 was modeled from the
correspondent human sequence obtained from UniProt [66] using the tool Swiss-Model [67]
and the ovine structure at the PDB-ID:1DIY (originally complexed to the arachidonic acid
substrate). The human iNOS structure was obtained from the PDB-ID:4NOS (originally
complexed the inhibitor isothiourea and containing the tetrahydroneopterin cofactor)
using the Swiss-Model tool to fill small gaps at the protein crystal construction. For this
enzyme, two docking procedures were carried out for each ligand: one at the enzyme
active site (here called iNOSa.s.) and the other at the cofactor site (here called iNOSc.s.).
In all the three cases, the enzyme dimmeric structure was used and the crystallographic
ligand was removed before the docking procedures, conserving just the protein dimmer
and the respective co-factors (heme groups for both enzymes, in addition to zinc ion
and both tetrahydroneopterin for iNOS at the iNOSa.s. docking and just heme, zinc ion
and the tetrahydroneopterin at the non-docked monomer for this enzyme at the iNOSc.s.
docking procedure).

The docking boxes for both targets were centered at the position originally occupied
by the respective crystallographic ligands (the arachidonic acid from the PDB-ID:1DIY
for COX-1; the isothiourea ligand for the iNOSa.s. docking in iNOS and the tetrahydro-
neopterin cofactor for the iNOSc.s. docking at this enzyme). The box dimensions were
planned in order to preserve enough of the crystallographic context about 8 Å around
different crystall ligands previously inspected by the present authors for each enzyme,
finishing on a common x, y, z set of dimensions of 17, 25, 17 Å, respectively.

A ligand virtual dataset was composed of volatile compounds of aroeira determined
by the mass spectrometry method above. MOL2 files from the ligands were downloaded
from PubChem [68]. As negative controls for the virtual docking procedures, we chose four
non-druggable molecules concerning these enzymes (glucose, hexane, benzene, and phenol)
for all the three pockets. Specific positive controls were chosen for each pocket: the substrate
arachidonic acid, the suicide inhibitor acetyl-salicylic acid and the competitive inhibitors
naproxen and ibuprofen for COX-1; the substrate L-Arginine and the competitive inhibitors
S-methyl-L-thiocitruline, L-thiocitruline and bis-isothiourea for the iNOSa.s. pocket in
iNOS; the cofactor tetrahydroneopterin and its derivative sapropterin for the iNOSc.s.
pocket in this same enzyme. This virtual ligand dataset was prepared using MGLTools [69]

46



Molecules 2022, 27, 1633

and automatically docked through AutoDockVina tool usign Python housemade scripts.
The docking procedures were carried with an exhaustiveness parameter of 128, in order
maximize the sampling and accuracy. For each system, the first three docked poses were
taken to score and structural analysis. The docking results were analyzed using housemade
scripts and the tool PyMOL [70].

The three first poses considering the docking affinity scores were taken from each
ligand and ANOVA was used for statistical analysis and mean comparison as determined
by Tukey’s HSD (honestly significant difference) test. The R language and computational
environment was used for all the statistical analyses [71].

3.4. Molecular Descriptors and Statistical Analysis

Chemoinformatics molecular descriptors for the volatile compounds of aroeira were
obtained from the free tools: ACD/ChemSketch [72], Molinspiration platform [73] and 3D-
QSAR.com platform [74]. Correlogram among different molecular descriptors and docking
score affinities were calculated using R. The Pearson correlation coefficient was determined.

3.5. Estimation of the Major Contacts Involved in Ligand-Target Interactions

The contact areas were computed according to the methodology described in [75].
Basically, this area is computed for each pair of atoms at the ligand-target complexes. It is
equivalent to the excluded or untouched area of a rolling water molecule (probe). Thus, a
null contact area indicates that one (or more) water molecule could be interposed between
two atoms, defining a potential cavity in terms of this heuristics. It also indicates how
tightly packed a group of atoms is in space, given that the larger the contact area, the
better spatially clustered they will be. As a consequence, atoms with non-zero contact areas
delimit an interface region between any sets of different biomolecules in close contact.

We represented three-dimensionally the interaction intensity at each residue/subsite
at the pocket with dot spheres designating superimposed ligand atoms as a result of
the successive docking into the respective targets. Letters and numbers represent target
residues positioned according to the geometric center of its atoms in the ligand-target
complex. The font size indicates the average contact area of the residues with such ligands.

As a larger prosthetic group, the HEM group at the iNOS a.s. and c.s. respective
pockets (in which the ligand interacts or is able to interact with this group) was divided
into parts, with the following names: HFN = the Fe2+ and the N from the porphyrins at the
center; HCC = SP2 carbons of the porphyrin ring; HCR = SP3 carbons branched from the
porphyrin ring that support the carboxylic groups; HCO = oxygens of carboxylic groups at
the branch ends. The HEM groups were considered as part of the targets.

4. Conclusions

It was possible to observe that HS-SPME, a method considered green for not using
organic solvents and requiring minimum sample preparation, was efficient in the extraction
of volatile compounds from aroeira seed samples collected in five trees of different areas in
Sete Lagoas- MG, where it was possible to find and identify 22 volatile organic compounds
of different chemical classes, among terpenoids, carboxylic acids, and ketones. 3-carene
was present in all samples as the main constituent in three of the five samples.

The chromatography technique used was efficient in the separation process of volatile
organic compounds, coupled with the analysis in mass spectrometry which allowed the
identification of these compounds.
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Abstract: Herpetospermum pedunculosum (Ser.) C. B. Clarke (Family Cucurbitaceae) is a dioecious
plant and has been used as a traditional Tibetan medicine for the treatment of hepatobiliary diseases.
The component, content, and difference in volatile compounds in the female and male buds of
H. pedunculosum were explored by using headspace solid-phase microextraction-gas chromatography-
mass spectrometry (HS-SPME-GC-MS) technology and multivariate statistical analysis. The results
showed that isoamyl alcohol was the main compound in both female and male buds and its content
in males was higher than that in females; 18 compounds were identified in female buds including
6 unique compounds such as (E)-4-hexenol and isoamyl acetate, and 32 compounds were identified
in male buds, including 20 unique compounds such as (Z)-3-methylbutyraldehyde oxime and
benzyl alcohol. (Z)-3-methylbutyraldehyde oxime and (E)-3-methylbutyraldehyde oxime were
found in male buds, which only occurred in night-flowering plants. In total, 9 differential volatile
compounds between female and male buds were screened out, including isoamyl alcohol, (Z)-3-
methylbutanal oxime, and 1-nitropentane based on multivariate statistical analysis such as principal
component analysis (PCA) and orthogonal partial least squares discrimination analysis (OPLS-DA).
This is the first time to report the volatile components of H. pedunculosum, which not only find
characteristic difference between female and male buds, but also point out the correlation between
volatile compounds, floral odor, and plant physiology. This study enriches the basic theory of
dioecious plants and has guiding significance for the production and development of H. pedunculosum
germplasm resources.

Keywords: Herpetospermum pedunculosum; HS-SPME-GC-MS; dioecious plant; bud; volatile com-
pound; multivariate statistical analysis

1. Introduction

Herpetospermum pedunculosum (Ser.) C. B. Clarke (Family Cucurbitaceae) is an annual
climbing herb, distributed in Tibet, Yunnan, Sichuan, and other high-altitude areas in China,
Nepal, and northeastern India [1–3]. As a traditional Tibetan medicine, it has the functions
of clearing away heat and detoxification, and removing the gallbladder and internal heat for
its bitter taste and cool potency [3,4], and is widely used for the treatment of hepatobiliary
diseases [5].

H. pedunculosum is a dioecious plant, whose bisexual flower is shown in Figure 1. Its
flowering period is June to September, and it blooms at night. Its flowers are golden-yellow
with five petals, trumpet-shaped, eventually tubular, and covered with fine hairs. The
male flower is usually solitary with sparsely pubescent hairs or concomitant with the same
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raceme; pedicels with 2.0–6.0 cm length and sparse villous hairs; calyx tube with 2.0–2.5 cm
length, enlarged similarly to a funnel, tubular lower part, and lanceolate lobes; yellow
corolla with 2.0–2.2 cm in length and 1.2–1.3 cm in width, and with elliptic lobes and sharp
tips. The female flower is solitary with the same perianth as male flowers and with three
staminodes or none, and oblong ovary with three rooms. The mature fruit is 7–8 cm in
length and 3–4 cm in width with long pubescent hairs.
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Figure 1. The flowers of H. pedunculosum (Left: female; right: male).

There were many studies of H. pedunculosum. Its seeds had some pharmacological activ-
ities of hepatoprotection, anti-hepatitis B virus, and anti-liver fibrosis [6,7], contained chem-
ical constitutes of fatty acid, polysaccharides, coumarin, and spinasterol glycoside [6–9],
and had 156,531 bp length of the whole genome [10]. Because the seeds have medicinal,
economic, and sowing values, the female plant is more popular with farmers [11,12]. Fifty
metabolites including carbohydrates, amino acids, organic acids, lipids, and polyamine
were identified in its leaves [13]. Twelve compounds including n-benzyltyramine, 1H-
indol-3-carboxylic acid, rhodiocyanoside B, and matteflavoside A were isolated from its
stems [14]. The moisture, total ash, acid-insoluble ash, and alcohol-soluble extract were
determined as quality indexes of its flower [15–17]. However, there were a few studies on
the gender difference in the dioecious plant of H. pedunculosum.

In this study, the female and male buds of H. pedunculosum were collected. Headspace
solid-phase microextraction (HS-SPME) was used to extract their volatile components.
Gas chromatography-mass spectrometry (GC-MS) was used to separate and identify these
volatile compounds. The multivariate statistical analysis was chosen to screen the differen-
tial compounds, aiming to explore the difference in volatile compounds between female
and male buds of this dioecious plant.

2. Results
2.1. Volatile Compounds of GC-MS Analysis

The total ion chromatogram obtained by GC-MS analysis was shown in Figure 2. The
results showed that there were no significant differences among the three female buds (f1,
f2, and f3) nor among the three male buds (m1, m2, and m3), but there were significant
differences between female and male buds. It was indicated that there were no significant
differences of buds in the same sex, but there were essential differences between different
sexes regarding their volatile constitutes.

The results of volatile compounds by GC-MS analysis were shown in Table 1. The
volatile compounds were identified by comparing retention time and mass spectra. For
example, compound 1 (4.044 min) yielded a parent ion at m/z 88 and fragment ions at
m/z 77, 55, and 42, and was identified as isoamyl alcohol according to NIST database.
Compound 3 (8.675 min) displayed a parent ion at m/z 101 and fragment ions at m/z 86,
59, and 41, and was identified as (Z)-3-methylbutanal oxime. Compound 9 (10.578 min)
produced a parent ion at m/z 117 and fragment ions at m/z 71, 43, and 29, and was
identified as 1-nitropentane.
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9 10.578 1-Nitropentane C5H11NO2 628-05-7 117 71/43/29 - - - 5.35 5.39 4.82 

10 11.791 
2-Methyl-5-(1-methylethyl)-bicy-

clo[3.1.0]hex-2-ene 
C10H16 2867-05-2 136 93/77 - - - 0.13 0.10 0.07 

11 12.055 1R-α-Pinene C10H16 7785-70-8 136 121/93/77 0.17 0.29 0.15 0.12 0.11 0.11 

12 13.451 Benzaldehyde C7H6O 100-52-7 106 77/51 - - - 0.10 0.08 0.07 

13 14.158 Sabinene C10H16 3387-41-5 136 93/77/41 0.17 0.33 0.14 1.02 0.53 0.45 

14 15.227 β-Myrcene C10H16 123-35-3 136 93/69/41/27 - - - 0.61 0.36 0.25 

15 16.423 (+)-4-Carene C10H16 29050-33-7 136 121/93/79 - - - 0.07 0.06 0.05 
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20 17.695 α-Pinene C10H16 80-56-8 136 93/77/39/27 - - - 0.50 0.21 0.10 

21 18.209 β-Ocimene C10H16 13877-91-3 136 93/79/53/39 1.19 0.56 0.79 5.69 5.22 5.58 

22 18.638 γ-Terpinene C10H16 99-85-4 136 121/93/77/43 0.19 0.33 0.15 0.65 0.39 0.26 

23 21.073 Nonanal C9H18O 124-19-6 142 98/70/57/41 0.15 0.39 0.15 0.15 0.14 0.14 

24 22.362 2-Methyl-1-undecene C12H24 18516-37-5 168 69/56/41 - - - 1.36 1.70 1.08 

25 22.934 4-Oxoisophorone C9H12O2 1125-21-9 152 96/68/39 - - - 5.57 5.79 5.62 

Figure 2. GC-MS total ion chromatogram of volatile components from female and male buds of
H. pedunculosum.

As a result, in total, 38 volatile compounds were identified from the female and male
buds of H. pedunculosum, including 18 compounds in female buds and 32 compounds
in male buds, covering alkanes, alkenes, alcohols, aldehydes, ketones, and oximes, etc.
The female and male buds had 12 common compounds, the female buds had 6 unique
compounds, and the male buds had 20 unique compounds.

A compound of the highest content in volatile components from both female and
male buds of H. pedunculosum was isoamyl alcohol whose content was 83.29%, 90.17%, and
90.19% in female buds, and was 43.23%, 57.90%, and 64.01% in male buds, and the average
relative content in female buds was 1.60 times higher than that in male buds. Isoamyl
alcohol has the aroma of apple brandy, which has the effect of increasing the aroma and
obvious spicy taste, so its higher content may be the main reason for the weaker fragrance
of female flowers and the stronger one of male flowers. Among other common compounds,
the content of β-ocimene in male buds (5.58%, 5.22%, and 5.69%) was higher than that
in female buds (0.56%, 0.79%, and 1.19%) and the average content in female buds was
6.47 times higher than that in male buds. The content of δ-limonene in male buds (2.10%,
2.95%, and 4.20%) was also higher than that in female buds (1.19%, 1.64%, and 1.95%), and
the average content in male buds was 1.94 times higher than that in female buds.

The characteristic volatile compounds in female buds were (E)-4-hexenol, isoamyl
acetate, 2-ethylhexanol, n-pentadecane, n-hexadecane, and neophytadiene. The characteris-
tic volatile compounds in male buds had 20 compounds, including 2 oximes, 3 terpenes
(β-myrcene, α-pinene, and α-copaene), and 4 phenyl compounds (p-xylene, o-xylene, ben-
zaldehyde, and benzyl alcohol).
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2.2. Multivariate Statistical Analysis

In order to further explore the difference of volatile compounds between female and
male buds, multivariate statistical analysis such as principal component analysis (PCA) and
orthogonal partial least squares discrimination analysis (OPLS-DA) were carried out. The
PCA was performed on the female and male buds and the result was shown in Figure 3A.
The contribution rates of principal component 1 (PC1) and principal component 2 (PC2)
were 88.20% and 9.54%, respectively, and the total contribution rate was 97.74%. R2X and
Q2 were 0.977 and 0.917, respectively, where R2X represented the fitting degree and Q2

represented the prediction degree of the model. Additionally, it was indicated that the
model was stable and reliable from these data. The classification results of the female and
male buds were ideal, the female buds were distributed on the right side of the Y axis, and
the male buds were distributed on the left side of the Y axis, which suggested that the
volatile compounds of different sexes were significantly different. The Loadings analysis
was shown in Figure 3B. The volatile compounds with the largest contribution rate to
distinguishing the female and male buds were screened with the coordinate axis 0.2 or−0.2
as the limit value. It was found that the five compounds had the largest contribution rate,
i.e., isoamyl alcohol (1), 4-oxoisophorone (25), β-ocimene (21), (Z)-3-methylbutyraldehyde
oxime (3), and 1-nitropentane (9).

As an unsupervised analysis method, PCA cannot ignore within-group and eliminate
irrelevant random errors. Therefore, supervised OPLS-DA was used to further determine
the difference of volatile compounds between female and male buds. However, overfitting
was easy to occur while expanding the differences between groups, so it was necessary
to arrange experiments with the help of external model validation methods to prove
the validity of the model. Different random Q2 values were obtained by changing the
arrangement order of the categorical variable y randomly multiple times (n = 200). In this
experiment, the greater the slope of the regression line, the smaller the difference between
R2 and Q2, indicating that there were more data with which to explain the model; the
predictive ability of the model was better. The test result was shown in Figure 4A. Among
them, the R2 and Q2 values generated by any random arrangement on the left end were
smaller than those on the right, the slope of the regression line was large, and the lower
regression line intersected the negative half-axis of the Y-axis, indicating that the model was
effective, stable, and predictable, and could continue to screen the difference compounds.
From the OPLS-DA scatter plot of female and male buds (R2X: 0.977, R2Y: 0.998, and Q2:
0.994) (Figure 4B), it could be seen that the two types of samples were clearly distinguished.
According to the corresponding VIP value (Figure 4C), these variables whose VIP value
was greater than 1 and whose confidence interval did not contain 0 were screened, and it
was determined that there were nine differential volatile compounds between the female
and male buds (Table 2). Among them were section A for isoamyl alcohol of higher levels
in female buds and section B for (Z)-3-methylbutyraldehyde oxime, 1-nitropentane, β-
ocimene, 4-oxoisophorone, 2-methyl-1-undecene, 2,2,6-trimethyl-1,4-cyclohexanedione,
p-xylene, and (E)-3-methylbutyraldehyde oxime of higher levels in male buds.

Table 2. Nine differential volatile compounds between female and male buds of H. pedunculosum.

Section No. Compound VIP

A 1 Isoamyl alcohol 4.00
B 3 (Z)-3-Methylbutanal oxime 1.83
B 9 1-Nitropentane 1.59
B 21 β-Ocimene 1.48
B 25 4-Oxoisophorone 1.26
B 24 2-Methyl-1-undecene 1.07
B 26 2,2,6-Trimethyl-1,4-cyclohexanedione 1.03
B 4 p-Xylene 1.03
B 6 (E)-3-Methylbutanal oxime 1.00

A: higher in females than in males; B: higher in males than in females.
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3. Discussion

There were a lot of differences in the morphological structure between female and
male flowers and buds of the dioecious plant H. pedunculosum, but the difference in volatile
compounds has not been reported in the literature. Buds are the state when flowers are
about to bloom; their chemical components have not been lost and polluted by foreign
substances, thus the research on chemical components of buds has a more realistic effect.
Therefore, there were many studies which took buds as research objects, such as Eugenia
caryophyllus (Myrtaceae) [18–20], Capparis spinosa (Capparaceae) [21], Magnolia biondii and
M. sirindhorniae (Magnoliaceae) [22,23], Populus tomentosa (Salicaceae) [24], and Pyrus
pyrifolia (Rosaceae) [25]. In this study, it was found that there was significant difference in
the volatile compounds between female and male buds of H. pedunculosum.

Isoamyl alcohol is a fragrance ingredient used in cosmetics, detergents, fine fragrances,
household cleaners, shampoos, toilet soaps, and other toiletries [26]. Because of its ad-
vantages of high energy density, low hygroscopicity, and compatibility with the current
infrastructure, isoamyl alcohol has attracted considerable attention as one of the biofu-
els [27]. As a result, it was showed that the content (up to 90.19%) of isoamyl alcohol
was the highest, which provided a new perspective for improving the economic value of
H. pedunculosum.

Some unique compounds in female or male buds made this study more meaning-
ful. Two kinds of oximes and phenyl compounds were only present in male buds. For
(Z)-3-methylbutyraldehyde oxime and (E)-3-methylbutyraldehyde oxime, the reports on
plant volatile compounds were extremely rare: only the night-flowering plants of Gaura
drummondii (Onagraceae) and Trichosanthes kirilowii (Cucurbitaceae) [28,29]. For phenyl
compounds, benzaldehyde was only detected in male flowers and the content of benzyl al-
cohol in male flowers was significantly higher than that in female flowers of T. kirilowii [29].
Similarly, 4-oxoisophorone was detected only in male buds in this study, which was one
of nine differential compounds filtered by multivariate statistical analysis. It was shown
that 4-oxoisophorone may be a key compound for honeybees’ perceptions of flower odor,
which was likely to be implicated in bee foraging behavior [30].

(E)-4-Hexenol, isoamyl acetate, and 2-ethylhexanol were only detected in female buds.
It was found that the volatile compounds such as isoamyl alcohol and isoamyl acetate were
more attractive to pollinators in the field behavior measurements [31]. High contents of
alcohol and ester compounds were beneficial to better pollination of the female flowers of
H. pedunculosum, which could promote the yield of fruits and improve the economic value
of female plants.

In addition, seven terpenes were detected in female or male buds, including β-myrcene,
α-pinene, α-copaene, sabinene, β-ocimene, δ-limonene, and γ-terpinene. It was shown
that terpenes had the function of attracting pollinating insects, which caused the plant to
attract a variety of flower visiting insects, and could promote the natural pollination of
flowers [32].

There were few reports on the difference in chemical composition of dioecious plants.
For example, the contents of 2-cyclohexenone and methyl benzoate in female buds were
significantly higher than those in male buds, and the content of ethyl benzoate in male buds
was significantly higher than that in female buds of P. tomentosa [23]. The content of linalool
in female flowers was significantly higher than that in male flowers, whereas the content
of benzyl alcohol in male flowers was significantly higher than that in female flowers of
T. kirilowii [29]. The comparative study on the volatile compounds of the buds revealed the
characteristic difference between female and male buds of H. pedunculosum, pointed out
the preliminary relationship between the volatile compounds and plant physiology, and
enriched the basic research of dioecious plants.

Based on the differences of the volatile compounds from female and male buds of
H. pedunculosum, the synthesis mechanism of these differential compounds and their specific
effects on plant growth should be studied in the future. In addition, the differences in
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non-volatile compounds and biological activities between female and male plants are also
worthy of further study.

4. Materials and Methods
4.1. Apparatus

The SPME fiber 50 mm carboxen/polydimethylsiloxane/divinylbenzene (CAR/PDMS/
DVB) was purchased from Supelco (Bellefonte, PA, USA). An AOC-5000 auto injector
solid-phase microextraction device and a SHIMADZU QP 2010 gas chromatography–mass
spectrometer were purchased from Shimadzu (Tokyo, Japan). An ME204/02 electronic
balance was purchased from Mettler Toledo Instruments Co., Ltd. in Shanghai in China.

4.2. Sample Collection

Because H. pedunculosum was a night-flowering plant, the buds of both female and
male plants were collected at 11:00 pm just before they bloomed. The collection date was 31
August 2021, and the collection site was located in the Shangri-La Alpine Botanical Garden,
Diqing Tibetan Autonomous Prefecture, Yunnan Province (27◦54′17.07′′ N, 99◦38′15.02′′ E,
and 3269 m altitude). The female and male buds were obtained by pinching off the flower
stalk with tweezers, which were identified as fresh female and male buds of Herpetospermum
pedunculosum (Ser.) C. B. Clarke (Family Cucurbitaceae) by Prof. Zhimao Chao (Institute
of Chinese Materia Medica, China Academy of Chinese Medical Sciences) according to
the description in Flora of China (Editorial Board of Flora of China, 1984). The voucher
specimens (HPF1-3 and HPM1-3) were deposited at 1022 laboratory of Institute of Chinese
Materia Medica, China Academy of Chinese Medical Sciences, Beijing, China.

4.3. Sample Preparation

A fresh bud sample was placed in a 15 mL headspace vial. A SPME fiber 50 mm
CAR/PDMS/DVB was extended through the needle and exposed into the headspace vial
to adsorb volatile compounds at 40 ◦C for 30 min and then immediately injected into the
gas chromatography injection port at 250 ◦C for 3 min to desorb volatile compounds.

4.4. Chromatographic Condition

The volatile compounds from the buds were analyzed by GC-MS method. A GC-
MS QP 2010 HP-5MS (SHIMADZU, Tokyo, Japan) was used coupled to UI elastic quartz
capillary column (0.25 µm × 0.25 mm × 30 m). The splitless injection mode was used. The
carrier gas was high purity helium which was used at a constant flow rate of 1 mL/min.
The temperature of injection port was 250 ◦C. The heating program was as follows: the
initial temperature was 40 ◦C and held for 5 min; the temperature was increased to 190 ◦C
at a rate of 3 ◦C/min; then increased to 300 ◦C at a rate of 20 ◦C/min and held for 1 min.

4.5. MS Condition

The ion source temperature was 200 ◦C. The interface temperature was 230 ◦C. The
solvent delay time was 2 min. The scanning range was m/z 45–500. The mass spectra would
be obtained at 70 eV with electron ionization (EI) mode.

4.6. Data Processing

The mass spectral identification of volatile compounds was obtained by comparing
with the National Institute of Standards and Technology (NIST) 14. The qualitative analysis
of mass spectral data was verified by comparing the retention time and mass spectra. The
quantitative analysis of volatile compounds was determined by peak area normalization of
total ion chromatography.

4.7. Statistical Analysis

All multivariate analysis and calculations were performed on SIMCA-P software
(version 14.1, Umetrics, Malmö, Sweden). The data were imported into the software and
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scaled by Pareto scaling method to reduce the relative importance of large values and to
keep the data structure partially intact. Then, the data were submitted to PCA and OPLS-
DA analysis. The differential compounds between female and male buds were filtered and
used for the subsequent in-depth analysis.

5. Conclusions

In this study, HS-SPME-GC-MS technology coupled to multivariate statistics analysis
was used to explore some difference in volatile compounds of H. pedunculosum. It was found
that there was a significant difference between female and male buds. In total, 38 volatile
compounds were identified by GC-MS, and 18 and 20 volatile compounds were detected in
female and male buds, respectively. Among them, 6 unique compounds were detected, such
as (E)-4-hexenol and isoamyl acetate in female buds, 20 unique compounds were detected
such as (Z)-3-methylbutyraldehyde oxime and benzyl alcohol in male buds. In total,
9 differential volatile compounds of female and male buds were screened out, including
isoamyl alcohol, (Z)-3-methylbutanal oxime, and 1-nitropentane based on multivariate
statistical analysis. This is the first time that the differences in volatile compounds of the
dioecious plant H. pedunculosum with HS-SPME-GC-MS have been reported, which reveals
the essential differences in female and male buds.
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Abstract: Monitoring and early detection of stored-grain insect infestation is essential to implement
timely and effective pest management decisions to protect stored grains. We report a reliable analytical
procedure based on headspace solid-phase microextraction coupled with gas chromatography–mass
spectrometry (HS-SPME-GC-MS) to assess stored-grain infestation through the detection of volatile
compounds emitted by insects. Four different fibre coatings were assessed; 85 µm CAR/PDMS
had optimal efficiency in the extraction of analytes from wheat. The headspace profiles of volatile
compounds produced by Tribolium castaneum (Herbst), Rhyzopertha dominica (Fabricius), and Sitophilus
granarius (Linnaeus), either alone or with wheat, were compared with those of non-infested wheat
grains. Qualitative analysis of chromatograms showed the presence of different volatile compound
profiles in wheat with pest infestation compared with the wheat controls. Wheat-specific and insect-
specific volatile compounds were identified, including the aggregation pheromones, dominicalure-1
and dominicalure-2, from R. dominica, and benzoquinones homologs from T. castaneum. For the first
time, the presence of 3-hydroxy-2-butanone was reported from S. granarius, which might function
as an alarm pheromone. These identified candidate biomarker compounds can be utilized in insect
surveillance and monitoring in stored grain to safeguard our grain products in future.

Keywords: volatile organic compounds (VOCs); headspace solid-phase microextraction (HS-SPME);
SPME-GC-MS; stored-product insect pests; Tribolium castaneum; Rhyzopertha dominica; Sitophilus granarius

1. Introduction

Maintenance of quality parameters in stored grain over extended periods is of critical
importance to global food security [1,2]. Annually, around one-third of food production,
about 1.3 billion tonnes worth, approximately, US $1 trillion, is lost after harvest operations
to infestation by pests and microorganisms [3]. Stored grains can be damaged by multiple
insect pest species including Tribolium castaneum (Herbst), Rhyzopertha dominica (Fabricius),
and Sitophilus granarius (Linnaeus), three of the most damaging stored-grain insect pests
around the world. R. dominica and S. granarius are notorious primary pests of stored
products that live in whole grain kernels, while T. castaneum is commonly considered as a
secondary pest, appearing in stored products after the primary infestation. These species
not only cause direct damage to stored grains through feeding, but also deteriorate grain
quality [4]. Reliable and simple methods of early detection of these pests in stored grains
are critical to their control throughout the supply chain, with implications for storage and
the multi-billion-dollar international trade in grains.

65



Molecules 2022, 27, 1963

To detect stored-product insects in grains, current techniques include near-infrared
spectroscopy [5], digital imaging [6–9], and aroma sensing (techniques such as electronic
nose, or “eNose”) [9–13]. However, these methods are either labour intensive, susceptible
to environmental influences, inefficient in detecting immature stages of insects and internal
infestation, or not sensitive enough [14]. Novel methods of sample collection, insect detec-
tion, and data analysis should be developed to report the real-time quality of stored grains,
allowing fast and appropriate management decisions. A potential detection approach is to
investigate the air samples from a grain mass to detect specific volatile compounds (VOCs)
released by damaging insects, which can be biomarkers for monitoring grain infestation.

Since its original use for the isolation and identification of volatile chemicals in the
food industry, headspace solid-phase micro-extraction (HS-SPME), coupled with a gas
chromatograph–flame ionisation detection (GC-FID) or gas chromatograph–mass spec-
trometry (GC-MS) technique, has been widely used to examine pheromones and other
volatile secretions of coleopteran insects [15–19]. For example, this technique has been
utilized to identify the aggregation pheromones, dominicalure 1 and dominicalure 2, of
R. dominica, and how pest infestation influences the volatile profiles of grains, as well as
volatile compounds of wheat alone [4]. The compound 4,8-dimethyldecanal (DMD), which
is a well-known male aggregation pheromone in Tenebrionidae, and other volatile metabo-
lites, such as benzoquinones in Tribolium spp., are potential indicators of infestation by
these insects [20,21]. Conversely, little attention has been paid to investigating other volatile
chemicals of S. granarius. A well-known exception is the male-produced aggregation
pheromone identified as 1-ethylpyropyl (2R, 3S)-2-methyl-3-hydroxypentanoate [22,23],
commonly known as 2R, 3S-sitophilate. In addition, the HS-SPME technique has also been
reported in detecting musty–earthy off-odours in wheat [24].

The aim of this study was to identify candidate VOCs released by pest infestation
in stored grains using the HS-SPME-GC-MS technique. The volatile compound profiles
obtained from non-infested grains were compared with those of grains infested with R.
dominica, T. castaneum, or S. granarius. The volatile profiles of the three pest species alone
were also examined. This study verifies changes in the relative responses of the target
compounds among treatments and identified specific volatiles that can be used as potential
indicators of pest infestations in stored grains.

2. Results
2.1. SPME Fibre Selection

Air only, as a blank check, was tested for each fibre as well, but they did not demon-
strate any meaningful peaks, or the peaks were too tiny when compared with the signals
released by the treatments such as wheat and insects. The chromatograms obtained from
the four fibres tested are shown in Figure 1. The CAR/PDMS fibre showed the best extrac-
tion efficiency of the analytes from wheat because it detected the highest number of peaks
and most peaks exhibited sharply. For example, we compared the identified compound
peaks that were higher than 250 mV and were detected by each fibre. CAR/PMDS detected
a total of 14 peaks while the other fibres detected less than two peaks. When the retention
time (RT) was <5 min, CAR/PMDS detected more and larger peaks than the other three
fibres. This result accords with the guide for fibre selection provided by the manufacturer
for relatively small molecular weight compounds. Therefore, the 85 µm CAR/PDMS fibre
was selected for subsequent method optimization experiments.

2.2. Selection of Sampling Time

The general volatile patterns of headspace tested at different time points are quite
similar (Figure 2). The main peaks identified for wheat only were acetone, methanol,
ethanol, 2,3-butanedione, 2-butanol, hexanal, 2-methyl-1-propanol, 1-butanol, 1-penten-3-
ol, 3-methyl-1-butanol, 1-pentanol, 3-methyl-2-buten-1-ol, 1-hexanol, and 1-pentadecene,
numbered from 1 to 14, respectively (Figure 2a). Other common compounds, such as
dimethyl sulphide and ethyl formate, were also detected and identified but in quite low
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amounts. The peak areas of the main compounds detected are very close among the three
time points (at 2–4, 22–24, and 46–48 h) (Table 1), except for acetone (peak 1) (Figure 2b).
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Figure 2. Comparison of mean GC responses of main peaks from healthy wheat collected at 2–4,
22–24, and 46–48 h after being sealed in an airtight container: (a) GC chromatograms of headspace
volatiles from wheat only and (b) the GC peak areas of main peaks from healthy wheat collected at
2–4, 22–24, and 46–48 h after being sealed in an airtight container. Numbered peaks are: 1 = Acetone;
2 = Methanol; 3 = Ethanol; 4 = 2,3-Butanedione; 5 = 2-Butanol; 6 = Hexanal; 7 = 2-Methyl-1-propanol;
8 = 1-Butanol; 9 = 1-Penten-3-ol; 10 = 3-Methyl-1-butanol; 11 = 1-Pentanol; 12 = 3-Methyl-2-buten-1-ol;
13 = 1-Hexanol; and 14 = 1-Pentadecene. Each bar represents the average of three replicates and the
error bars indicate standard deviation.
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Table 1. The seven treatments used in GC, GC/MS analysis.

Sample Volatile Collection Time (h)

20 g Homogenized wheat only 2–4, 22–24, 46–48
20 Tribolium castaneum (Herbst) adults only 2–4

20 T. castaneum adults + 20 g homogenized wheat 2–4
80 Rhyzopertha dominica (F.) adults only 22–24

80 R. dominica adults + 20 g homogenized wheat 22–24
100 Sitophilus granarius (L.) only 46–48

100 S. granarius adults + 20 g homogenized wheat 46–48

2.3. Single-Species Experiments

For all three insect species tested, treatments with insects only produced fewer volatile
compounds when compared with the wheat-only controls. Each species had its own
diagnostic volatile compounds which could be visually distinguished from each other
(Figure 3a). T. castaneum adults only produced three significant peaks, namely T1, T2, and
T3, the most abundant ions of which showed that they might be benzoquinones. The
volatile pattern was the same with mixed gender samples or with adult male only or adult
female only.
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Figure 3. GC chromatograms of headspace volatiles from (a) Tribolium castaneum, (b) Rhyzopertha dominica,
and (c) Sitophilis granarius. Peaks T1, T2, T3 are benzoquinones; peak 1 = Acetone; peak 3 = Ethanol;
peak 4 = 2,3-Butanedione; peak 12 = 3-Methyl-2-buten-1-ol; peak 13 = 1-Hexanol; peak 14 = 1-Pentadecene;
peak R6 = Dominicalure 2; peak R7 = Dominicalure 1; peaks S1–3 = typical peaks of S. granarius only; and
peak S1 = 3-Hydroxy-2-butanone.

R. dominica adults exhibited two typical detectable peaks, R6 and R7, which were
identified as domimicalure 2 (D2) and dominicalure 1(D1), respectively (Figure 3b). Peak
14, identified as 1-pentadecane, might be associated with traces of culture medium. Peak
intensities of D1 and D2 were very low and did not increase over time. Besides the
characteristic compounds of R. dominica, acetone, ethanol and 1-pentadecene (Peaks 1, 3,
and 14, Figure 2) were also detected but peak heights were very small.

Detectable and reproducible signals from S. granarius adults could only be obtained
after being held in a flask for over 40 h. The peaks characterizing S. granarius volatile
emissions were marked as peaks S1, S2, and S3. Peak S1 was identified as 3-hydroxy-2-
butanone (Figure 3c). In addition, several volatile compounds (peaks 1, 4, 12–14) originating
from wheat were detected as trace amounts, and probably resulted from the wheat culture
medium. These are numbered in Figure 2.
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The volatile patterns of wheat only and wheat plus insects, for the three species tested,
showed distinct patterns (Table 2). For wheat plus T. castaneum, the chromatogram turned
out to be a simple combination of that of wheat only and that of T. castaneum only, but
T. castaneum generated relevant high boiling point Benzene, 1-ethoxy-4-isothiocyanato,
stearic acid, and one unknown compound (Table 2). Wheat plus R. dominica showed the
most complex pattern; it not only had all the peaks from both wheat alone and R. dominica
alone, but also seven new VOCs, such as ethyl acetate, 11-methylpentacosane, palmitic acid,
1-pentadecene, dominicalure 1, apparent homologs of dominicalure 1, and one unknown
compound which could only be detected when R. dominica adults were added to wheat in
the same flask (Peaks R1~R5 and Peaks R8~9 in Table 2). In addition, when R. dominica and
wheat were combined, R6 (dominicalure 1) and R7 (dominicalure 2) increased dramatically
and dwarfed any other components. In the case of wheat plus S. granarius, most of the
typical VOCs of this species disappeared except VOC of 1-pentadecene, which was 2–3 folds
enhanced in peak intensity than in wheat alone or in S. granarius alone (Table 2).

Table 2. Volatile organic compounds (VOCs) collected from wheat only, wheat plus T. castaneum,
wheat plus R. dominica, and wheat plus S. granarius identified from gas chromatography analysis and
Kovats’ values calculation.

