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ARTICLE INFO ABSTRACT

Keywords: In recent years, volatile organic compounds (VOCs) discharged from the human body, of which some compounds
Volatile organic compounds exhibit strong correlations with patholagical conditions, have attracted attention as a new means of disease
Biomarkers diagnosis technology. The aim of this study was to establish the salivary metabolomic profiles of oral squamous
o”fl squamous cell carcinoma cell carcinoma (OSCC) patients and healthy volunteers (control group) and lo investigate VOCs as potential
22'_';;5 biomarkers in the diagnosis of oral cancer. We have demonstrated a method combining thin-film microextraction
Thin:iinicroexttaction based on a ZSM-5/polydimethylsiloxane hybrid film coupled with gas chromategraphy-mass spectrometry and
Zeolite carried out a comparative analysis of salivary VOC profiles between OSCC patients and healthy controls. The

results depicted that 42 and 73 VOCs were detected and identified in samples from the healthy control group
(n = 50) and oral cancer group (n = 24), respectively. Among them, twenty-seven VOCs (ten were decreased,
seven disappeared, and ten were newly produced in the oral cancer group) depict significant differences between
both the sample groups, and they have relevance as candidate biomarkers for OSCC. Twelve salivary VOCs that
were characteristic of oral cancer patients were finally extracted and used for pattern recognition analyses for
oral cancer diagnosis. The proposed TFME approach for analyzing human saliva on the basis of a ZSM-5-loaded
PDMS hybrid thin film has been performed for the very first time in the field of dentistry.

1. Introduction in the death of the patient [4]. OSCC has a high mortality ratio in
comparison with other carcinomas. OSCC has been known to develop
from premalignant lesions and premalignant conditions of the oral

mucosa, which are diseases that have a risk of malignant transforma-

Cancer has been the leading cause of death in Japan for > 30 years,
although Japan has become the world's preeminent country for long-

evity as a result of progress in medical cures and public health.
According to Vital Statistics of Japan published by the Ministry of
Health, Labor, and Welfare, the annual number of deaths due to cancer
has exceeded 370,000 and is increasing annually. Particularly, the
numbers of both sufferers and deaths from oral cancer have increased in
recent years; it has been reported that > 7600 people died from oral
cancer in 2016 [1].

Oral cancer ranks sixth among cancers in worldwide occurrence,
and 90% of all oral cancers are diagnosed as oral squamous cell car-
cinoma (0SCC). Additionally, it has been reported that there are nearly
300,000 new cases worldwide every year [2,3], of which 145,000 end

tion. Although the oral cavity is easily accessible, OSCC is often
asymptomatic in the early stages and its macroscopic findings are si-
milar to those of other mucosal diseases or benign tumors [5]. Ad-
ditionally, squamous cells Lravel through the lymphatic system and
appear first in the nearby lymph nodes in the neck, and can also spread
to the lungs and other parts of the body [6]. Furthermore, locoregional
recurrence occurs at surgically treated sites, which is related to lower
survival rates. Currently, the gold standard for the diagnosis of OSCC is
biopsy followed by histopathological examination, The major drawback
of this technique is delays in detection [7].

Biomarkers, which are measurable indicators of physiological and
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pathological processes, are therefore useful in diagnosis and influence
the prognosis of disease. A biomarker is defined as a characteristic that
is an objectively measured and evaluated indicator of normal biological
processes, pathogenic processes, or pharmacological responses to
therapeutic intervention [8,9]. With recent advances in scientific
technologies, biomarker research has benefited to the point where
many metabolites are now recognized as an excellent diagnostic tools
(for example, DNA, mRNA, proteins, and peptides) [10-12]. Ad-
ditionally, volatile organic compounds (VOCs) are present in various
excreted biological materials, and their analysis offers the possibility of
screening for cancer [4,13-15].