Compounds RT NIST RI Kovats Match Quality GC Response (105) ± SD, n = 4

(min) indices (%) Wheat Wheat + T. castaneum Wheat + R. dominica Wheat + S. granarius
Acetone 1.18 1116 862 79.5 112.53 ± 6.77 124.36 ± 8.03 17.53 ± 3.35 127.18 ± 9.06

Methanol 2.51 1157 901 77.0 32.42 ± 4.29 43.28 ± 5.51 33.09 ± 4.52 32.57 ± 4.19
Ethanol 3.48 1215 943 79.1 75.52 ± 6.14 5.049 ± 2.75 49.51 ± 5.02 27.55 ± 3.66

2,3-Butanedione 4.43 1248 977 91.8 9.88 ± 2.22 15.49 ± 3.93 65.16 ± 5.15 12.17 ± 3.83
Ethyl acetate 5.38 1291 988 85.0 nd nd 27.16 ± 3.33 nd

2-Butanol 7.02 1332 996 71.3 8.83 ± 2.04 7.59 ± 2.09 7.65 ± 2.08 6.94 ± 2.11
Hexanal 9.47 1360 1087 77.2 11.27 ± 3.15 19.08 ± 3.31 26.14 ± 3.81 23.51 ± 3.05

2-Methyl-1-propanol 10.49 1381 1125 80.1 23.53 ± 3.27 6.86 ± 2.88 7.15 ± 2.11 7.22 ± 2.02
11-Methylpentacosane 11.47 1418 1150 89.0 nd nd 102.27 ± 8.04 nd

1-Butanol 12.53 1435 1173 71.9 13.84 ± 4.09 9.55 ± 2.73 9.17 ± 2.50 8.58 ± 2.22
1-Penten-3-ol 13.25 1463 1198 97.1 11.62 ± 3.15 8.11 ± 3.11 9.59 ± 2.72 8.06 ± 3.06

3-Methyl-1-butanol 14.82 1488 1216 94.3 76.77 ± 5.26 58.92 ± 5.38 61.49 ± 4.85 51.64 ± 5.17
1-Pentanol 16.34 1502 1238 84.4 103.52 ± 6.33 95.13 ± 7.09 117.25 ± 8.88 99.64 ± 7.61

Palmitic acid 17.57 1527 1251 96.0 nd nd 55.72 ± 4.92 nd
3-Methyl-2-buten-1-ol 18.72 1544 1280 91.0 10.08 ± 2.01 4.73 ± 2.10 22.57 ± 3.27 4.08 ± 2.06

1-Hexanol 19.44 1581 1305 75.9 85.83 ± 5.09 78.59 ± 7.77 101.55 ± 8.21 91.21 ± 5.06
Unknown 20.81 - - - nd nd 31.09 ± 4.48 nd

1-Pentadecene 21.91 1640 1349 92.2 nd nd >250 nd
Dominicalure 1 23.58 1685 1377 88.7 nd nd 26.05 ± 4.17 nd

Apparent homologs of
dominicalure 1 24.23 1751 1391 94.0 nd nd 143.95 ± 8.49 nd

Benzene, 1-ethoxy-4-
isothiocyanato- 24.68 1830 1424 95.7 nd 74.93 ± 6.28 nd nd

Stearic acid 26.11 1892 1451 75.9 nd 68.37 ± 5.92 nd nd
Unknown 27.84 - - - nd 11.5.08 ± 2.50 nd nd

RT = retention time. NIST RI = retention indices obtained from National Institute of Standards and Technology
database (NIST). SD = standard deviation (n = 4). nd = not detected.

3. Discussion

The HS-SPME technique coupled to GC-MS was utilized to investigate volatiles in
infested stored grains for biomarkers of insect infestation. The CAR/PDMS coating fibre
was recommended for the extraction of volatiles in grains infested with the tested species
R. dominica, T. castaneum, and S. granarius. Previous research showed that the CAR/PDMS
fibre had the highest efficiency of absorption of the overall volatile organic compounds
from disturbed T. castaneum [21,25]. Our results confirmed that the CAR/PDMS fibre was
efficient in extracting volatiles emitted by one single individual of T. castaneum. Whether
using only one single individual or 20, the signals were detectable in the first 2 to 4 h after
secretion (data not shown). In this study, only R. dominica, T. castaneum, and S. granarius
adults were used to identify VOCs. Insect eggs, larvae, or pupae may produce different
biomarker volatile compounds, which needs further investigation in future.

The samples containing wheat only showed the presence of the common volatile
compounds, including dimethyl sulphide, acetone, methanol, ethanol, and butanol, which
have been reported in previous research on clean wheat grains [26,27]. Nevertheless, fewer
constituents were observed in our investigations, which were conducted under controlled
laboratory temperatures, as compared with heated or distilled methods [26]. In addition,
we found that more simple compounds in the form of alcohols were obtained in whole
grains than in polished–graded wheat flours and distillers’ grains, in which aldehydes and
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ketones are more common [15,26]. The increase of acetone levels (shown as increased peak
areas) over time might be due to the natural accumulation of respiration products.

Volatile compounds of T. castaneum were abundant in peak intensity but were of a lim-
ited variety. Secretions of benzoquinones and the male-produced aggregation pheromone
4,8-dimethyldecanal (DMD), by T. castaneum have been well studied [20,21,28]. The ex-
tractable level and detected amounts vary between sampling methods and assay design.
Our data showed that using the CAR/PDMS fibre was an efficient method for detect-
ing benzoquinones. However, further identification is needed to confirm whether they
are methyl-1,4-benzoquinone (MBQ) and ethyl-1,4-benzoquinone (EBQ), as reported in
previous studies [20,21,29]. Similar to a previous study [21], no DMD was detected in
our investigations. It was reported that amounts of DMD varied from 0.7 ng/male in a
4-day collection period with SPME analysis [20], to over 600 ng/day per male by using a
Super Q column [30]. However, both two studies sexed and maintained adult T. castaneum
separately for 30 days. Here, no DMD was detected in our experiment, which utilized
unsexed T. castaneum. It was shown that high population densities have negative effects
on DMD production [31], which were not apparent when food was absent. Nevertheless,
DMD was not detected even when T. castaneum was combined in a sealed flask with wheat.
The presence of primary pest species, such as R. dominica and S. granarius, in wheat might
facilitate the release of aggregation pheromones in secondary pests.

The typical peaks R6 and R7 that characterise the presence of R. dominica increased
over time when they were added to wheat grains. This finding is consistent with previous
research which concluded that R. dominica releases aggregation pheromones when they
identified food resources. However, it has been reported that the pheromone released
by this species was highest in late afternoon and the variance of actual quantities could
reach up to 10 times more among individuals [32]. Here, we used a large population
density of 80 adults per flask, so differences between individuals were not examined. In
our work, we reported only a few compounds compared with around 90 compounds
identified previously [4]. In the latter work, R. dominica was killed and removed before
the headspace collection of samples. A long infestation period of 25 days, metabolites of
the insects, and microbial contamination might also have contributed to the larger number
of compounds detected. Moreover, heating can increase mass transfer, and this can lead
to a greater recovery of higher molecular weight volatile compounds. Our experiments
were carried out at room temperature and in a relatively natural storage environment. This
is a useful way to avoid artificial reactions of volatile reagents in the headspace, but it is
less efficient in completely absorbing all the volatiles, particularly those of low volatility.
In another study, with both polar and non-polar columns at 25 ◦C, 114 compounds were
detected in the headspace of three different samples, healthy wheat, R. dominica, and wheat,
with R. dominica, indicating that the use of both polar and non-polar columns is essential to
capturing the full range of VOCs produced [33].

S. granarius adults presented the most characteristic peaks compared with the other
two pest species tested, besides some components in common with those of wheat. Here,
for the first time, the compound 3-hydroxy-2-butanone was found in S. granarius. It has
been reported as one of the three male-produced sex pheromones in the lobster cockroach,
Nauphoeta cinerea (Olivier), and functions in agonistic interaction [34]. We suggest that this
compound may be an alarming pheromone among S. granarius adults when they are under
crowded and starving conditions. Further bioassay or behavioural function studies are
needed to confirm its bio-function. To our knowledge, this is the first study examining the
volatile compounds of grains infested by S. granarius. Moreover, 1-pentadecene increased
two-fold in the headspace of wheat plus S. granarius, and it appeared to be a potentially
useful indicator of infestation by S. granarius. It would be of interest to determine whether
the compounds coming from S. granarius adults alone (S2 and S3) are absorbed by wheat
or are not released once insects have found a food resource. In a recent study, wheat
bran, with a low amount of 1-pentadecene added, was more attractive than wheat bran
alone to T. castaneum, whereas higher concentrations of 1-pentadecene were repellent [35].
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Sensitivity and reproducibility are the critical factors to consider in developing detection
techniques for grain infestation. The fact that bulk grains are good sorbents to weak
physical signals in the form of electrical, magnetic, nuclear, acoustic, or thermal energy is
one of the greatest challenges for detection techniques. Our study showed that detectable
signals could be recorded for only a single adult T. castaneum. However, further work needs
to be conducted to determine the detection limits of this technique for R. dominica and
S. granarius, mainly in non-laboratory conditions.

In summary, a simple and reliable detection method for stored-product pests is ur-
gently needed in the grain industry considering the great annual losses during storage
due to pest infestations. The results, here, demonstrated that SPME-GC-MS is an efficient
technique and has the potential to identify volatile chemical compounds of different insect
species which can be used as early warning indicators of insect presence or infestation. A
complete VOC profile of all the main stored-product pests would be necessary for future
rapid diagnosis and monitoring to draw practical conclusions.

4. Materials and Methods
4.1. Insect Materials

Tribolium castaneum (TC4), Rhyzopertha dominica (RD2), and Sitophilus granarius (LG2)
were obtained from the CSIRO Entomology Culture Collection, Canberra, Australia [36].
Single-species insect cultures were set up using adults and reared in 2 L glass culture jars
under dark laboratory conditions at 30 ◦C and 60% relative air humidity. Two grams of
T. castaneum were cultured on 734 g of whole organic wheat flour and 66 g of brewer’s yeast
at a ratio of 12:1 (w/w). R. dominica (1.5 g) were cultured on 721 g of organic whole wheat
grains with one cup of wheat flour on top. S. granarius (2.8 g) were cultured on 800 g of
organic whole wheat grain. The adult insects were cultured for 4–5 weeks until adults of
the next generation emerged.

4.2. SPME Fibre Selection

Four SPME fibres with different coatings were tested and compared with the extraction ef-
ficiency of volatile compounds: 85 µm Carboxen/Polydimethylsiloxane (CAR/PDMS) (Sigma-
Aldrich, Sydney, Australia, Cat. 57334-U), 65 µm Polydimethylsiloxane/Divinylbenzene
(PDMS/DVB) (Sigma-Aldrich, Sydney, Australia, 57326-U), 85 µm polyacrylate (PA) (Sigma-
Aldrich, Sydney, Australia, 57304), and 100 µm Polydimethylsiloxane (PDMS) (Sigma-Aldrich,
Sydney, Australia, 57300-U). All fibres were conditioned prior to use in accordance with the
manufacturer’s recommendations. The wheat variety ‘Rosella’ was used for testing the fibres.
Grain of this variety was stored at 10 ◦C until used. Two hundred grams of wheat grain
was added to a 250 mL Erlenmeyer flask (Bibby Sterilin, Staffordshire, UK, Cat. No. FE 250)
and sealed with a Teflon-faced septum lid. There were three replicates for each treatment
and the control. Sample collection was performed manually using a SPME fibre holder. The
coated fibre was exposed to the upper portion of the headspace of wheat grains, just below
the septum, for 3 h without agitation. The compounds were then desorbed from the fibre in
the GC injector at 250 ◦C for 5 min under splitless mode.

4.3. Selection of Sampling Time

To standardize sampling time according to volatile emissions for the different insects
used (treatments with insects) and monitor possible changes in volatile compound profiles
in 250 mL sealed flasks over 48 h (treatment with wheat only), the fibres were suspended in
the flask above the insects or wheat, or wheat plus insects, and out of reach of the insects to
extract the volatiles for 3 h. According to our pre-experiments, the collection time used in
this research was selected as the earliest timepoint that each species can give out a consistent
and stable release (Table 1). For 20 g of homogenized wheat only, headspace samples were
collected at 2–4, 22–24, and 46–48 h, respectively, as controls. For 20 T. castaneum only and
20 T. castaneum plus 20 g homogenized wheat, headspace samples were collected at 2–4 h
for investigation. For 20 R. dominica only and 20 R. dominica plus 20 g homogenized wheat,
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headspace samples were collected at 22–24 h for investigation. For 20 S. granarius only and
20 S. granarius plus 20 g homogenized wheat, headspace samples were collected at 46–48 h
for investigation (Table 1).

4.4. Single-Species Experiments

Single-species experiments were performed for the three pest species using 250 mL
Erlenmeyer flasks sealed with a Teflon-faced septum lid. The experimental design consisted
of a wheat control without insects, and treatments with either insects only or with wheat
plus insects (Table 1). Mixed-age and mixed-gender batches of insects were used in all
runs. According to our pre-experiments, the amount of the insects used in this research
was the limit that can provide a consistent and stable VOCs release. The test insects were
transferred on wet filter paper for half an hour allowing them to crawl, cleaning the insect
body, and the insects were then cleaned further by transferring them to filter paper. Thirty
minutes were allowed for the insects to settle before the flasks were sealed. There were
three replicates for each treatment and control. The wheat grains used in all the other
experiments were harvested and stored at 10 ◦C until used. Samples were then transferred
into a 25 ◦C cabinet overnight. The volatile collection method referred to is described in the
above “fibre selection”. Periodic blank flasks were tested as procedural controls to confirm
the stability and purity of the system.

4.5. GC and GC-MS Analysis

A Varian 3400CX GC (Varian Instruments, Sunnyvale, CA, USA) equipped with a split–
splitless injector, a ZB-WAXplus column (30 m × 0.32 mm i.d. × 0.25 µm film thickness),
and a Flame Ionization Detector (FID) was used to analyse the volatile profiles extracted
by SPME. The gas chromatograph oven was operated under the following temperature
program conditions: 35 ◦C for 8 min, increasing to 120 ◦C at a rate of 5 ◦C/min, and held at
120 ◦C for 10 min. FID temperature was set at 250 ◦C. Nitrogen was used as the carrier gas,
injected at 250 ◦C in a constant flow of 1.1 mL min−1.

Analysis and identification of analytes was carried out on a Shimazu gas
chromatograph–mass spectrometer (GC-MS-QP2010 Plus). A Stabilwax® Restek column
(30 m × 0.25 mm i.d. × 0.25 µm film thickness) was used with helium as the carrier gas at
a constant speed of 30 cm/s. Oven temperature programme conditions included being held
at 35 ◦C for 8 min, increased from 35 to 120 ◦C at 5 ◦C/min where it was held for 10 min,
then increased from 120 to 245 ◦C at 15 ◦C/min where it was held for 10 min. Total run
time was 53.3 min. Electron ionization was at 70 eV. Qualitative analysis of the samples was
carried out by scanning the mass range between 40 and 300 amu. Peaks were identified by
mass spectra comparisons against the standards of the National Institute of Standards and
Technology (NIST) spectral library database and by comparison with the retention times of
known authentic standards (Sigma-Aldrich, Pty, Ltd., MD, USA).

4.6. Data Analysis

The GC analysis data, including the retention time and the peak area, were collected
and integrated into the chromatography software, Agilent Chem Station, and then exported
to Microsoft Excel and SPSS 20.0 for statistical analysis. The chromatogram pattern features,
including detected peak retention times and peak areas, were analysed and compared to
verify the repeatability of replicates from the same treatment. The variance between peak
areas was analysed using an ANOVA (single factor) with post hoc Tukey’s test by using
SPSS 20.0 to compare volatile emissions between different treatments, including: wheat
only, wheat plus T. castaneum, wheat plus R. dominica, and wheat plus S. granarius.
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Abstract: Headspace solid microextraction (HS-SPME) and GC-MS were used to investigate volatile
organic compounds (VOCs) from cabbage plants infested and uninfested with green peach aphid
Myzus persicae. The HS-SPME combined with GC-MS analysis of the volatiles described the differences
between the infested and uninfested cabbage. Overall, 28 compounds were detected in infested
and uninfested cabbage. Some VOCs released from infested cabbage were greater than uninfested
plants and increased the quantity of the composition from infested plants. According to the peak area
from the GC-MS analysis, the VOCs from infested cabbage consisted of propane, 2-methoxy, alpha-
and beta pinene, myrcene, 1-hexanone, 5-methyl-1-phenyl-, limonene, decane, gamma-terpinen and
heptane, 2,4,4-trimethyl. All these volatiles were higher in the infested cabbage compared with
their peak area in the uninfested cabbage. The results of the study using a Y-shape olfactometer
revealed that the VOCs produced by infested cabbage attracted Myzus persicae substantially more
than uninfested plants or clean air. The percentage of aphid choice was 80% in favor of infested
cabbage; 7% were attracted to the clean air choice and uninfested plants. A total of aphids 7% were
attracted to clean air. Comparing between infested and uninfested cabbage plants, the aphid was
attracted to 63% of the infested cabbage, versus 57% of the uninfested cabbage. The preferences of
Aphidus colemani and Aphelinus abdominalis to the infested or uninfested plants with M. persicae and
compared with clean air indicated that parasitoids could discriminate the infested cabbage. Both
parasitoids significantly responded to the plant odor and were attracted to 86.6% of the infested
cabbage plants.

Keywords: green peach aphids; VOCs; parasitoids; Aphidus colemani; Aphelinus abdominalis; cabbage

1. Introduction

Myzus persicae (Hemiptera: Aphididae) has a universal distribution, including Aus-
tralia, and is considered a serious pest that has caused damage to hundreds of agricultural
crops in more than 66 families [1,2]. The aphid mainly exists in young plant tissues, causing
reduced leaf size, delayed growth of the plant and reduced yield [3]. M. persicae is consid-
ered a common pest insect of cruciferous crops, and sucks plant sap, leading to yellowing
and curling of plant leaves. Additionally, the excretion of honeydew by aphids affects
plant photosynthesis and encourages fungal growth [4]. Cabbage plants are commonly
attacked by different species of aphids, such as turnip aphid Lipaphis erysimi, cabbage aphid
Brevicoryne brassicae and green peach aphid M. persicae, which economically damage these
crops [5].

75



Molecules 2022, 27, 1522

Chemical insecticides play a significant role in controlling insects on crop plants. In-
secticides have been extensively used in horticultural systems; however, they can cause
the appearance of secondary pests instead of primary pests, pesticide resistance, contami-
nation of environment and affect non-target organisms [6,7]. Therefore, it is necessary to
find alternative methods for pest management. In biological control, aphid parasitoids
from families such as Braconidae and Aphelinidae are important and can cause a high
percentage of mortality on aphids [8,9]. Natural enemies of aphids can reduce the rate of
population increase, and the use of wasp parasitoids in biological control of aphids has
been successful [10].

Plants VOCs play an important role in plant–insect interactions by influencing insect
communication and plant defense [11]. When sucking insect pests such as the green peach
aphid feed on the plant, one response from the plant is to release odors in the form of VOCs.
The VOCs have an important role in plant–insect interactions because they can be used by
parasitoids to locate their host [12].

Cabbage plants attacked by aphids may emit volatile compounds that attract parasitoid
wasps or predators [13,14]. Previous studies have concluded that natural enemies can
identify the VOCs released from the infested plants; the response of parasitoids and
predators were confirmed and this provided an explanation how natural enemies were
attracted by the host plant using the olfactory scale [15,16].

Aphidius colemani (Hymenoptera, Braconidae) and Aphelinus abdominalis (Hymenoptera,
Aphelinidae) are endoparasitoids of many species of aphids and both attack M. perisecae [17].
The VOCs released from infested Brassica plants by aphids can bring with lure parasitoids,
which showed the family of Brassicaceae possess chemical defense [18]. When the aphids
feed on the plant leaves, the plant produces blends of volatiles as a response to the infes-
tation by aphids, releases volatile compounds in different quantities and qualities from
damaged Brassica plants, and these differences in the VOCs can attract other pests and
natural enemies [17]. A. colemani and A. abdominalis are parasitic wasps specific to green
peach aphids, whose females use VOC signals to detect and locate aphids feeding on host
plants and lay their eggs into aphids [19,20]. Additionally, honeydew excreted by aphids
on plants could lead to the release of semiochemicals or VOCs attracting and guiding
parasitoids to the aphid [21,22].

In Y-tube olfactometer tests, Reed [8] reported no attraction of the parasitoid Diaeretiella
rapae to the cabbage leaves. However, the choice of wasps to infest cabbage plants by
B. Brassicae was more significant than other plants infested by different species of aphid,
such as Russian wheat aphid Diuraphis noxia. These results indicate that the cabbage
plant VOCs are more important than other plants in attracting the parasitoid to the aphid
location [8]. The heavy population of M. persicae on the plant can accumulate wasps, while
the uninfested plant sees few parasitoids come to the plant because wasps fail to locate the
uninfested plant [23,24].

The identification of VOCs can be a signal for aphids and their parasitoids’ receivers,
and it is necessary to develop methods to analyze VOCs as diagnostic indicators that involve
aphid management. Therefore, this study aims to determine the VOCs released from
M. persicae-infested and uninfested cabbage plants to elucidate the responses of M. persicae
and their parasitoids (A. colemani and A. abdominalis) to aphid-infested and uninfested
cabbage plants in the Y-tube olfactometer. Understanding the treatments influencing the
attraction of the parasitoids may provide fundamental data for controlling green peach
aphids and generating new methods for aphid biological control.

2. Results
2.1. VOCs Released from M. persicae Infested and Uninfested Plant

Analysis of the volatiles of cabbage induced by M. persicae for the infested and unin-
fested plant treatments shows significant differences. Several compounds were present
in all samples that were trapped by SPME and identified by GC-MS. Plants damaged by
M. persicae can change in plant odor emission, and the volatiles of samples were signifi-
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cantly higher than uninfested plants. The volume and the variety of VOCs released from
infested cabbage were greater than the uninfested plant in some compounds, and the
qualitative differences in the composition of the odor from these treated plants consisted of
propane, 2-methoxy that was released from uninfested cabbage, which was greater than
the VOCs released from infested cabbage, with an average peak area in the uninfested
plant of 23.10 compared with the peak area in the infested plant of 7.84. Meanwhile, alpha-
and beta pinene were much higher in the infested than uninfested plants (Table 1). There
was a significantly larger quantity of (E)-3-hexen-1-ol (p-value 0.223), beta-pinene (p-value
0.930) and decane (p-value 0.020) released from the infested plant but not detected in
uninfested cabbage plants. Moreover, the peak area for the following volatile compounds,
which were detected from infested cabbage, were higher in the infested cabbage compared
with their peak area in the uninfested cabbage: myrcene, 1-hexanone, 5-methyl-1-phenyl-,
limonene, decane, gamma-terpinen and heptane, 2,4,4-trimethyl. However, some of the
volatile compounds from uninfested cabbage were released in a high amount based on
peak area detected by GC-MS as compared with the infested plant. These compounds
were eucalyptol, cyclohexasiloxane, 3,4-dihydroxyphenylglycol, 1,5-pentanediamine, oc-
tamethyl and decamethyl. VOCs lead to odor differences between aphid infested plants
and uninfested plants. Figure 1 shows the heat map that graphically displays results by
hierarchical clustering of the volatile compounds from the infested and uninfested cabbage.
This work was conducted to find the closeness of individual compounds released from
both samples (uninfested and infested plants with M. persicae). Distances between samples
and assays were calculated for hierarchical clustering based on Pearson’s Correlation Dis-
tance. Each volatile compound has a peak area detected by GC-MS, presented by the color
scale that illustrates the differences between the replicates of the infested and uninfested
cabbage. The heat map indicated that the detected compounds and the difference between
uninfested and infested cabbage plant with the scale of color and each color corresponds
to one detected VOC. The value of the compound is represented by red, orange and dark
blue for the maximum (2), average (0) and minimum (–2) (Figure 1). In addition, principal
component analysis (PCA) was performed and the PCA score plot (Figure 2) shows the
separation of the two samples (uninfested and infested plants with M. persicae) into two
different groups based on their profile of volatile organic compound using the significant
difference (p < 0.05), relationship between the VOCs within infested and uninfested as
shown in Figure 2.

Table 1. Volatile compounds detected in the headspace of infested and uninfested cabbage with
M. persicae by using solid phase microextraction (SPME).

No Compound Name RT 1 Uninfested Plant
Area ± SD 2

Infested Plant
Area ± SD LSD 4 p-Value

1 Propane, 2-methoxy 3.12 23.10 ± 3.13 7.84 ± 2.70 11.45 0.020 *
2 n-Hexane 3.28 15.38 ± 4.21 8.40 ± 3.83 15.8 0.199
3 Benzene 3.61 72.20 ± 1.55 601.75 ± 28.09 78 0.305
4 3-Hexen-1-ol, (E) 6.38 ND 3 28.83 ± 1.51 4.197 0.223
5 4,6-Heptadiyn-3-one 9.33 90.28 ± 2.26 601.75 ± 28.09 78.2 1.211
6 Toluene 11.02 12.50 ± 3.48 1.65 ± 0.31 9.7 0.653
7 Oxime-, methoxy-phenyl 12.43 757.69 ± 322.83 680.68 ± 300.96 1223.9 0.200
8 2-Pentenal, (E)- 12.49 16.86 ± 0.82 23.36 ± 0.76 3.105 0.136
9 Alpha-Pinene 13.32 24.44 ± 4.96 131.41 ± 16.53 47.87 0.003 *
10 Sabinene 13.47 72.54 ± 34.72 137.59 ± 37.07 140.8 0.377
11 Myrcene 15.22 20.15 ± 7.96 68.45 ± 30.99 88.7 0.046 *
12 beta-Pinene 16.25 ND 55.75 ± 17.03 47.24 0.930

13 1-Hexanone,
5-methyl-1-phenyl 16.81 21.05 ± 3.78 35.38 ± 7.44 23.14 0.004 *

14 p-Cymene 17.28 422.85 ± 144.03 564.67 ± 82.08 459.7 0.339
15 3-Hexen-1-ol, acetate, (Z) 17.48 394.93 ± 152.39 245.99 ± 62.11 456.3 0.277
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Table 1. Cont.

No Compound Name RT 1 Uninfested Plant
Area ± SD 2

Infested Plant
Area ± SD LSD 4 p-Value

16 Eucalyptol 19.97 129.50 ± 5.22 96.14 ± 34.98 98.1 0.036 *
17 Limonene 20.38 14.66 ± 1.92 247.26 ± 84.09 233.2 0.003 *
18 Decane 23.57 ND 39.31 ± 5.50 15.25 0.020 *
19 gamma-Terpinen 24.81 9.03 ± 1.70 56.55 ± 3.68 11.23 0.007 *
20 Heptane, 2,4,4-trimethyl 26.24 3.75 ± 1.44 91.50 ± 45.46 126.1 0.001 *

21 Cyclopentasiloxane,
decamethyl 27.84 1.95 ± 0.23 314.91 ± 12.00 33.29 0.212

22 1-Undecyne 30.22 2.68 ± 0.52 110.55 ± 13.59 37.72 0.036 *
23 Heptane, 2,5,5-trimethyl 30.82 2.17 ± 0.43 33.82 ± 4.85 13.5 0.630
24 Cyclohexasiloxane 34.24 123.62 ± 53.60 1.16 ± 0.17 148.6 0.301
25 3,4-Dihydroxyphenylglycol 37.29 20.15 ± 7.96 1.72 ± 0.41 22.09 0.286
26 1,5-Pentanediamine 40.10 249.45 ± 12.70 10.33 ± 0.64 35.27 0.127
27 octamethyl 42.66 565.00 ± 22.07 7.89 ± 2.42 61.6 0.129
28 decamethyl 41.43 113.05 ± 55.42 ND 153.7 0.401

1 RT indicated to the retention time of compounds. 2 SD referred to the standard deviation of peak area calculated
from three replicates. 3 ND referred to not detected. 4 LDS referred to Least Significant Difference at 0.05 level.*
indicated to the significant different 5%.

2.2. Effect of VOCs on Attractive Parasitoid

Results of the laboratory experiments using Y-tube olfactometer bioassays showed
the response of the aphids M. persicae (n = 30 for each replicate) and their parasitoids A.
colemani and A. abdominalis (n = 15 for each replicate and each parasitoid) to the uninfested
and infested cabbage plants by 30 individual aphids and 15 individuals per replicate of
parasitoid.

These results indicated that green peach aphids in cabbage were significantly (Chi-
square (χ2) = 18.61, df = 1 and p < 0.0005) more attracted to the VOCs released from infested
plant (80%) rather than clean air (7%). Results showed that M. persicae were significant
different in the preference for cabbage plants, with more attraction to the uninfested plants
than clean air. The percentage of attracted aphids was 75.56% versus 3% (χ2 = 20.16,
df = 1 and p < 0.0005). While the results indicated that the aphids were significantly more
attracted to the infested cabbage compared with the uninfested plant, the percentage of
aphid numbers attracted towards infested cabbage plants was 63%, versus 26.67% attracted
to uninfested cabbage plants (χ2 = 4.48, df = 1 and p < 0.034) (Figure 3).

For the parasitoid experiments, the attraction of parasitoids A. colemani and A. abdomi-
nalis to volatiles released by plants, where they were given a choice between uninfested
and infested plants, was analyzed. Both A. colemani and A. abdominalis were significantly
more attracted to volatiles from plants infested with green peach aphids compared with
clean air (Figure 4). The frequency of parasitoid attraction was 93.33% and 100% towards
the infested cabbage plant versus 7% and 20%, respectively, towards the clean air for both
parasitoids A. colemani and A. abdominalis (χ2 = 11.26, df = 1 and p = 0.001 for A. colemani
and χ2 = 4.57, df = 1 and p = 0.033 for A. abdominalis). The statistical analysis showed that
both parasitoids were significantly attracted to the infested plant. However, there was no
difference between attracted wasps for the odors released from an uninfested plant and
clean air, and there were no responses for both parasitoids A. colemani and A. abdominalis to
the healthy plant odor versus clean air (both parasitoids showed no significant response to
the treatment). By percentage, 4.44% of A. colemani wasp and 7% of A. abdominalis were
attracted to volatiles released from uninfested plants, versus 7% for both parasitoids headed
for clean air treatment, while the percentage of no responses of parasitoids was 88.86% and
86.66% for A. colemani and A. abdominalis, respectively (χ2 = 19.20, df = 2 and p = 0.001 for
A. colemani and χ2 = 19.20, df = 2 and p = 0.001 for A. abdominalis). When given a choice
between uninfested and infested cabbage plants, A. colemani and A. abdominalis parasitoids
were significantly more attracted to volatiles released from infested plant rather than at-
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tracted towards uninfested cabbage plants. By percentage, 86.67% of the A. colemani and
100% of the A. abdominalis responded to infested cabbage compared to 9% of the A. colemani
and 0% of the A. abdominalis being attracted to uninfested plants (χ2 = 10.28, df = 1 and
p = 0.001 for A. colemani and χ2 = 12.25, df = 1 and p = 0.0005 for A. abdominalis).
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3. Discussion

The VOCs that released from infested cabbage plants by M. persicae showed many
compounds comparing with uninfested plants and reported by previous studies [25–27].
In the current study, volatile compound profiles of uninfested and infested cabbage plants
with M. persicae were compared to show the differences between treated plants and used
as identification tools for the infestation. Taveira et al. [27] reported that a comparison
of volatile compounds identified from uninfested and aphid-infested plants from several
Brassica plants. The damage of cruciferous plants caused by aphids can emit many volatile
compounds such as glucosinolate metabolites, phenolics and terpenoids [28,29]. However,
our results showed the M. persicae preferred damaged Brassica plants because the infested
plant released different VOCs, such as alpha- and beta pinene, €-3-hexen-1-ol, myrcene,
1-hexanone, 5-methyl-1-phenyl, limonene, decane, gamma-terpinen and heptane, 2,4,4-
trimethyl. This finding is consistent with [17], who reported that alpha- and beta pinene
and limonene could increase in Brassica plants infested by aphids. Some VOCs disappeared
from uninfested plants, such as 3-hexen-1-ol-(E) and beta-pinene [17,30]. The increase in
(E)-3-hexen-1-ol, beta-pinene and decane in infested plants could be expected because these
compounds are well known as green leaf volatiles and are involved in the attraction of
natural enemies such as parasitoids and predators [22,31]. The VOCs can be released by
an intact and uninfested Brassicaceous plant in large amounts [32]. These compounds
were found in the headspace of infested cabbage plants and can be involved in attracting
beneficial insects as a response to the aphid infestation [22,31,33]. Thus, the selection of
SPME in the extraction of volatile compounds from uninfested and infested cabbage plants
with M. persicae was based on the peak areas of all compounds identified in the treatments.

The results of Y-tube olfactometer bioassays confirmed the results of aphids M. persicae
and the parasitoids A. colemani and A. abdominalis were influenced and attracted to volatiles
produced by Cruciferous plants. These wasps significantly preferred, and were attracted
to, volatiles from aphid-infested plants over uninfested plants. The use of the Y-tube
olfactometer to test the response of aphid M. persicae to the host plant, B. oleracea var.
capitata, indicated that M. persicae was influenced by the volatiles released from B. oleracea
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var. capitata and were significantly attracted to both uninfested and infested plants when
compared with the clean air choice.

Aphids can find their host visually and chemically, by chemical, color, size and the
shape of the host, and this may be a useful guide to attracting aphids. This result confirms
past studies [20,34,35] that show aphids find their host plants by plant odor as well as
visual cues. Moreover, the attraction of aphids to the plant volatiles using olfactometer
has been reported in experiments testing plant odor against aphids and their host-finding
ability [34–36]. Our results showed that aphids tended to be attracted to both damaged
and undamaged plants. Our observation is that plant compounds can explain the variance
in attraction by aphids and also that plant volatile compounds can increase in response to
feeding [37,38]. The population of natural enemies can be increased when adding organic
fertilizer [39]. Based on VOCs from cabbage, M. persicae was attracted to seven different
cabbage varieties in diverse ways. Additionally, the wingless M. persicae was considerably
attracted to Qingan 80 cabbage cultivar in Y-tube olfactorometer bioassays as compared to
Yuanbao cabbage cultivar [40,41].

The results from the olfactometer studies demonstrated that parasitoids respond to
the plant volatiles and that A. colemani and A. abdominalis respond to the odor released from
infested plants. Both tested parasitoids are significantly responsive to plant volatiles when
compared with a clean air treatment. This finding is consistent with [42]. The preference
of A. colemani and A. abdominalis showed no response of parasitoid attraction to clean
air and uninfested cabbage, while a statistically significant non-response was noted in
the parasitoids. van Emden et al. [43] explain that the attraction of parasitoids can be
significantly higher to the infested plant and attack aphids feeding on the same plant as the
origin of the mummy offered. The parasitoids A. colemani and A. abdominalis showed their
responses to the infested B. oleracea, preferring aphid-induced volatiles. Both parasitoids
have significant responses to infested plants with aphids. The results are consistent with [44]
who showed parasitoid A. colemani could be attracted to volatiles released from Brassica
juncea and preferred plants damaged by green peach aphids rather than plants damaged
by M. persicae and Plutella xylostella caterpillars.

4. Materials and Methods
4.1. Experimental Plants

Cabbage (Brassica oleracea L. var. capitata) seeds were sown in a 90 mm square pot
filled with potting soil mixture (Richgro Regular Potting Mix, NSW, Australia) and grown
under greenhouse conditions at 23–25 ◦C, 60–70% relative humidity and L16: D8 light cycle.
Plants were grown in a glasshouse to the 7–9 leaves stage and used for all experiments.
Green peach aphid was reared on cabbage in cages made from plastic and covered by
anti-insect white mesh with external dimensions of 40 cm × 40 cm × 40 cm.

4.2. Insect Culture

Myzus persicae for experiments were obtained from the Department of Primary In-
dustries and Regional Development, Entomology Branch (Western Australia) and main-
tained on potted cabbage seedlings in a greenhouse that were placed into large cages
(210 cm × 90 cm) covered by anti-aphid mesh and provided with a control light system
set at L16: 8D photoperiod, at the glasshouse temperature 23–25 ◦C, located at Murdoch
University (Western Australia).

Aphidus colemani (Hymenoptera, Braconidae) and Aphelinus abdominalis (Hymenoptera,
Aphelinidae) were commercially obtained from Biological Services (South Australia) as
mummies and maintained on potted cabbage plants infested with M. persicae as hosts.
Mummies of wasps were removed from the plant leaves on the 12th day for the A. colemani
and 15th day for the A. abdominalis of the parasitism, and placed in open 9 cm Petri dishes
inside a small cage of 40 cm × 40 cm × 40 cm, in greenhouse conditions (23–25 ◦C, 60–70%
RH, 16:8 L:D) until emergence. Then, the parasitoids were allowed to mate in the cage for
one day with provided 50% honey solution for feeding. After that, the parasitoid was held
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individually in glass vials (one wasp per vial), a small piece of cotton attached to the vial
cap for the drop of 50% honey solution to feed the parasitoid until tested. Female wasps
were used for the Y-shape olfactometer choice test [9].

4.3. Volatiles Collection and GCMS Analysis using HS-SPME
4.3.1. VOCs Extraction with HS-SPME

The analysis of volatiles was focused on cabbage for infested and uninfested plants
with the green peach aphid. Cabbages were placed individually into 4 L glass jars, and one
plant in each jar was analyzed. For each glass jar, a 5 mm port was drilled into the side,
into which a septa (20633 Thermogreen® LB-2 Septa, plug) was placed and used for the
collection of infested and uninfested plant VOCs. Aluminum foil of 100 m × 44 cm (Vital
Packaging Company) was used to carefully cover and wrap the surface of the top of the
plant pot, and the glass jar placed upside down on the plant. The reason for selecting glass
jars is that it is easy to capture the VOCs emitted and also easy to wash, clean and oven-dry
them at 100 ◦C for a minimum of 30 min to sterilize. VOCs were extracted from samples,
which were infested and uninfested cabbage plants with M. persicae. For extracting VOCs
from samples, headspace technique analyses were used with three replicates in all experi-
ments, for profiling and characterization of VOCs from both plants. The identification of
VOCs was conducted with the SPME fiber by extracting the compound from the headspace
of treatments. Three phase fibers 50/30 µm divinylbenzene/carboxen/polydimethyl silox-
ane (PDMS/CAR/DVB; Sigma-Aldrich, Australia, catalogue number 57347-U) coating
was selected for volatiles released from infested and uninfested plants. The SPME fiber is
commonly used and this three phase fiber was selected because it was being used for the
analysis of a wide range of analysts. The fibers were first conditioned at the range of operat-
ing temperature recommended by the manufacturer, before analyses were conducted. For
optimizing various conditions, the sealing time was optimized to 2.30 h under laboratory
temperature 25 ± 1 ◦C, and the SPME fiber was exposed to the headspace of the samples
by inserting the SPME into the jar through the septum for two hours to extract the VOCs,
which characterized the optimum extraction time. The desorption time of SPME fiber was
5 min in the GC injection port. The SPME was used because it is a fast, simple and modern
tool for GC-MS analysis.

4.3.2. Samples Analysis with GC-MS

The analysis of VOCs obtained by HS-SPME was performed on a gas chromatography
mass spectrometer (GC Agilent GCMS 7820A) equipped with MS detector 5977E (Agilent
Technologies, USA) and a DB-35ms column (30 m × 250 µm × 0.25 µm) (Santa Clara,
CA, USA). The fiber was desorbed in the splitless injector 270 ◦C of GCMS with other
operation conditions. The initial temperature of the column was 50 ◦C and held for 2 min,
then increased to 250 ◦C at 5 ◦C min−1 and held for 5 min at 250 ◦C. Helium gas (He)
was used as a carrier and supplied by (BOC Gas, Sydney, Australia) and the flow rate of
the column was 1:1 mL/min, while the splitless was 20 mL/min at 1.5 min and the total
GC-MS run time was 45 min. The calibration of the SPME fiber was performed by injecting
the n-alkanes standard C7–C30.

HS-SPME/GC-MS analysis of the VOCs were identified by using AMDIS software
version 2.72 and the US National Institute of Standards and Technology (NIST) 2014 MS
database. The VOCs were confirmed by comparing GC retention time data with those of
authentic standards or from the published literature [44].

4.4. Evaluation of Olfactory Responses of M. persicae and Its Parasitoids

A glass Y-tube olfactometer was used to determine the responses of M. persicae and
its two species parasitoids, A. colemani and A. abdominalis, to each of the following pairs of
plant treatments. For the aphid responses, the test was (1) infested (cabbage plants infested
with M. persicae) versus clean (filter) air; (2) non-infested versus clean air; and (3) infested
versus non-infested plants (Figure 5). For the test of parasitoid wasps, A. colemani and
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A. abdominalis, (1) infested plant versus clean air; (2) non-infested plant versus clean air;
and (3) infested versus non-infested plants. Bioassays were used to compare their olfactory
responses to VOCs released from uninfested plants versus clean air or infested plants with
M. persicae versus uninfested plants. The infested cabbage plants that were used in this
study contained aphids.
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Figure 5. The diagram of the olfactometer, including the glass Y-tube where the aphid Myzus persicae
and the parasitoid Aphidus colemani and Aphelinus abdominalis were released individually and exposed
to two plant VOCs, blends from uninfested and plants infested with M. persicae as shown by the blue
and red small circles.

Volatile preference experiments were made using a glass Y-tube olfactometer as pre-
viously described [45], with a 7 cm arm length and 2 cm internal diameter, ground glass
fitting for the air that passed 200 mL/min through each arm, controlled by air flow meter
(SCFH AIR, Dwyer Instruments, Michigan City, IN 46360, USA) (Figure 5). Each arm tube
was connected to a glass chamber (2 L desiccator). Couples of blend VOCs (released from
different plant treatments) were presented in a sealed glass chamber (2 L each) at the end
of either arm. The compressed air was filtered by using activated charcoal passed through
two glass chambers, before the treatment plant could be introduced, and then the air passed
through the olfactometer. After assembly, the olfactometer was left to stabilize for 15 min
prior to use [46].

The Y-tube olfactometer work was carried out under the same conditions as the
glasshouse conditions. The area surrounding the olfactometer (below and around) was
covered by white paper and white light was placed directly over the olfactometer. For
the bioassay, a single aphid or single parasitoid was introduced into the main arm of
olfactometer and pushed 1–2 cm inside the main arm. Each aphid or wasp was given up
to 3 min in the olfactometer to respond. Once an individual moved beyond 2 cm and into
one of the Y-tube arms, it was considered to have made a choice for the conforming plant
treatment in that arm. Non-responders that did not make a choice in 5 min were discarded
and excluded from the statistical analysis (non-responsive parasitoids counted in statistical
analysis in the experiment of comparison of clean air with the uninfested plant).

Three replicates and 30 adults of wingless aphid M. persicae were assayed for each
replicate, and each aphid was tested only one time. Every 10 aphids were assayed, the
volatile treatment resources were removed, and all glass vessels cleaned with ethanol, then
washed with water and oven dried at 100 ◦C for a minimum of 30 min. For the comparison,
three replicates were carried out on different days using new aphids and fresh infested and
non-infested plants. All plant resources were the same age and same size.
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The same procedure above was carried out for the parasitoid A. colemani and A. abdom-
inalis. Additionally, three replicates were used for the parasitoids with 15 wasps for each
replicate and wasps were used only once. Throughout the experiments, after all 15 wasps
were assayed for each replicate, the apparatus was cleaned with water and ethanol, then
dried and heated in the oven at 100 ◦C for more than 30 min. Statistical significance be-
tween wasp responses to pairwise combinations of plant treatments was determined using
Chi-square tests at the 5% level.

4.5. Statistical Analysis

To identify the differences in the emission of volatile compounds between uninfested
and infested cabbage by green peach aphids, all peak area analyses were performed with
MetaboAnalyst software for the p-value, principal component analysis (PCA and PLS-DA)
and the hierarchical clustering heat map [47]. The differences in the results were compared
by using the least significant difference test (p ≤ 0.05) for determining the means between
infested and uninfested plants. The peak area was divided by 100,000 for every single
compound that obtained from GC-MS and subjected to analysis of variance (ANOVA) using
Genstat software version 10 (VSNI International Limited, UK) and the least significant
difference (LSD) was used at 5% probability level. The data of the Y-tube olfactometer
bioassays were analyzed for preference (aphid M. persicae and their parasitoids A. colemani
and A. abdominalis choice between two treatments tested) using the Chi-square goodness of
fit test by using SPSS software version 24.0.

5. Conclusions

The HS-SPME with GC-MS analysis for the volatiles described the differences between
the infested and uninfested cabbage plants and their role in attracting natural enemies
of aphids. Collection of volatiles from cabbage occurred by using HS-SPME to detect
volatiles compounds between uninfested and plants infested with M. persicae and examined
the attraction of natural enemies. A total of 28 VOCs were identified in cabbage plant
treatments, by using HS-SPME combined with GC-MS. The parasitoids A. colemani and
A. abdominalis laid eggs within the body of M. persicae and immature stages completed
development inside the hosts, eventually killing them by feeding the wasp larva inside
the aphids; the parasitoid pupates inside the aphid mummy and they emerges as an adult.
To detect and locate hosts, it is believed that A. colemani and A. abdominalis, as with many
parasitoids, rely on odors released from infested plants as a response to aphids feeding.
The results indicated that the preferences of A. colemani and A. abdominalis to infested plants
with M. persicae compared with uninfested plants and clean air by using an olfactometer.
The results showed that parasitoids can discriminate the infested cabbage and significantly
respond to the plant odor. Thus, we believe that aphid parasitoids can find damaged plants
and then detect aphids on the plant-by-plant odor. It is likely that the natural enemies’
search for aphid infestation may start before landing on the uninfested plant, because
parasitoids will first find a damaged plant and then begin searching for aphids. For this
reason, many aphid parasitoids efficiently search for damaged plants where aphids will be
present, as explained by [20].
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Abstract: The odors and emanations released from the human body can provide important infor-
mation about the health status of individuals and the presence or absence of diseases. Since these
components often emanate from the body surface in very small quantities, a simple sampling and
sensitive analytical method is required. In this study, we developed a non-invasive analytical method
for the measurement of the body odor component 2-nonenal by headspace solid-phase microextrac-
tion coupled with gas chromatography–mass spectrometry by selective ion monitoring. Using a
StableFlex PDMS/DVB fiber, 2-nonenal was efficiently extracted and enriched by fiber exposition at
50 ◦C for 45 min and was separated within 10 min using a DB−1 capillary column. Body odor sample
was easily collected by gauze wiping. The limit of detection of 2-nonenal collected in gauze was
22 pg (S/N = 3), and the linearity was obtained in the range of 1–50 ng with a correlation coefficient
of 0.991. The method successfully analyzed 2-nonenal in skin emissions and secretions and was
applied to the analysis of body odor changes in various lifestyles, including the use of cosmetics,
food intake, cigarette smoking, and stress load.

Keywords: body odor; 2-nonenal; wiping method; pasting method; solid-phase microextraction
(HS–SPME); gas chromatography–mass spectrometry (GC–MS)

1. Introduction

Body odor may be an indicator of stress and lifestyle diseases, including psycho-
somatic disorders, and may be an obstacle to a healthy social life [1–4]. As people are
reluctant to indicate that others have body odor and the judgment criteria are ambiguous,
the development of an objective quantitative method to evaluate body odor is desired.
Body odor components include fatty acids, spices, and sulfurous odors [3,4]. Secretions by
sweat glands and sebaceous glands are derived from volatile components decomposed by
skin bacteria as well as components external to the body [3,4]. Among these compounds
are unsaturated aldehydes, such as 2-nonenal, which is produced by the oxidation and
decomposition of 9-hexadecenoic acid secreted by the sebaceous glands [1] (Figure S1).
2-Nonenal is also known as the odor contained in foods such as fresh juice and beer, and
several analytical methods have been reported [5–15]. To date, however, sampling and
analytical methods required to quantitatively analyze body odor compounds have not
been established, so the actual state and dynamics of their occurrence have not been fully
determined [3,4,16]. As “odors” generated from the body surface are complex and quanti-
tatively small, their components may be difficult to detect with an analytical instrument.
Highly sensitive analytical methods with efficient sampling and pretreatment are therefore
needed to separate, identify, and quantify odor compounds. Although stir bar sorptive ex-
traction [10], single-drop microextraction [11], and headspace solid-phase microextraction
(HS–SPME) [12] methods have been reported for the efficient preconcentration of 2-nonenal
in foods, they have not yet been used for body odor analysis. A conventional sampling
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method of skin emissions and secretions consists of placing the palm of the hand in a PVF
bag and collecting the generated gas [1], but this method has drawbacks, including a possi-
ble lack of airtightness and questions about quantitative sampling. Body odor compounds
have also been analyzed by gas chromatography (GC) after headspace sampling or passive
flux sampling [1,17,18], but these methods have problems with cost and storage. The SPME,
using a fused-silica fiber externally coated with an appropriate stationary phase, is an
effective sample preparation technique for integrating several operations such as sample
collection, extraction, analyte enrichment, and isolation from sample matrices and is easily
coupled with GC [4,19–21]. It is fast, solvent-free, and cost-effective and can improve the
detection limits.

2-Nonenal is produced by reactions between fatty acids and lipid peroxides and is
involved in the intake of fats and foods rich in fatty acids and in the peroxidation of
lipids [1]. Thus, this production and intake of this compound are associated with the
generation of active oxygen species [2]. Drinking, smoking, stress, and other lifestyle
factors may therefore affect 2-nonenal secretion and alter body odor. Therefore, the effects
of internal and external factors such as dietary intake, cosmetic use, smoking, and stress on
body odor changes were analyzed using the method developed in this study.

In this study, we developed an efficient sampling method for the collection of body
odor and an HS–SPME coupled with GC–mass spectrometry (GC–MS) for the selective and
sensitive analysis of 2-nonenal in skin emissions and secretions. The method was applied
to the body odor analysis in various lifestyles.

2. Results and Discussion
2.1. Detection of 2-Nonenal by Gas Chromatography–Mass Spectrometry

Full scan mass spectrum was measured at an m/z range from 30 to 150 amu in
order to determine the selected monitoring ion (SIM) for 2-nonenal (Mw: 140 daltons).
Figure 1a shows a typical total ion chromatogram of 2-nonenal fragments obtained by
1 µL direct injection analysis of standard 2-nonenal (1 µg/mL solution). 2-Nonenal was
eluted as a single and symmetrical peak within 10 min using a DB−1 column. As shown
in Figure 1b, no molecular ions peak was detected, but several fragment ion peaks pro-
duced by cleavage of the 2-nonenal structure were observed on the spectra. Among
these fragment ions, m/z = 55 [CH=CHCHO], m/z = 83 [CH2CH2CH=CHCHO], and
m/z = 111 [CH2CH2CH2CH2CH=CHCHO]) were selected for SIM mode detection.
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2.2. Optimization of Headspace Solid-Phase Microextraction and Desorption

In the SPME method, fiber coatings with high distribution coefficients must be used
to increase the extraction efficiency of the compounds. To select an SPME fiber, the four
different commercially available fibers (PDMS/DVB, DVB/CAR/PDMS, CAR/PDMS, and
polyacrylate) were tested for extraction of 100 ng of the 2-nonenal standard solution by
HS–SPME. Of these fibers, the 65 µM StableFlex PDMS/DVB fiber extracted 2-nonenal
most efficiently (Figure 2A), and the fiber was used in subsequent experiments. To optimize
HS–SPME extraction conditions, 100 ng of 2-nonenal standard solution in a 40 mL vial was
exposed to 65 µM StableFlex PDMS/DVB fiber at various temperature and times. These
experiments showed that 2-nonenal could be efficiently extracted and concentrated by
exposing the fiber to the headspace at 50 ◦C (Figure 2B) for 45 min (Figure 2C). Although
the extraction efficiency was highest at 30 ◦C, the extraction temperature set at 50 ◦C was
less affected by the outside air temperature and could be kept. On the other hand, the
time of the fiber exposition in the GC sample vaporization chamber at 230 ◦C was tested
to optimize the desorption condition. The 2-nonenal extracted on the fiber was easily
desorbed within 5 min by heating in the GC sample vaporization chamber, and carryover
was not observed because the fiber was washed during exposition.
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Figure 2. Effects of (A) fiber coatings, (B) temperature, and (C) time on the HS–SPME of 2-nonenal.
For HS–SPME, 100 ng of 2-nonenal in gauze was extracted by (A) fiber exposition at 50 ◦C for 45 min,
(B) for 45 min with PDMS-DVB, and (C) at 50 ◦C with PDMS-DVB.

The absolute amount of 2-nonenal extracted by the HS–SPME method was calculated
by comparing peak height count with direct injection onto the GC column. From the
sample of 20 ng, 8.0 ng (40%) of 2-nonenal was extracted onto the PDMS/DVB fiber
by HS–SPME under optimized conditions. Although the extraction yield was low, the
reproducibility was good (relative standard deviation: RSD = 4.7%, n = 3). Figure 3 shows
the chromatograms obtained by direct injection and HS–SPME techniques. The sensitivity
of the SPME method showed a 40-fold increase in sensitivity compared with when a
solution of the same concentration was directly injected (1 µL).
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solution, 1 µL) and HS–SPME (200 ng/mL solution, 100 µL in 40-mL vial).

2.3. Sampling of Skin Emissions and Secretions

Four sampling methods (see the Materials and Methods section) for the collection of
skin emissions and secretions from the palm were examined. As shown in Table 1, the
wiping method (method C), in which the palm surface is wiped with gauze, was found to
be the most efficient in collecting 2-nonenal. On the other hand, 2-nonenal was collected
by the solution method (method A) using water in a cup and by the pasting method
(method D) using gauze taped to the palm but not by the headspace method (method B)
using HS–SPME directly in a suction cup. These results indicate that 2-nonenal released
from the skin surface is difficult to collect from the headspace at body temperature and that
active wiping is more effective than passive sampling, even when the sampling material is
in direct contact with the skin. Therefore, the wiping method was used as the sampling
method for the collection of skin emissions and secretions in this study. The recovery of
2-nonenal from the gauze soaked with 5 ng of 2-nonenal was about 60% compared to that
of 2-nonenal added directly to the vial without gauze.

Table 1. Comparison of skin emission sampling methods.

Classification Sampling Method 2-Nonenal Content (ng)
Mean ± SD (n = 3)

A Glass cup sampling 0.47 ± 0.51
B Direct SPME sampling N.D. 1

C Wiping method 0.90 ± 0.13
D Pasting method 0.18 ± 0.23

1 N.D.: not detectable.

To examine the stability of 2-nonenal collected on gauze by the wiping method,
0.1 g of gauze soaked with 100 ng of 2-nonenal was stored in vials at various times and
temperatures, and the amount of 2-nonenal remaining on the gauze was determined by
HS–SPME/GC–MS. As shown in Table 2, when stored at room temperature, there was
almost no decrease in 2-nonenal up to 6 h, but it was found to decrease to 60% at 24 h.
However, if the gauze was kept refrigerated at 4 ◦C, there was almost no decrease even
after 24 h. Therefore, the gauze containing 2-nonenal collected by the wiping method
should be kept refrigerated until analysis.
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Table 2. Comparison of storage conditions after sampling by the wiping method.

Storage Condition 1 Storage Time (h) Peak Height Count
Mean ± SD (n = 3)

Room temperature

0 25,694 ± 1486
1 25,025 ± 2830
2 24,537 ± 1454
3 25,968 ± 2162
6 24,208 ± 3058

24 15,250 ± 1600
4 ◦C (refrigerator) 24 24,594 ± 3679

1 The gauze soaked with 50 ng of 2-nonenal was stored in vials.

2.4. Analytical Method Validation by Wiping Method

To validate a proposed method based on the wiping sample collection, standard
2-nonenal placed in a petri dish was wiped with 0.1 g of dry gauze and analyzed by
HS–SPME/GC–MS. Linearity was validated by triplicate analyses for 2-nonenal at 0, 1, 2,
5, 10, 20, and 50 ng. The calibration curve was linear with a correlation coefficient of 0.991,
and the relative standard deviations (RSDs) of peak height counts at each point ranged
from 1.8 to 9.6 % (n = 3). The LOD (S/N = 3) and LOQ (S/N = 10) of 2-nonenal in gauze
were 22 pg and 74 pg, respectively. Intra-day and inter-day precisions expressed as RSD (%)
were found to be 9.6 and 3.6%, respectively. These results show that the method is highly
sensitive and reproducible for the determination of 2-nonenal by the wiping method.

2.5. Analyses of 2-Nonenal in the Body Odor Collected from Several Body Parts

Body odor samples were collected by the wiping method from several body parts 6 h
after washing with soap and then analyzed by HS–SPME/GC–MS. Figure 4 shows the 2-
nonenal content in body odor samples collected from the arms, axillae, back, chest, forehead,
palm, and behind the ears of three subjects. Relatively high amounts of 2-nonenal were
detected in the samples from the foreheads, arms, and ears, although this varied between
individuals. To determine the amount of 2-nonenal secreted at different times of the day,
body odor samples were collected from the forehead every 3 h by the wiping method
and analyzed by HS–SPME/GC–MS. As shown in Figure 5, the secretion of 2-nonenal
was highest between 13:00 and 16:00 in the afternoon (average contents of 2-nonenal from
three people). The chromatogram of the 2-nonenal sampled from the forehead is shown
in Figure 6. It was found that 2-nonenal was detected with clear separation and was not
affected by the interfering peak.
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2.6. Application to the Analysis of Body Odor Changes in Various Lifestyles

Table 3 shows the results of HS–SPME/GC–MS analysis of the samples collected from
the forehead by the wiping method after a certain period of time after each treatment.
2-Nonenal secretion was significantly increased on the high-fat diet compared with the
low-fat diet. 2-Nonenal secretion was also slightly increased in lotion use and smoking
compared with non-use and non-smoking, but the difference was not statistically signifi-
cant. In contrast, mental stress caused by long meetings significantly increased 2-nonenal
secretion. This may be because stress-induced sweating increased the secretion of fatty
acids and lipid peroxides from the sebaceous glands, increasing oxidative degradation of
these compounds to 2-nonenal by indigenous bacteria on the body surface [1].

Table 3. 2-Nonenal contents detected in body odor samples in various life styles.

Treatment Sampling Time after Treatment 2-Nonenal Content (ng)
Mean ± SD (n = 3)

T-Test
p Value

Low fat diet 12 0.49 ± 0.09 p < 0.05
High fat diet 12 0.70 ± 0.09

Without using cosmetics 6 0.23 ± 0.04 p > 0.05
Using cosmetics 6 0.26 ± 0.08
Before smoking 2 0.27 ± 0.08 p > 0.05
After smoking 2 0.37 ± 0.09
Before meeting 6 0.23 ± 0.04 p < 0.05
After meeting 6 0.35 ± 0.09
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3. Materials and Methods
3.1. Reagents and Materials

2-Nonenal was purchased from Nacalai Tesque (Kyoto, Japan). Methanol and distilled
water (LC–MS grade) were purchased from Kanto Chemical (Tokyo, Japan). A stock
solution of 1 mg mL−1 of 2-nonenal was prepared by dissolving in methanol (LC–MS
grade), tightly sealed, and stored at 4 ◦C. This stock solution was diluted with distilled
water (LC–MS grade) to the desired concentration prior to use. All other chemicals were of
analytical grade.

SPME assemblies with a replaceable and reusable extraction fiber coated with Sta-
bleFlexTM polydimethylsiloxane/divinylbenzene (PDMS/DVB, 65 µM), StableFlexTM
carboxene/PDMS/DVB (DVB/CAR/PDMS, 50/30 µM), (CAR/ PDMS, 85 µM), Stable-
FlexTM CAR/PDMS (85 µM), and polyacrylate (85 µM) were purchased from Supelco
(Supelco Japan, Tokyo). These fibers were conditioned in a GC injection port at ade-
quate temperature prior to use. One fiber can be used repeatedly at least more than one
hundred times.

3.2. Gas Chromatography–Mass Spectrometry

GC–MS analysis was performed in the scan and SIM modes on a Shimadzu QP–2010
(Kyoto, Japan)gas chromatograph–mass spectrometer in conjunction with a GCMS solution
Ver.2 workstation. GC separation was performed using a fused-silica capillary column of
cross-linked DB−1 (J&W, Folsom, CA, USA: 60 m × 0.25 mm i.d., 1.0 µM film thickness)
under the following operating conditions: injection and detective temperatures, 230 ◦C;
column temperature, held at a temperature of 190 ◦C for 2 min and increased to 230 ◦C
at a rate of 5 ◦C min−1; inlet helium carrier gas flow rate, 1 mL min−1 maintained by an
electronic pressure controller; and split ratio, 10:1. The electron impact (EI)–MS conditions
were as follows: ion-source temperature, 230 ◦C; ionizing voltage, 70 eV. The full scan mass
spectra were obtained at an m/z range from 40 to 150 amu. Selected ion monitoring (SIM)
mode detection for 2-nonenal was selected at m/z = 55, 83, 111. The peak height count
was measured to construct calibration curve and to determine concentrations of 2-nonenal
in samples.

3.3. Headspace Solid-Phase Microextraction

The sample was placed in a 40-mL screw-cap vial with a PTFE septum and heated on
a hot plate at 50 ◦C. The SPME needle was passed through the septum of the vial, and the
fiber was exposed in the headspace (HS) above sample for 45 min to adsorb the compounds
vaporized by heating. After extraction, the fiber was retracted into the needle, the needle
was withdrawn and introduced directly into the GC–MS sample vaporization chamber to
desorb the extracted compound by heating. Then, the fiber was retracted into the needle,
the needle was removed from the sample vaporization chamber and used for the HS–SPME
of the next sample. An outline of the procedure for extraction by HS–SPME and desorption
for GC–MS analysis is shown in Figure S2.

3.4. Sampling of Skin Emissions and Secretions

Four sampling methods for the collection of skin emissions and secretions were
compared. Figure 7 shows the sampling methods from the palm of the hand. Sampling was
carried out 3 h after washing the skin surface with soap. In method A (solution method),
2 mL of distilled water were added to a glass cup, and the cup was inverted so that the
water touched the skin on the palm of one hand for 5 min. The aqueous solution was
subjected to the above HS–SPME method. In method B (headspace method), a suction
cup is placed on the palm, the SPME fiber needle is inserted through the septum into the
cup under reduced pressure, and then, the fiber is exposed for 5 min to extract the skin
emissions. In method C (wiping method), a 2 cm square area of the palm was wiped for
1 min with 0.1 g of dry gauze as a collecting material of skin emissions and secretions,
which was then placed in a vial and subjected to the above HS–SPME method. In method
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D (pasting method), 0.1 g of dry gauze was taped to the palm and extracted for 3 h. These
collecting materials were then subjected to the HS–SPME as in method C.
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3.5. Analysis of Body Odor Samples

The experimental protocol was approved by the Research Ethics and Safety Committee
of Shujitsu University, and body odor samples were provided from one female and two
male subjects in their 20 s and 30 s by informed consent. The samples were collected from
the arm, axilla, back, chest, forehead, palm, and behind the ears by method C described in
the above section. 2-Nonenal in the body odor collected on the gauze was subsequently
analyzed by HS–SPME/GC–MS. To analyze changes in body odor due to the various
life styles, body odor samples were collected from the forehead by method C before and
after treatments and analyzed by HS–SPME/GC–MS as described above. As a concrete
examination, we compared before and after food intake (eating 200 g of vegetables for
the low fat diet or 200 g of beef for the high fat diet, sampling 12 h later), using cosmetics
(applying 1 mL lotion to face, sampling 6 h later), smoking (smoking one cigarette, sampling
2 h later), and a 3 h meeting as a stress load (sampling 6 h later).

4. Conclusions

The method developed in this study can easily collect 2-nonenal, a component of
human body odor, from the skin surface by gauze wiping and can be selectively and
sensitively analyzed by HS–SPME/GC–MS. Gauze wiping is a rapid and non-invasive
sampling method for skin emissions and secretions and has better storage stability than
other tested methods. As shown in Table 4, the proposed method is more sensitive than
previously reported methods, even when converted into the skin surface area and the
amount of recovery per hour. We believe that this method is a useful tool for 2-nonenal
analysis in body odor. Although this study focused on 2-nonenal, body odor is a complex
mixture of compounds, and therefore, it is necessary to analyze not only 2-nonenal but also
a wide range of related compounds in the future. The method developed in this study may
be applicable to their comprehensive analysis.

Table 4. Comparison of analytical methods for 2-nonenal and other aldehydes in body odor.

Compounds Analytical Method Sampling and Preconcentration Detection Amount Reference

2-Nonenal GC–MS Tedlar bag and TENAX-TA column 15.1 ± 20.4 ng·cm−3 (1) [1]

Five aldehydes and
acetone HPLC–UV

Passive flux sampler
(trapping filter: DNPH impregnated

filter)
17 ng·cm−2·h−1 (2) [17]

2-Nonenal and
diacetyl GC–MS Passive flux sampler

(trapping media: Monotrap, DCC18) 0.020 to 5.8 ng·cm−2·h−1 (3) [18]

2-Nonenal GC–MS Fiber SPME
(Wiping method) 2.4 pg·cm−2·h−1 (4) This study

(1) Sampling from the back of the shirt worn for 3 days; (2) Sampling from the surface of human skin, sampling time 1 h, aldehydes (LOD);
(3) Sampling from the nape of the neck, sampling time 7 h; (4) LOD.
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Supplementary Materials: The following are available online. Figure S1: Presumed formation
mechanism of 2-nonenal by lipid peroxidation. Data from Haze et al., 2001 [1], Figure S2: Procedure
for extraction by headspace fiber SPME and desorption for GC–MS analysis. Data from Kataoka and
Saito, 2011 [20].
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Abstract: Among various volatile organic compounds (VOCs) emitted from human skin, trans-2-
nonenal, benzothiazole, hexyl salicylate, α-hexyl cinnamaldehyde, and isopropyl palmitate are key
indicators associated with the degrees of aging. In our study, extraction and determination methods
of human body odor are newly developed using headspace-in needle microextraction (HS-INME).
The adsorbent was synthesized with graphene oxide:polyaniline/zinc nanorods/zeolitic imidazolate
framework-8 (GO:PANI/ZNRs/ZIF−8). Then, a wire coated with the adsorbent was placed into the
adsorption kit to be directly exposed to human skin as in vivo sampling and inserted into the needle
so that it was able to be desorbed at the GC injector. The adsorption kit was made in-house with a 3D
printer. For the in vitro method, the wire coated with the adsorbent was inserted into the needle and
exposed to the headspace of the vial. When a cotton T-shirt containing body odor was transferred to a
vial, the headspace of the vial was saturated with body odor VOCs. After volatile organic compounds
were adsorbed in the dynamic mode, the needle was transferred to the injector for analysis of the
volatile organic compounds by gas chromatography/mass spectrometry (GC/MS). The conditions of
adsorbent fabrication and extraction for body odor compounds were optimized by response surface
methodology (RSM). In conclusion, it was able to synthesize GO:PANI/ZNRs/ZIF−8 at the optimal
condition and applicable to both in vivo and in vitro methods for body odor VOCs analysis.

Keywords: human body odor; volatile organic compounds; GO:PANI/ZNRs/ZIF−8; response
surface methodology; needle-based adsorbent; headspace-in needle microextraction

1. Introduction

Human body odor is a mixture of compounds generated by skin bacteria resulting in
volatile organic compounds (VOCs) such as alcohol, aldehyde, acid, amine, hydrocarbons,
and so on [1–6]. The primary body odor, which is distinguishable from others, is very
unique in individuals that vary with age, gender, ethnic, body parts, and so on [1,5]. It can
be important in areas of medical, security, safety, and cosmetic applications. On the basis
of the literature, body odor VOCs carry age-related information and can be analyzed by
various methods [1,6–9]. Previous studies have shown that trans-2-nonenal, benzothiazole,
and isopropyl palmitate are commonly found in the elderly [1,7,8], while hexyl salicylate
and α-hexyl cinnamaldehyde occur more frequently in young people [7]. In particular,
trans-2-nonenal is known to be secreted more asω7 unsaturated fatty acids are oxidized due
to the increase ofω7 unsaturated fatty acids and lipid peroxides as skin aging progresses [1].
In addition, reactive oxygen species (ROS) generated by ultraviolet rays may also react
with unsaturated fatty acids to affect the generation of body odor [9].

Organic solvents, gauze, solid phase microextraction (SPME) fiber, and stir bar have
been used to extract human body odor [6,10–12]. The SPME method has been commonly
used to avoid using organic solvents. There are two methods for analyzing body odor
with SPME: in vivo and in vitro [13]. In both methods, target compounds are absorbed
onto SPME fiber and then thermally desorbed and analyzed by gas chromatography/mass
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spectrometry (GC/MS). In the in vitro method, a cotton swab or T-shirt that has absorbed
body odor is transferred to a SPME vial and extracted with SPME fiber. The in vivo method
is a method to directly extract body odor by installing the SPME device on the skin [13].
However, it is quite inconvenient because of a glass funnel that fasten the SPME device
on the skin. To address these limitations, a new method of body odor analysis has been
developed by in-needle microextraction (INME) using graphene oxide:polyaniline/zinc
nanorods/zeolitic imidazolate framework-8 (GO:PANI/ZNRs/ZIF−8) adsorbent. The
in-needle microextraction (INME) technique has been used for extraction of volatile organic
compounds in various matrix due to easy fabrication and cost effectiveness [14–20]. The
adsorbent has been synthesized with various polarity based on polyaniline modified by
additives such as multiwall carbon nanotube and ionic liquid [14,19]. The adsorbent
containing analytes was desorbed by gas chromatograph/mass spectrometer (GC/MS) for
qualitative and quantitative analyses.

INME has an adsorbent inside the needle and is used for solid dynamic microex-
traction. INME uses the needle coated with the adsorbent inside or the wire coated with
adsorbent being inserted inside of the needle for extraction and analysis without using sol-
vents followed by chromatographic analysis [14–20]. Especially, dynamic headspace-INME
(HS-INME) has been applied to the sample by exposing the INME needle with a pump to
the headspace of the vial saturated with VOCs. Polymeric adsorbents have been synthe-
sized by sol–gel reaction [15,17,19] and/or electrochemical deposition methods [14,16,18].
It has demonstrated that INME could be customized due to easy fabrication of adsorbent
and economically feasible to extract target compounds without using solvents.

The objective of this study is to fabricate GO:PANI:ZNRs:ZIF−8 adsorbent and uti-
lize this for direct extraction of the body odor from human skin in vivo and for indirect
extraction from the media adsorbed with body odor in vitro, followed by GC/MS. The
mixing ratio of ZNRs and ZIF−8 of the adsorbent was varied to optimize the adsorption
by modifying polarity [21]. Porous GO:PANI can be easily coated onto stainless-steel wire
from the electrochemical method, while ZNRs exhibit good affinity with polar compounds
and ZIF−8 with polar compounds [21,22]. Characterization of the adsorbent was measured
by Fourier-transform infrared spectroscopy (FTIR), Thermogravimetric Analyzer (TGA),
X-ray diffractometer (XRD), Brunauer–Emmett–Teller (BET) surface area method, and field
emission-scanning electron microscopy (FE-SEM). Fabrication and extraction conditions
were optimized by the Box-Behnken design (BBD) combined with response surface method-
ology (RSM), and the developed method was validated including limit of detection (LOD),
limit of quantification (LOQ), recovery, and reproducibility.

2. Materials and Methods
2.1. Chemicals and Instrumentation

Five target compounds (Supplementary Materials Table S1), trans-2-nonenal (97%),
benzothiazole (96%), hexyl salicylate (99%), α-hexyl cinnamaldehyde (85%), and isopropyl
palmitate (90%), were obtained from Sigma-Aldrich (St. Louis, MO, USA). Stock solution of
all target compounds was prepared using methanol (HPLC grade, Samchun Pure Chemical
Co., Pyeongtaek, Korea) at a concentration of 1000 mg L−1. Stainless-steel wire (0.22 mm
O.D., 09 one Science, Goyang, Korea) was used as an adsorbent wire and a working
electrode. A Hamilton 91022 needle (metal hub, 22 gauge, 718 µm O.D., 413 µm I.D.,
bevel tip, 51 mm length) and 1 mL Hamilton 1001 TLL (gas tight syringe, luer lock gas
tight syringe barrel, Reno, NV, USA) with plunger (polytetrafluoroethylene, Reno, NV,
USA) were used for INME adsorption and GC/MS thermal desorption. Chemicals used in
fabrication of adsorbent was shown in the supporting information.

Agilent 6970 gas chromatograph (GC) with a 5973 mass selective detector (MS) was
used to analyze target compounds. HP-5MS (30 m × 0.25 mm × 0.25 µm, (5%-phenyl)-
methylpolysiloxane) was used as the column and helium with the flow rate of 1 mL min−1

as the carrier gas. The injector temperature was 240 ◦C using split mode (30:1), and the
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oven program was 60 ◦C (4 min) to 230 ◦C (10 min) at 6 ◦C min−1. The range of 50~350 m/z
was scanned in full scan mode.

Adsorbent fixing part and cover of the adsorption kit were 3D printed on a Cubicon
Single Plus (3DP-310F) with polylactic acid (PLA)-plus filament.

2.2. Fabrication of Wire Coated with Adsorbent

The adsorbent was prepared in 3 steps: (1) fabrication of GO:PANI layer, (2) fabrication
of GO:PANI/ZNRs layer, and (3) fabrication of GO:PANI/ZNRs/ZIF−8 layer, as illustrated
in Figure 1.
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GO:PANI layer was fabricated on stainless-steel wire using cyclic voltammetry in
which 0.6–1.0 V (sweeping rate of 50 mV s−1 for 30 cycles) was applied to an electrolyte
containing GO and aniline in a H2SO4 (0.5 mol L−1) solvent. Three-electrode system
consisting of stainless-steel wire (working electrode), Pt wire (counter electrode), and
Ag/AgCl electrode (reference electrode) was used. After electrochemical deposition, the
coating layer was rinsed several times using distilled water to remove unreacted chemicals.
Finally, the stainless-steel wire coated with porous GO:PANI was dried at 80 ◦C for 0.5 h.

In the GO:PANI/ZNR fabrication step, the GO:PANI coated stainless-steel wire was
dipping into an aqueous mixture of zinc nitrate hexahydrate (0.5 mol L−1) and hexam-
ethylenetetramine (0.5 mol L−1) for 30 s and dried in 180 ◦C oven for 2 min. This step
was repeated five times. In this process, ZnO seeds formed by OH− and Zn2+ were de-
posited on the porous GO:PANI surface. Then, the stainless-steel wire was dipped into the
aqueous mixture of zinc nitrate hexahydrate (0.05 mol L−1) and hexamethylenetetramine
(0.05 mol L−1) and placed in 95 ◦C oven for 2 h to hydrothermally grow ZnO nanorods [22].

Finally, the stainless-steel wire coated with GO:PANI/ZNRs was dipped into a 2-MI
solution (DMF:H2O = 3:1 (v/v)) and placed in 90 ◦C oven for 8 h [22]. In this procedure,
ZIF−8 was formed by coordination bonding between 2-MI and Zn2+ on ZNRs surface.
Prior to the extraction process, the adsorbent coated on stainless-steel wire was placed in
a 220 ◦C oven for 1 h to remove impurities from the coated wires. Then, it was kept in a
desiccator at room temperature until further use.

2.3. Characterization of GO:PANI/ZNRs/ZIF−8 Adsorbent

The functional groups of the adsorbent generated at each step to confirm the synthesis
were measured by the Fourier-transform infrared (FT-IR) spectroscopy (Perkin Elmer
Spectrometer 100, Waltham, MA, USA). The crystallinity of synthesized graphene oxide
and coating layer of each synthesis step were confirmed using X-ray diffractometer (XRD,
Bruker DE/D8 Advance, Bruker, Karlsruhe, Germany). The thermal stability of GO:PANI,
GO:PANI/ZNRs, and GO:PANI/ZNRs/ZIF−8 were evaluated by thermogravimetric
analyzer (TGA, TG209 F1 Libra, Netzsch, Selb, Germany).

The specific surface area, pore size distribution, and N2 adsorption-desorption isotherm
of GO:PANI/ZNRs and GO:PANI/ZNRs/ZIF−8 were observed by the Brunauer–Emmet–
Teller (BET, 3flex, Micromeritics, Norcross, GA, USA). The morphology of GO:PANI,
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GO:PANI/ZNRs, and GO:PANI/ZNRs/ZIF−8 was characterized using field emission-
scanning electron microscope (FE-SEM, JSM-6700F, JEOL Ltd., Tokyo, Japan).