VOCs can reflect metabolic changes in response to inflammation,
necrosis, cancer, degeneration, or the alteration of microbiota or can be
related to external factors such as environmental pollution, medication,
and diet [16,17]. These metabolites are released into the bloodstream
and reach the alveoli, salivary glands, renal tubules, and gut, where
they are excreted via skin, exhalation, saliva, urine, and feces [18-22].
Recently, Haick et al. developed nanomaterial-based sensors and re-
ported the possibility of detecting disease using VOCs [14,23,24]. Al-
tomare et al. reported the possibility of screening for cancer by the
analysis of VOCs in breath samples from colorectal cancer patients [25].
The origin of cancer-related VOC metabolites have also been in-
vestigated by several groups that attempted to detect the VOCs directly
produced by the cancer cell lines in vitro, such as CALU-1 [26], NCI-
H1666 [27], A549 [28], human bronchial epithelial cells (HBEpC) and
human fibroblasts (hBF) [28], HepG2 [29], and HeLa [30]. All these
results support the existence of small molecular cancer markers, and
therefore the development of new materials and methods for reliable
detection as well as studies in real patient groups for validation of
biomarkers is strongly required.

On the other hand, despite the very attractive, non-invasive nature
of the breath test, the methodology for breath sample collection is not
homogenous through different research works [31], sometimes pro-
viding contradictory results from study to study for the same breath
VOCs. This is because collection, handling, storage, concentration, and
analysis of breath samples are technically challenging. An additional
limitation is the use of only highly volatile organic compounds that can
be excreted from the body via exhaled breath. A partial solution to
these problems would be the use of more convenient sources of volatiles
excreted from the body, for instance, urine (or saliva). Similarly to
breath, urine (or saliva) includes both endo- and exogenous volatiles
from sources such as diet and environmental exposure [32]. For in-
stance, Hanai et al. [33] found that urine can be an alternative matrix
for biomarker detection by comparing the VOC profile of A549 cell
culture with that of urine from mice implanted with the same tumor
morphology. Therefore, aqueous and fluidic biological samples such as
urine and saliva can be important candidates to find semi-volatile or
non-volatile molecular biomarkers under normal room conditions.

In this study, we focused on saliva as a representative biological
sample. Saliva contains a wide spectrum of proteins, peptides, hor-
mones, gingival exudates, and microbiota, etc., which can vary with
high responsiveness and reflect bodily health [34]. VOCs are also
transferred from blood to saliva, mainly via passive diffusion [22].
Furthermore, the collection of saliva provides a very easy, non-invasive,
and cost-effective approach for the screening of large populations with
less risk of infection than the collection of blood [6,7,35]. On the other
hand, few reports on salivary VOCs have been published, and the use of
salivary VOCs for disease diagnosis has made no progress. This is
mainly because of the lack of highly sensitive systems for the detection
of these analytes at concentrations that are 1000 times lower than those
in blood [6], in combination with the lack of previous studies that se-
parated highly pathogenicity oral bacterial flora and VOCs generated
from inflamed tissues in the presence of > 300 kinds of oral bacteria.

This study demonstrates a novel thin-film microextraction (TFME)
method based on a ZSM-5/polydimethylsiloxane (PDMS) hybrid film
and carried out a comparative analysis of salivary VOC profiles between
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oral cancer patients and healthy controls. The identification of VOC
profiles that have a high correlation with oral cancer is indispensable
and will contribute to future work on the biochemical sources of VOCs
and their metabolic pathways.

2. Experimental
2.1. Study subjects

This research was approved by the ethics committee of Kyushu
Dental University, Kitakyushu, Japan (Approval Number 15-15). The
study included the following two groups: patients with oral cancer and
healthy volunteers (controls). Written informed consent was obtained
from all subjects after a full explanation. Subjects were recruited from
the Division of Oral and Maxillofacial Surgery of Kyushu Dental
University Hospital, Kitakyushu, Japan. None of the oral cancer pa-
tients had received any prior to treatment such as chemotherapy,
radiotherapy, surgery, or alternative remedies before sample collection.
None of the controls had a history of malignancy, immunodeficiency, or
underlying diseases. Histologically, all oral cancer patients were diag-
nosed as having OSCC.

2.2. Collection of saliva samples

The clinical characteristics of the subjects are summarized in
Table 1. The subjects rinsed their mouths with water immediately prior
to sample collection. On average, 2mL of unstimulated whole saliva
was collected in a 10 mL glass bottle over a period of 5-10 min. After
collection, the samples were immediately stored at —80 °C. To confirm
the reproducibility (continuity) and intraday fluctuations of analytes
that were observed in the samples, we collected saliva several times
from each subject. In the control group, saliva was collected continually
for at least a period of 5 days between 7 am and 10 am while the sub-
jects fasted. In the oral cancer patient group, saliva was collected for at
least 1.5h after meals for multiple (1-3) time periods up to surgery
after hospitalization. For all subjects, smoking and the use of oral hy-
giene products such as toothpastes and mouthwashes were not per-
mitted for at least 1 h prior to saliva collection.