2.4. INME Process

As shown in Figure 2, extraction of the target compounds was performed by the INME
method. In the preparation of the INME adsorption device, a GO:PANI/ZNRs/ZIF−8-
coated stainless-steel wire was inserted vertically into a Hamilton needle and then con-
nected to a gas tight syringe. After spiking the target compounds into the SPME vial, it
was sealed with a mini-nut cap. Then, saturation was performed at 40 ◦C for 15 min. Next,
dynamic adsorption was carried out by penetrating the needle to the headspace of the
SPME vial. A homemade reciprocating pump was used at 6 cycles/min to suck the analytes
saturated in the headspace inside the needle during this process. Upon completion of
adsorption, the analytes were thermally desorbed from the adsorbent by placing it in a
GC/MS injector and analyzed by GC/MS.
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Figure 2. A scheme of INME process. (A) A needle inserted with a coated wire is connected to a gas
tight syringe. (B) The needle was plugged into the mini-nut cap to adsorb target compounds in the
headspace using a reciprocating pump. (C) The target compounds adsorbed on the adsorbent was
thermally desorbed in GC injector and analyze using GC/MS.

2.5. Adsorption Kit Fabrication

The body odor adsorption kit was designed to adsorb VOCs directly from the skin
(Figure 3). It consists of adsorbent, adsorbent fixing part, cover, and medical tape. The
adsorbent was coated on the middle section of 5.0 cm stainless-steel wire to be placed in
the fixing part. An adsorbent fixing part and its cover were manufactured by a 3D printer
with PLA plus filament. The adsorbent kit was made as a cylinder with a hollow in the
middle and a closed top, which could collect VOCs from the skin and protect the adsorbent
from external odors and impacts. In addition, the adsorbent was about 10 mm away from
the skin, which could avoid contamination from dead skin cells and sweat. The adsorbent
fixing part has a hole in the center of the top to insert the adsorbent. PDMS was applied on
the bottom of the adsorbent fixing part to reduce skin irritation due to direct contact on
skin. The adsorbent kit was assembled to conduct the experiments; insert the adsorbent
into the fixing part, close the cover, put it on the skin, and attach the medical tape to fix it to
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the skin. After the body odor was collected for 2 h, the wire coated with adsorbent was
removed from the kit, inserted into a Hamilton needle, connected to a gas tight syringe,
thermally desorbed at GC/MS inlet, and the body odor components were analyzed in
GC/MS system. For the feasibility test of the adsorption kit, the target compounds were
spiked to the artificial silica skin, and the adsorption kit was assembled to place it and
adsorbed for 2 h at 36 ◦C.
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2.6. Optimization Using Response Surface Methodology (RSM)

In the fabrication of adsorbent, the concentrations of GO, aniline, and 2-MI that may
affect adsorption amount of the target compounds were optimized using RSM. 3-factor
3-level Box BBD was used with Minitab 19 (Minitab Inc., State College, PA, USA). A total
of 17 experiments were conducted randomly, as shown in Table S2. The levels and coded
numbers of each factor are as follows: amount of GO (X1) was 5 mg L−1 (−1), 10 mg L−1 (0),
and 15 mg L−1 (1); amount of aniline (X2) was 9.31 g L−1 (−1), 14.0 g L−1 (0), and 18.6 g
L−1 (1); and amount of 2-MI (X3) was 10.26 g L−1 (−1), 102.6 g L−1 (0), and 195.0 g L−1 (1).

In addition, the 3-factor 3-level BBD was used to optimize the INME analysis condition.
As shown in Table S3, total of 17 experiments were conducted randomly. Extraction
temperature (X1), adsorption time (X2), and desorption time (X3) were selected as factors.
The levels and coded numbers for each factor were as follows: extraction temperature
(X1) was 30 ◦C (−1), 40 ◦C (0), and 50 ◦C (1); the adsorption time (X2) was 30 min (−1),
45 min (0), and 60 min (1); and the desorption time (X3) was 1 min (−1), 3 min (0), and
5 min (1).

The data obtained from the experiments for fabrication condition and the INME
analysis conditions were analyzed by the response surface regression procedure using
second-order polynomial model (Equation (1)).

Y = α0 + α1X1 + α2X2 + α3X3 + α11X2
1 + α22X2

2 + α33X2
3 + α12X1X2 + α13X1X3 + α23X2X3 (1)

where Y is the predicted response (amount of adsorption); α0 is the intercept, α1, α2, and
α3 are linear coefficients; α11, α22, and α33 are quadratic coefficients; and α12, α13, and α23,
are the interactive coefficients.
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3. Results and Discussion
3.1. Optimization of Human Body Odor Adsorbent Fabrication Conditions Using RSM

Reactants such as GO (X1), aniline (X2), and 2-MI (X3) added were optimized through
RSM. It determines the optimized value of each variable and analyzes the interactions be-
tween the variables. Optimized values for each variable were obtained using the regression
equation calculated using Minitab (Table 1). A three-dimensional response surface curve
is a graphical representation of the results from the regression equation. In each graph,
after fixing one of the three independent variables to level 0, the effect of the remaining
two independent variables on peak area obtained from the total ion chromatogram (TIC)
was investigated (Figure S1) [23]. Confirming the relationship between GO and aniline, the
peak area value rapidly increased as aniline increased, while the peak area value increased
gently as the amount of GO increased. In the relationship between GO and 2-MI, as the
amount of 2-MI increased, the peak area increased rapidly except for trans-2-nonenal, and
the amount of GO showed a gradual increase. In the relationship between aniline and
2-MI, the peak area increased rapidly as 2-MI increased, except for trans-2-nonenal, and
the amount of aniline increased gradually. Consequently, the order affecting the peak
areas is 2-MI, aniline, and GO. The optimal BBD results for the reactants are determined as
15 mg L−1 of GO, 18.3 g L−1 of aniline, and 151.6 g L−1 of 2-MI. The error of the modeling
equation obtained through the BBD method was about 10%. The peak area value for each
target compound can be predicted by substituting the concentration of each reactant.

Table 1. Peak area prediction formula of each material obtained through BBD in optimization of the
reactant concentration.

Compound Model Formula

trans-2-Nonenal 1,373,897 + 65,796 X1 + 71,554 X2 − 165,521 X3 + 737,146 X1
2 − 307,202

X2
2 + 2692 X3

2 − 9779 X1X2 + 70,330 X1X3 − 3443 X2X3

Benzothiazole 2,738,952 + 459,936 X1 + 881,137 X2 + 255,043 X3 + 1,078,534 X1
2 + 520,184

X2
2 + 591,432 X3

2 − 221,829 X1X2 − 241,702 X1X3 + 320,824 X2X3

Isopropyl palmitate 55,849 + 10,191 X1 + 10,199 X2 + 7497 X3 − 11,547 X1
2 − 4503 X2

2 −
15,959 X3

2 + 3465 X1X2 + 1502 X1X3 + 3925 X2X3

Hexyl salicylate 667,682 + 81,671 X1 + 81,140 X2 + 93,743 X3 + 47,534 X1
2 − 18,836 X2

2 −
27,142 X3

2 − 888 X1X2 + 24,879 X1X3 + 34,062 X2X3

α-Hexyl
cinnamaldehyde

1,127,759 + 173,707 X1 + 296,075 X2 + 229,720 X3 + 53,389 X1
2 + 84,526 X2

2

+ 26,918 X3
2 + 150,333 X1X2 − 60,256 X1X3 + 112,567 X2X3

X1: amount of graphene oxide (mg L−1), X2: amount of aniline (g L−1), and amount of X3: 2-methyl imidazole (g L−1).

3.2. Optimization of INME Extraction Conditions Using RSM

HS-INME-GO:PANI/ZNRs/ZIF−8 extraction conditions, including extraction tem-
perature (X1), adsorption time (X2), and desorption time (X3), were optimized using the
RSM method. Figure S2 is a response surface graph showing the relationship between
the variables and the peak area values. In the relationship of extraction temperature and
adsorption time, it was observed that the extraction temperature had a more significant
effect on extraction for trans-2-nonenal and benzothiazole, while the adsorption time had
a greater effect on the remaining compounds. Confirming the relationship of extraction
temperature and desorption time, the extraction temperature had a greater effect than
the desorption time for all target compounds. The relationship between adsorption time
and desorption time was found that desorption time had a greater effect on extraction.
The optimal extraction conditions based on the RSM results are as follows. The optimal
condition was 40 ◦C for extraction temperature, 60 min for adsorption time, and 4.3 min
for desorption time, respectively. The modeling equation showed an error about 10%. and
the value of the peak area of each target compound could be reasonably predicted from the
modeling equation (Table 2).

104



Molecules 2022, 27, 4795

Table 2. Peak area prediction formula of each compound obtained through BBD in optimization of
INME-GO:PANI/ZNRs/ZIF−8 analysis conditions.

Compound Model Formula

trans-2-Nonenal 6,715,422 + 1,488,188 X1 + 990,247 X2 − 290,098 X3 − 154,172 X1
2 − 416,644

X2
2 + 858,182 X3

2 − 1,371,651 X1X2 + 379,903 X1X3 − 108,883 X2X3

Benzothiazole 3,475,053 − 572,871 X1 + 578,351 X2 + 260,594 X3 + 80,741 X1
2 + 19,364X2

2 +
507,335 X3

2 − 1,048,215 X1X2 − 390,972 X1X3 + 686,615 X2X3

Isopropyl
palmitate

70,372 + 50,455 X1 + 25,337 X2 − 1915 X3 + 15,132 X1
2 − 7361 X2

2 + 20,237
X3

2 + 9741 X1X2 − 6146 X1X3 − 18,574 X2X3

Hexyl salicylate 1,477,657 + 311,065 X1 + 284,017 X2 + 104,003 X3 − 37,787 X1
2 − 246,864

X2
2 + 85,773 X3

2 + 5355 X1X2 + 18,324 X1X3 + 76,669 X2X3

α-Hexyl
cinnamaldehyde

2,459,037 + 6,365,250 X1 + 452,391 X2 − 67,492 X3 − 291,829 X1
2 − 446,990

X2
2 + 118,680 X3

2 + 20,695 X1X2 − 27,709 X1X3 + 195,394 X2X3

X1: extraction temperature (◦C), X2: adsorption time (min), and X3: desorption time (min).

3.3. Characterization of the Adsorbent

The products generated at each synthesis process prepared under optimal conditions
were characterized through FT-IR, TGA, XRD, BET, and FE-SEM. FT-IR spectra (Figure 4A)
show that GO was well-synthesized from graphite by verifying the O-H band at 3389 cm−1,
the C=O band at 1721 cm−1, the C=C band in the phenol ring at 1613 cm−1, the C-OH
band at 1227 cm−1, and C-O band at 1048 cm−1 in the IR spectrum of GO [24]. Through
the following peaks in the IR spectrum of GO:PANI, it was confirmed that the GO plate
was covered by PANI nanofibers to form GO:PANI identified by peaks at 1561 cm−1 from
C=C in quinone, 1479 cm−1 from benzene ring, 1302 cm−1 from C-N in the second amine
ring, 1242 cm−1 from C-N vibrational band in the protonic acid, 1126 cm−1 from C=N
vibrational band, and 805 cm−1 from the aromatic C-H band [24]. In the IR spectrum of
GO:PANI/ZNRs, peaks of amine groups and benzene ring shifted to higher wavenumbers
than GO:PANI from the previous synthesis step were observed at 1585 cm−1, 1498 cm−1,
1297 cm−1, 1143 cm−1, and 826 cm−1. This indicates that the amine and imine nitrogen
atoms interact with Zn2+ via either protonation or complexation [25]. In addition, the
O-Zn-O stretching vibration peak was observed at 432 cm−1 [26]. Amine groups and a
benzene ring were observed at 1596 cm−1, 1500 cm−1, 1308 cm−1, 1148 cm−1, and 827 cm−1

in the GO:PANI/ZNRs/ZIF−8 IR spectrum. Additionally, a peak at 748 cm−1 from out of
plane bending of the 2-MI ring and a 420 cm−1 peak from Zn-N stretching confirmed that
the nitrogen atom was connected to 2-MI linker to form ZIF−8 [27].

From the XRD analysis, it was confirmed that ZNRs and ZIF−8 were well-formed (Fig-
ure 4B). In the GO:PANI/ZNRs, peaks at 2θ = 31.68◦ (100), 34.35◦ (002), 36.16◦ (101), 47.43◦

(012), and 56.49◦ (110), which are identical to the peaks from the ZnO standard, were ob-
served. Both ZnO and ZIF−8 peaks in GO:PANI/ZNRs/ZIF−8 were confirmed to compare
with peaks from the ZnO and ZIF−8 standards. Peaks observed at 2θ = 7.33◦ (011), 10.37◦

(002), 12.71◦ (112), 14.70◦ (022), 16.43◦ (013), 18.52◦ (222), 22.14◦ (114), 24.48◦ (233), and
26.61◦ (134) were identical to the peaks of the ZIF−8 standard, while peaks at
2θ = 31.71◦ (100), 34.40◦ (002), 36.20◦ (101), 47.48◦ (012), and 56.53◦ (110) were observed from
the ZnO standard. It was concluded that the adsorbent consists of GO:PANI/ZNRs/ZIF−8
was well-synthesized and expected to adsorb compounds having various polarities due to
various functional groups.
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Figure 4. (A) FT-IR spectrums of graphite, GO, GO:PANI, GO:PANI/ZNRs, and GO:PANI/ZNRs/ZIF−8
and (B) XRD spectrums of the ZnO (standard), ZIF−8 (standard), GO:PANI/ZNRs/ZIF−8, and
GO:PANI/ZNRs/ZIF−8.

Thermal stability of the adsorbent synthesized at each step was measured by TGA
(Figure S3). Significant weight loss was not observed and confirmed thermal stability
up to 273 ◦C. Mass change at 81 ◦C is regarded as the dehydration process. The mass
change of GO:PANI/ZNRs was not observed until 262 ◦C. The effect of GO addition on
thermal stability was shown clearly to compare the decomposition temperature between
PANI/ZNRs/ZIF−8 and GO:PANI/ZNRs/ZIF−8, which was 195 ◦C and 291 ◦C, relatively.

The effect of ZIF−8 addition on pore size distribution is shown in Figure 5 as the pore
size distribution and N2 adsorption and desorption isotherm. The BET specific surface
area of GO:PANI/ZNRs/ZIF−8 was 4640 m2 g−1, which was much higher than that of
GO:PANI/ZNRs with a specific surface area of 5.35 m2 g−1. According to the pore size dis-
tribution curve, GO:PANI/ZNRs has mesopore (2~50 nm), whereas GO:PANI/ZNRs/ZIF−8
has micropore (<2 nm) and mesopore (2~50 nm) [28]. In addition, N2 adsorption and
desorption isotherm of GO:PANI/ZNRs/ZIF−8 showed type I isotherm indicating that
micropore and mesopore coexist [29].
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The morphology of the adsorbent coated on stainless-steel wire was observed using
FE-SEM in Figure 6. The image of GO:PANI showed a rough and porous surface due
to the deposition of PANI nanofibers on the GO sheets [24]. In GO:PANI/ZNRs image,
flower-shaped ZnO nanostructures were constructed on the porous GO:PANI. Rhombic
dodecahedron ZIF−8 was observed in GO:PANI/ZNRs/ZIF−8 image, which indicates
that ZIF−8 was well-dispersed on the ZNRs surface of GO:PANI/ZNRs [30].
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Figure 6. SEM images of stainless-steel wire coated with (A) GO:PANI, (B) GO:PANI/ZNRs, and
(C) GO:PANI/ZNRs/ZIF−8 (1; ×5000, 2; ×20,000).

Comparing the adsorption amount by each synthesized step and PANI/ZNRs/ZIF−8,
GO:PANI/ZNRs/ZIF−8 shows the highest adsorption for all target compounds (Figure S4).
The final adsorbent has moieties with different polarities from ZNRs and ZIF−8 to enhance
the adsorption potentials, and its large specific surface area and micropores might play an
important role in increasing the adsorption amounts. Strong π–π stacking interaction and
hydrogen bonding between target compounds and adsorbent contribute to the improved
extraction of target compounds [22,23]. In comparison between GO:PANI/ZNRs/ZIF−8
and PANI/ZNRs/ZIF−8, GO addition tends to increase the adsorption amount of trans-2-
nonenal that appears to interact between GO and C=O of trans-2-nonenal.

Based on the literature reviews, there are few studies on GO:PANI/ZNRs/ZIF−8 ad-
sorbent for the human body odor compounds. On the other hand, the adsorbents composed
of GO, PANI, ZNRs, and ZIF−8 as SPME fibers coupled with chromatography have been
studied in water, soil, air, and food samples [21,22,24,27,28]. The GO:PANI was used as an
effective adsorbent for Zn ion removal from the water sample [24]. The adsorbent of zinc
oxide nanorods directly coated on stainless-steel wire was applied as SPME fiber to extract
aldehydes for instant noodle samples [21]. Hexanal, heptanal, octanal, nonanal, and decanal
were analyzed with a linear range between 0.08 and 5.0 µg g−1 [21]. PANI/ZNRs/ZIF−8
was synthesized to extract 2-methylnaphthalene, 1-methylnaphthalene, pyrene, phenan-
threne, cyrysene, and benzo[a]pyrene of polycyclic aromatic hydrocarbons (PAHs) in a
sewage water sample [22]. The synthesized ZIFs-ZnO composite as a sorbent for SPME-
HPLC-UV was used to remove Sudan dyes in the water sample showing 0.002 ng mL−1

LOD and wide linear ranges 0.02–20 ng mL−1 [27].

3.4. Comparison of Extraction Efficiency

The Dynamic INME and static INME method were compared by enrichment factor
(EF). EF was calculated as follows:

EF = A1/A0 (2)
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A1 is the peak area from dynamic INME method that sucks the target compounds
inside the needle using a reciprocating pump, and A0 is the peak are from the static INME
method that was performed without using a pump. The EF value of trans-2-nonenal was
1062.29 ± 33.72, benzothiazole was 390.12 ± 73.14, hexyl salicylate was 29.71 ± 5.41, α-hexyl
cinnamaldehyde was 36.79 ± 1.30, and isopropyl palmitate was 1.54 ± 0.59, respectively. It
was concluded that all target compounds were more efficiently extracted than the static
INME- method.

3.5. Feasibility Test Using an Adsorption Kit

The body odor adsorption kit developed in this study was applied to in vivo sampling.
A feasibility test was performed on petri dish spiking 30 µg target compounds to place an
adsorption kit fixed with the medical tape.

After 2 h exposure to compounds, the wire coated with GO:PANI/ZNRs/ZIF−8
adsorbent inserted inside the adsorption kit was removed, put into the Hamilton needle,
and connected to the plunger to desorb the compounds at GC/MS injector. The TIC
obtained from this process is shown in Figure 7. From TIC, all five target compounds were
well-separated and measured. trans-2-Nonenal, benzothiazole, hexyl salicylate, α-hexyl
cinnamaldehyde, and isopropyl palmitate were successfully separated at the retention time
of 12.45 min, 14.42 min, 24.15 min, 25.40 min, and 29.92 min, respectively. In conclusion,
the body odor adsorption kit developed in this study could be used as an in vivo sampling
method for human body odor analysis.
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Figure 7. Total ion chromatogram of aging-related body odor using adsorption kit ((1) trans-2-noenal,
(2) benzothiazole, (3) hexyl salicylate, (4) a-hexyl cinnamaldehyde, and (5) isopropyl palmitate).

3.6. Method Validation

The INME method for in vitro body odor extraction was validated by analyzing five
target compounds repeatedly. For all target compounds, the linearity of the seven-points
calibration curves had r2 values greater than 0.99 in the dynamic range. Limit of detection
(LOD) and limit of quantitation (LOQ) were calculated according to ISO definition [31].
The calculated LOD and LOQ were 4.89 ng~128 ng and 14.8 ng~38.8 ng, respectively. The
dynamic range was 4.89 ng~15,000 ng.

Recovery = (AC + AI) − A0/AS × 100 (3)

In addition, a recovery test was performed by analyzing a 100% cotton T-shirt with
an analyte spiked by the proposed method (Figure 8). The recovery rate was calculated
using Equation (3), that AC is the amount of target compounds adsorbed on the 100%
cotton T-shirt, AI is the amount of target compounds adsorbed on GO:PANI/ZNRs/ZIF−8
adsorbent using HS-INME method, A0 is the amount of target compounds in the unspiked
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sample, and AS is the amount of target compounds spiked on the 100% cotton T-shirt [19].
The recovery rate shows acceptable values, ranging from 91.27% to 103.47%.
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Figure 8. Total ion chromatogram of aging-related body odor spiked on 100% cotton T-shirt using
INME method ((1) trans-2-nonenal, (2) benzothiazole, (3) hexyl salicylate, (4) a-hexyl cinnamaldehyde,
and (5) isopropyl palmitate).

The reproducibility of the proposed method was confirmed by obtaining the relative
standard deviation of intra assay (run to run, n = 5) and inter assay (needle to needle,
n = 5). As a result, in the intra and inter assays, all target compounds showed about 10%
and 15% precision, respectively.

4. Conclusions

In this study, in vitro and in vivo methods using GO:PANI/ZNRs/ZIF−8 adsorbent
that were suitable for body odor adsorption was developed. The amounts of GO, aniline,
and 2-MI added during the adsorbent fabrication process were simply and accurately opti-
mized through the RSM method determined as 15 mg L−1 of GO, 18.3 g L−1 of aniline, and
151.6 g L−1 of 2-MI, respectively. The physicochemical characterization of the synthesized
adsorbent was confirmed by FT-IR, XRD, TGA, BET, and SEM. The large surface area and
micropore of the adsorbent increased the adsorption amount of the target compounds, and
the thermal stability was increased due to the addition of GO. In in vivo sampling, a wire
coated with adsorbent could be placed directly to the human skin using an adsorbent kit
developed in this study. In in vitro method, a wire coated with GO:PANI/ZNRs/ZIF−8 to
be used as dynamic HS-INME method to adsorb human body odor VOCs saturated in the
headspace of the vial. As a result of the validation of the in vitro method, analysis of aging-
related human body odor compounds was successfully performed with good precision and
recovery. GO:PANI/ZNRs/ZIF−8 adsorbent could be used as INME method that could
adsorb five aging-related human body odor compounds successfully and demonstrate over
100 applications after the conditioning process.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/molecules27154795/s1: Figure S1: Response surface diagrams
of target compounds by factors.; Figure S2: Response surface diagrams of target compounds
by factors. Figure S3: TGA curves of GO:PANI, GO:PANI/ZNRs, GO:PANI/ZNRs/ZIF−8, and
PANI/ZNRs/ZIF−8. Figure S4: Comparison of the adsorption amount of five target compounds
according to the adsorbent synthesis steps, and without GO. Table S1: Physicochemical properties of
target compounds. Table S2: Experimental design matrix for optimization of the reactant concentrations in
fabrication of adsorbent. Table S3: Experimental design matrix for optimization of HS-INME conditions.
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Abstract: Bladder cancer (BC) is a common malignancy of the urinary system and a leading cause of
death worldwide. In this work, untargeted metabolomic profiling of biological fluids is presented as a
non-invasive tool for bladder cancer biomarker discovery as a first step towards developing superior
methods for detection, treatment, and prevention well as to further our current understanding of this
disease. In this study, urine samples from 24 healthy volunteers and 24 BC patients were subjected
to metabolomic profiling using high throughput solid-phase microextraction (SPME) in thin-film
format and reversed-phase high-performance liquid chromatography coupled with a Q Exactive
Focus Orbitrap mass spectrometer. The chemometric analysis enabled the selection of metabolites
contributing to the observed separation of BC patients from the control group. Relevant differences
were demonstrated for phenylalanine metabolism compounds, i.e., benzoic acid, hippuric acid,
and 4-hydroxycinnamic acid. Furthermore, compounds involved in the metabolism of histidine,
beta-alanine, and glycerophospholipids were also identified. Thin-film SPME can be efficiently used
as an alternative approach to other traditional urine sample preparation methods, demonstrating
the SPME technique as a simple and efficient tool for urinary metabolomics research. Moreover, this
study’s results may support a better understanding of bladder cancer development and progression
mechanisms.

Keywords: bladder cancer (BC); metabolomics; solid phase microextraction (SPME); liquid chro-
matography; mass spectrometry; urine

1. Introduction

Bladder cancer (BC) is mainly diagnosed among people over 50 years of age. It is
diagnosed three times more often in men and represents the fourth most common cancer in
this group. Approximately 90% of bladder cancers are transitional cell carcinoma, while the
other 10% are squamous cell carcinoma and adenocarcinoma [1,2]. Among the recognized
risk factors—contributing to the progress of neoplastic changes in the bladder—smoking
is the most significant [3]. Active smokers have a four times higher risk of developing
the disease compared to persons who have never smoked. Other causes include genetic
disorders, exposure to specific chemical compounds, or chronic bladder irritation [2].
Hematuria is the most common symptom of bladder cancer. Other possible symptoms
include weight loss and pain in the abdomen and in the kidneys. However, these symptoms
are not specific to bladder cancer, making diagnosis challenging since it requires exclusion
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of other diseases [2]. Commonly performed tests for cases where there is a suspicion of
bladder cancer include cystoscopy (the “gold standard”), cytology of urinary sediment,
and imaging diagnostics. However, these diagnostic methods have significant drawbacks:
cystoscopy is invasive and uncomfortable for the patient, whereas laboratory tests have
low sensitivity and specificity for early stages of bladder cancer [1]. These limitations
have fostered research on alternative, more effective, minimally invasive approaches for
bladder cancer diagnosis. As a first step in the creation of new diagnostic tools, untargeted
metabolomics/metabolomic profiling of biological fluids can be used to identify biomarkers
of bladder cancer [4], opening new paths towards the creation of novel biomarker-based
diagnostic tools.

Human urine is a biological matrix that is easy to obtain in large volumes. In ad-
dition to its easy availability, urine is an important biological matrix due to the type of
information it may hold in relation to the various metabolic processes occurring through-
out the human body. Urine is produced by the kidneys, which filter unwanted substances
from the body; as such, urine contains many unnecessary and harmful by-products of
metabolism. The main components of urine are water, urea, creatinine, ammonia, inor-
ganic salts, and other water-soluble substances [5]. Given that urine is largely free from
interfering lipids or proteins, sample preparation for this matrix is significantly less time-
consuming in comparison to other biological matrices. Hence, metabolomic studies using
urine as a biological matrix are promising [5]. Metabolites present in the urine, which are
the final products of processes occurring in healthy and cancerous cells, can be of particular
importance in the diagnosis of bladder cancer. Differences observed between metabolomic
profiles of BC patients compared to healthy persons may allow us to find potential BC
indicators [6].

Even though urine is a relatively simple biological matrix, it still requires careful
sample preparation considerations with respect to issues such as matrix effects and sample-
to-sample variations. The ideal sample preparation method should be simple (with the
smallest number of steps) and reproducible. Besides, it must ensure sample purification,
recovery of a wide range of analytes, as well as inhibition of metabolism, which protects
compounds from degradation [7]. The simplest and most common preparation method
of urine samples prior to MS analysis is dilution (“dilute and shoot”). However, this sim-
plistic strategy compromises sensitivity and does not ensure metabolism quenching, thus
spurring the development of alternative approaches to urine sample preparation to address
these shortcomings. Of the variety of methods developed for urine analysis, solid-phase
microextraction has been demonstrated to largely fulfill the abovementioned conditions,
given that in addition to integrating various steps of the sample preparation and extraction
process, it additionally provides efficient sample clean-up, making it compatible with liquid
chromatography and mass spectrometry [7,8]. In addition, the technology offers flexibility
in terms of device geometry, chemistry of the extraction phase, and high-throughput capa-
bilities. With regards to the latter, the most common format of the device i.e., the microfiber,
is widely used for low-throughput analysis of tissues or in animal studies [9,10], as well
as for high throughput analyses where sample volumes are limited [11]. When sample
volume is of no concern, the thin film format of SPME (TFME) is preferable, as it increases
recovery of analytes and is compatible with commercial automated or semi-automated
high throughput robotic systems [10].

In the current study, thin film SPME in high throughput semi-automated mode was
used for metabolomics screening of urine of patients with bladder cancer and healthy
controls. Following experimental data acquisition, statistical analysis, and a biological
pathway analysis were carried out to identify compounds that might be important in the
identification of BC as well as in the identification of metabolic pathways involved in the
pathogenesis and progression of the disease.
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2. Results
2.1. Subject’s Characteristics

Urine samples used for the study were obtained from advanced-stage bladder cancer
patients and from healthy volunteers. Both groups consisted of 24 patients at a similar
age, with similar BMI values, and with a similar number of smokers. The average age
of patients in both groups fell within the age bracket known for carrying the highest risk
of developing bladder cancer. A summary of patient demographics for the two groups
is presented in Table 1. The group of healthy volunteers did not undergo any treatment
during the sample collection period, and they were declared to be in good health condition,
which was also confirmed with laboratory results. The enrollment of BC patients depended
on confirmation of high grade, muscle-invasive BC during the histopathological evaluation
of biopsies collected during the diagnostic procedure.

Table 1. Demographic characteristics of the studied groups.

Studied Group
Group Size

Age [years] BMI [kg/m2] Smokers [%]
Men Women

BC patients 18 6 65 (±12.0) 26.03 (±4.1) 67
Healthy Volunteers 18 6 64 (±10.4) 25.87 (±2.2) 75

2.2. Untargeted Metabolomics Analysis

The attained data was subjected to principal component analysis (PCA) in order to
assess data quality as well as determine differences between the metabolic profiles of control
and BC patients. As shown in Figure 1A,B, QC samples formed a tight cluster, confirming
the quality of the obtained results. Additionally, the two studied groups achieved relatively
good separation in both positive and negative ionization modes. Based on the PCA score
plots and a 95% confidence ellipse using Hotelling T-squared, five outliers were removed:
three from the group of BC patients and two from the healthy group for positive ionization
mode, and two from the group of BC patients and three from the healthy group for negative
ionization mode. Thereafter, supervised multivariate analysis: orthogonal projections to
latent structures discriminant analysis (OPLS-DA) was performed to achieve maximum
separation among the groups (Figure 1C,D). The Q2 and R2 values for the model were
46% and 85.2% for positive ionization mode and 43.3% and 88.2% for negative ionization
mode, respectively.

Based on the obtained model, metabolites found to contribute the most in differen-
tiating the two groups according to their VIP scores were selected for further analysis.
A VIP score value >1 was selected as cut-off value. Table 2 shows the metabolites meeting
the abovementioned criteria. Additional information regarding the annotation of these
compounds is presented in Supplementary Information Table S1.

Figure 2 presents Box Whisker plots for selected annotated metabolites exhibiting
significant differences in urinary levels between BC patients and healthy controls. Chro-
matograms for each of these compounds are shown in Supplementary Information Figure S2.
Box Whisker plots represent peak areas for a selected component on the y axis as a rectangle
against equally spaced sample groups on the x axis. The height of the rectangle represents
the peak areas in the interquartile range. The following equations were used to calculate
the upper and lower whiskers: Interquartile range (IQR) = Quartile 3 (Q3) − Quartile 1
(Q1), Upper whisker = Q3 + IQR × 1.5, Lower whisker = Q1 − IQR × 1.5.
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Figure 1. Observed differences in metabolic profiles of control and BC patients: (A) PCA score plot
for positive ionization mode, with PC1 describing 12.8% of the variation and PC2 describing 5.5%,
(B) PCA plot for negative ionization mode, with PC1 describing 13.6% of the variation and PC2
describing 5.5%, (C) Score plot of OPLS-DA model for positive ionization mode, with R2 = 85.2%
and Q2 = 46%, (D) Score plot of OPLS-DA model for negative ionization mode, with R2 = 88.2% and
Q2 = 43.3%, (E) Pathway analysis of differential metabolites in positive ionization mode, (F) Pathway
analysis of differential metabolites in negative ionization mode.
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Table 2. Differential metabolites in positive and negative ionization mode. References indicate BC’s
previous clinical studies in which the metabolite was selected as discriminant and/or dysregulated
(MW—molecular weight; ↓ indicates down-regulation and ↑ indicates up-regulation in BC).

Metabolites MW RT VIP Score Trend

Positive ionization mode

2-Acetyl-1-alkyl-sn-glycero-3-phosphocholine [12] 523.3638 17.98 1.66212 ↑
3-Dehydroxycarnitine 145.1103 3.51 1.13186 ↓
3-Methylxanthine [13] 166.0491 1.38 1.80968 ↓

4-Hydroxycinnamic acid 164.0475 4.17 1.80279 ↓
5-Hydroxyindoleacetic acid [13] 191.0582 8.42 1.17858 ↓

Adenine 135.0545 3.08 2.03098 ↑
Benzoic acid [14] 122.0370 4.17 1.38913 ↓

Carnosine 226.1064 3.95 1.06014 ↓
Epinephrine 183.0896 8.35 1.52508 ↓

Hippuric acid [13–15] 179.0582 7.83 2.37849 ↓
Histidine 155.0695 2.14 1.30363 ↓
Isoniazid 137.0589 7.97 1.43638 ↓

LysoPE(18:1) 479.3014 17.55 1.66856 ↑
N-Acetyl-phenylalanine 207.0896 9.17 1.73877 ↓

p-Aminobenzoic acid [13] 137.0477 1.44 1.45154 ↓
Retinol 286.2295 12.93 1.07027 ↓

Theophylline 180.0648 6.76 2.21588 ↓
Negative ionization mode

3-(3-sulfooxyphenyl)propanoic acid 246.0195 7.18 1.72228 ↓
Adenosine monophosphate * 347.0631 1.18 1.60799 ↑

Gluconic acid [16,17] 196.0587 1.39 1.74004 ↓
Hippuric acid [13–15] 179.0583 7.81 2.21443 ↓
Indolelactic acid [13] 205.0739 11.00 1.31510 ↓

* Fragmentation spectrum not confirmed with online databases.
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beta-Alanine metabolism Carnosine; Histidine 
Glycerophospholipid metabolism LysoPE(18:1); Phosphatidyl-N-dimethylethanolamine; 

Retinol metabolism Retinol; 
Ether lipid metabolism 2-Acetyl-1-alkyl-sn-glycero-3-phosphocholine; 

Ubiquinone and other terpenoid-quinone 
biosynthesis 

4-Hydroxycinnamic acid; 

Drug metabolism—other enzymes Isoniazid; 

Figure 2. Box Whisker charts for selected compounds differentiating the studied groups (red (BC)—bladder cancer patients,
green (H)—healthy volunteers).
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2.3. Pathway Analysis

A pathway analysis was performed to obtain biological information about relevant
networks of metabolic pathways that undergo changes in patients with bladder cancer in
comparison to the healthy population. Our pathway analysis was carried out using the list
of significantly differential metabolic features previously determined as described above
(VIP score > 1). Results obtained from both ionization modes are presented in Figure 1E,F.
The attained results indicate that the identified compounds may be mainly associated with
phenylalanine, histidine, and caffeine metabolism. Table 3 shows the full list of identified
metabolites and associated pathways in both positive and negative ionization modes.

Table 3. Metabolic pathways and associated metabolites in positive and negative ionization mode.

Pathway Name Metabolites

Positive Ionization Mode

Phenylalanine metabolism Benzoic acid; Hippuric acid; 4-Hydroxycinnamic acid;
N-Acetyl-phenylalanine

Histidine metabolism Histidine; Carnosine;
Caffeine metabolism Theophylline; 3-Methylxanthine;

beta-Alanine metabolism Carnosine; Histidine
Glycerophospholipid metabolism LysoPE(18:1); Phosphatidyl-N-dimethylethanolamine;

Retinol metabolism Retinol;
Ether lipid metabolism 2-Acetyl-1-alkyl-sn-glycero-3-phosphocholine;

Ubiquinone and other terpenoid-quinone biosynthesis 4-Hydroxycinnamic acid;
Drug metabolism—other enzymes Isoniazid;

Nitrogen metabolism Histidine;
Folate biosynthesis p-Aminobenzoic acid

Aminoacyl-tRNA biosynthesis Histidine
Tyrosine metabolism Epinephrine;

Tryptophan metabolism 5-Hydroxyindoleacetic acid
Purine metabolism Adenine;

Negative Ionization Mode

Phenylalanine metabolism Hippuric acid;
Pentose phosphate pathway Gluconic acid;

Nitrogen metabolism Adenosine monophosphate;
Glycerophospholipid metabolism Phosphatidyl-N-dimethylethanolamine;

Tryptophan metabolism Indolelactic acid;
Purine metabolism Adenosine monophosphate;

3. Discussion

In recent years, the urology field has seen rapid development in terms of urine-based
metabolomic analysis. Given that urine comes in direct contact with bladder epithelial cells
and tumor tissue, it may therefore contain metabolites shed from cancerous cells in the
bladder [6]. In metabolomics, sample preparation has appreciable influence on the quality
of the obtained results, particularly for biofluid samples such as urine [18]. In the current
study, a technology integrating sample preparation and extraction of metabolites, namely
solid phase microextraction, was presented for metabolomics analysis of urine samples
of bladder cancer patients. It has been already demonstrated that SPME is an effective
tool for metabolomics studies in plasma and tissue [8,10], but no direct immersion urinary
metabolomics analyses have been reported to date to the best of our knowledge. However,
extensive anti-doping multi-residue analyses in urine have been successfully carried out
via the thin film SPME automated high throughput system [19], showing the potential of
the technology for simultaneous determination of over 100 compounds with no matrix
effect and good sensitivity in urine, all while affording a simple analytical protocol. Herein,
thin film SPME followed by LC-HRMS analysis was used for the first time for urinary
untargeted metabolomics in cancer patients.
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The metabolites selected as discriminant compounds and, subsequently, the results of
the pathways analysis, are consistent with previous reports [13]. Compounds found present
at decreased levels in BC patients in comparison to healthy controls included benzoic
acid (BA) and hippuric acid (HA), which are known to be involved in the phenylalanine
metabolism pathway. Hippuric acid is a normal component of urine as a metabolite of
aromatic compounds from food [20]. While the serum concentration of HA is increased
in uremic patients as a result of reduced renal clearance [21], lower levels of hippuric
acid in urine samples from BC patients are in agreement with previous studies, making
it characteristic for this group of patients [14,15]. Benzoic acid, a compound commonly
used as a food preservative, conjugates to glycine in the liver and is excreted as hippuric
acid [20]. Benzoic acid and hippuric acid are also believed to play essential roles in gut
microbial pathways [14,22]. The important role of gut microbiota in health has been gradually
gaining recognition in science; although studies regarding the physiological functions
of BA have mainly involved pigs as a research model for humans [22], benzoic acid
administration has been found to improve gut functions including digestion and absorption,
and also could improve gut barrier function, including nonspecific barrier mechanisms
and specific immunological responses [22]. The lower concentrations of hippuric acid and
benzoic acid found in the bladder cancer group might be associated with gut microbial
pathways, decreased activity of the hippurate hydrolase, or increased activity of the glycine
N-benzoyltransferase [14].