2.3. Materials

ZSM-5 (SiO5/Al,05 molar ratio = 30, Lot 110421) was purchased
from JGC Catalysts and Chemicals Ltd., Kawasaki, Japan. A PDMS

Table 1
Clinical characteristics of subjects.
Parameter Classification Healthy controls  Oral cancer
patients
Number of subjects - 8 12
Number of saliva - 50 24
samples
Age (mean * SD) Male 28.3 = 10.3 64 + 19
Female 27 60 = 16.8
Sex Male 7 (87.5) 5 (41.7)
Female 1(Q25) 7 (58.3)
Smoking status Yes 1(@12.5) 2 (16.7)
Ex-smokers 0 1 (8.33)
Never 7 (87.5) 9 (75.0)
Clinical stage I - 5 41.7)
I - 6 (50.0)
i - 0
v - 1 (8.33)
Histological type Squamous cell - 12 (100)

carcinoma

SD: standard deviation.
The values in parentheses represent the percentage of each class of subjects for
a given parameter.
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solution kit (Sylgard 184 silicone elastomer kit) was purchased from
Dow Corning Ltd., Tokyo, Japan. This kit includes a base solution A
(Sylgard 184A) and a curing agent solution B (184B), which were mixed
in a ratio of 10:1 to produce PDMS. Methanol was purchased from
Wako Pure Chemical Industries Ltd., Osaka, Japan. The following
chemicals that were used as references compounds were purchased
from: Wako Pure Chemical Industries (Osaka, Japan) for ethanol, un-
decane, and 1,3-butanediol; Tokyo Kasei (Tokyo, Japan) for 2-penta-
none, butyrolactone, 3-heptanone, 1,2-pentanediol, and 1-hexadecanol;
Nacalai Tesque (Tokyo, Japan) for benzyl alcohol and phenol; Kanto
Chemical (Tokyo, Japan) for 1-octanol; Funakoshi (Tokyo, Japan) for
hexadecanoic acid. Deionized pure water (18.3 MQ c¢m) was obtained
by reverse osmosis followed by ion exchange and filtration using a
Direct-QTM purification system (EMD Millipore, Billerica, MA, USA).

2.4. Preparation of ZSM-5/PDMS hybrid films

A glass bottle (volume = ca. 50 mL) was used as the support sub-
strate for the ZSM-5/PDMS hybrid film. PDMS was supplied as a two-
part liquid component kit that comprised of a base and a curing agent to
be mixed in a weight ratio of 10:1. Before the PDMS was solidified, it
was mixed with ZSM-5 to give a content of 20 wt% ZSM-5 in a PDMS
matrix [20], and 1.0 g of the mixture was placed in a glass bottle. The
ZSM-5/PDMS hybrid film was left at 25 °C for 72 h and then heated at
100 °C for 1 h. Subsequently, the sampling bottles with a ZSM-5/PDMS
film were thoroughly washed with methanol by shaking them for 3 days
to remove the unreacted PDMS monomers.

2.5. Sample analysis

A 2mL aliquot of saliva was taken from the collected samples and
diluted with 3 mL deionized water. VOCs in saliva were extracted by
shaking the sample for 3h, and then the extraction bottle was gently
rinsed with pure water and dried with nitrogen. Finally, the VOCs ex-
tracted onto the ZSM-5/PDMS film were condensed using 100 pL me-
thanol, of which 1.0 uL. methanol was subjected to GC-MS analysis
using a JMS-Q1000GC (JEOL, Japan) GC-MS system (Fig. 1).

Glass sampling bottle
(10 mL)

Sampling pipette

Saliva sample
collection over a
period of 5-10 min

GC-MS analysis

Dilution of 2 mL
saliva with 3 mL
deionized water

Journal of Chromatography B 1104 (2019) 49-58

n=>50 n=24

35° 38

Healthy control  QOral cancer
group group

Fig. 2. Venn diagram depicting an overlap of VOCs between healthy controls
and oral cancer patients. Thirty-five VOCs were common to both the groups.

2.6. GC-MS conditions

Chromatographic analysis with mass spectrometric detection was
performed with a gas chromatography-mass spectrometry (GC-MS)
system (JMS-Q1000GC, JEOL, Japan) consisting of an Agilent 7890A
gas chromatograph coupled to a quadrupole mass spectrometer in
electron ionization mode at 70 eV. The temperatures of the ion source
and the GC interface were 200 °C and 230 °C, respectively. A DB-WAX
capillary column (polyethylene glycol-based high-polarity stationary
phase, 30 m length, 0.25 mm inner diameter, 0.5 um film thickness,
Agilent J&W, part number 19091J-413) was used for separation.
Ultrahigh-purity helium gas (purity 99.999%) was flowed at a rate of
1.0mL/min as a carrier gas. The GC injector temperature was kept at
230 °C. The oven temperature was programmed to be held at 40 °C for
3 min, increased at 10 °C/min to 230 °C, and held for 10 min. Retention
time data were recorded from 5min 20s to 32 min. Data acquisition
was performed in full scan mode with m/z = 25-310 and a scan time of
300 ms. Identification of the sample components was performed using

Glass extraction bottle
(50 mL)

ZSM-5/PDMS
hybrid film

VOC extraction from
saliva by shaking the

bottle for 3 h
(iv)
Washing and
N, drying of film
(v)

50

A o

30

Methanol release 20

of extracted 10
analytes

Fig. 1. Schematic of the GC-MS analysis of volatile metabolites via ZSM-5/PDMS hybrid thin-film extraction.
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Fig. 3. Representative GC-MS TIGs of salivary VOC profiles from two (a) healthy and (b) oral cancer patients. The analytical conditions are described in the text. The
numbers indicate selected compounds as follows: (1) 2-pentanone; (2) 1-propanol; (3) 1-butanol; (4) 1-butanol, 3-methyl-; (5) thiocyanic acid; (6) octanal; (7) acetic
acid; (8) 2-butanone, 3-hydroxy-; (9) cyclohexanone; (10) acetaldehyde, methoxy-; (11) 2-propanone, 1-hydroxy-; (12) propanoic acid, 2-hydroxy-; (13) propylene
glycol; (14) 1-hexanol; (15) ethyl ether; (16) ethane, 1,2-diethoxy-; (17) 2-hexen-1-ol; (18) 1-undecane, 9-methyl-; (19) 2-decene, (Z)-8-methyl-; (20) 1-decene,
8-methyl-; (21) 1-octen-3-o0l; (22) 1-hexanol, 2-ethyl-; (23) oxime, methoxy-phenyl-; (24) 1,3-butanediol; (25) 1,2-pentanediol; (26) propanoic acid, 2-methyl-,
3-hydroxy-2,4,4-trimethylpentyl ester; (27) butanoic acid, butyl ester; (28) dimethyl sulfone; (29) 4-hexen-3-ol, 2-methyl-; (30) 2-furanmethanol, tetrahydro-; (31)
phenylethyl alcohol; (32) 4-dodecanol; (33) 1-hexanol, 3-methyl-; (34) phenol; (35) phenol, 3-methyl-; (36) phenol, 4-methyl-; (37) 1-hexadecanol; (38) hex-
adecanoic acid; (39) 1-tetradecanol; (40) octadecanoic acid; (41) 9-octadecenoic acid, (Z2)-; (42) indole; (43) 1H-indole, 3-methyl-; (44) n-pentadecanol.

Table 2

List of representative VOCs that were specifically newly produced (released) in samples from oral cancer patients.
No. Compounds Retention time, min Selected ion, m/z Classification FA

n=24)

1 3-Heptanone 8:47 57 Ketone 0.38
2 Acetaldehyde, methoxy- 11:16 45 Aldehyde 0.25
3 5-Hepten-2-one, 6-methyl- 11:35 43 Ketone 0.25
4 2-Butanol, 3-methyl- 14:59 45 Alcohol 0.33
5 Oxime, methoxy-phenyl- 16:31 77 Imine 0.29
6 1,3-Butanediol 16:48 43 Alcohol 0.79
7 1,2-Pentanediol 17:15 55 Alcohol 0.42
8 Butanoic acid, butyl ester 18:25 71 Ester 0.25
9 1-Hexadecanol 21:26 55 Alcohol 0.46
10 1-Tetradecanol 23:31 69 Alcohol 0.29

FA: frequency of appearance.

the National Institute of Standards and Technology (NIST) mass spec-
tral library search software (JEOL version 1.5). For reliable VOC
identification, compounds with structural similarity over 700 were
chosen as candidate biomarkers.