Another down-regulated metabolite was N-Acetyl-phenylalanine, which also par-
ticipates in the phenylalanine metabolism pathway. Acetylphenylalanine is a product
of enzyme phenylalanine N-acetyltransferase [20,23], and lower concentrations of this
compound in saliva have been previously reported in oral squamous cell carcinoma pa-
tients [23]. Histidine and carnosine also exhibited decreased levels in BC patients. The latter
plays a role in histidine, beta-alanine, and nitrogen metabolism as well as in the aminoacyl-
tRNA biosynthesis pathway. Histidine is an α-amino acid that is used in the biosynthesis of
proteins. One of the proteins significantly related to tumor progression is fragile histidine
triad protein (FHIT), a protein that has been proven to have suppressor properties. The lack
of FHIT protein or its reduced level is observed in many types of cancer as well as in various
cancer cell lines [24–26]. Reduced concentration of histidine in bladder cancer patients
may correlate with a lower activity of FHIT protein [24]. FHIT protein deficiency has been
also reported in bladder cancer, mainly in high-grade tumors. This phenomenon correlates
with poorer prognosis in BC patients [26–28]. Histidine is also a precursor for carnosine
biosynthesis. This dipeptide links histidine and the beta-alanine metabolism pathway.
While carnosine has not been reported in the literature as a metabolite of significant im-
portance in bladder cancer, numerous studies have shown that carnosine exhibits some
antioxidant effects [29–31]. Carnosine’s ability to scavenge reactive oxygen species (ROS)
may be important in the prevention of cancers. In this study, carnosine levels were found
to be higher in urine of the control group, which would be in line with these assumptions.

The 2-Acetyl-1-alkyl-sn-glycero-3-phosphocholine levels in urine exhibited relevant
differences in comparisons of metabolomic profiles of bladder cancer patients and healthy
volunteers. This compound is also known as a platelet-activating factor (PAF), playing a
role in platelet aggregation, inflammation, and allergic reactions. PAF and its receptor have
been implicated in malignant processes such as tumor development, growth, and metastatic
angiogenesis [32]. Kispert et al. observed significant increases in PAF accumulation in
bladder cancer cells following cigarette smoke extract exposure [12]. The increased levels
of PAF in BC patients are in accordance with the current study; however, the number of
smokers in both studied groups was similar, which might suggest that smoking is not the
only factor influencing PAF accumulation in the bladder.

A higher level of 4-hydroxycinnamic acid was found in the urine of healthy volunteers
compared to patients with bladder cancer. This organic compound, also known as p-
Coumaric acid, is a naturally occurring phenolic acid present in most plants, including
commonly consumed vegetables and fruits [33]. There are numerous reports describing its
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antioxidant and anticancer properties [34–36]. Kong et al. have shown that p-coumaric acid
inhibits tumor growth through reduction of angiogenesis within the tumor [36]. While our
current findings cannot directly establish a relationship between 4-hydroxycinnamic acid
and bladder cancer, the higher levels of this compound in healthy volunteers may be
evidence of its role in cancer prevention.

We have also identified changes in the pentose phosphate pathway demonstrated
by the observed decrease in gluconic acid levels. Gluconic acid, a naturally occurring
carboxylic acid, as well as its derivatives are used in food, pharmaceuticals, and cosmetics
as additives or buffer salts; however, the mechanisms of their biological activity are still not
completely understood [20,37]. Recent research in this area has indicated that gluconic acid
and its derivatives may contain antioxidative properties [37]. Lower concentrations of this
compound in the BC group as compared to the healthy control might be related to oxidative
stress, which has been implicated in the pathogenesis of numerous diseases [38]. Decreased
concentration of gluconic acid in the urine of the bladder cancer patients has been reported
previously [16,17]. Interestingly, gluconic acid such as carnosine and p-coumaric acid has
antioxidative properties and was also found to be present in lower quantities in the urine
of the BC group.

We acknowledge that there are limitations to our study. The analysis was performed
with a relatively small number of patients without differentiation of cancer type. However,
as emphasized throughout the manuscript, the results do not provide a well-validated
panel of biomarkers mainly due to the small number of participants and larger cohort
study to confirm or deny this work’s results. On the other hand, based on this study,
we were able to identify some interesting metabolites not described previously in the view
of BC that might contribute to the pathogenesis of bladder cancer or serve as protective
compounds in cancer development, and this information can be a good starting point for
targeted analysis of these compounds and the pathway they are involved in. Moreover,
our work has demonstrated that TFME hyphenated to LC-HRMS can be an alternative
platform for untargeted urinary analysis toward biomarker discovery.

4. Materials and Methods

Analytical grade sodium chloride, potassium chloride, potassium phosphate monoba-
sic, sodium phosphate dibasic, hydrochloric acid, and sodium hydroxide, used for the
phosphate-buffered saline solution (PBS pH 7.4) preparation, as well as the LC-MS grade
chromatographic solvents water, methanol, acetonitrile, and formic acid, were purchased
form Sigma-Aldrich (Poznań, Poland).

Urine was obtained from advanced-stage bladder cancer patients and from healthy
volunteers (control group). The urine samples were collected from the first urination
in the morning. Samples were provided by the Department of Biopharmaceutics and
Pharmacodynamics, Medical University of Gdańsk.

Solid phase microextraction (SPME) in its thin film format was used for preparation
of samples, and each step of the process was carried out on a high throughput 96-semi-
automated SPME system (Professional Analytical System (PAS) Technology, Magdala,
Germany), which allowed for simultaneous analysis of all samples (Figure 3). Extraction
was performed by using steel blades coated with a polystyrene divinylbenzene (PS-DVB)
sorbent (Alchem, Toruń, Poland). Coating preparation procedures were based on the
spraying method described by Mirnaghi et al. [39]. Steel blades were purchased form
Professional Analytical System (PAS) Technology (Magdala, Germany) and polypropylene
Nunc 96 DeepWell plates were purchased from Sigma-Aldrich (Poznań, Poland).

Prior to the analysis, urine was diluted in PBS (1:1; v/v) so as to establish a matrix pH
of 7.4. Before extraction, coatings were conditioned for 30 min with 1.0 mL of a methanol:
water (1:1; v/v) solution in 96-well-plates with agitation set at 750 rpm to improve sorbent
surface activation and prepare the sorbent to retain the analytes, then subsequently submit-
ted to a 10 s wash step to remove residual methanol. The extraction process was executed
from 0.5 mL of urine samples for 1 h at 37 ◦C. After extraction, the blades were placed
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in 1 mL of nanopure water for 10 s to remove particulates, salts, and other contaminants
loosely attached on the coating surface by non-specific interactions, which could potentially
cause matrix effects and instrument contamination. Following this wash step, desorption
was conducted in 1 mL of acetonitrile: water (1:1; v/v) solution with agitation (750 rpm)
for 90 min.
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(A) and a set of 96 SPME devices coated with different types of extraction phases (the PS-DVB coating
selected for the study is represented in rows 3 and 4 from the right) (B).

4.1. LC-MS Conditions

Chromatographic separation was performed on the Dionex UHPLC system. Urine
extracts, obtained as described above, were injected at a volume of 10 µL on a reversed
phase pentafluorophenyl (PFP) column (Discovery HS F5 100 mm × 2.1 mm, 3 µm (Sigma-
Aldrich, Poznań, Poland)). Autosampler and column temperatures were set to 4 ◦C and
25 ◦C, respectively. The flow rate was 0.3 mL/min. The mobile phase A was water
with formic acid (99.9:0.1; v/v) and mobile phase B was acetonitrile with formic acid
(99.9:0.1; v/v). The total time of analysis per sample was 40 min. The starting mobile phase
conditions were 0% B from 0 to 3.0 min, followed by a linear gradient to 90% B from 3.0 to
25.0 min, an isocratic hold at 90% B until 34.0 min, and a 6 min column re-equilibration
time [40]. Total ion chromatograms of QC samples in both ionization modes are shown in
Supplementary Information Figure S1.

The analyses were performed in both positive and negative electrospray ionization
modes in separate runs on a Q Exactive Focus Orbitrap mass spectrometer (Thermo Fisher
Scientific). In positive ionization mode, the following HESI ion source parameters were
used: spray voltage 1500 V, capillary temperature 300 ◦C, sheath gas 40 a.u., aux gas flow
rate 15 a.u., probe heater temperature 300 ◦C, and S-Lens RF level 55%. For negative
ionization mode, HESI ion source parameters were as follows: spray voltage 2500 V,
capillary temperature 256 ◦C, sheath gas 48 a.u., aux gas flow rate 11 a.u., probe heater
temperature 413 ◦C, and S-Lens RF level 55%. Scan range was set on m/z 80–1000 with
resolution 70,000. The instrument was calibrated using external calibration immediately
before the analysis and every 48 h, resulting in mass accuracy <2 ppm. Data acquisition
was performed with Xcalibur software v. 4.0.

All samples were analyzed in one randomized sequence and QC samples were run
periodically (8–10 injections) to verify instrument performance. QC samples were prepared
by mixing 20 µL of each of the 48 urine extracts.

The putative identification of compounds was confirmed based on Full MS/dd-MS2
mode. Fragmentation parameters were as follows. Mass resolution: 35,000 full width at
half maximum (FWHM), AGC target: 2E4, minimum AGC: 8E3, intensity threshold: auto,
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maximum IT: auto, isolation window: 3.0 m/z, stepped collision energy: 10 V, 20 V, 40 V,
loop count: 2, dynamic exclusion: auto. Fragmentation spectra were confirmed with online
databases such as LIPID MAPS, HMDB, METLIN, and mzCloud.

4.2. Data Processing and Statistical Analysis

Raw data was processed by the Compound Discoverer 3.0 (Thermo Fisher Scientific)
software with aims to identify metabolites present in the samples. Detected metabolites
with signal-to-noise >3 and peak intensity >1,000,000 were subjected to analysis. Intensity
tolerance was set as 30%, and RT tolerance as 0.2 min. QC-based area was used for
correction (min 50% coverage, max 30% RSD in QC, normalization by constant mean).
A data filtration step removed 49% of the 7907 features and 29% of the 6114 features in
positive and negative ionization modes, respectively. After peak alignment, gap filling was
applied to fill missing values by a very small peak at the level of spectrum noise for the
compound. The obtained table with accurate masses of annotated compounds was inserted
into SIMCA 15 (Umetrics), where principal component analysis (PCA) and orthogonal
projections to latent structures discriminant analysis (OPLS-DA) were performed using unit
variance (UV) scaling. Statistically significant compounds in the projection used in OPLS-
DA models were selected using Variable Importance in Projection (VIP) scores >1 and then
filtered, taking into account the biological relevance and consistency of the fragmentation
spectrum with databases. Pathway analysis was carried out with MetaboAnalyst 4.0, using
Homo sapiens Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathway
database. The analysis used the hypergeometric test as an enrichment method and relative-
betweenness centrality for topology analysis, and the results were presented in the form of
scatter plots.

5. Conclusions

The main goals of this study were to test applicability of TFME for untargeted screen-
ing of urinary metabolites and the identification of compounds involved in tumor devel-
opment and progression in bladder cancer patients. Multivariate OPLS-DA analysis was
performed to differentiate BC patients from healthy individuals. This profiling has not only
identified a group of metabolites that may contribute to bladder cancer development, but
also compounds that show potential in the prevention of cancer. Pathway analysis allowed
for the integration of metabolomics data and biological information to enhance knowledge
about the biological links between selected metabolites and BC pathogenesis. Future quan-
titative targeted studies on a larger number of patients are required to validate current
findings and to evaluate the predictive value of the selected metabolites. Moreover, the
results of the present study demonstrated that thin film SPME can be efficiently used as an
alternative approach to other traditional urine sample preparation methods, demonstrating
the SPME technique as a simple and efficient tool for urinary metabolomics research.

Supplementary Materials: The following are available online. Figure S1: Total ion chromatogram of
QC sample in positive (A) and negative (B) ionization mode. Figure S2: Chromatograms for selected
compounds differentiating the studied groups: 2-Acetyl-1-alkyl-sn-glycero-3-phosphocholine (A), 4-
Hydroxycinnamic acid (B), 5-Hydroxyindoleacetic acid (C), Adenosine monophosphate (D), Benzoic
acid (E), Hippuric acid (F), Gluconic acid (G), Carnosine (H), Histidine (I), N-Acetyl-phenylalanine
(J), Table S1: Differential metabolites in positive and negative ionization mode with information on
the annotation in the ChemSpider database.
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Abstract: A micron-sized sorbent, Magn-Humic, has been prepared by humic acids pyrolysis onto
silica-coated magnetite. The material was characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), energy dispersive spectroscopy (EDS), thermogravimetric
analysis (TGA), and Brunauer, Emmett, and Teller (BET) surface area measurements and applied
for simultaneous magnetic solid-phase extraction (MSPE) of glucocorticoids, estrogens, progesto-
gens, and androgens at ng mL−1 levels from human plasma followed by high-performance liquid
chromatography coupled with mass spectrometry (HPLC–MS/MS). Due to the low affinity for
proteins, steroids extraction was done with no need for proteins precipitation/centrifugation. As
highlighted by a design of experiments, MSPE was performed on 250 µL plasma (after 1:4 dilution)
by 50 mg Magn-Humic (reusable for eight extractions) achieving quantitative recovery and satisfying
clean-up. This was improved by washing (2 mL 2% v/v formic acid) prior to analytes elution by
0.5 mL 1:1 v/v methanol-acetonitrile followed by 0.5 mL methanol; eluate reduction to 0.25 mL
compensated the initial sample dilution. The accuracy was assessed in certified blank fetal bovine
serum and in human plasma, gaining satisfactory recovery in the range 65–122%, detection limits in
the range 0.02–0.3 ng mL−1 (0.8 ng mL−1 for 17-β-estradiol) and suitable inter-day precision (relative
standard deviation (RSD) <14%, n = 3). The method was evaluated in terms of selectivity, sensitivity,
matrix-effect, instrumental carry-over, and it was applied to human plasma samples.

Keywords: bioanalysis; carbon materials; HPLC–MS; biological matrices; solid-phase extraction;
sample preparation

1. Introduction

The search for new sample preparation procedures with improved throughput, simple
workflow, and reduced use of organic solvents is nowadays one of the most desired goals
in analytical sample treatment. This is especially important in the case of complex matrices
such as environmental, food, and biological samples, wherein in most cases the target
analytes are present at very low concentrations together with huge amounts of other matrix
constituents [1–4]. These are major interfering species in various steps of the analytical
protocol, from analyte isolation to final instrumental quantitation, thus working procedures
for extraction, clean-up and, possibly, pre-concentration, are increasingly required.

With regard to sample treatment for biological matrices, proteins (up to 80 g L−1)
are the major interferents in plasmatic steroids determination, calling for pretreatments
such as sample dilution and proteins precipitation [5–13] before extraction that is done,
for instance, by solid-phase extraction (SPE) [5,7–9,12,13]. Quantitation is today mainly
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performed by high-performance liquid chromatography coupled with mass spectrometry
detection (HPLC–MS), which ensures selective and sensitive determination [7–9,12,14–16];
some methods also involving gas chromatography coupled with MS detection have been
proposed, necessarily requiring analytes derivatization before analysis [13,17].

In this context, our previous works showed the versatility of the mixed-mode HA-
C@silica sorbent, employed in conventional SPE cartridges for enrichment/clean-up of
various compounds in environmental and biological matrices prior to HPLC–MS [18–21].
With regard to the biomatrix, HA-C@silica proved to be advantageous due to its protein
exclusion [21].

Besides conventional column SPE, magnetic solid-phase extraction (MSPE) has emerged
in the last decades as a promising and a straightforward sample preparation technique
due to simple and quick extraction [1,2]. In dispersive MSPE, the magnetic sorbent is
dispersed under agitation in the sample solution, providing high surface contact and full
interaction between the analytes and the sorbent particles, and then it is easily isolated
from the solution using a small magnet [2].

Based on these advantages, MSPE has been adopted in the last years as sample
treatment for determination of various pharmaceuticals in biological matrices, mostly
antibiotics, antidepressants, narcotic analgesics, benzodiazepines, and anti-inflammatory
drugs [2]. However, it should be noted that only very few MSPE-based methods, entailing
use of gold-modified nanoparticles, have been reported to extract some selected steroids
from human plasma [6] and urine [6,22]. Based on the above discussion and in light of
our earlier research [21], in this study a novel magnetic sorbent (Magn-Humic) has been
prepared by pyrolysis of humic acids (HAs) onto silica-coated magnetite. The siliceous
shell, grown up on magnetite (Fe3O4) by a sol-gel procedure, was conveniently exploited
to support HAs before pyrolysis, yielding a micron-sized magnetic sorbent relying on the
sorption properties of the HA-derived carbon phase, to be easily used in human plasma for
batch-extraction of steroids, namely prednisolone (PREDLO), prednisone (PRED), hydro-
cortisone (H-CORT), cortisone (CORT), betamethasone (BETA), dexamethasone (DEXA),
triamcinolone (TRIAM), 17-β-estradiol (E2), testosterone (TST), epitestosterone (EPI), 17-α-
ethynylestradiol (EE2), estrone (E1), hydroxyprogesterone (H-PROG), fluocinolone (FLUO),
progesterone (PROG), and medroxyprogesterone acetate (M-PROG).

The material was characterized by various techniques, namely thermogravimetric
analysis (TGA), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), energy dispersive spectroscopy (EDS), and surface area measurements by Brunauer,
Emmett, and Teller (BET) method. Preliminary protein exclusion tests and extractions were
done in bovine serum albumin (BSA) solution, and then the MSPE was moved in a real
biological sample, i.e., certified hormone-free fetal bovine serum (FBS). A simple MSPE
was developed and optimized by a design of experiments (DoE) to extract steroids while
achieving sample clean-up and preconcentration prior to HPLC–MS/MS. The proposed
method, assessed by the main figures of merit and compared with the currently available
procedures based on SPE before instrumental analysis, was tested in human plasma and
applied to multiclass steroids determination in blind plasma samples.

2. Results and Discussion
2.1. Magn-Humic Characterizations

The morphology of the prepared materials was appraised by SEM. As shown in
Figure 1, the Fe3O4 nanoparticles characterized by definite edges (Figure 1a) have been
coated after sol-gel by sphere-like silica particles, with a better homogeneity in shape and
dimension observed on SiO2@Fe3O4 (Figure 1(b1,b2)) compared to that air-calcined after
sol-gel, c-SiO2@Fe3O4 (Figure 1(c1,c2)).
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Figure 1. Representative scanning electron microscopy (SEM) images acquired on (a) pristine Fe3O4,
(b1,b2) SiO2@Fe3O4, (c1,c2) c-SiO2@Fe3O4, (d) Magn-Humic, and (e) c-Magn-Humic.

The siliceous coating on the magnetic core was better evidenced by TEM (average
thickness 10–20 nm) and confirmed by the Si/O and Si/Fe ratios from compositional EDS
analysis, which showed a homogeneous distribution of the elements (see Supplementary
Information). The SEM images of Magn-Humic (Figure 1d) and c-Magn-Humic (Figure 1e)
evidenced a more compact structure of the latter—in agreement with the lower surface
area, showed hereafter—and some carbon structures more visible in Magn-Humic. The
overall procedure yielded micrometric materials, with particles ranging from few to some
tens of microns, as shown by the additional SEM images in Supplementary Material.
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The amount of carbon phase in the composites, determined by TGA, resulted to
be 2.0 and 3.3 wt% for c-Magn-Humic and Magn-Humic, respectively. To achieve accu-
rate quantitation of the carbonaceous fraction, the weight losses of c-SiO2@Fe3O4 and
SiO2@Fe3O4—used as “blank” samples—were subtracted to those of the respective sor-
bents. In the case of SiO2@Fe3O4, prepared with no calcination, an isothermal pretreatment
of the sample (320 ◦C, 12 h) was necessary to remove cetyltrimethylammonium bromide
(CTAB) entrapped in the silica shell. This was necessary because the great weight loss due
to the surfactant release during the sample heating overlapped the weight loss between
320 ◦C and 600 ◦C of Magn-Humic related to the pyrolyzed HAs, making the calculation of the
actual carbon phase wt% impracticable. TGA profiles are shown in Supplementary Information.

Surface area data, mean values from three measurements on each sample, are shown
in Table 1.

Table 1. Surface area values determined by Brunauer, Emmett, and Teller (BET) method (relative
standard deviation (RSD) < 5%, n = 3).

Material Surface Area (m2 g−1)

c-SiO2@Fe3O4 305
c-Magn-Humic 169

SiO2@Fe3O4 81
Magn-Humic 183

As apparent, surface area was enlarged compared to pristine magnetite (20–50 m2 g−1)
due to the formation of the silica shell by sol-gel, and this increase is more evident perform-
ing calcination (see c-SiO2@Fe3O4), which removes CTAB [23,24]. Instead, the deposition
of pyrolyzed HAs on c-SiO2@Fe3O4 induces a decrease of surface area because of carbon
structures growing in the silica pores. This turns into agreement with the preparation of
HA-C@silica [18,19]. For SiO2@Fe3O4, after pyrolysis surface area showed a remarkable
increase justifiable considering that CTAB is anyhow released during the pyrolytic treat-
ment (600 ◦C). These findings fit with the TGA results above discussed and underline that
the preparation of Magn-Humic is doubly advantageous as calcination after sol-gel can be
avoided obtaining, in any case, a carbon-based magnetic material with higher surface area.

2.2. Protein Exclusion and Explorative Extraction Tests

In the first part of this study, the prepared materials were investigated for their affinity
toward proteins, according to the studies of restricted access carbon nanotubes (RACNTs)
for clean-up of biological matrices [25–27]. Protein exclusion tests were here performed in
batch (rotating plate, 170 rpm, 3 min) by contacting 50 mg sorbent with 1 mL PBS containing
7 mg BSA [21], a quantity below saturation [26,27] and however lower compared to those
of biological samples (see Section 2.4). The excluded protein—not retained on the solid
phase—was quantified by UV-Vis spectrophotometry (spectra acquisition 200–800 nm,
quantification at λmax 280 nm) [21,26], and results are shown in Table 2.

Table 2. Protein exclusion (%) observed in bovine serum albumin (BSA) solution (RSD < 6 %, n = 3).

Sorbent % BSA Exclusion 1 Ref.

Magn-Humic 90(5) This work
c-Magn-Humic 95(3) This work

RACNTs 90(3) [21]
HA-C@silica 86(2) [21]

1 in parentheses the standard deviation.

As apparent, up to 90–95% of the sample BSA is excluded by the two magnetic
materials, in good agreement with the behavior of HA-C@silica and with a performance
similar to that experimentally observed on RACNTs [21]. As discussed more in-depth in
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previous work [21], also in line with Mullet and Pawlyszin [28], the low affinity of the
sorbents for proteins is essentially due to the small amount of carbon phase (2–3%, by TGA)
joined to the low hydrophobicity imparted by oxygenated groups embedded in the carbon
phase [18,19] that hamper protein retention. Predictably, protein exclusion was almost
quantitative (97%) on Fe3O4 as control sample.

Both magnetic composites were tested for explorative MSPE experiments (in duplicate)
by contacting 50 mg of sorbent with 2 mL BSA solution (10 g L−1, 0.01 M phosphate buffer
solution, PBS, pH 7.2 [21]), spiked with 2 mg L−1 of CORT, E2, TST, and PROG as probes.
After extraction (3 min vortex, 1400 rpm), the sorbent was washed with 2 mL 2% formic acid
(FA) followed by 2 mL 30% methanol (MeOH) aqueous solutions, and analytes were eluted
in vortex by 2 × 1 mL MeOH-acetonitrile (ACN) (1:1) [21] and quantified by HPLC–UV
(see Appendix A). Higher recoveries (in the range 40–76%) were observed for Magn-Humic
compared to c-Magn-Humic (between 18 and 52%). At the same time, control tests on the
intermediate materials (recovery 16–56% and 1–13% for SiO2@Fe3O4 and c-SiO2@Fe3O4,
respectively) proved the major role of the carbonaceous phase deriving from HAs pyrolysis,
able to retain steroids by a mixed-mode mechanism relying on π stacking and polar–apolar
balanced interactions [18,20]. As expected, pristine magnetite did not show retention
capability for the steroids, which were not quantifiable in the MSPE eluate (<0.2 mg L−1).

In light of these explorative recovery tests, protein exclusion data and results from
physical-chemical characterization, Magn-Humic prepared with no calcination after sol-gel
was selected for in-depth investigation.

2.3. Development of the MSPE Procedure in BSA Solution Using Magn-Humic

For the MSPE development, experiments were undertaken in solution of BSA (10 g L−1,
0.01 M PBS pH 7.2) as model protein focusing on extraction, clean-up, and elution. All
experiments were run using 50 mg Magn-Humic and 2 mL samples spiked with 2 mg L−1

of each compound (CORT, E2, TST, and PROG) and, besides recovery, residual protein
in the washing and in the eluate was monitored by the conventional Bradford assay (see
Supplementary Material).

Concerning analytes adsorption on Magn-Humic, rotating plate shaker proved to
favor extraction more consistently than vortex (data not shown), and not significantly
different results were observed in going from 3 to 30 min contact; thus, 3 min was selected
as the extraction time. In the washing step, 30% MeOH [21] caused a significant release of
sorbed analytes, especially CORT, the steroid with the lowest partition coefficient (LogP)
among the four probes (see Supplementary Material). Analytes recovery increased by
reducing both the volume of the washing solution (from 2 to 1 mL) and the % of MeOH
(from 30 to 5%, v/v). Considering that the residual protein in the eluate did not vary
significantly, just the acidic washing (2 mL 2% v/v FA) was performed, affording removal
of about 800 µg (40%) of adsorbed protein, with no loss of analytes.

Elution by 1 mL MeOH-ACN (1:1) allowed for the collection of a consistent fraction
of steroids (65–80%) and a second elution, performed using the same eluent or 1 mL of
MeOH, evidenced that the latter provided good elution and lower release of protein from
the sorbent compared to the binary mixture. In the final eluate, obtained combining the two
fractions, the residual protein was around 65 µg (against ca. 105 µg of the double elution
with the mixture), corresponding to 0.3% of the BSA in the sample submitted to MSPE, as
a result of the high protein exclusion (ca. 90%) joined to the acidic washing. At the same
time, under these conditions, recovery was in the range 85–101% for all compounds. These
findings account for a sorption process wherein the interaction with the sorbent displaces
steroid–protein association [28], and elution by organic solvents induces the release of the
potential fraction of protein-associated analytes [28].

To assess batch-to-batch reproducibility, additional recovery tests were done over
non-consecutive days employing three independently synthesized batches of Magn-Humic.
The observed RSD < 12% for the analytes recoveries is proof of reproducibility.
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2.4. Optimization and Evaluation of MSPE in Biological Matrices

With the aim of maximizing recovery and method sensitivity in a real biological matrix,
a DoE was planned to specifically focus on the performance of Magn-Humic in relation
to the sample amount. Two factors were accordingly studied, namely sample volume
(x1) and sorbent amount (x2) working on 1:4 diluted FBS samples (10 g L−1 proteins),
spiked with 200 ng mL−1 of each analyte, in line with the experimental domain included
in Supplementary Material. The mean multiclass recoveries observed under the different
conditions are presented in Table 3, together with the residual protein in the MSPE eluate.

Table 3. Mean multiclass recovery (n = 3), average of all analytes recoveries of each experiment, and residual protein in the
magnetic solid-phase extraction (MSPE) eluate obtained in the conditions of the experimental plan.

Exp. FBS Volume (µL), x1 Magn-Humic Amount (mg), x2 Recovery (%) Residual Proteins (µg)

1 250 10 55 57
2 1250 10 28 123
3 250 50 81 133
4 1250 50 65 237

Recovery values were used as the experimental response (y) relative to each variable
(xi), and they were modeled by the CAT software (Chemometric Agile Tool, available freely
on the site of the Italian Group of Chemometrics) [29]) according to the following equation:

y = b0 + b1x1 + b2x2 + b12x1x2 (1)

The plot of the coefficients (bi) of the model and the response surface are gathered in
Figure 2 (part a, and part b, respectively).

As shown in Figure 2a, both x1 and x2 proved to significantly affect recovery (*** p < 0.001);
in particular, recovery was favored working with the lowest volume of biological matrix
(x1) and the highest amount of magnetic material (x2). As well, interaction between the
two factors (x1x2) resulted statistically relevant (*** p < 0.001), and, in line with the surface
response graph (Figure 2b), recovery from about 80% upwards can be reached keeping x1
and x2 at the lowest and the highest level, respectively.

The model elaborated on the results from the MSPE tests, which yielded y = 57 − 11x1
+ 16x2 + 3x1x2, was validated by the experiment at the test point x1 = 0 and x2 = 0, which
means working with 750 µL FBS and 30 mg sorbent; indeed, the experimental recovery
(65%) well matched the theoretical one predicted by the model (relative error 12%).

Under optimal conditions (50 mg Magn-Humic and 1 mL sample containing 250 µL
FBS), which were also convenient in terms of clean-up (Table 3), recovery at 100 ng mL−1

was quantitative for all analytes, as shown in Table 4. To improve method sensitivity,
additional recovery tests were done using a smaller volume of eluent, i.e., 2 × 0.5 mL,
observing unchanged recovery.

To better cover the steroids concentration range typical of human plasma, further
MSPE trials were undertaken in FBS to verify accuracy also at lower concentrations, ranging
from 1 to 25 ng mL−1, and representative chromatograms are shown in Supplementary
Material. As shown in Table 4, all compounds were quantified also at the lowest spike
(1 ng mL−1, except E2, the steroid with the lowest instrumental sensitivity), in this case by
evaporating to dryness the eluate and reconstituting the residue in 0.25 mL MeOH.

In this way, enrichment factor (EF) 4 was achieved with a substantial sensitivity
gain compared with our earlier report [21] and a within-laboratory inter-day precision
RSD < 14% (n = 3). As can be seen, quantitative recovery was gained for all compounds
and only slightly lower (65%) for PREDLO just at the lowest spiking level.

The MSPE was then moved on 1:4 diluted plasma (~20 g L−1 proteins) spiked with
25 ng mL−1 with unchanged recovery, highlighting that the procedure works well also
in biological fluids with a protein content higher than that of FBS, thus representing a
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simplified and effective alternative to the intensive sample treatment workflow required in
bioanalysis [4].
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Table 4. Recoveries obtained in FBS by the optimized MSPE procedure followed by high-performance
liquid chromatography coupled with mass spectrometry (HPLC–MS/MS) (n = 3).

Mean Recovery (%) 1

Spike (ng mL−1) 100 25 5 1 2

PREDLO 95 84 87 65
PRED 109 98 97 107

H-CORT 80 80 71 70
CORT 91 87 97 70
BETA 97 94 104 122
DEXA 97 96 80 75

TRIAM 100 95 110 104
E2 106 115 109 2 n.q. 3

TST 84 81 95 92
EPI 84 82 94 94
EE2 89 82 88 97
E1 86 89 105 90

H-PROG 105 90 84 96
FLUO 75 91 97 106
PROG 88 89 80 84

M-PROG 98 101 99 82
1 RSDs < 14%, n = 3. 2 evaporation of the MSPE eluate and reconstitution in 0.25 mL MeOH (EF 4) before analysis.
3 n.q., not quantifiable at this concentration level.

2.5. Analytical Evaluation of the Method and Application to Bioanalysis

Selectivity is guaranteed by LC-MS with multiple-reaction monitoring (MRM) detec-
tion, which allows identification/quantification of the target compounds by using the two
most intense transitions of each compound. Actually, no peaks of isobaric compounds or
interfering species potentially co-extracted by Magn-Humic were evidenced at the steroids
retention times in the chromatograms of FBS (blank matrix) MSPE eluate (Figure S5b).

The matrix-matched calibration, for quantitation of the concentrations expected after
MSPE, was performed in the range 1–100 ng mL−1 (5–100 ng mL−1 for E2) by three
independent calibration curves in the MSPE eluate from blank FBS and provided good
linearity (r2 0.9938–0.9999). Matrix effect (ME) resulted in an average signal suppression
between 27 and 58% compared to the responses observed in pure solvent (MeOH), and
it was quite well compensated by standard additions to the MSPE eluate. With regard to
sensitivity, method detection and quantification limits (MDLs and MQLs) were in the range
0.02–0.3 ng mL−1 (0.8 ng mL−1 for E2) and 0.07–1 ng mL−1 (2.5 ng mL−1 for E2), respectively.

Trueness was assessed both in FBS and in human plasma at the ng mL−1 levels,
obtaining satisfactory recoveries and good within-laboratory inter-day precision (Table 4)
in agreement with criteria for analytical methods development at ng mL−1 levels [30,31].

No instrumental carry over was observed in the chromatograms of pure MeOH
injected after each MSPE eluate, hence excluding cross-contamination. Carry over did not
occur also in the MSPE step when recycling the sorbent, and reusability tests proved that
Magn-Humic preserves its extraction performance for eight consecutive MSPE (recovery
65–107% at the eighth extraction).

The method was applied to the analysis of three clinical human blind samples, and
representative HPLC–MS/MS chromatographic profiles are reported in Figure 3.

Five steroids were quantified at concentrations from few to tens nanograms per
milliliter, i.e., CORT (7–8 ng mL−1), H-CORT (34–71 ng mL−1), BETA (2 ng mL−1), EPI, and
TST (1–2 ng mL−1), with RSD < 10% (n = 3). These plasmatic levels fall within the typical
intervals reported in human plasma for such compounds [32–34]. The synthetic glucocorti-
coid BETA was found just in one of the three samples, and its presence is usually correlated
to recent drug intake [32], while CORT and H-CORT were determined in all samples.
The TST/EPI plasmatic concentrations ratio, strictly related to the urinary concentrations
monitored in antidoping controls, resulted around 1 in the samples analyzed here.
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2.6. Comparison with Literature and Critical Discussion

The sorbent here proposed, Magn-Humic, is attractive compared to the new materials
recently used for (M)SPE ([6,11,33], Table 5), and the final extraction procedure, coupled
to chromatographic separation, is a valid tool for multiclass steroids determination in
human plasma.

Magn-Humic MSPE is easily done by a common-laboratory equipment and provides
simultaneous extraction, clean-up, and pre-concentration in complex biological matrices
avoiding protein precipitation [5,6,13], which is a cause of analyte loss [35] or large sample
dilution [5,6]. Although the explorative 3D-printed sorbents newly proposed [11,33] can
offer enhanced sample throughput in the 96-well plate format [11], the extraction here
obtained is quantitative and definitely quicker. Compared to our earlier report on HA-
C@silica [21], quantitation is here gained in plasma after 1:4 dilution (instead of 1:8);
moreover, dilution is fully compensated by the EF. For its sensitivity, the method is suitable
for therapeutic drug monitoring and pharmacokinetic studies.

The sorbent is a micron-sized composite suitable for MSPE thus avoiding use of
packed cartridges, often affected by bed blockage or reduced flow rate [36], and vacuum
systems/peristaltic pumps necessary for traditional column SPE. Meanwhile, the phase
separation with an external magnetic field is rapid compared to centrifugation and filtration
required for dispersive SPE using non-magnetic sorbents [36]. The sample preparation
is carried out with just 50 mg sorbent and thus can be defined as micro-MSPE [37,38],
and, at the same time, it requires smaller amounts of plasma (250 µL) than those (1–4 mL)
generally used for MSPE of drugs in biological matrices [2]. An additional advantage is the
reusability of the sorbent material; thus, 50 mg can be conveniently used for extraction of
eight plasma samples.
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3. Materials and Methods
3.1. Chemicals and Materials

Fe3O4 (50–100 nm, 20–50 m2 g−1), triethanolamine (TEOA, >99%), CTAB (≥99%),
ethanol (96% v/v), HAs sodium salt (technical grade), BSA (> 98%), Bradford reagent (for
micro and standard assays, 1–10 mg L−1 and 50–1400 mg L−1 proteins, respectively), nylon
filters (0.2 µm), charcoal-stripped FBS, and high purity steroids standards were purchased
from Sigma-Aldrich (Milan, Italy). Analytical grade H-PROG was supplied by Steroids
(Cologno Monzese, Italy), and TRIAM and FLUO by Farmabios (Gropello Cairoli, Italy).
Molecular structures and LogP values are shown in Supplementary Material. Technical
grade acetone, HPLC gradient grade MeOH, ACN, and ultrapure water were provided
by VWR (Milan, Italy). Tetraethyl orthosilicate (TEOS, 98%), FA (99%), NH4F (≥ 98%),
Na2HPO4 (99%), and NaH2PO4·H2O (99%) were acquired from Carlo Erba Reagents
(Milan, Italy).

MeOH steroids stock solutions (1000 µg mL−1) were stored in the dark (4 ◦C). Working
solutions ≤ 1 µg mL−1 were prepared weekly in MeOH by dilution from a 10 µg mL−1 solution.