2.7. Statistical analysis

Statistical significance was assessed with the use of non-parametric
Mann-Whitney U test for each compound to compare samples from two
different subject groups for independent observations. Data evaluation
was carried out using Origin 9 software (Origin Lab Corporation,
Northampton, MA, USA). In this study, p values < 0.05 were considered
to be statistically significant. Principal component analysis (PCA),
which potentially act as biomarkers for discriminating diseases, was
conducted with a function implemented in the Origin 9 data analysis
package and used to describe the total difference between two groups.
GC peak areas under the curve in the selected ion chromatogram for
individual analytes were used as PCA input variables. The statistical
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analysis was additionally conducted using a decision tree model based
on supervised method, which was utilized to understand if the finally
determined potential biomarkers can be used for describing the dif-
ferences between both the heathy and cancerous sample groups.
Decision tree was determined using the R software (R version 3. 4. 0,
The R Foundation for Statistical Computing, Vienna, Austria).

3. Results and discussion
3.1. General features of VOCs excreted from saliva samples

To effectively detect the analytes that are present at trace levels, a
preconcentration step is generally introduced during sample prepara-
tion while performing GC-MS-based analytical methods. Solid phase
microextraction (SPME) is one of the most extensively used sample
preparation techniques and it has achieved increasing success while
being applied to various fields such as in environmental, food, and drug
analyses [36,37]. Generally, the sensitivity of an SPME-based method is
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Table 3
List of VOCs that displayed significant differences between samples from healthy controls and oral cancer patients.
No. Compounds Selected ion, m/z Classification FA p-Value lor?t
Healthy control Oral cancer
(n=50) (n=24)
1 Ethanol 31 Alcohol 0.98 1.00 < 0.01 !
2 2-Pentanone 43 Ketone 0.98 0.96 < 0.01 !
3 1-Propanol 31 Alcohol 0.96 0.75 < 0.01 |
4 Hexanal 56 Aldehyde 0.10 0.25 < 0.05 |
5 3-Penten-2-one, 4-methyl- 83 Ketone 0.10 0.17 > 0.1 4
6 Thiocyanic acid 73 Inorganic acid 0.37 0.13 < 0.05 !
% Cyclohexanone 55 Ketone 0.14 0.25 > 0.1 4
8 2-Propanone, 1-hydroxy- 43 Ketone 0.82 0.75 < 0.01 I
9 Propanoic acid, 2-hydroxy- 45 Acid 0.61 0.17 < 0.01 !
10 Propylene glycol 45 Alcohol 0.61 0.21 < 0.05 1
11 1-Hexanol 56 Alcohol 0.53 0.13 < 0.01 |
12 Ethanedioic acid 59 Acid 0.39 0.17 < 0.05 i)
13 Acetic acid, hydroxy- 59 Acid 0.53 0.25 <0.01 !
14 1-Octen-3-ol 57 Alcohol 0.84 0.33 < 0.01 |
16 Dimethyl sulfone 79 Organosulfur 0.49 0.08 < 0.05 !
16 Phenylethyl alcohol 91 Alcohol 0.78 0.29 < 0.01 !
17 Phenol 94 Phenol 1.00 0.92 < 0.01 !
18 Phenol, 4-methyl- 107 Phenol 0.37 0.08 < 0.01 I
19 2-Piperidinone 99 Amide 0.82 0.33 < 0.01 {
20 Hexadecanoic acid 74 Acid 0.96 1.00 < 0.01 |
21 Docosanoic acid 74 Acid 0.47 0.21 < 0.05 |
22 Indole 117 Heterocyclic 0.78 0.29 < 0.01 !

FA: frequency of appearance; | = decreased and % = increased.

observed to be proportional to the volume of the extraction phase.
However, the diffusion of analytes in the coating material requires
longer equilibration time. An optimal solution to improve sensitivity is
to use a thin extraction phase that has a larger surface area to achieve a
high ratio of the surface area to the volume. Recently, we have de-
monstrated the use of highly porous materials, such as zeolites that are
a class of high-silica crystalline aluminosilicates with defined pore
diameters that are observed to be smaller than 2 nm, along with porous
polymer matrices. ZSM-5 is one of the most investigated zeolites during
the past few decades because of its unique channel structure with pore
opening sizes that are observed to be approximately similar in size to
that of many industrially important organic molecules [38,39]. To the
best of our knowledge, the proposed TFME approach for analyzing
human saliva on the basis of ZSM-5-loaded PDMS hybrid thin films has
been performed for the very first time in the field of dentistry.

Saliva samples were collected from eight healthy volunteers and 12
oral cancer patients to give a total of 50 and 24 samples, respectively
(Table 1). Approximately 100 different VOCs were identified by the
GC-MS analysis of saliva samples using a ZSM-5/PDMS hybrid film.
Among them, totally 80 VOCs exhibited relatively good day reprodu-
cibility in the healthy and oral cancer patient groups (Table S1). It is
clear that these analytes are originated from metabolic processes;
namely, they are endogenous metabolites that were not influenced by
daily activities or surrounding conditions. Based on the comparisons of
both the sample groups that are depicted in Table S1, it is observed that
42 and 73 VOCs were detected for the healthy and oral cancer groups,
respectively. An interesting observation is that a larger number of
compounds could be detected from the group of patients. An overlap of
35 VOCs between the healthy and oral cancer groups can be depicted
using a Venn diagram (Fig. 2). Consequently, we observed that 7 and 38
compounds were independently present in the healthy and oral cancer
groups, respectively, which were further observed to not overlap be-
tween each other.

Fig. 3 compares typical GC-MS total ion chromatograms (TIC) ob-
tained for two saliva samples from a healthy control and an oral cancer
patient. Interestingly, many chromatographic peaks were found from
oral cancer patients, and different salivary GC-MS profiles could be
recognized for healthy controls and oral cancer patients. With a focus
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on the chemical classes of the detected VOCs, various chemical classes
can be observed such as alcohols, ketones, hydrocarbons, aldehydes,
organic acids, esters, phenol, etc. Alcohols can be absorbed rapidly from
the gastrointestinal tract into the blood, and many of them are excreted
in saliva [14]. Aldehydes are produced in the body as part of common
physiological processes [14]. Ketones and organic acids are also af-
fected by diet and metabolism. Heterocyclic compounds and phenols
are among the substances that cause halitosis. Additionally, slight
amounts of sulfur-containing compounds and nitrogen-containing
compounds were detected.

3.2. Disease-specific VOCs detected from oral cancer saliva samples

Early detection of OSCC is of considerable importance in clinical
practice because we observe that most of the oral cancer patients who
are diagnosed during the advanced stage exhibit poor clinical results.
This study investigates the volatile human salivary metabolome in pa-
tients undergoing OSCC, which may be an accurate and noninvasive
tool to distinguish between healthy people and oral cancer patients.
Transformation of normal cells into malignant cancer cells may be the
primary cause for the metabolic changes that cause the production of
new VOCs or that alter the concentration levels of normal metabolites.
However, the metabolic origin and physiological function of most of the
VOCs that were released from the human body have not yet been elu-
cidated clearly. Generally, the aforementioned factors are derived using
a variety of endogenous biochemical pathways and exogenous sources
such as the surrounding environment, an unhealthy lifestyle, and oral
bacterial species.

To verify the presence of disease-specific potential biomarkers
among the 80 compounds that were identified from the groups of
healthy control and oral cancer patients, a more detailed statistical
analysis was additionally performed on two different data groups that
can be represented as follows: (1) 38 VOCs that were detected from the
oral cancer group and (2) 35 VOCs that overlapped between the healthy
and oral cancer groups. Thus, the presence of both types of metabolites
that were detected specifically in oral cancer patients and metabolites
that were detected at significantly different levels in both the sample
groups was suggested.
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Fig. 4. Typical box whisker charts for comparison of peak areas for ten VOCs detected in saliva from healthy controls and oral cancer patients.

In this study, we used the term ‘frequency of appearance (FA)’ as a
factor to represent both the intra and intersample reproducibility of each
compound that was detected using samples that were obtained from
cancer patients. The FA of each detected compound signifies the
probability of its detection while performing each analysis, and it was
estimated using the following Eq. (1):