3.2. Preparation and Characterization of HA-C@SiO2@Fe3O4 (Magn-Humic)

Based on the results of our previous works [18–21] and the great advantages offered
by MSPE [1,2], the idea of this study was to prepare a magnetic sorbent to be employed in
a simplified extraction procedure in batch, i.e., dispersive MSPE. Considering two recent
papers on magnetic porous silica prepared via sol-gel [23,24], this route was chosen to
obtain an intermediate material (SiO2@Fe3O4) as the support for HAs (Appendix A) to
prepare the magnetic sorbent HA-C@SiO2@Fe3O4, named Magn-Humic in the paper. In
detail, 200 mg HAs were dissolved in 100 mL distilled water in a round-bottom flask, and
2 g SiO2@Fe3O4 or c-SiO2@Fe3O4 (air-calcined after sol-gel) were added, and the suspension
was stirred for 2 min. Water was removed by rotary evaporator, and the obtained solid
was pyrolyzed in an alumina combustion boat inside a quartz tube (600 ◦C, 1 h, N2 flow,
heating 10 ◦C min−1, cooling 10 ◦C min−1) to convert HAs into a hydrophilic–lipophilic
balanced carbonaceous phase [18,19]. Before use, Magn-Humic and c-Magn-Humic were
washed in a filtering flask with plenty of distilled water until neutrality of the eluate.
The batch-to-batch reproducibility was checked by recovery tests on three independent
Magn-Humic preparations.

Microstructural characterizations were performed by a high-resolution scanning elec-
tron microscope (TESCAN Mira 3, Brno, Czech Republic), operating at 20.0 kV. Images
were acquired on the powders after carbon (for SiO2@Fe3O4 and c-SiO2@Fe3O4) or plat-
inum (for Magn-Humic and c-Magn-Humic) coatings, which were performed by either a
Cressington 208C carbon coater or a Cressington HR 208, respectively (Watford, England,
UK). The same instrumentation was used for compositional EDS analysis. TEM images
were acquired by a JEOL JEM-1200EXIII instrument provided with a Mega View III CCD
camera. Few milligrams samples were dispersed by sonication in about 3 mL water (Fe3O4),
MeOH (SiO2@Fe3O4), or acetone (Magn-Humic), and then 10 µL of each suspension were
deposited on grids and left to dry (room temperature).

TGA was performed using a Q5000 Instrument (TA Instruments Inc., New Castle, DE,
USA). Each sample (10 mg) was heated (20 ◦C min−1) into a Pt pan from 25 up to 900 ◦C,
using 100 mL min−1 air flow.

Surface areas were measured by the BET single point method using a Flowsorb II 2300
(Micromeritics, Norcross, GA, USA) apparatus. The sample was weighed and degassed at
80 ◦C (1.5 h) under a continuous stream of a N2-He (30:70) mixture, and then it was put in
liquid N2 for gas adsorption.

3.3. Biological Samples

Being certified hormone-free FBS the recommended surrogate matrix [8,15,21], it
was used as the blank for recovery tests at concentrations in the range 1–100 ng mL−1.
Human plasma blind samples were provided by IRCCS Policlinico San Matteo (Pavia, Italy).
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Aliquots of the samples were frozen and stored at –20 ◦C. Before extraction, sub-samples
were left to thaw at room temperature and vortexed for 20 s at 1400 rpm. In the case of
recovery tests, samples were spiked, and after 30 min equilibration at room temperature,
re-vortexed before MSPE.

3.4. MSPE Procedure for Simultaneous Extraction, Clean-Up, and Pre-concentration of Multiclass
Steroids in Human Plasma

The MSPE procedure was carried out using 50 mg Magn-Humic in a self-standing
2 mL screw-cap glass vial. The material was conditioned using 2 mL phosphate buffer
solution (PBS, 0.01 M, pH 7.2) by vortex (1400 rpm, 3 min), and then fast sedimentation of
the solid was achieved by a neodymium magnet (Ø 10 mm, h 4 mm) placed under the vial.
The liquid was withdrawn by a pipette, and the sample (1 mL from 1:4 plasma dilution,
in PBS [11,21,25]) was added in the vial. Extraction was done on a rotating plate shaker
(170 rpm, 3 min), the liquid was removed as above described, and washing was performed
with 2 mL 2% (v/v) FA aqueous solution (vortex, 1400 rpm, 3 min). Analytes were eluted
by 0.5 mL MeOH-ACN (1:1, v/v) and 0.5 mL MeOH, sequentially (vortex, 1400 rpm, 3 min).
The two eluates were merged, filtered (0.2 µm), and evaporated to dryness under gentle
N2 flow. The residue was re-dissolved in 0.25 mL MeOH for the HPLC–MS/MS analysis
(see Appendix A). The overall time required for the extraction procedure is approximately
15 min. After use, the sorbent was contacted with 2 mL eluting solutions to avoid potential
carryover, washed with 2 mL 2% (v/v) FA aqueous solution, and conditioned with 2 mL
PBS for reusability tests.

3.5. MSPE Followed by HPLC–ESI-MS/MS: Analytical Parameters

Method selectivity was checked by analysis of blank samples (FBS) processed by all
the steps of the analytical procedure described in the section above.

Linearity was assessed by ordinary linear least squares regression (OLLSR) on five-
point calibration curves (1–100 ng mL−1) generated in both neat solvent, i.e., MeOH, and
in FBS MSPE eluate after evaporation to dryness and reconstitution in 0.25 mL MeOH.

Matrix-matched calibration in the MSPE eluate was selected for quantification [18,20,21],
at the same time compensating ME. This was calculated as:

ME (%) =
bm

bs
× 100 (2)

where bm and bs are the slopes of the matrix-matched calibration curve and the calibration
line obtained in pure solvent, respectively [18,20,21]. MDLs and MQLs were calculated
from the matrix-matched calibration curves, obtained in FBS MSPE extracts after N2
evaporation, as 3 and 10 times, respectively, the ratio between the baseline noise away from
the peak tail and the regression line slope [18,20,21], considering that the pre-concentration
(EF 4) compensated the initial sample dilution (1:4).

Accuracy was assessed in terms of trueness and precision. Due to the unavailability of
certified reference materials (CRMs), trueness was verified by recovery tests (1–100 ng mL−1)
in spiked FBS and human plasma samples by independent MSPE trials (n = 3), and the
within-laboratory inter-day precision was evaluated based on RSD%. Instrumental carry-over
was monitored by injections of MeOH, as control blank, after each chromatographic run.

4. Conclusions

The novel carbon-based magnetic material Magn-Humic has been prepared, character-
ized by various techniques, and successfully applied as sorbent for micro-MSPE of steroids
in serum/plasma samples. Coupling the high sample protein exclusion and quantitative
extraction afforded by using Magn-Humic to LC-MS2 analysis, satisfactory clean-up and
multianalyte determination were possible with high selectivity. The sample treatment
procedure, optimized by DoE, allows one to avoid large sample dilution and protein pre-
cipitation, requires small amount of sample, is simple, quick (around 15 min) and effective
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for multiclass determination of steroid hormones. The sorbent is reusable for repeated
extractions, and it could be extended to environmental and food matrices.

Supplementary Materials: The following are available online, Figure S1: Representative TEM images
acquired on (a) pristine Fe3O4 (50 kx) and (b1, b2) SiO2@Fe3O4 (150 kx); Figure S2: Representative
SEM images acquired on (a) Magn-Humic and (b) c-Magn-Humic; Figure S3: TGA profiles recorded
on (a) c-SiO2@Fe3O4, (b) c-Magn-Humic, (c) SiO2@Fe3O4, and (d) SiO2@Fe3O4 after isothermal
pretreatment for 12 h at 320 ◦C, (e) Magn-Humic; Figure S4: Mean calibration curve (n = 6) for
the Bradford assay; Figure S5: MRM chromatograms of MSPE eluates from (a) FBS spiked with
5 ng mL−1 of each compound before extraction and (b) unspiked FBS; Table S1: Molecular structures
and LogP values of the studied steroids (data from https://hmdb.ca/, accessed on 26 February
2021); Table S2: Compositional results collected on the materials obtained after sol-gel compared to
pristine magnetite; Table S3: MRM conditions for HPLC–ESI-MS/MS analysis of the steroids; Table
S4: Experimental domain of the variables selected for the 22 factorial design.
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Appendix A

A.1. Preparation of SiO2@Fe3O4

1 g Fe3O4 was suspended in 90 mL water and sonicated for 30 min. Subsequently,
1.7 g of CTAB and 1 g of TEOA were added, and the mixture was continuously mixed
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by an overhead mechanical stirrer for 1 h at 80 ◦C using a thermostatically controlled
bath (in a fumehood). Then, 14 mL TEOS were rapidly added, and the reaction mixture
was maintained under stirring at 80 ◦C for 2 h. The obtained SiO2@Fe3O4 was recovered
by filtration, washed with 50 mL ethanol, dried in oven (60 ◦C, 24 h), and used in the
subsequent step, eventually after calcination (c-SiO2@Fe3O4) at 540 ◦C, 7 h [23].

A.2 HPLC–UV

The chromatographic apparatus consisted of a Shimadzu (Milan, Italy) LC-20AT
solvent delivery module equipped with a DGU-20A3 degasser and interfaced with an
SPD-20A detector. A Scharlab Kroma Phase 100 C18 (250 × 4.6 mm, 5 µm) column coupled
with a Supelco Supelguard Ascentis C18 (20 × 2.1 mm, 5 µm) guard-column was used.
After an equilibration period of 3 min, 20 µL of each sample was manually injected in the
system. The mobile phase was (A) water and (B) ACN, flow rate of 1 mL min−1. Elution
program: linear gradient from 30 to 90% B until 12 min, then to 95% B until 15 min, finally to
100% B until 18 min (kept for 5 min). The detection wavelengths were 225 nm for estrogens
and 242 nm for the other compounds. Calibration standard solutions (1–9 mg L−1) were
prepared in MeOH-ACN (1:1, v/v) obtaining good linearity (r2 > 0.9923).

A.3 HPLC–ESI-MS/MS

The target substances were analyzed with a HPLC apparatus Agilent 1260 Infinity cou-
pled with an Agilent 6460C MS spectrometer ESI-MS/MS system (Cernusco sul Naviglio,
Italy). The MS operating parameters, optimized by Agilent Mass Hunter Source Optimizer
Software (Agilent, USA), were the following: drying gas (N2) temperature 350 ◦C; drying
gas flow 12 L min−1; nebulizer 50 psi; sheath gas temperature 400 ◦C; sheath gas flow
12 L min−1; capillary voltage 4000 V positive, 3000 V negative; nozzle voltage 0 V positive,
1500 V negative; electron multiplier voltage (EMV) 200 V positive, 0 V negative; and cell
accelerated voltage 1 and 4 V for negative and positive mode, respectively. Quantitative
analysis was performed in MRM mode, using the most intense transitions from precursor
ion to product ions for each analyte (see Table S3).
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Abstract: Accurate measurement of sulfated steroid metabolite concentrations can not only enable the
elucidation of the mechanisms regulating steroid metabolism, but also lead to the diagnosis of various
related diseases. The present study describes a simple and sensitive method for the simultaneous
determination of four sulfated steroid metabolites in saliva, pregnenolone sulfate (PREGS), dehy-
droepiandrosterone sulfate (DHEAS), cortisol sulfate (CRTS), and 17β-estradiol-3-sulfate (E2S), by
online coupling of in-tube solid-phase microextraction (IT-SPME) and stable isotope dilution liquid
chromatography–tandem mass spectrometry (LC–MS/MS). These compounds were extracted and
concentrated on Supel-Q PLOT capillary tubes by IT-SPME and separated and detected within 6 min
by LC–MS/MS using an InertSustain swift C18 column and negative ion mode multiple reaction
monitoring systems. These operations were fully automated by an online program. Calibration
curves using their stable isotope-labeled internal standards showed good linearity in the range of
0.01–2 ng mL−1 for PREGS, DHEAS, and CRTS and of 0.05–10 ng mL−1 for E2S. The limits of detec-
tion (S/N = 3) of PREGS, DHEAS, CRTS, and E2S were 0.59, 0.30, 0.80, and 3.20 pg mL−1, respectively.
Moreover, intraday and interday variations were lower than 11.1% (n = 5). The recoveries of these
compounds from saliva samples were in the range of 86.6–112.9%. The developed method is highly
sensitive and specific and can easily measure sulfated steroid metabolite concentrations in 50 µL
saliva samples.

Keywords: sulfated steroid metabolites; saliva; online automated analysis; in-tube solid-phase
microextraction (IT-SPME); liquid chromatography–tandem mass spectrometry (LC–MS/MS); stable
isotope dilution

1. Introduction

Steroid hormones include glucocorticoids, which regulate carbohydrate and lipid
metabolism and have inflammatory and immunosuppressive effects; mineralocorticoids,
which regulate blood pressure through ionic equilibrium in body fluids; and sex hormones,
which control reproductive functions and secondary sexual characteristics [1–3]. Starting
from cholesterol, all of these compounds are biosynthesized in the adrenal cortex, gonads,
and brain by various enzymes, but their biosynthetic and metabolic pathways are complex,
and the molecular roles of these compounds have not been fully determined [1,2]. After
their biosynthesis, these steroid hormones are metabolized by Phase I reactions involving
oxidation and reduction and Phase II reactions involving conjugation [1,3].

Most steroids are sulfated by sulfotransferases (SULTs), which increase their solubility
in aqueous solution and their excretion into urine. In addition, some of these sulfated
steroids are desulfated by steroid sulfatases (STSs), with these steroids returning to their
free forms [1,3]. This cycle plays an important role in the regulation of total steroid content
and bioactivity in vivo [4,5], and the lack of STSs is a major factor in the pathogenesis of
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STS deficiency, recessive X-linked ichthyosis (RXLI), and the metabolic syndrome [6,7]. The
ability to accurately measure the concentrations of sulfated steroid metabolites in vivo can
not only provide insight into the regulation of steroid metabolism by the balance between
SULTs and STSs, but also lead to the diagnosis of various diseases.

The sulfated steroid metabolite dehydroepiandrosterone-3-sulfate (DHEAS) [8,9] has
been reported to be involved in responses to stress [10], reproductive function [5], the onset
of age-related diseases, and human longevity [4,11]. During acute periods of stress, salivary
DHEAS concentrations increase, but their levels decrease in long-term situations [10,12]. In
addition, low DHEAS concentrations have been observed in subjects with aging-related
diseases, such as sarcopenia, Alzheimer’s disease, depression, cardiovascular disease, and
low libido [4,11].

Sulfated steroid metabolites can be analyzed by immunoassays or by mass spectrome-
try coupled to chromatography. Immunoassays, however, are not suitable for simultaneous
analysis of a series of steroids due to their cross-reactivity, difficulties distinguishing among
steroids with similar structures, and the need to generate specific antibodies against each
compound [2,3,10,13]. Gas chromatography–mass spectrometry (GC–MS) cannot directly
detect conjugated metabolites and requires chemical or enzymatic cleavage of sulfate
groups and volatile derivatization steps [1,2,6,13–15]. Chemical cleavage of sulfated steroid
metabolites also results in the hydrolysis of other conjugates, and commercially available
sulfatase enzymes, which enzymatically cleave these sulfated compounds, also possess
glucuronidase activity, making it difficult to distinguish between steroid glucuronides and
sulfated steroids [6,14]. In contrast, liquid chromatography–mass spectrometry (LC–MS)
and LC–tandem mass spectrometry (MS/MS) exhibit excellent ionization properties via
electrospray ionization and do not require derivatization of compounds, and therefore the
specific fragmentation patterns of these compounds allow selective and sensitive analysis
by MS/MS [1–4,6,7,10,13–25].

Sulfated steroids have been measured in plasma, serum, and urine samples. However,
blood collection is invasive and may itself induce stress, whereas urine collection is simple,
but urinary concentrations of compounds are affected by the volume of urine excreted.
In contrast, saliva can be easily collected non-invasively from subjects of all ages, from
children to the elderly, and collection devices are relatively inexpensive. Furthermore, the
concentrations of sulfated steroids in saliva are highly correlated with their concentrations
in plasma or serum [10,23]. Because sulfated steroid content is lower in saliva than in serum,
tedious and laborious pretreatment operations such as organic solvent extraction [23] and
solid-phase extraction [10,20] are essential to separate and extract target analytes from the
samples.

In-tube solid-phase microextraction (IT-SPME) is a method by which samples can
be easily extracted and concentrated using open-tube fused silica capillaries with coated
inner surfaces as extraction devices, followed by online coupling to LC and LC–MS on-
line using column switching technique (Figure S1). The entire process, from sample
extraction/concentration to separation, detection, and data analysis, can be fully auto-
mated [26–28]. This method has been used to develop online analytical systems for a
variety of compounds [28]. In addition, highly sensitive analytical methods were devel-
oped to determine the concentrations of non-sulfated steroid hormones in urine and saliva
samples [29–32].

The aim of this study was to establish a fully automated online simultaneous analysis
system, consisting of IT-SPME coupled with stable isotope dilution LC–MS/MS, for four
sulfated steroid metabolites (Figure S2), pregnenolone sulfate (PREGS), DHEAS, 17β-estradiol
3-sulfate (E2S), and cortisol 21-sulfate (CRTS), which act as neuroactive steroids [4,8,11,33],
and apply this system to the non-invasive analysis of these compounds in saliva samples.
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2. Results and Discussion
2.1. Optimization of IT-SPME and Desorption of Sulfated Steroid Metabolites

An IT-SPME system that uses a capillary column as an extraction device involves
the online extraction of the compounds of interest on the capillary column and the online
desorption of these compounds by switching the draw/ejection flow of the sample solution
and mobile phase flow (Figure S1). Extraction efficiency is mainly affected by the type of
capillary coating, the number and flow rate of draw/eject cycles, and sample pH. Based
on previous findings [31,32], these IT-SPME conditions were optimized for 1 ng mL−1

each of PREGS, DHEAS, and CRTS and 5 ng mL−1 of E2S. As PLOT columns including
Supel-Q and Carboxen 1006 have a larger adsorption surface area and thicker film layer,
the amounts extracted were greater than those for other liquid-phase columns (Figure 1A).
Supel-Q has a higher affinity for sulfated steroids with cyclic skeletons than Carboxen 1006,
which is a carbon molecular sieve, due to its divinylbenzene structure. All four sulfated
steroid metabolites were efficiently extracted into a Supel-Q PLOT capillary by more than
25 repeated draw/eject cycles of 40 µL sample at a flow rate of 0.2 mL min−1 (Figure 1B).
The length of the capillary is dependent on the draw/eject volume of the sample and is
an important factor affecting extraction efficiency and time. However, capillaries that are
too long and sample volumes that are too large will increase band width and require more
time. Comparisons showed that, for a draw/eject volume of 40 µL of sample, a 60 cm long
capillary with an inner diameter of 0.32 mm was optimal. In contrast, adjustment of sample
pH can improve the distribution coefficient of compounds by suppressing their ionization.
The optimal pH for non-sulfated steroid hormones in the previous reports [29,31,32] was 4,
but PREGS, DHEAS, CRTS, and E2S contain sulfate groups, and therefore all four should
be extracted into the capillary stationary phase at a more acidic pH. A pH that is too
low, however, may cause damage to the extraction coating, affecting its service life and
enrichment effect. Among the pH 2–9 buffers tested, potassium hydrogen phthalate–HCl
buffer (pH 3) was found to be the most effective (Figure 2).
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Figure 1. Effects of (A) capillary coatings and (B) number of draw/eject cycles on the IT-SPME of
sulfated steroid metabolites. Standard solution containing 1 ng mL−1 each of PREGS, DHEAS, and
CRTS and 5 ng mL−1 of E2S were extracted by (A) 25 draw/eject cycles of 40 µL of standard solution
at a flow rate of 200 µL min−1, and (B) the indicated number of draw/eject cycles of 40 µL of standard
solution on a Supel-Q PLOT capillary at a flow rate of 200 µL min−1.
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Figure 2. Effects of sample pH on the IT-SPME of sulfated steroid metabolites. Standard solution
(40 µL) containing 1 ng mL−1 each of PREGS, DHEAS, and CRTS and 5 ng mL−1 of E2S were
extracted by 25 draw/eject cycles on a Supel-Q PLOT capillary at a flow rate of 200 µL min−1.

The absolute extractable amounts of sulfated steroid metabolites onto the capillary
column were calculated by comparing peak area counts with the corresponding amounts
in standard solution directly injected onto the LC columns. Using a 1 mL standard solu-
tion containing 1.0 ng mL−1 of each compound, the average extraction yields (n = 3) of
PREGS, DHEAS, CRTS, and E2S onto the Supel-Q PLOT capillary column were found to be
56.6 ± 3.5%, 45.0 ± 2.2%, 47.3 ± 2.4%, and 39.7 ± 0.8%, respectively. The sulfated steroid
metabolites extracted into the capillary column were dynamically desorbed and introduced
directly into the LC column by online mobile phase flow using a column switching system.
After analysis, the capillary column was cleaned and conditioned with methanol and
mobile phase flow prior to the next analysis, thereby allowing its repeated use without
carryover. All of these operations were programmed and automated (Table S1).

2.2. LC–MS/MS Analysis of Sulfated Steroid Metabolites and Their Stable Isotope-Labeled
Compounds

Four sulfated steroid metabolites, along with their stable isotope-labeled compounds
as internal standards (ISs), exhibited abundant deprotonated ions [M−H]− (Q1 mass) in
the ESI-negative ionization mode. The [HSO4]− ion (m/z 97) and [SO3]− ion (m/z 80)
formed by cleavage of the [M−H]− of each compound were detected as fragment ions
(Q3 mass). For each precursor ion [M−H]−, the m/z 97 for PREGS, DHEAS, CRTS, and
their stable isotope-labeled compounds and the m/z 80 for E2S and E2S-d4 were selected as
product ions, and the MS/MS operating parameters were optimized. The MRM transitions
and MS/MS parameters set for each compound are shown in Table S2. These findings were
in good agreement with previously reported results [13,19,23].

The four sulfated steroid metabolites and their IS compounds were separated by LC
on an InertSustain Swift C18 column. Chromatographic conditions were optimized by
focusing on short retention times, paying special attention to matrix effects as well as peak
shapes. Optimal separation was achieved using water/acetonitrile (55/45, v/v), with a flow
rate of 0.2 mL min−1 resulting in good peak shapes and selective detection in MRM mode
with a runtime of 6 min (Figure 3). The CV% of the retention time for each compound was
within 5%. The analysis time per sample was about 23 min, allowing automated analysis of
about 60 samples per day by operating overnight.
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Figure 3. Multiple reaction monitoring (MRM) chromatograms obtained from standard solution
containing 0.2 ng mL−1 each of PREGS, DHEAS, and CRTS and 1 ng mL−1 of E2S, and their stable
isotope-labeled compounds. IT-SPME LC–MS/MS conditions are described in Section 3.

2.3. Analytical Method Validation and Advantages of IT-SPME LC–MS/MS Method

The analytical method was validated based on generally accepted validation criteria
recommended in the ICH guidelines [34]. Linearity for PREGS, DHEAS and CRTS was
validated by triplicate analyses of each compound at eight concentrations (0.01, 0.02, 0.05,
0.1, 0.2, 0.5, 1.0, and 2.0 ng mL−1), in the presence of 0.2 ng mL−1 each of PREGS-13C2-
d2, DHEAS-d5, and CRTS-d4, respectively, whereas linearity for E2S was validated at
concentrations of 0.05, 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, and 10.0 ng mL−1 in the presence of
1.0 ng mL−1 E2S-d4. Calibration curves for each compound were linear, with correlation
coefficients above 0.9998 (Table 1). The CVs of the peak height ratios at each concentration
ranged from 0.7% to 12.6% (n = 3).

Table 1. Linearity and sensitivity of the IT-SPME LC–MS/MS method for sulfated steroid metabolites.

Compound
Linearity LOD 2 (pg mL−1) LOQ 3 (pg mL−1)

Range (ng mL−1) CC 1 Direct
Injection

IT-
SPME IT-SPME

PREGS 0.01–2 0.99991 50.6 0.59 28
DHEAS 0.01–2 0.99994 23.9 0.30 16

CRTS 0.01–2 0.99987 68.4 0.80 47
E2S 0.05–10 0.99995 245.4 3.20 172

1 Correlation coefficient (n = 24); 2 limits of detection: pg mL−1 sample solution (signal-to-noise ratio of 3); 3 limits
of quantification: pg mL−1 saliva sample (signal-to-noise ratio of 10).
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PREGS, DHEAS, CRTS, and E2S gave superior responses in MRM mode detection,
with the LODs (S/N = 3) of each sulfated steroid metabolite in standard solutions ranging
from 0.30 to 3.20 pg mL−1 (Table 1). The IT-SPME method was about 76-fold more sensitive
than the direct injection method (10 µL injections).

Precision was assessed at concentrations of 0.05, 0.2, and 1.0 ng mL−1 for PREGS,
DHEAS, and CRTS and of 0.25, 1.0, and 5.0 ng mL−1 for E2S. The precision, expressed as
CV (%), was validated by performing five independent analyses on the same day and on
five different days. The intraday and interday variations of these analyses were found to be
2.1–7.7% and 4.0–11.1%, respectively (Table 2).

Table 2. Precision of the IT-SPME LC–MS/MS method for sulfated steroid metabolites.

Compound Concentration
(ng mL−1)

Precision (CV 1 %), (n = 5)

Intra-Day Inter-Day

PREGS
0.05 2.3 9.0
0.2 2.1 4.0
1 3.0 6.2

DHEAS
0.05 6.9 10.7
0.2 3.1 7.8
1 3.1 6.1

CRTS
0.05 7.7 11.1
0.2 2.4 4.2
1 2.6 6.8

E2S
0.25 5.6 7.7

1 3.6 7.9
5 2.7 5.2

1 CV, coefficient variation.

These results obtained based on the ICH guidelines showed that the IT-SPME LC−MS/MS
method has good linearity and precision. The method is simpler, more sensitive, and more
specific than previously reported methods [6,7,16–21,25] and can be fully automated from
extraction and concentration of the four sulfated steroid metabolites to their separation and
analysis.

2.4. Application to the Analysis of Saliva Samples

Because the concentrations of steroid hormones and their metabolites in saliva have
been reported to reflect their free concentrations in plasma or serum [10,23], saliva is
regarded as an excellent physiological medium for non-invasive sampling [10,35,36]. There-
fore, saliva analysis can allow, in particular cases (i.e., patients with difficult blood col-
lection), the replacement of blood analysis [36]. In general, however, procedures for the
collection, handling, and storage of salivary samples should be considered, because the
levels of biomarkers in saliva are affected by factors such as sex, age, smoking, diet, circa-
dian rhythm, and more [10,35,36]. The most commonly used saliva collection procedures
are passive drooling, the use of cotton swabs, aspiration through soft devices positioned
under the tongue, and chewing of paraffin gum [35,36], but the choice of sampling tube
type (glass or polystyrene) has no effect on salivary steroid concentration [10]. Since some
biomarkers in saliva are unstable compounds, they need to be cooled after collection and
frozen if not analyzed immediately [10,35,36]. In this study, saliva samples were collected
into Salisoft tubes containing polypropylene–polyethylene swab, followed by ultrafiltration
with Amicon Ultra to remove high-molecular-weight components in saliva, such as mucins
and other coexisting proteins. The polymeric saliva collectors, such as Salisoft, have a better
recovery rate of steroid hormones compared to cotton saliva collectors [10,32,37]. Further-
more, the 30K (molecular weight 30,000 cutoff) centrifugal filter used for ultrafiltration
of saliva samples in the previous report [32] was replaced with a 3K (molecular weight
3000 cutoff) filter to reduce matrix effects.

146



Molecules 2022, 27, 3225

Stable isotope-labeled compounds as ISs were added to saliva samples prior to extrac-
tion to correct the influence of matrix effects on the analysis of sulfated steroid metabolites
in the samples. As shown in Figure 4, the saliva samples were successfully analyzed with-
out interference peaks by the IT-SPME LC−MS/MS method with MRM mode detection.
The LOQs (S/N = 10) of these sulfated steroid metabolites ranged from 16 to 172 pg mL−1

saliva (Table 1). In comparison, the LOQs for DHEAS by previously reported LC−MS/MS
methods ranged from 0.06 to 1.14 ng mL−1 saliva [20,23], indicating that the IT-SPME
LC−MS/MS method was 3.7 times more sensitive than these methods.
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Figure 4. MRM chromatograms obtained from saliva samples of (A) a non-smoker and (B) a smoker
by IT-SPME LC–MS/MS. Analytical conditions are described in Section 3.

To confirm the validity and accuracy of this method, known amounts of PREGS,
DHEAS, CRTS, and E2S were spiked into saliva samples, and their recoveries were cal-
culated. The overall recoveries of PREGS, DHEAS, CRTS, and E2S were above 86%, with
relative standard deviations of 0.8–9.7% (Table 3). These results show that the IT-SPME
LC−MS/MS method has good accuracy and precision and is fully applicable to saliva
samples.
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Table 3. Recoveries of sulfated steroid metabolites spiked into saliva samples.

Compound Spiked (ng mL−1 Saliva) Recovery ± SD (%), (n = 3)

PREGS
1.0 87.6 ± 5.3
4.0 90.1 ± 4.6
20 112.9 ± 5.8

DHEAS
1.0 86.3 ± 2.4
4.0 91.4 ± 5.2
20 93.0 ± 0.7

CRTS
1.0 98.7 ± 9.5
4.0 96.5 ± 7.0
20 98.9 ± 3.4

E2S
5.0 86.6 ± 3.8
20 105.5 ± 2.7

100 106.5 ± 5.3

The developed method was used to analyze the concentrations of the four sulfated
steroid metabolites in saliva samples from 10 male and 10 female subjects. PREGS and
DHEAS were detected in all saliva samples, with DHEAS being present at relatively
high concentrations (Table 4). In contrast, CRTS and E2S were often below the LOQ
because of interference by coexisting peaks, even if peaks were detected. Salivary DHEAS
concentrations ranged from 0.36 to 11.9 ng mL−1 in males and from 0.05 to 4.8 ng mL−1 in
females, with lower concentrations in children than in adults. These results are similar to
findings showing that DHEAS concentrations peak at around ages 20 to 30 years in both
men and women and decrease subsequently with age [4,6].

Table 4. Contents of sulfated steroid metabolites in saliva samples.

Subject Content (pg mL−1 Saliva), (n = 3)

No. Sex 1 Age PREGS DHEAS CRTS E2S

1 M 6 45 ± 6 1068 ± 79 <LOQ <LOQ
2 M 7 33 ± 1 869 ± 9 <LOQ <LOQ
3 M 23 170 ± 14 1914 ± 146 187 ± 15 509 ± 1
4 M 24 128 ± 2 3894 ± 229 114 ± 5 306 ± 7
5 M 25 149 ± 15 5139 ± 71 314 ± 10 466 ± 12
6 M 35 48 ± 6 8272 ± 334 <LOQ <LOQ
7 M 38 52 ± 2 6022 ± 25 <LOQ <LOQ
8 M 40 72 ± 1 11,908 ± 730 873 ± 37 <LOQ
9 M 57 86 ± 1 570 ± 35 3215 ± 306 276 ± 21

10 M 67 32 ± 3 365 ± 38 <LOQ 174 ± 12
11 F 4 40 ± 3 47 ± 2 295 ± 18 184 ± 32
12 F 6 44 ± 3 69 ± 5 369 ± 14 179 ± 30
13 F 27 64 ± 0 1729 ± 85 <LOQ <LOQ
14 F 29 109 ± 19 1244 ± 75 <LOQ 174 ± 13
15 F 30 46 ± 3 4415 ± 8 <LOQ <LOQ
16 F 33 44 ± 2 4783 ± 120 200 ± 12 <LOQ
17 F 34 41 ± 4 129 ± 8 <LOQ 175 ± 9
18 F 36 90 ± 4 4607 ± 73 <LOQ <LOQ
19 F 62 46 ± 1 1418 ± 26 <LOQ <LOQ
20 F 64 28 ± 2 1217 ± 102 <LOQ <LOQ

1 M, male; F, female.

3. Materials and Methods
3.1. Reagents and Standard Solutions

PREGS sodium salt and E2S sodium salt were purchased from Sigma-Aldrich Japan
(Tokyo, Japan), DHEAS hydrate was from Tokyo Kasei Kogyo (Tokyo, Japan), and CRTS
potassium salt was from Toronto Research Chemicals Inc. (TRC, North York, ON, Canada).

148



Molecules 2022, 27, 3225

Their stable isotope-labeled compounds, PREGS-13C2-d2 (isotopic purity >98%, Sigma-
Aldrich, St. Louis, MA, USA), DHEAS-d5 (isotopic purity >90%, Sigma-Aldrich), CRTS-d4
(isotopic purity >95%, TRC), and E2S-d4 (isotopic purity 95%, TRC), were used as internal
standards (IS). These standard and IS compounds (Figure S2) were dissolved in LC–MS-
grade methanol to a concentration of 0.1 mg mL−1 and diluted with LC–MS-grade distilled
water to the required concentration prior to use. The mixed standard solution consisted of
20 ng mL−1 each of PREGS, DHEAS, and CRTS and 100 ng mL−1 E2S, whereas the mixed
IS solution consisted of 2 ng mL−1 each of PREGS-13C2-d2, DHEAS-d5, and CRTS-d4 and
10 ng mL−1 of E2S-d4. All of these solutions were stored at 4 ◦C. LC−MS-grade acetonitrile
and distilled water used as mobile phases were purchased from Kanto Chemical (Tokyo,
Japan); all other chemicals were of analytical reagent grade.

3.2. Preparation of Saliva Samples

Saliva samples were obtained from 20 healthy volunteers (10 men and 10 women).
The experimental protocol was approved by the ethics committee of Shujitsu University
(approval code 207; 14 October 2020), and all volunteers provided written informed consent.
Saliva samples were collected in Salisoft tubes (Assist, Tokyo, Japan). The tubes were
centrifuged at 2500× g for 1 min to elute the saliva solution. If not immediately used for
analysis, the samples were stored frozen at −20 ◦C and thawed spontaneously just before
analysis. A 0.1 mL aliquot of mixed IS solution was added to 0.05 mL of each saliva sample,
followed by ultrafiltration using an Amicon Ultra 0.5 mL 3K (Millipore, Tullagreen, Ireland)
regenerated cellulose 3000 molecular weight cutoff centrifugal filter device at 15,000 rpm for
20 min. Each filtrate was pipetted into a 2.0 mL autosampler vial with septa, to which was
added 0.05 mL of 0.2 M potassium hydrogen phthalate–HCl buffer (pH 3). The total volume
was made up to 1.0 mL with distilled water, and the vials were set into the autosampler
for IT-SPME LC−MS/MS analysis. The concentrations of the sulfated steroid metabolites
in saliva were calculated using calibration curves constructed from the ratios of the peak
heights of each sulfated steroid metabolite to the peak height of their IS compounds.

3.3. LC−MS/MS Analysis

LC–MS/MS analysis was performed using an Agilent Technologies (Boeblingen, Ger-
many) Model 1100 series LC system and an Applied Biosystems (Foster City, CA, USA)
API 4000 triple quadrupole mass spectrometer, with LC separation on an InertSustain
swift C18 column (100 mm × 2.1 mm, particle size 5 µm; GL Sciences, Tokyo, Japan).
The LC conditions included a column temperature of 30 ◦C, a mobile phase consisting of
distilled water/acetonitrile (55/45, v/v), and a flow rate of 0.2 mL min−1. Electrospray
ionization (ESI)–MS/MS conditions included: a turbo ion spray voltage of –4500 V; a turbo
ion spray temperature of 450 ◦C; ion source gas GS1 and GS2 flows of 20 and 11 L min−1,
respectively; a curtain gas (CUR) flow of 10 L mL−1; and a collision gas (CAD) flow of
4.0 L min−1. Multiple reaction monitoring (MRM) transitions in negative ion mode and
other parameters, including dwell time, declustering potential (DP), entrance potential (EP),
collision energy (CE), and collision cell exit potential (CXP), are shown in Supplementary
Table S2. Quantification was performed by MRM of the deprotonated precursor molecular
ions [M−H]− and the related product ions for each compound. Quadrupoles Q1 and Q3
were set at unit resolution (Table S2). Analyst Software 1.6.2 (Applied Biosystems) was
used for LC–MS/MS data analysis.

3.4. In-Tube SPME

IT-SPME was essentially performed as described in our previous works [31,32]. A GC
capillary column (60 cm × 0.32 mm i.d.) as an extraction device was connected between the
injection needle and injection loop of the autosampler. The capillary column was threaded
through a 1/16 inch polyetheretherketone (PEEK) tube with a length of 2.5 cm long and
an inner diameter of 330 µm and connected using standard 1/16 inch stainless steel nuts,
ferrules, and connectors. CP-Sil 5CB (100% polydimethylsiloxane, film thickness 5 µm),
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CP-Sil 19CB (14% cyanopropyl phenyl methylsilicone, film thickness 1.2 µm) (Varian Inc.,
Lake Forest, CA, USA), Supelco-Wax (polyethylene glycol, film thickness 1.0 µm), Supel-Q
PLOT (divinylbenzene polymer, film thickness 17 µm), and Carboxen 1006 PLOT (carbon
molecular sieve, film thickness 15 µm) (Supelco, Bellefonte, PA, USA) were used to compare
extraction efficiencies. Extraction, desorption, and injection parameters were programmed
by the autosampler software (Table S1) [31,32].

4. Conclusions

In this study, we succeeded for the first time in efficiently extracting and concentrating
highly polar sulfate conjugates by IT-SPME at acidic pH, and we constructed an auto-
mated analysis system coupled online with LC–MS/MS to enable selective and sensitive
simultaneous analysis of four sulfated steroid metabolites. The method is easy to apply
to the analysis of small volumes of saliva samples without tedious pretreatment except
for ultrafiltration. This method may be a useful tool in analyzing the regulation of steroid
metabolism and in determining the diagnosis of related diseases.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27103225/s1, Figure S1: Schematic diagrams of the
automated online IT-SPME/LC–MS/MS system; Figure S2: Structures of sulfated steroid metabolites
and their respective stable isotope-labeled compounds as internal standards; Table S1: Program
for the IT-SPME process; Table S2: MRM transitions and setting parameters for sulfated steroid
metabolites and their stable isotope-labeled compounds.
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Abstract: Passive smoking due to environmental tobacco smoke is a serious public health concern
because it increases the risk of lung cancer and cardiovascular disease. However, the current status
and effect of passive smoking in various lifestyles are not fully understood. In this study, we
measured hair nicotine and cotinine levels as exposure biomarkers in non-smokers and assessed the
risk from the actual situation of passive smoking in different lifestyle environments. Nicotine and
cotinine contents in hair samples of 110 non-smoker subjects were measured by in-tube solid-phase
microextraction with on-line coupling to liquid chromatography-tandem mass spectrometry, and
self-reported lifestyle questionnaires were completed by the subjects. Nicotine and cotinine were
detected at concentrations of 1.38 ng mg−1 and 12.8 pg mg−1 respectively in the hair of non-smokers,
with levels significantly higher in subjects who reported being sensitive to tobacco smoke exposure.
These levels were also affected by type of food intake and cooking method. Nicotine and cotinine
in hair are useful biomarkers for assessing the effects of passive smoking on long-term exposure
to environmental tobacco smoke, and our analytical methods can measure these exposure levels in
people who are unaware of passive smoking. The results of this study suggest that the environment
and places of tobacco smoke exposure and the lifestyle behaviors therein are important for the health
effects of passive smoking.

Keywords: passive smoking; nicotine; cotinine; in-tube solid-phase microextraction (SPME); liquid
chromatography-tandem mass spectrometry (LC–MS/MS); risk assessment

1. Introduction

Tobacco smoking and exposure to environmental tobacco smoke are considered risk
factors for cancers, cardiovascular diseases and respiratory disease, and the health effects
of tobacco smoke have become a serious social problem [1–3]. According to a 2020 World
Health Organization (WHO) survey, more than 8 million deaths worldwide are caused
by tobacco each year, and more than 7 million of those attributed to direct tobacco use
and around 1.2 million to indirect exposure through passive smoking [4]. In addition,
40% of children (under 14 years old), 33% of non-smoking men and 35% of non-smoking
women are indirectly exposed to tobacco smoke, of whom 166,000 children, 156,000 men
and 281,000 women die each year from passive smoking [5,6]. Furthermore, persons with
passive smoking have been reported to have a 1.3-fold higher risk of developing lung cancer
than those without passive smoking [7]. In addition, wives of husbands who smoke are
reported to have twice the risk of developing lung cancer compared to wives of husbands
who do not smoke [8]. Therefore, environmental tobacco smoke, including second-hand
smoke such as sidestream smoke from cigarettes and exhaled smoke by smokers, and
third-hand smoke from clothing, curtains and indoor wallpaper, may be an important risk
factor for lung cancer and tobacco-related diseases in non-smokers [6,9].
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Passive smoking not only increases the risk of cancer [9–15] but has also been reported
to be associated with the development of cardiovascular disease [16–23], diabetes [6,24,25],
metabolic syndrome [26], psychiatric disorders (depression) [27] and cognitive decline [28].
This is a serious problem associated with a variety of adverse health effects, especially for
non-smoking children and pregnant women [29,30]. For example, health hazards caused
by passive smoking in children are more severe than in adults, bringing increased risk of
growth retardation [31,32] and sudden infant death syndrome (SIDS) [33,34] in fetuses born
to mothers exposed to tobacco smoke. In addition, passive smoking in infancy has been
linked to obesity, diabetes and metabolic syndrome in adulthood [35,36]. Since passive
smoking is unintentional and unavoidable in the presence of smokers in the close relatives,
there is an urgent need for effective measures to reduce passive smoking worldwide from
both public health and clinical aspects [29]. Therefore, it is essential to determine the
facts of biological exposure to prevent health hazards caused by passive smoking [1,3,37],
however, the current status and effects of passive smoking in various lifestyle behaviors in
different environments are not fully understood.

Tobacco-related compounds such as nicotine, its metabolite cotinine and tobacco-
specific nitrosamines have been used as biomarkers of exposure to tobacco smoke [6].
However, their half-lives in urine and blood range from a few hours to 3–4 days, and these
compounds are rapidly eliminated after exposure to tobacco smoke [6]. In addition, their
concentrations in these matrices are much lower in passive smokers than in active smokers,
making them unsuitable for assessing the effects of long-term exposure to environmental
tobacco smoke in non-smokers. In contrast, hair samples have been frequently used to
assess and monitor the bioaccumulation due to long-term exposure to drugs, environmental
pollutants, etc. [38–41], as the amounts of these compounds in the hair are less affected by
daily exposure and variations in metabolism than those in other biological matrices [6,42].
Furthermore, hair samples can be collected easily and less invasively and can be stored
at room temperature for up to five years [6,43]. Recently, we developed a simple and
sensitive method for the determination of nicotine and cotinine [44,45] and tobacco-specific
nitrosamines [46] in hair by in-tube solid-phase microextraction (SPME) with on-line
coupling to liquid chromatography-tandem mass spectrometry (LC-MS/MS) [47–49] and
assessed differences in levels of these compounds in active and passive smokers. In the
present study, we measured hair nicotine and cotinine levels in healthy non-smokers and
asked self-reported lifestyle questions to assess the risk from the actual status of passive
smoking in different lifestyle environments.

2. Results

The automated on-line in-tube SPME/LC−MS/MS method [45] is sufficiently selec-
tive, sensitive and precise for nicotine and cotinine analysis (Table S1). This method was
successfully applied to the analysis of nicotine and cotinine at pg levels per 1 mg of hair sam-
ples without any interference peaks. Typical chromatograms obtained from 200 pg mL−1

standard solution and a sample corresponding to 0.2 mg of hair were shown in Figure 1.
In this study, the analysis method is the same as in the previous paper [45], but the number
of non-smokers was increased from 58 to 110, and a questionnaire on lifestyle was adminis-
tered to analyze the relationship with the exposure level. In a previous study [45], the levels
of nicotine and cotinine in the hair of eight smokers were 43.12 ng mg−1 and 655 pg mg−1,
respectively, and those of 20 non-smokers (not even passive smokers) were 1.86 ng/mg and
8 pg mg−1, respectively. The levels of nicotine and cotinine were 23 and 82 times higher in
smokers than in non-smokers, respectively. In the present study, the contents of nicotine
and cotinine in the hair of 110 non-smokers differ by more than 100-fold in concentration,
and were 1.38 ± 1.36 ng mg−1 and 12.8 ± 13.7 pg mg−1, respectively. In particular, the
levels of hair nicotine and cotinine in 46 non-smokers (not even passive smokers) were
1.11 ng mg−1 and 8 pg mg−1, respectively, similar to the previous results. As shown in
Table 1 (Question 1 and 2), however, there was no significant difference in these contents
by sex and age of participants.
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Figure 1. Typical MRM chromatograms obtained from (A) standard solution and (B) hair sample of non-smoker by in-tube
SPME LC−MS/MS. Analytical conditions are described in the Experimental section.

Table 1. Nicotine and cotinine contents in non-smoker’s hair based on lifestyle questionnaires.

Question/Answer n
Content in Hair/Mean (Min.~Max.)

Nicotine (ng mg−1) Cotinine (pg mg−1)

1. Sex
Male 30 1.63 (0.20~7.72) 14.4 (4.8~43.9)
Female 80 1.29 (0.07~4.99) 12.2 (2.7~99.1)
P 1 (Male/female) 0.120 0.234

2. Age
29 years old and under 79 1.39 (0.07~5.40) 12.1 (2.7~99.1)
30 years old and over 31 1.37 (0.17~7.72) 14.6 (4.3~59.3)
P (Younger/older) 0.477 0.198

3. Daily sleeping time
Less than 6 h 30 1.19 (0.07~3.89) 10.8 (4.1~59.3)
More than 6 h 80 1.45 (0.10~37.72) 13.6 (2.7~99.1)
P (Shorter/longer) 0.188 0.171

4. Stress awareness
Sometimes 2 68 1.39 (0.07~7.72) 13.8 (2.7~99.1)
Frequently 2 42 1.38 (0.17~4.99) 11.2 (4.4~59.3)
P (Sometimes/frequently) 0.483 0.169

5. Passive smoking awareness
Never 46 1.11 (0.07~4.55) 8.1 (2.7~21.0)
Sometimes 55 1.52 (0.16~7.72) 13.8 (3.8~59.3)
Frequently 9 1.94 (0.72~3.60) 31.0 (6.6~99.1)
P (Never/sometimes) 0.064 0.001
P (Never/frequently) 0.023 0.00001

6. Exposure to other smoke
Never 55 1.35 (0.12~5.40) 14.0 (2.7~99.1)
Sometimes~Always 55 1.42 (0.07~7.72) 11.6 (3.8~47.0)
P (Never/yes) 0.397 0.177

7. Frequency of tea drinking
Sometimes/Frequently 46 1.49 (0.17~7.72) 12.4 (4.0~59.3)
Always 64 1.30 (0.07~5.40) 13.1 (2.7~99.1)
P (Less/more) 0.241 0.409
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Table 1. Cont.

Question/Answer n
Content in Hair/Mean (Min.~Max.)

Nicotine (ng mg−1) Cotinine (pg mg−1)

8. Fat and fatty food intake
Sometimes 8 1.82 (0.37~7.72) 12.7 (5.1~35.2)
Frequently 81 1.27 (0.07~4.99) 11.8 (2.7~99.1)
Always 21 1.64 (0.20~5.40) 16.9 (3.8~47.0)
P (Frequently/always) 0.405 0.227

9. Vegetable intake
Sometimes 31 1.27 (0.10~4.54) 9.7 (2.7~32.5)
Frequently 64 1.36 (0.07~7.72) 15.1 (4.0~99.1)
Always 15 1.71 (0.20~4.99) 9.4 (3.8~22.0)
P (Sometimes/always) 0.135 0.450

10. Consumption of vegetables
Raw 55 1.29 (0.07~7.72) 12.0 (2.7~99.1)
Boiled 21 1.30 (0.12~3.60) 13.0 (4.3~59.3)
Pan-fried 34 1.57 (0.10~5.42) 14.0 (3.8~67.0)
P (Raw/pan-fried) 0.232 0.390
P (Boiled/pan-fried) 0.192 0.249

11. Spice use
Sometimes 36 1.54 (0.12~5.40) 12.7 (4.0~59.3)
Frequently 58 1.41 (0.10~7.72) 13.7 (2.7~99.1)
Always 16 0.93 (0.07~3.48) 9.7 (4.9~31.7)
P (Sometimes/always) 0.055 0.169

12. Meat intake
Sometimes 14 1.20 (0.28~4.99) 10.5 (5.1~31.7)
Frequently 67 1.47 (0.07~7.72) 13.5 (2.7~99.1)
Always 29 1.28 (0.12~3.60) 12.2 (4.8~67.0)
P (Sometimes/always) 0.414 0.311

13. Consumption of meat
Boiled 9 0.81 (0.30~2.19) 7.6 (5.1~13.7)
Pan-fried/Deep-fried 28 1.02 (0.10~3.25) 9.6 (2.7~31.7)
Grilled 73 1.59 (0.07~7.72) 19.1 (4.0~99.1)
P (Boiled/grilled) 0.071 0.096
P (Fried/grilled) 0.034 0.053

14. Seafood intake
Sometimes 48 1.40 (0.12~5.40) 12.0 (2.7~47.0)
Frequently 54 1.37 (0.07~7.72) 14.1 (3.8~99.1)
Always 8 1.24 (0.17~3.44) 8.9 (5.6~1.45)
P (Sometimes/always) 0.478 0.205

15. Consumption of seafood
Raw 21 1.12 (0.12~4.99) 17.9 (4.4~99.1)
Boiled 33 1.38 (0.29~5.40) 12.6 (4.0~43.9)
Grilled 56 1.48 (0.07~7.72) 11.0 (2.7~67.0)
P (Raw/grilled) 0.155 0.036
P (Boiled/grilled) 0.369 0.228

1 Probability (significant difference T-test). 2 Sometimes: 3 days and under per week; frequently: 4 days and over
per week.

The nicotine and cotinine contents obtained from hair analyses of 110 non-smokers
were compared with data of reported lifestyle factors, such as daily sleeping time, stress,
passive smoking, food consumption frequency and type. As shown in Table 1, the levels
of nicotine or cotinine in hair were not affected by sleeping time or degree of stress. In
this table, “Sometimes” means three days and under per week and “Frequently” means
four days and over per week. In the questionnaire survey of passive smoking frequency
among 110 non-smokers, 46 reported never, 55 sometimes and 9 frequent or always. Their
hair nicotine contents were 1.11 ± 1.11, 1.52 ± 1.54 and 1.94 ± 1.18 ng mg−1, and hair
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cotinine contents were 8.1 ± 4.2, 13.8 ± 11.8 and 31.0 ± 31.9 pg mg−1, respectively. Both
compounds were detected in the hair of non-smokers who reported never being exposed to
environmental tobacco smoke, but at significantly lower concentrations than in those who
reported exposure. Whisker-box plots displaying the medians and interquartile ranges
of hair nicotine and cotinine are presented in Figure 2A,B. These results indicate that the
greater the awareness of passive smoking, the greater the accumulation of both compounds
in the hair. Furthermore, the levels of nicotine and cotinine in hair were not affected by the
presence or absence of exposure to non-cigarette smoke, such as cooking or wood burning,
indicating that passive smoking could be detected selectively by hair analysis.

Figure 2. Effects of passive smoking awareness on the levels of (A) nicotine and (B) cotinine in hair.
Data are presented as whisker-box plots displaying medians and interquartile ranges. Not at all: no
awareness of passive smoking at all; sometimes: 3 days and under per week; frequently: for 4 days
and over per week. The number of subjects is shown in parentheses. Top of each box, 75th percentile;
bottom of each box, 25th percentile; solid center line, 50th percentile; error bars, non-outlier range.

There were no significant differences in hair nicotine and cotinine levels between
frequencies of food intake, but those who consumed more spices tended to have lower
levels. On the other hand, there were no significant differences in hair nicotine and cotinine
levels depending on the frequency of meat consumption, but these levels tended to increase
in those who ate grilled meat more often. Hair nicotine contents by consumption of boiled
(9), fried (28) and grilled (73) meat were 0.81 ± 0.59, 1.02 ± 0.80 and 1.59 ± 1.55 ng mg−1,
and hair cotinine contents were 8.6 ± 2.7, 9.6 ± 6.3 and 19.1 ± 20.5 pg mg−1, respectively.
Whisker-box plots of medians and interquartile ranges of hair nicotine and cotinine are
shown in Figure 3A,B. These results may be affected by the tobacco smoke environment in
places where grilled meat is eaten, such as grilled meat restaurants, since there was almost
no effect of nicotine and cotinine from smoke other than tobacco smoke, such as smoke
generated by cooking.
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Figure 3. Effects of cooking method of meat on the levels of (A) nicotine and (B) cotinine in hair.
Data are presented as whisker-box plots displaying medians and interquartile ranges. The number of
subjects is shown in parentheses. Top of each box, 75th percentile; bottom of each box, 25th percentile;
solid center line, 50th percentile; error bars, non-outlier range.

3. Discussion

Using the on-line in-tube SPME/LC-MS/MS method, the effects of tobacco smoke
exposure can be assessed selectively and sensitively by analyzing as little as 1 mg of hair.
Concentrations of nicotine and cotinine in hair reflect long-term exposure to tobacco smoke
and are useful to assess the health effects of environmental tobacco smoke even in people
unaware of passive smoking. Although cotinine concentrations in the hair of non-smokers
were much lower than nicotine concentrations, there was a marked difference in cotinine
concentrations between those who were aware of passive smoking and those who were not.
This means that cotinine is more reflective of the reality of passive smoking than nicotine.

The consumption of food affected the accumulation of nicotine and cotinine in the
hair. Those who consumed spices more frequently had lower levels of nicotine and cotinine
in their hair, suggesting that spices help to remove tobacco compounds from the body.
This may be related to the preventive effect of spices such as curcumin on lung cancer [50].
As nicotine and cotinine levels in hair are not affected by cooking smoke, high levels of
nicotine and cotinine in the hair of non-smokers who eat grilled meat more frequently
suggest that they may be affected by passive smoking in places such as grill restaurants
and barbecue. Indeed, in Japan, smoking is relatively common in environments where
groups of people drink alcohol and eat grilled meat. People unaware of passive smoking
may have been unconsciously exposed to low concentrations of environmental tobacco
smoke over long periods of time since nicotine and cotinine were detected in their hair.
Therefore, it is important to understand the actual situation of exposure to environmental
tobacco smoke because it is impossible to know when and where one will be exposed to
passive smoking unless smoking itself is banned, and non-smokers may be forced to smoke
passively for long periods of time in a variety of environments. In the future, in order to
avoid the risk of passive smoking, it may be possible to prevent health problems caused by
passive smoking not only by avoiding exposure to tobacco smoke, but also by improving
eating habits and lifestyle habits.
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4. Materials and Methods
4.1. Reagents and Standard Solutions

Nicotine and cotinine were purchased from Sigma-Aldrich Japan (Tokyo, Japan).
Nicotine-d3 (isotopic purity 98.4%), and cotinine-d3 (isotopic purity 99.9%) purchased
from Toronto Research Chemicals Inc. (Toronto, Ontario, Canada) were used as an internal
standard (IS). Stock solutions of 1 mg mL−1 of each compound were prepared by dissolving
in methanol. The working solutions were prepared by diluting these stock solutions with
distilled water to the required concentration. These prepared solutions were stored at 4 ◦C
in refrigerator until use. Methanol and distilled water were of LC–MS grade, while all
other chemicals were of analytical reagent grade.

4.2. On-Line Automated Analysis System and Analytical Conditions

Nicotine and cotinine were measured using an on-line automated analysis system com-
prising in-tube SPME coupled with LC-MS/MS equipped with a Model 1100 series LC (Ag-
ilent Technologies, Böblingen, Germany) and an API 4000 triple quadruple mass spectrom-
eter (Applied Biosystems, Foster City, CA, USA) by the previously reported method [45].
LC−MS/MS data were analyzed using Analyst Software 1.3.1 (Applied Biosystems). An
outline of the system is shown in Figure S1 (refer to Supplementary Materials).

A Carboxen 1006 PLOT capillary column (Carboxen molecularsives, film thickness
17 µm, 60 cm × 0.32 mm i.d., Supelco, Bellefonte, PA, USA) was used as an in-tube SPME
device and was connected between the injection needle and the injection loop of the LC
autosampler. All controls for extraction, desorption and injection were programmed by the
autosampler software (Table S2, Supplementary Materials).

A Polar-RP 80A column (50 mm × 2.0 mm i.d., particle size 4 µm, Phenomenex;
Torrance, CA, USA) was used for LC separation at a column temperature of 30 ◦C, with
2.5 mM ammonium formate/methanol (25/75, v/v) as the mobile phase, at a flow rate
of 0.2 mL min−1 [45]. Electro spray ionization (ESI)–MS/MS of nicotine, cotinine and
their stable isotope-labeled compounds was performed in positive ion mode at 4000 V and
600 ◦C by multiple reaction monitoring (MRM), and quantification and confirmation were
performed by MRM of the protonated precursor molecular ions [M+H]+ and the related
product ions for each compound by the previously reported method [45]. These MRM
transitions and optimal MS/MS parameters are shown in Table S3.

Using this analysis system, calibration curves for nicotine and cotinine were linear in
the range of 5–1000 pg mL−1 by comparing peak height ratios with each stable isotope-
labeled IS, and detection limits (signal to noise ratio of 3) were 0.45 and 0.13 pg mL−1,
respectively. Validation data of this method are shown in Table S1.

4.3. Preparation and Analysis of Hair Samples and Lifestyle Questionnaires

Hair samples were provided by 110 healthy Japanese non-smoker volunteers (30
men and 80 women, aged 18–68). All volunteers gave informed consent in writing to the
experimental protocol approved by the ethics committee of Shujitsu University (approval
code 147; 13 October 2017). The collected hair samples were stored in amber glass desiccator
at room temperature until use.

Approximately 10 mg of hair was collected from the back of each subject’s head,
washed three times with 1 mL dichloromethane by sonication to remove external nico-
tine and cotinine from the hair surface, and stored in an amber glass desiccator at room
temperature until use. About 1–2 mg of dried hair cut into small pieces with scissors was
weighed into a 7 mL screw-cap vial, to which 1.0 mL of distilled water and 4 µL of the
mixed IS solution containing 200 pg of nicotine-d3 and cotinine-d3 were added, and the vial
was heated and extracted at 80 ◦C for 30 min with the cap. An aliquot of the extract was
transferred to a 2.0-mL autosampler vial and made up to 1 mL with distilled water, and
then used for in-tube SPME/LC−MS/MS analysis. The contents of nicotine and cotinine
were calculated as ng mg−1 and pg mg−1 hair, respectively, using calibration curves of
each compound.
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For all non-smoker subjects, the frequencies of lifestyle behaviors, such as passive
smoking, food intake and cooking method were self-reported by questionnaire. Significant
differences in the contents of nicotine and cotinine in the hair samples of non-smokers
between the scores of these items were analyzed by Student’s t-test.

5. Conclusions

We measured hair nicotine and cotinine levels using an on-line in-tube SPME/LC-
MS/MS method in 110 Japanese non-smokers who completed to a self-reported lifestyle
questionnaire and assessed the effects of environment and lifestyle on these levels. Hair
nicotine and cotinine levels were significantly higher in people who were highly aware
of passive smoking, and the risk of passive smoking was found to be influenced by the
type of food intake and the dietary environment. Nicotine and cotinine in hair are useful
biomarkers for assessing the effects of passive smoking due to long-term exposure to
environmental tobacco smoke, and our method can analyze the actual exposure with or
without awareness of passive smoking. The results of this study show that improving
eating habits and lifestyle in various environments are important to avoid the risk of
passive smoking.

Supplementary Materials: The following are available online: Figure S1: Outline of on-line in-tube
SPME LC-MS/MS system; Table S1: Linearity, sensitivity and precisions of nicotine and cotinine
by in-tube SPME LC−MS/MS; Table S2: Program for the in-tube SPME process; Table S3: MRM
transitions and setting parameters for nicotine, cotinine and their stable isotope-labeled compounds.
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Abstract: Active and passive smoking are serious public health concerns Assessment of tobacco
smoke exposure using effective biomarkers is needed. In this study, we developed a simultaneous
determination method of five tobacco-specific nitrosamines (TSNAs) in hair by online in-tube solid-
phase microextraction (SPME) coupled to liquid chromatography-tandem mass spectrometry (LC–
MS/MS). TSNAs were extracted and concentrated on Supel-Q PLOT capillary by in-tube SPME
and separated and detected within 5 min by LC–MS/MS using Capcell Pak C18 MGIII column and
positive ion mode multiple reaction monitoring systems. These operations were fully automated
by an online program. The calibration curves of TSNAs showed good linearity in the range of
0.5–1000 pg mL–1 using their stable isotope-labeled internal standards. Moreover, the limits of
detection (S/N = 3) of TSNAs were in the range of 0.02–1.14 pg mL–1, and intra-day and inter-day
precisions were below 7.3% and 9.2% (n = 5), respectively. The developed method is highly sensitive
and specific and can easily measure TSNA levels using 5 mg hair samples. This method was used to
assess long-term exposure levels to tobacco smoke in smokers and non-smokers.

Keywords: tobacco-specific nitrosamines; hair; exposure biomarkers; in-tube solid-phase microex-
traction (SPME); liquid chromatography-tandem mass spectrometry (LC–MS/MS)

1. Introduction

Active and passive smoking are serious public health concerns because they in-
crease the risk of various cancers, cardiovascular diseases and respiratory diseases [1,2].
A 2020 study by the World Health Organization (WHO) reported that tobacco kills up to
half of the world’s 1.3 billion tobacco users, with active and passive smoking estimated to
kill about 7 million and 1.2 million people per year, respectively [3,4]. In particular, persons
with passive smoking have been reported to have a 1.3-fold higher risk of developing lung
cancer than those without passive smoking [5]. To prevent the health hazards caused by
active and passive smoking, it is essential to understand the exposure level to tobacco
smoke, and the development of a sensitive and specific method for measuring effective
exposure biomarkers is an urgent issue [1,2,6–9].

Tobacco smoke, which can be broadly classified into gaseous and particulate compo-
nents, contains about 5300 chemicals, including more than 500 substances associated with
mutagenicity and carcinogenesis, such as tobacco-specific nitrosamines (TSNAs) [1,7–10].
TSNAs are formed by the nitrozation by nitrite and nitric acid of tobacco leaf alkaloids,
such as nicotine, nornicotine, anatabine and anabasine, in the process of tobacco produc-
tion and combustion [10–12]. The main TSNAs detected in tobacco products and smoke
includes 4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanone (NNK), N’-nitrosonornicotine
(NNN), N’-nitrosoanatabine (NAT), and N’-nitrosoanabasin (NAB). NNK, its major metabo-
lite 4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanol (NNAL), and NNN play important
roles as cancer inducers [1,8,10]. NNK and NNN are classified as human carcinogens
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(group 1) in the WHO International Agency for Research on Cancer (IARC), but NAT and
NAB as unclassifiable for human carcinogenicity (group 3) [13].

Although the metabolism of TSNAs is not fully understood, about 31% of NNK ab-
sorbed into the body is metabolized to NNAL [7,11]. The half-life of NNK is 2.6 h [7],
and it is eliminated rapidly from the body after exposure to tobacco smoke. In contrast,
the half-life of NNAL is relatively long, ranging from 10 days to 3 weeks in smokers [1,6,9]
and 40–45 days in oral tobacco users [1,7,8]. Urinary concentrations of NNAL have been
regarded as a biomarker of tobacco smoking and exposure to tobacco smoke [1,6–9,11].
However, urinary concentrations of these compounds are lower in passive than in active
smokers, making them unsuitable for assessing the effects of long-term exposure to en-
vironmental tobacco smoke in non-smokers. On the other hand, hair samples have been
frequently used to assess and monitor the bioaccumulation due to long-term exposure to
exogenous compounds, such as environmental pollutants, drugs and carcinogens [14–19],
because these compounds can remain trapped in hair shafts and the periods and amount of
exposure can be identified depending on their distribution in hair [18]. Another advantage
of using hair is that samples can be collected easily and less invasively and can be stored
at room temperature for up to five years [7,20]. In addition, the amounts of compounds
in the hair are less affected by daily exposure and variations in metabolism than those
in other biological matrices [7,21]. However, the levels of TSNAs in the hair are not only
significantly lower than those in urine but are much lower in passive smokers than in
active smokers [6,7,21–23].

All of the sensitive analysis methods reported for TSNAs in the hair are based on liq-
uid chromatography–tandem mass spectrometry (LC–MS/MS) [21–23]. These methods are
sensitive and specific and useful to identify and quantitate TSNAs in hair, but they require
relatively large amounts (20–150 mg) of hair samples. Moreover, sample preparation is
both tedious and time-consuming, requiring steps, such as liquid–liquid extraction with
dichloromethane and solvent evaporation to dryness, or solid-phase extraction, for sep-
aration and preconcentration of TSNAs. We recently developed a simple and sensitive
method for the simultaneous determination of four TSNAs, excluding NNAL, in main- and
side-stream smoke, involving online in-tube solid-phase microextraction (SPME) coupled
to LC–MS/MS [24]. In-tube SPME, using an open tubular capillary column with an inner
surface coating as an extraction device, is an efficient sample preparation method that
allows automation of the extraction and concentration process and can be easily coupled
online to HPLC or LC–MS system using column switching technique [25–27]. It not only
reduces the use of and exposure to harmful organic solvents but also reduces analysis times
and gives higher sensitivity and good precision. We have reported analytical methods
for various trace contaminants in hair samples using this technique [28–30]. The present
study describes the development of an online in-tube SPME LC–MS/MS method for the
simultaneous determination of five TSNAs, including NNAL, in hair samples and applying
this method to the assessment of tobacco smoke exposure in smokers and non-smokers.

2. Results and Discussion
2.1. Optimization of In-Tube Solid-Phase Microextraction and Desorption of TSNAs

We previously described the optimization of in-tube SPME conditions for four TSNAs,
excluding NNAL [24]. In this study, several parameters, such as type of capillary coating
and number and flow-rate of draw/eject cycles, were optimized for 1 ng mL–1 each of five
TSNAs, including NNAL. Although the peak amount of NNAL was lower than those of the
other TSNAs, all five TSNAs could be efficiently extracted into a Supel-Q PLOT capillary
by more than 25 repeated draw/eject cycles of 40 µL sample at a flow rate of 0.2 mL min–1

(Figures S1 and S2). The absolute extractable amounts of TSNAs onto the capillary column
were calculated by comparing peak area counts with the corresponding amount in standard
solution directly injected onto the LC columns. Although the extraction yields of NNK,
NNN, NAT, NAB and NNAL onto the Supel-Q PLOT column from 1 mL of a standard
solution containing 1.0 ng mL–1 of each compound were 21.0%, 13.3%, 22.0%, 21.8% and
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5.0%, respectively, their coefficients of variation (CVs) were below 5% due to the use of
an autosampler. The TSNAs extracted into the stationary phase of the capillary column
were dynamically desorbed and introduced directly into the LC column by online mobile
phase flow. Since the capillary column was cleaned and conditioned by methanol and
mobile phase flow prior to extraction, no carryover of each analyte or matrix component
was observed.

2.2. LC–MS/MS Analysis of TSNAs and Their Stable Isotope-Labeled Compounds

TSNAs and their stable isotope-labeled compounds were efficiently ionized in the
ESI-positive ion mode. The MS/MS operation parameters, including curtain gas, nebulizer
gas stream ion spray voltage, the corresponding potentials (DP and EP), CE, and CXP,
were optimized for each TSNAs. Under optimum MS/MS conditions, protonated ions [M
+ H]+ (Q1 mass) and prominent fragment ions (Q3 mass) for each compound were detected
as precursor and product ions, respectively. The MRM transitions for confirmation and
quantification and MS/MS parameters set are shown in Table S1. These data were in good
agreement with previously reported data [21,22].

A chromatogram of standard TSNAs by in-tube SPME LC–MS/MS is shown in
Figure 1. Five TSNAs and their IS compounds were eluted as well-formed peaks within
4 min on a Capcell Pak C18 MGIII column and detected selectively in MRM mode. The CV%
of the retention time for each compound was within 5%. The analysis time per sample
was about 28 min, allowing automated analysis of about 50 samples per day by operat-
ing overnight.

1 

 

 Figure 1. Multiple reaction monitoring (MRM) chromatograms of standard tobacco-specific ni-
trosamines (TSNAs) and their stable isotope-labeled compounds. In-tube solid-phase microextraction
(SPME) LC–MS/MS conditions are described in the Experimental section.

2.3. Analytical Method Validation

Linearity was validated by triplicate analyses each for four TSNAs at eight concentra-
tions (0.5, 1.0, 2.0, 5.0, 10, 20, 50, and 100 pg mL–1) and for NNAL at eight concentrations
(5, 10, 20, 50, 100, 200, 500 and 1000 pg mL–1), in the presence of 0.1 ng mL–1 each of
NNK-d3, NNN-d4, NAT-d4 and NAB-d4, and 1 ng mL–1 NNAL-d5. Calibration curves for
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each compound were linear with correlation coefficients above 0.9998 (Table 1). The CVs of
the peak height ratios at each compound’s concentration ranged from 0.3 to 17% (n = 3).

Table 1. Linearity and sensitivity of the in-tube SPME LC–MS/MS method for TSNAs.

TSNA

Linearity LOD 2 (pg mL–1) LOQ 3

(pg mg–1)

Range
(pg mL–1)

Linearity 1

(R2)
Direct

Injection
In-Tube
SPME

In-Tube
SPME

NNK 0.5–100 0.9999 1 0.05 0.03

NNN 0.5–100 1 1.8 0.04 0.03

NAT 0.5–100 0.9999 1.1 0.02 0.02

NBT 0.5–100 0.9998 3.5 0.07 0.04

NNAL 5–1000 0.9999 12.9 1.14 0.75
1 correlation coefficient (n = 24). 2 Limits of detection: pg mL–1 sample solution (signal-to-noise ratio of 3). 3 Limits
of quantification: pg mg–1 hair sample (signal-to-noise ratio of 10).

TSNAs gave superior responses in MRM mode detection, with the LODs (S/N = 3)
of TSNAs in standard solutions ranging from 0.02 to 1.14 pg mL–1 (Table 1). The in-tube
SPME method was about 11 times more sensitive than the direct injection method (5 µL
injection). The LOQs (S/N = 10) of TSNAs were 0.02–0.04 pg mg–1 hair for all of the TSNAs
assayed except NNAL (Table 1). The previously reported LOQs for NNK and NNN were
0.10 and 0.25 pg mg–1 hair, respectively [20], indicating that our method’s sensitivity was
more than 2.5-fold higher. In contrast, the LOQ of NNAL was 0.75 pg mg–1 hair, while that
of previous methods ranged from 0.063 to 0.24 pg mg–1 hair [20,21].

Precision and accuracy were assessed at low and high concentrations of 2 and 20 pg
mL–1 for the four TSNAs except for NNAL and 20 and 200 pg mL–1 for NNAL. The preci-
sion, expressed as CV (%), was validated by performing five independent analyses on the
same day and on five different days. The intra-day and inter-day precisions of these analy-
ses were found to be 2.1–7.3% and 3.0–9.2%, respectively (Table 2). Accuracy was validated
by comparing the measured concentrations of analytes in samples with the known concen-
trations of the analyte added to the samples ((found/added) x 100%). The intra-day and
inter-day accuracies of these analyses were found to be 94–115% and 96–119%, respectively
(Table 2).

Table 2. Precision and accuracy of the in-tube SPME LC–MS/MS method for TSNAs.

TSNA
Nominal Concentration

(pg mL–1)
Precision (CV 1%) (n = 5) Accuracy (%) (n = 5)

Intra-Day Inter-Day Intra-Day Inter-Day

NNK
2 3.6 6.4 100.5 102.5

20 2.7 3.7 100.7 100.3

NNN
2 7.3 9.2 104.5 104.5

20 2.7 4.6 104.7 104.2

NAT
2 4.4 5.2 113.5 112.0

20 2.1 3.0 103.9 105.2

NBT
2 3.1 8.0 114.5 118.5

20 3.0 7.7 94.2 99.3

NNAL
20 4.2 7.6 95.0 96.3
200 4.2 7.0 94.3 99.2

1 CV, coefficient of variation.

These results obtained based on the generally accepted validation criteria recom-
mended in the ICH guidelines [31] show that the method has good linearity, precision
and accuracy.
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2.4. Application to the Analysis of Hair Samples

Since TSNAs absorbed into the body accumulate in the hair, they can be effective
biomarkers for evaluating long-term exposure to tobacco smoke. However, internal TSNAs
accumulated in the hair must be separated from external TSNAs deposited on the outer
surface of the hair before analysis. To remove the external contaminants, the hair samples
are usually prewashed with dichloromethane, methanol or 0.1% sodium dodecyl sul-
fate [14,16,19,22,28]. We ensured that the external TSNAs could be completely removed by
washing the hair samples one each with 0.1% sodium dodecyl sulfate, water and methanol.
The internal TSNAs in hair samples were easily extracted into distilled water by heating
at 80 ◦C for 30 min, and the extract could be directly used for in-tube SPME/LC–MS/MS
without any other pretreatment.

Stable isotope-labeled compounds as IS were added to hair samples prior to extraction
to minimize the influence of matrix effects on the analysis of TSNAs in the samples. Figure 2
shows typical chromatograms obtained from hair samples (corresponding to 2.5 mg) from
smokers and non-smoker. The specificity of this method was verified by analyzing both
blank hairs (i.e., TSNA-free) from a non-smoker and the same hair spiked with the five
TSNAs to check for co-eluting interferences at the retention times of the compounds of
interest. These chromatograms showed no interference with the TSNAs, and their IS
compounds from hair samples. In addition, the overall recovery rates of TSNAs spiked
into hair samples were over 92% (Table 3).
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SPME LC–MS/MS. Analytical conditions are described in the Material and Methods section.
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Table 3. Recoveries of TSNAs spiked into hair samples of a non-smoker.

TSNA
Concentration (pg mg–1 Hair) Recovery

Spiked Mean ± SD (n = 3) (%)

NNK
0 ND 1

2 1.85 ± 0.12 92.3
20 20.0 ± 0.4 100.2

NNN
0 ND -
2 1.95 ± 0.09 97.3

20 19.0 ± 0.8 94.9

NAT
0 ND -
2 1.97 ± 0.07 98.4

20 20.1 ± 0.2 100.4

NAB
0 ND -
2 1.92 ± 0.05 96.2

20 19.7 ± 0.2 98.3

NNAL
0 ND -

20 18.7 ± 0.9 93.7
200 205.4 ± 0.8 102.7

1 not detectable.

The developed method was used to analyze TSNA concentrations in hair samples
from 25 smokers and 29 non-smokers. Of the five TSNAs assayed, NNK and NNN were
present at higher concentrations in hair samples from smokers than the other compounds
(Table 4). Although NAT and NBT were often detected at low concentrations, NNAL was
not detected at all. In contrast, NNK and NNN were present at low concentrations in hair
samples from some non-smokers, whereas NAT, NBT and NNAL were not detected at all.

Table 4. Detection frequencies and contents of TSNAs in hair samples of smokers and non-smokers.

TSNA

Smokers (n = 24) Non-Smokers (n = 29)

Detection
Frequency

(%)

Content (pg mg–1 Hair) Detection
Frequency

(%)

Content (pg mg–1 Hair)

Mean ± SD Min.1 Med. 1 Max. 1 Mean ± SD Min. Med. Max.

NNK 100 0.95 ± 0.96 2 0.08 0.68 3.97 34 0.05 ± 0.08 2 0.00 0.00 0.25
NNN 100 0.43 ± 0.85 3 0.02 0.22 4.44 14 0.02 ± 0.06 3 0.00 0.00 0.24
NAT 68 0.09 ± 0.09 0.00 0.08 0.35 0 ND 0.00 0.00 0.00
NBT 88 0.13 ± 0.27 0.00 0.06 1.09 0 ND 0.00 0.00 0.00

NNAL 0 ND 4 ND ND ND 0 ND 0.00 0.00 0.00

Total 100 1.61 ±1.55 5 0.11 1.08 6.72 34 0.08 ± 0.11 5 0.00 0.00 0.31
1 Min., minimum; Med., median; Max., maximum. 2, 3, 5 p < 0.01, probability (significant difference t-test between smokers and non-smokers).
4 Not detectable.

Although analysis of 150 mg samples of hair from smokers showed the presence of
NNAL at concentrations of 0.27–0.67 pg mg–1 [22], analysis of 20 mg samples of hair from
non-smokers failed to detect any NNAL [21]. Our study, however, found that NNAL was
undetectable in hair samples from both smokers and non-smokers. The concentrations of
NNK and NNN in the hair samples from smokers were significantly higher than those
from non-smokers (p < 0.01), and total TSNA concentrations in hair samples were about
20 times higher in smokers than in non-smokers. These results indicate that NNK and
NNN in hair are effective biomarkers to assess long-term exposure to tobacco smoke.
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3. Materials and Methods
3.1. Reagents and Standard Solutions

Five standard TSNAs, NNK, NNN, NAT, NAB and NNAL, and their stable isotope-
labeled compounds, NNK-d3 (isotopic purity 99.9%), NNN-d4 (isotopic purity 97.8%),
NAT-d4 (isotopic purity 98.0%), NAB-d4 (isotopic purity 99.7%) and NNAL-d5 (isotopic
purity 97.8%) as each internal standard (IS) (supplementary Figure S3), were purchased
from Toronto Research Chemicals Inc. (North York, ON, Canada). Stock solutions of
1.0 mg mL–1 of each compound were prepared by dissolving in LC–MS grade acetonitrile
and diluted with distilled water to the required concentration prior to use. The mixed
standard solution consisted of 1 ng mL–1 each of NNK, NNN, NAT and NAB and 10 ng
mL–1 NNAL, whereas the mixed IS solution consisted of 0.1 ng mL–1 each of NNK-d3,
NNN-d4, NAT-d4 and NAB-d4, and 1 ng mL–1 NNAL-d5. These prepared solutions were
stored at 4°C. Methanol and distilled water as mobile phases were of LC–MS grade, while
all other chemicals were of analytical reagent grade.

3.2. Preparation of Hair Samples

Hair samples were provided by 54 healthy Japanese volunteers (46 men and 8 women,
aged 23–68 tea), including 25 smokers and 29 non-smokers. Approximately 10 mg of hair
was collected from the back of each subject’s head, washed with 0.1% sodium dodecyl
sulfate, water and methanol, and stored in an amber glass desiccator at room temperature
until use. About 5 mg of hair cut into small pieces with scissors was weighed into a 7 mL
screw-cap vial, to which 0.1 mL of water and 0.1 mL of the mixed IS solution were added,
and the vial was heated and extracted at 80 ◦C for 30 min with the cap. The extract was
cooled to room temperature and filtered through a 45 µm hydrophilic PTFE syringe filter
(Shimadzu GLC Ltd., Tokyo, Japan). For in-tube SPME LC–MS/MS analysis, 0.1 mL of the
filtrate was taken into a 2.0 mL autosampler vial with the septum, and the total volume
was made up to 0.5 mL with distilled water. The concentrations of each TSNA in hair were
calculated using a calibration curve constructed from the ratios of peak heights of each
TSNA to the peak heights of their IS compounds.

3.3. LC–MS/MS Analysis

LC–MS/MS analysis was essentially performed as described in our previous work [24]
using an Agilent Technologies Model 1100 series LC system and an Applied Biosys-
tems API 4000 triple, quadruple mass spectrometer. A Capcell Pak C18 MGIII column
(100 mm × 2.0 mm, particle size 5 µm; Shiseido, Tokyo, Japan) was used as a separation
column. The LC conditions were as follows: column temperature, 40 ◦C; mobile phase,
5 mM ammonium acetate/methanol containing 0.1% acetic acid (50/50, v/v); flow rate,
0.2 mL min–1. Electrospray ionization (ESI)–MS/MS conditions were as follows: turbo ion
spray voltage and temperature, 5000 V and 600 ◦C; ion source gases (GS1 and GS2) flows,
50 and 80 L min–1; curtain gas (CUR) flow, 40 L mL–1, collision gas (CAD) flow, 4.0 L min–1.
Multiple reaction monitoring (MRM) transitions in positive ion mode and other setting
parameters, including dwell time, declustering potential (DP), entrance potential (EP),
collision energy (CE), and collision cell exit potential (CXP), are shown in Supplementary
Table S1. Analyst Software 1.3.1 (Applied Biosystems, Foster City, CA, USA) was used for
LC–MS/MS data analysis.

3.4. In-Tube SPME

In tube, SPME was essentially performed as described in our previous works [24,29].
A GC capillary column (60 cm × 0.32 mm i.d.) as an extraction device was connected
between the injection needle and injection loop of the autosampler. The capillary column
was threaded through a 1/16 inch polyetheretherketone (PEEK) tube with a 2.5 cm long,
330 µm inner diameter and connected using standard 1/16 inch stainless steel nuts, ferrules
and connectors. Supel-Q PLOT (Supelco, Bellefonte, PA, USA), Carboxen 1010 PLOT
(Supelco), CP-Sil 5CB (Varian Inc., Lake Forest, CA, USA), CP-Sil 19CB (Varian), CP-Wax
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52CB (Varian), and Quadrex 007-5 (Quadrex Corporation, Woodbridge, CT) were used to
compare extraction efficiencies. The control of extraction, desorption, and injection was
programmed by the autosampler software (Table S2) [24,29].

4. Conclusions

The automated online in-tube SPME LC–MS/MS method developed in this study
enabled continuous extraction and enrichment of five TSNAs and their sensitive and
selective simultaneous analysis. The method is easy to apply to the analysis of a few
milligrams of hair samples without tedious pretreatment. Therefore, the proposed method
can be a useful tool for biomonitoring smoking levels and for assessing long-term exposure
to tobacco smoke over days to months.

Supplementary Materials: The following are available online, Figure S1: Structures of the five
TSNAs and their stable isotope-labeled TSNAs as internal standards; Figure S2: Schematic diagrams
of the automated online in-tube SPME/LC–MS/MS system; Figure S3: Effects of capillary coatings
on the in-tube SPME of TSNAs. TSNAs were extracted by 30 draw/eject cycles of 40 µL of standard
solution (1 ng mL–1) at a flow rate of 200 µL min–1; Figure S4: Effects of the number of draw/eject
cycles on the in-tube SPME of TSNAs. TSNAs were extracted on a Supel-Q PLOT capillary column
by the indicated number of draw/eject cycles of 40 µL of standard solution (1 ng mL–1) at a flow
rate of 200 µL min–1; Table S1: MRM transitions and setting parameters for TSNAs and their stable
isotope-labeled compounds; Table S2: Program for the in-tube SPME process.
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Abstract: Evaluation of the hydrophobic/hydrophilic interaction individually between the sorbent
and target compounds in sample pretreatment is a big challenge. Herein, a smart titanium substrate
with switchable surface wettability was fabricated and selected as the sorbent for the solution.
The titanium wires and meshes were fabricated by simple hydrothermal etching and chemical
modification so as to construct the superhydrophilic and superhydrophobic surfaces. The micro/nano
hierarchical structures of the formed TiO2 nanoparticles in situ on the surface of Ti substrates exhibited
the switchable surface wettability. After UV irradiation for about 15.5 h, the superhydrophobic
substrates became superhydrophilic. The morphologies and element composition of the wires were
observed by SEM, EDS, and XRD, and their surface wettabilities were measured using the Ti mesh
by contact angle goniometer. The pristine hydrophilic wire, the resulting superhydrophilic wire,
superhydrophobic wire, and the UV-irradiated superhydrophilic wire were filled into a stainless
tube as the sorbent instead of the sample loop of a six-port valve for on-line in-tube solid-phase
microextraction. When employed in conjunction with HPLC, four kinds of wires were comparatively
applied to extract six estrogens in water samples. The optimal conditions for the preconcentration
and separation of target compounds were obtained with a sample volume of 60 mL, an injection
rate of 2 mL/min, a desorption time of 2 min, and a mobile phase of acetonile/water (47/53, v/v).
The results showed that both the superhydrophilic wire and UV-irradiated wire had the highest
extraction efficiency for the polar compounds of estrogens with the enrichment factors in the range of
20–177, while the superhydrophobic wire exhibited the highest extraction efficiency for the non-polar
compounds of five polycyclic aromatic hydrocarbons (PAHs). They demonstrated that extraction
efficiency was mainly dependent on the surface wettability of the sorbent and the polarity of the
target compounds, which was in accordance with the molecular theory of like dissolves like.

Keywords: titanium wire; superhydrophobic; superhydrophilic; in-tube solid-phase microextraction;
high-performance liquid chromatography

1. Introduction

As an efficient sample preparation technique, solid-phase microextraction (SPME) can
integrate sampling, preconcentration, extraction, and sample injection into one step [1,2].
At present, it has been widely applied in the field of environmental analysis, drug monitor-
ing, food testing, and biological analysis in order to remove impurities and enrich the trace
target compounds in real samples [3–6]. It uses the adsorption of a sorbent to extract ana-
lytes from a sample matrix; these analytes are then desorbed from the sorbent and directed
into an analytical instrument, such as gas chromatography (GC), high-performance liquid
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chromatography (HPLC), etc. [7–10]. The material used in the extraction coating is an im-
portant factor because the extraction process is achieved through a distribution equilibrium
between the target compounds in the sample solution and the extraction coating.

At present, most commercial SPME fibers are made of fused silica, which is not only
expensive, but also easy to break and swell in organic solvents [11,12]. Therefore, it is
urgent to find a kind of fiber with thermal, chemical, and mechanical stability, excellent
selectivity, and high sensitivity to overcome these problems. In the past two decades, many
studies have focused on high-strength metal substrates, such as aluminum wire [13], silver
wire [14], zinc wire [15], platinum wire [16], copper wire [17], and stainless steel wire [18],
that were modified with different kinds of organic, inorganic, and hybrid coatings, which
exhibited good bending properties and chemical and mechanical stabilities. Titanium
dioxide (TiO2) has been comprehensively studied and used in various fields due to its
chemical and thermal stability, biocompatibility, anti-polluting nature, and high corro-
sion resistance due to its photoelectrochemical activities [19]. Some studies have found
that nanostructured TiO2 is an excellent adsorbent for organic compounds in SPE and
SPME [20,21]. Moreover, it is an import smart material for many practical applications,
including self-cleaning, solar cells, lithium-ion batteries, pollutant photodegradation, and
oil/water separation [22–25]. In situ fabrication of a TiO2-nanotube coating on the surface
of chemically oxidized Ti wire with hydrogen peroxide solution has been used for SPME of
dichlorodiphenyltrichloroethane and its degradation products [26]. Liu et al. fabricated
TiO2 nanotube arrays on the surface of Ti wire for use in the SPME of PAHs. Their results
showed that TiO2 nanotube arrays are capable of extracting PAHs, but the very thin nan-
otube walls make the coating very fragile and easy to destroy when carrying out SPME [27].
The Du group presented a simple and rapid anodic method for the in-situ fabrication of a
novel fiber consisting of Ti wire coated with rod-like TiO2. It was used for the concentration
and determination of trace PAHs and phthalates (PAEs) by SPME, coupled to HPLC with
UV detection [28]. The Ouyang group prepared a core-shell TiO2@C fiber for SPME, which
was carried out by the simple hydrothermal reaction of a titanium wire, followed by the
coating of amorphous carbon. It was successfully used for the determination of PAHs in
the Pearl River water with higher GC responses than commercial PDMS and PDMS/DVB
fibers [29]. Although different metal wires have been widely used as the sorbent instead
of conventional fragile silica fibers by many researchers, various sorbent coatings were
always required in conjunction with the metal wire for SPME in previous reports. The
Yan group fabricated a stainless steel wire etched with hydrofluoric acid for SPME [30].
Although the pristine wire had almost no extraction capability toward the tested analytes,
the etched wire did exhibit a high affinity to the tested PAHs, with a high enhancement
factor in the range of 2541–3981, but no extraction ability to hydrophilic phenol, butanol,
and aniline was found. It was suggested that a porous and flower-like structure with
Fe2O3, FeF3, Cr2O3, and CrF2 on the surface of the stainless steel wire gave a high affinity
to the hydrophobic PAHs due to cation-π interaction [31]. In this case, how to evaluate
the hydrophobic interaction effectively between the sorbent and target compounds in real
samples is still a big challenge.

In this work, the titanium wires and meshes with different surface wettability were
fabricated by a simple hydrothermal digestion and chemical immersion method. The
superhydrophilic substrates with flower-like TiO2 nanoparticles were obtained after being
etched by HF and changed to superhydrophobic after being modified using a low-surface-
energy material. The micro/nano hierarchical structures and photosensitivity of the formed
TiO2 nanoparticles on the surfaces of the Ti substrates exhibited the switchable wettabil-
ity. After UV irradiation, the superhydrophobic samples became superhydrophilic. The
hydrophilic, superhydrophilic, superhydrophobic, and UV-irradiated superhydrophilic
wires were initially selected as the sorbents for online in-tube SPME. The morphologies
and element composition of the Ti wires were observed by SEM, EDS, and XPS, and their
surface wettability was measured using the Ti mesh by a contact angle goniometer. The
extraction tube filled with the prepared Ti wire was connected to the injection valve of
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HPLC. Six common estrogenic hormones were selected as the target analytes to investigate
the extraction efficiency. The online analytical method was established and used for the
determination of six estrogens in water samples using the optimal conditions. More impor-
tantly, the hydrophobicity interactions between the wire surfaces and the samples were
further investigated by the selection of sorbents with different surface wettabilities and the
target compounds of hydrophobic PAHs.

2. Results and Discussion
2.1. Characterization

The morphological properties and surface elemental compositions of four kinds of
wires were characterized by SEM, EDS, and XRD. As can be seen in Figure 1(a1), the pristine
wire had a smooth surface with few grooves. After hydrothermal digestion in strong acids
at a high temperature, some small holes appeared, the surface was scattered with flower-
like TiO2 nanostructures in Figure 1(b1), and the increase in roughness led to an increase in
adsorption sites in the extraction. Further chemical modification with a low surface energy
caused an observed decrease in surface wettability, which formed a superhydrophobic
surface in Figure 1(c1). After UV irradiation for Ti wire c, the superhydrophobic surface
transformed to superhydrophilic in Figure 1(d1). As seen in the cross-section of the wires
in Figure 1(a2), no coating was observed for the smooth pristine wire. For the modified
wires, the thickness of the coating was thin due to the formation of multiple layers of
nanoflowers on the surface in Figure 1(b2–d2). There were some internal and external gaps
in the nanoflower clusters. This coating morphology probably increases its specific surface
area, improving the mass transfer and extraction efficiency.

Figure 1. SEM for the pristine wire (a1,a2), the superhydrophilic wire (b1,b2), the superhydrophobic
wire (c1,c2), and the UV-irradiated superhydrophilic wire (d1,d2).
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EDS further proved the elemental changes for four kinds of Ti wires in Figure 2.
The pristine Ti wire was mainly composed of Ti and O elements (a). After chemical
etching, the oxygen element content increased from 27.7 to 50.2% (b). Carbon, silicon, and
fluorine elements were observed after further modification of FOTS, which demonstrated
thin organic films surrounding the Ti wire surface (c). Further UV irradiation led to the
formation of hydrophilic domains on the TiO2 surface. When photosensitive TiO2 on the
wire surface is irradiated by UV light, pairs of electron holes appear on its surface, which
can react with lattice oxygen to form surface oxygen vacancies. More monolayers and
multilayers of water molecules can be kinetically attached to these vacancies by molecular
adsorption. It was proven by the increase in oxygen element from 42.8 to 50.0% (d).

Figure 2. EDX for the pristine wire (a), the superhydrophilic wire (b), the superhydrophobic wire (c)
and the UV-irradiated superhydrophilic wire (d).

XRD was used to investigate the crystal structure and phase of four kinds of Ti meshes.
Figure 3 presents the XRD patterns of Ti substrates with different surface wettabilities.
The samples were in the anatase phase, and the diffraction peaks were indexed to that of
anatase (JCPDS No. 21-1272) [32]. No characteristic peaks from impurities were detected
within experimental error, indicating the formation of anatase nanostructures.

Figure 3. XRD patterns of Ti substrates. Symbol identification: (a) the pristine mesh, (b) the superhy-
drophilic mesh, (c) the superhydrophobic mesh, and (d) the UV-irradiated superhydrophilic mesh.
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In the 2θ scan range 10◦–100◦, all show characteristic peaks of Ti(100), Ti(002), Ti(101),
Ti(102), Ti(110), Ti(103), Ti(112), and Ti(201) at 35.1◦, 38.4◦, 40.2◦, 53.0◦, 62.9◦, 70.6◦, 76.2◦,
and 77.3◦, respectively. These data for the pristine (a) are in good agreement with the Ti
crystallographic data (Reference code:00-001-1198). In comparison, all show characteris-
tic peaks of TiO2(101), TiO2(103), TiO2(004), TiO2(112), TiO2(200), TiO2(105), TiO2(211),
TiO2(204), TiO2(116), TiO2(220), TiO2(107), TiO2(301), and TiO2(312) at 25.3◦, 36.9◦, 37.8◦,
38.6◦,48.0◦, 53.9◦, 55.1◦, 62.7◦, 68.8◦, 70.3◦, 74.1◦, 76.0◦, and 83.1◦. The 13 peaks are due
to the formation of Ti oxides in the crystalline phase, which are in accordance with the
TiO2 crystallographic data (Reference code:03-065-5714). Although the presence of crystal
structures is not a differentiated factor for the hydrophobicity or hydrophilicity of the
surfaces, a significant difference was obviously found between the pristine Ti surface (a)
and other three Ti surfaces with nano TiO2 particles in Figure 3b–d.

2.2. Evaluation of Surface Wettability for the Prepared Wires

The preparation of superhydrophobic surfaces on hydrophilic metal substrates re-
quires surface micro/nano-structures and low surface energy modification. As shown
in Figure 4, there are three typical models to illustrate the surface states, which were
developed by Young [33], Wenzel [34], and Cassie and Baxter [35].

Figure 4. Model representation of the surface wettability for the preparation of Ti wires and meshes.
The resulting Ti meshes with 3 typical surface states: (1) Young Model, (2,4) Wenzel Model, and
(3) Cassie and Baxter Model.

Before the hydrothermal process, the surface of the Ti substrate is relatively smooth
with a hydrophilic property, which is in accordance with Model 1. After hydrothermal
treatment by HF about 8 h, the Ti substrate was chemically etched, and the surface became
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rougher with more porous structures. A few of nanoparticles were also found on the
surface with superhydrophilicity, which is close to Model 2. The readily hydrothermal
procedure afforded the in-situ synthesis of TiO2 nanowires on the Ti substates and provided
a desirable support for the further modification of a low-surface-energy material. TiO2
nanoparticles are hydrophilic, which results from the large number of hydroxyl groups
on their surface. After the Ti substrate was self-assembled by FOTS, the surface energy
was apparently reduced [36]. In this case, the silicon ethoxide groups (Si–Cl) in FOTS
were hydrolyzed to silanol groups (Si–OH). FOTS, as a low-surface-energy material then
reacted with the –OH groups of the TiO2 surface. The superhydrophobic coating by the
Si–O–Ti bond is in accordance with Mode 3. The superhydrophobic surface was changed
to superhydrophilic after UV irradiation, which was in the state of Mode 1.

The Ti meshes that were prepared using an identical method were used for the compar-
ative determination of surface wettability instead of Ti wires. The pristine mesh displayed
a static water contact angle of about 72◦ (Figure 5a). After it was etched by 20 mM HF for 6
h by hydrothermal digestion, the water droplets almost spread on the mesh completely
(Figure 5b). When the etched mesh was immersed in FOTS for 1 h, the surface became
superhydrophobic, with a WCA of 158◦ (Figure 5c). After UV irradiation for about 15.5 h, it
changed to superhydrophilic, with a CA of nearly zero degrees (Figure 5d). A large group
of hydrophilic and oleophilic domains was thus created on the surface of the Ti substrate.
Moreover, the surface wettability of the Ti substrate could be reversibly switched between
superhydrophilicity and hydrophobicity under the alternation of UV light illumination
and long-term dark storage, independent of their photocatalytic activities [37,38].

Figure 5. WCAs of the pristine Ti mesh (a), the etched Ti mesh (b), the FOTS-modified Ti mesh (c)
and the UV-irradiated superhydrophilic mesh (d).

2.3. Extraction Efficiency for the Polar Compounds

Four kinds of Ti wires were inserted into the extraction tube for the comparative
investigation of extraction efficiency. Benefiting from the much larger surface area of
the subsequent TiO2 around their surface and different surface energy after hydrother-
mal etching and chemical modification, the superhydrophilic wire (b) and UV-irradiated
superhydrophilic wire (d) exhibited higher extraction efficiency than the pristine and super-
hydrophobic wires in Figure 6 (left). Two kinds of superhydrophilic Ti wires showed a small
enrichment for the first four compounds, including bisphenol A, estradiol, ethynylestradiol,
and estrone, and a particularly large enrichment for the last two compounds, including
diethylstilbestrol and hexestrol. The comparative peak areas for each target compound are
illustrated in Figure 6 (right). Superhydrophilic materials, due to their intrinsic character of
polar nature, are expected to be the perfect option for the extraction of organic species with
more polarity.
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Figure 6. Chromatograms of the target compounds using four kinds of fibers with different surface
wettabilities (Left) and the comparative peak area for each target compound using 4 kinds of wires
for in-tube SPME (Right). Symbol identification: (a) pristine wire, (b) superhydrophilic wire, (c) su-
perhydrophobic wire, (d) superhydrophilic wire after UV irradiation. Conditions: sampling volume,
60 mL; sampling rate, 2.00 mL/min; desorption time, 2.0 min. Peak identification: (1) bisphenol A,
(2) estradiol, (3) ethynylestradiol, (4) estrone, (5) diethylstilbestrol, and (6) hexestrol. Mobile phase:
Water/acetonitrile (53:47, v/v); Detection wavelength, 220 nm, room temperature.

The enrichment factor (EF) values were accurately calculated as follows [3,4,7]: After
20 µL of standard solutions with different concentrations of 0, 0.25, 0.5, 1, 2.5, 5, 10, 25, and
100 mg/L were injected using the sample loop, the calibration curve with a slope of k1 was
then calculated according to the peak area vs. concentration. Similarly, another series of
standard solutions with a constant sampling volume of 60 mL and different concentrations
of 0, 0.5, 1, 2, 5, and 10 µg/L were prepared. After they were pumped into the extraction
tube for preconcentration, each analyte in the standard solution was desorbed and detected
through the UV detector. The calibration curve was then achieved with a slope of k2. The
final EF can be calculated according to the following equation: EF = k2/k1.

2.4. Optimization of Extraction Conditions

To achieve the highest sensitivity, some important factors affecting the extraction
efficiency were studied, including the sampling volume, sampling rate, acetonitrile content
in the sample, and desorption time [39]. When the peak area tends to be constant with
the increase in the sample volume, the extraction equilibrium and the largest extraction
efficiency will be obtained. However, an excessive sampling volume consumes more
extraction and desorption time. As shown in Figure 7a, the peak areas of the analytes,
especially for hexestrol and diethylstilbestrol, increased with the change of the sampling
volume from 30 to 80 mL. The increase in the peak areas was unremarkable for other
compounds when the sampling volume was more than 60 mL. Compromising the extraction
efficiency and time, 60 mL was selected as the optimal sampling volume.

After the same sampling volume of 60 mL was loaded, the sampling rate was investi-
gated in the range of 0.75–2.50 mL/min. It can be seen in Figure 7b that the peak areas of
the six analytes changed little when increasing the sampling rate from 0.75 to 2.50 mL/min.
While the sampling rate increases beyond 1.00 mL/min, the downward trend occurs for
hexestrol and diethylstilbestrol. In order to obtain better extraction efficiency and quick
analysis for the six analytes, 2.00 mL/min was selected as the optimal sampling rate for
overall consideration.

Organic solvents can promote the solubility of hydrophobic analytes in an aqueous
sample and improve analysis repeatability. Herein, acetonitrile was selected as the organic
solvent to investigate the effect of organic compounds in the sample on the extraction
process. The content of acetonitrile was varied from 0 to 4% (v/v), and the peak areas of
the analytes were investigated. As shown in Figure 7c, except for hexestrol and diethyl-
stilbestrol, the extraction efficiency of the other four analytes decreased with the addition
of acetonitrile in the sample. The peak area of diethylstilbestrol has a little increasing trend
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from 1 to 2% and then a decreasing trend from 2 to 4%. In order to obtain satisfactory
extraction efficiency, no acetonitrile was added to the samples.

Figure 7. The optimization of extraction conditions using the superhydrophilic fiber as the sorbent for
in-tube SPME coupled with HPLC. The concentration of each estrogen is 10 µg/L. Other experimental
conditions are the same as Figure 6. Symbols of (a–d) stand for the relationship between the change
of peak area with the sampling volume, sampling rate, ACN content and desorption time.

A full desorption of all extracted analytes can be obtained after adequate desorption
time, which thus reduces the impact of residual analytes on the next extraction. After the
extraction was completed, acetonitrile–water (53:47) as the mobile phase flowed through
the extraction tube at 1.00 mL/min. The analytes absorbed by the sorbent in the extraction
tube were eluted and the desorption process was carried out. The effect of desorption time
was varied in the range of 0.20–3.00 min. As shown in Figure 7d, the six estrogen peak areas
exhibited an upward trend with the increase of the desorption time. Therefore, 2.00 min
was selected as the optimal desorption time.

Based on the above discussion, the optimal conditions of in tube SPME for estrogens
are: 60 mL sampling volume, 2 mL sampling rate, 2 min desorption time at a flow rate of
1 mL/min. Under the optimized extraction conditions, the expected extraction performance
of superhydrophilic wire (b) for the target analytes was achieved. As shown in Figure 8,
the estrogen analytes were not detected for the direct injection of a sample spiked at
10 µg/L. After the concentration of each estrogen compound increased to 250 µg/L, some
small peaks of the six estrogens appeared. Compared with the signals after the extraction
by the proposed in-tube SPME method, chromatographic peaks become very obvious,
especially for diethylstilbestrol and hexestrol. A higher extraction efficiency indicated that
there were abundant multiple interactions between the superhydrophilic wire (b) and the
target analytes.
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Figure 8. Comparative HPLC chromatograms before and after enrichment using the superhydrophilic
wire or in-tube SPME. Peak order and other experimental conditions are the same as Figure 6.

2.5. Method Evaluation and Application to Real Samples

Under the optimal conditions, a series of parameters were investigated to validate the
online in-tube-SPME-HPLC method, which included linear range, correlation coefficient (r),
inter-day repeatability, intra-day repeatability, limits of detection (LODs), and limits of
quantification (LOQs). As shown in Table 1, the analysis method was established with the
linear range of 0.5–10.0 µg/L, the correlation coefficient (R2) of 0.9794–0.9910, and the LOD
of 0.08–0.14 µg/L for the six estrogens. The relative standard deviations (n = 3) for the
intra-day (≤2.1%) and inter-day (≤4.8%) tests demonstrated that satisfactory repeatability
was obtained for the superhydrophilic wire. Each estrogen component on the extraction
tube was enriched effectively with their EF values in the range of 20–177.

Table 1. Analytical performances and EF values of six estrogens using in-tube SPME-HPLC method.

Analytes LODs
(µg/L)

LOQs
(µg/L)

Linear
Ranges (µg/L) R2

EF Extraction Repeatability
(n = 3, RSD%) a Preparation Repeatability

(n = 3, RSD%) b

Intraday Interday

Bisphenol A 0.097 0.323 0.5–10.0 0.9857 20 2.0 4.6 10.4
Estradiol 0.135 0.450 0.5–10.0 0.9886 33 2.1 4.8 8.9

Ethynyl estradiol 0.131 0.437 0.5–10.0 0.9886 28 1.3 3.2 5.2
Estrone 0.079 0.263 0.5–10.0 0.9867 177 0.8 4.5 14.3

Diethylstilbestrol 0.132 0.440 0.5–10.0 0.9794 43 1.7 4.0 2.3
Hexestrol 0.092 0.307 0.5–10.0 0.9910 154 0.9 2.9 9.4

a Extraction repeatability was investigated by extracting 10 µg/L of estrogens three times. b Preparation repeata-
bility was investigated by extracting 10 µg/L of estrogens with three extraction tubes.

To confirm the applicability of the analytical method, tap water taken from our labora-
tory were selected for the analysis. As shown in Table 2, none of analytes were detected
in the tap water. The spike recoveries of the analytes were determined by the standard
addition method. The concentration of addition in the sample was 0, 5, and 10 µg/L. The
recoveries of the six analytes were in the range of 73.2–91.1%, indicating that this method
could be applied to analyze trace estrogens in real samples.

Table 2. Analysis results and recoveries (%) of six estrogens in tap water.

Analytes Bisphenol A Estradiol Ethynyl Estradiol Estrone Diethylstilbestrol Hexestrol

Recovery
(5 µg/L, %) 76.2 5.0 89.4 0.2 86.6 1.6 78.4 91.1 1.5 82.7 2.4

Recovery
(10 µg/L, %) 87.7 5.3 76.4 0.6 74.6 0.8 75.3 73.2 4.4 87.4 2.4

Tap water (µg/L) Not detected Not detected Not detected Not detected Not detected Not detected
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2.6. Extraction Efficiency for Non-Polar Target Compounds

The correlation of the surface wettability for the sorbent and the hydrophobicity of the
target compounds in the sample matrix was further investigated. Superhydrophobic mate-
rials were expected to be the ideal sorbent for the enrichment of organic species with the
least amount of polarity [40–42]. Herein, the lowest peak areas for five PAHs were obtained
using the pristine hydrophilic wire (a) in Figure 9. In comparison, both superhydrophilic
wires (b,d) exhibited similar enrichment abilities. It should be noted that the superhy-
drophobic wire (c) had the highest extraction efficiency to the non-polar compounds of five
PAHs. It demonstrated that the surface wettability of the sorbent resulted in different effects
for the preconcentration of target compounds. Most artificial superhydrophobic surfaces
usually present a rough structure in the micro- or nanoscale and have poor mechanical and
chemical stability. Herein, the fabricated superhydrophobic Ti wires can endure a long-time
rinse from the mobile phase without a decrease in hydrophobicity and enrichment ability.
In order to confirm the truth further, a superhydrophobic Ti mesh was immersed in the mo-
bile phase solution for one week and sonicated discontinuously. The highly hydrophobic
property still remained for the dried mesh. It indicated our fabricated superhydrophobic
wire with strong mechanic and chemical stability could be used as a robust sorbent for
in-tube SPME.

Figure 9. Chromatograms of the target compounds using four kinds of fibers (a, b, c, d) with
different surface wettability. The concentration of each compound of PAHs is 10 µg/L. Peak iden-
tification: 1. naphthalene, 2. acenaphthylene, 3. acenaphthene, 4. phenanthrene, 5. Anthracene.
Water/acetonitrile (25:75, v/v), Detection wavelength, 226 nm. Other conditions are the same as
Figure 6.

In general, the enrichment capability is positively related to the absorption or adsorp-
tion capability of the coating material [17]. Herein, we first systematically elucidated the
relationship between the surface wettability of the sorbent and the polarity of the target
analytes by selecting a smart material with switchable surface wettability. It is similar to the
theory of “like dissolves like”, primarily determining the selectivity of a self-made coating
by the hydrophobic/hydrophilic interaction.

3. Materials and Methods
3.1. Materials and Reagents

Ti wire (purity 99.9%) with a diameter of 0.3 mm, Ti mesh (3 cm wide × 6 cm long
× 0.8 mm thick) and stainless tube (0.8 mm I.D, 1.6 mm O.D) were purchased from Shen-
zhen Global Copper and Aluminum Materials Co., Ltd., Shenzhen, China. 1H,1H,2H,2H-
Perfluorooctyltrichlorosilane (97%) was purchased from Shanghai Macklin Biochemical
Technology Co., Ltd., Shanghai, China. Methanol and Acetonitrile were HPLC grade and
were purchased from Tianjin Damao Reagent Company (Tianjin, China). Polar estrogens,
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including bisphenol A (>99.0%), ethinylestradiol (>98.0%), estradiol (>98%), diethylstilbe-
strol (>99.0%), hexestrol (>98.0%), and estrone (>98.0%), and non-polar PAHs, including
naphthalene, acenaphthylene, acenaphthene, phenanthrene, and anthracene, were pur-
chased from Shanghai Aladdin Biochemical Co., Ltd. (Shanghai, China). Ultrapure water
(18.25 MΩ cm, 25 ◦C) was used for the whole experiment. Water/acetonitrile (53:47, v/v)
was used as the mobile phase to elute estrogens at the detection wavelength of 202 nm.

3.2. Apparatus

An EasySep-1020LC pump (Elite instrumental, Dalian, China) was used to transport
sample solutions. Analytes were detected by the Agilent 1220 HPLC system equipped with
a Hypersil ODS-C18 column (250 × 4.6 mm i.d., 5 µm, Elite instrumental) and a variable
wavelength detector (VWD). The prepared wires were characterized by an SEM (quanta
200 environmental scanning electron microscope) and X-ray photoelectron spectra (XPS,
Thermo ESCALAB 250XI, Thermo Fisher Scientific, Bohemia, NY, USA). The contact angles
were measured by the pendent drop method using a CA goniometer (TST-200, Shen Zhen
Testing Equipment Co., Ltd., Shen Zhen, China). The materials were UV-irradiated by an
instrument of UV crosslinker (SCIENT03-II, Xin-zhi Biotechnology Co., Ltd., Lingbo, China).
Four UV tubes (254 nm) were installed on the top of the UV oven, and the distance between
the irradiated samples on the bottom of the UV oven and the upper tube was about 11 cm.

3.3. Standard Solution and Real Samples

The stock solution (100 mg/L) containing five estrogens was prepared with methanol
and stored at 4 ◦C. The working solution was prepared daily by dilution of the stock
solution with pure water to 10 µg/L. Tap water taken from our laboratory was selected as
the real samples for the evaluation. All water samples were filtered with a 0.45 µm water
membrane of cellulose ester before chromatographic analysis.

3.4. Preparation of Ti Wires with Different Surface Wettabilities

The pristine Ti wires and Ti meshes were ultrasonically cleaned by acetone and water
consequentially for 5 min and then dried. The cleaned Ti wires (30 cm long, 0.3 mm I.D) and
Ti meshes were immersed in 18% HCl solution at 85 ◦C for 15 min. After that, these samples
were placed in a PTFE-lined stainless steel autoclave containing 20 mM hydrofluoric acid.
The autoclave was sealed, and the Ti samples were etched under hydrothermal conditions
at 160 ◦C for 8 h [43,44].

In this hydrothermal process, HF not only etches the Ti substrate, providing a Ti source
for the formation of TiO2 nanostructures but also serves as the source of F-dopant. After
hydrothermal synthesis, the samples were rinsed thoroughly with deionized water and
dried with nitrogen. Then, the superhydrophilic Ti samples were obtained.

The resulting superhydrophilic samples were immersed in 1% ethanol solution of
heptadecafluoro-1,1,2,2-tetrahydrodecyl trichlorosilane (FOTS) for 1 h. Superhydrophobic
surfaces with flower-like TiO2 nanostructures were then obtained for the Ti wires and
meshes. The superhydrophobic surfaces were changed to superhydrophilic after UV
irradiation for about 15.5 h using a UV crosslinker.

Afterwards, as shown in Figure 10(left), the pristine wire (a), the superhydrophilic
wire (b), the superhydrophobic wire (c), and the UV-irradiated superhydrophilic wire (d)
with a length of 30 cm were filled into stainless-steel tubes (0.75 mm i.d. and 1/16 inch o.d.).
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Figure 10. (Left) The fabricated wire with different surface wettability was inserted into the mi-
croextraction tube. Symbol identification: (a) the pristine wire, (b) the superhydrophilic wrie, (c) the
superhydrophobic wire and, (d) the UV-irradiated superhydrophilic wire. (Right) Schematic illustra-
tion of in-tube SPME–HPLC online system.

3.5. Extraction and Analysis Procedure

As shown in Figure 10(left), the extraction tube was connected to the six-port valve
instead of the sample loop. The six-port high pressure valve was switched between the load
and inject states to perform the extraction and desorption processes. In the load state, the
sample solution was transported through the extraction tube via an EasySep-1020LC pump,
and the target analytes were adsorbed by the selected wire. The sample was pumped and
flushed from pore 1 to pore 6, then pressured into the extraction tube and entered pore 3.
After the preconcentrated target compounds in sample were continually entrapped by the
extraction materials, the remaining solution was flushed to the waste bottle from pore 2.
After the rotor was rotated about 60◦, the system changed to the injection state. In this case,
the mobile phase flowed through the extraction tube from pore 4 to pore 3, the absorbed
target compounds were desorbed by the mobile phase, and the mobile phase with the
desorbed compounds was pumped to the separation column from pore 6 to pore 5 for
UV detection, consequently. The extraction and the desorption could be completed by the
switch between the load and inject modes in Figure 10(right).

4. Conclusions

In summary, flower-like nano TiO2 surfaces with switchable wettability were success-
fully used to investigate the hydrophobic interaction for in-tube SPME. The prepared Ti
wires with different surface wettabilities were first compared as a novel extraction support
for an online in-tube SPME-HPLC. The results showed that the superhydrophilic wire (b)
and the UV-irradiated superhydrophilic wire (b) exhibited the highest extraction efficiency
for polar compounds of estrogens compared with the pristine hydrophilic wire (a) and
superhydrophobic wire (c). In contrast, the superhydrophobic wire (b) had the higher
extraction efficiency for non-polar PAHs compared with the other three wires. We firstly
demonstrated that the surface wettability of sorbent might affect the enrichment of target
compounds with different polarity effectively. How to understand the theory of like dis-
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solves like from the surface wettability of the sorbent should be further investigated in our
future work.
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