_ Number of detections
Total number of analyses

@

Among the 38 VOCs that were detected in the samples that were
collected from cancer patients (Table S1), ten compounds were ob-
served to exhibit high probability, and their FA values were observed to
be > 0.25, which are depicted in Table 2. Aldehydes and ketones are
generally produced in the body due to common physiological processes
such as digestion and corporal odor emanation. They can be further
formed by cell membrane lipid peroxidation. Particularly, recent stu-
dies have reported that aldehydes are potential cancer biomarkers of
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oxidative stress [4,40]. In some previous studies, 3-heptanone that is
classified as ketone has been reported to be a potential biomarker for
breast cancer, even though it was detected in urine [41]. In addition to
3-heptanone, the appearance of methoxyacetaldehyde and 6-me-
thyl-5-hepten-2-one may be caused due to the chemical and nutritional
variations that occur in OSCC or due to the occurrence of other oral
diseases. Furthermore, it is possible that methoxy-phenyl-oxime can be
a byproduct that is induced by aldehyde or ketone metabolites. Com-
pounds such as 3-methyl-2-butanol, 1,3-butanediol, 1,2-pentanediol,
1-hexadecanol, and 1-tetradecanol are liable to be affected by con-
founding factors in the body such as age, gender, changes in water
content, etc., because enzymes such as alcohol dehydrogenase and cy-
tochrome P450, which are mainly active in the liver, are involved in the
metabolism of alcohols [4,14]. It would be considered that biochemical
cellular processes associated with tumor formation lead to an increase
in the levels of these ten VOCs.
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Fig. 5. (a) Reconstructed score plot obtained by PCA (PC1 vs. PC2) of a dataset
consisting of GC peak areas for 27 VOCs obtained from healthy controls and
oral cancer patients. (b) Loading chart indicating the contribution of variables
in the total variability of the initial two principal components.

3.3. Common VOCs detected from healthy and oral cancer saliva samples

Biomarker molecules that can act as a screening tool for a particular
disease are not necessarily restricted to the compounds that are ob-
served to increase in cancer patients. Furthermore, it is also conceivable
that certain metabolites may be present in decreased or increased
amounts in cancer patients owing to tumor-specific metabolic changes.
Among the 35 common VOCs that were observed (Fig. S1), 22 com-
pounds displayed statistically significant differences in the distribution
of chromatographic peak areas (p < 0.05 except for 4-methyl-3-pen-
ten-2-one and cyclohexanone) between both the groups, all of which
exhibited a tendency to decrease in the group of oral cancer patients
(Table 3). As can be observed from Fig. 4, we infer that six VOCs having
p-values that were lower than 0.01 (p < 0.01), such as ethanol,
2-pentanone, 1-propanol, 1-hydroxy-2-propanone, phenol, and hex-
adecanoic acid, were observed to be highly reproducible (FA > 0.70)
in both the groups. However, four VOCs, such as 1-octen-3-ol, pheny-
lethyl alcohol, 2-piperidinone, and indole, were observed to exhibit
relatively low FA values (FA < 0.40), despite their p-values lower than
0.01 (p < 0.01) (Fig. 4). We infer that this may be caused due to their
reduced production that was observed in samples that were collected
from oral cancer patients.

Generally, organic acids including hexadecanoic acid are considered
to be main products that are produced by proteolysis inside the body.
Phenol and 4-methyl-phenol are among the substances that cause ha-
litosis, which are related to volatile sulfur-containing compounds such
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as hydrogen sulfide, methyl mercaptane, and dimethyl sulfide. Indole
can be produced as a degradation product of the amino acid tryptophan
by various kinds of anaerobic bacteria. Therefore, the aforementioned
ten VOCs were additionally considered to be cancer biomarkers for the
diagnosis of OSCC, although they depicted a reduced presence in the
saliva samples that were collected from oral cancer patients.

Interestingly, we observed that only two compounds (4-me-
thyl-3-penten-2-one and cyclohexanone) from among the 35 common
VOGs illustrated an increased production in the oral cancer group, al-
though they depicted relatively low statistical differences (p > 0.10);
however, at the current stage it is difficult to explain the pathological
relevance of these two compounds. Furthermore, another interesting
feature was observed while using the seven VOCs (Table S1), such as
undecane, 1-heptanol, 1-octanol, butyrolactone, benzeneacetaldehyde,
(E,E)-2,4-decadienal, and benzyl alcohol, which was only observed in
the healthy control group. In other words, this result would suggest that
these seven VOCs either disappeared completely or were no longer
metabolized in oral cancer patients.

3.4. PCA analysis

PCA is a useful statistical approach to reduce the total variability
that is present in a particular set of data to obtain more informative
principal components and can be used for discrimination between the
samples with and without cancer. Several parameters characterizing the
saliva samples including age, sex, smoking status, clinical stage, and
histological type (Table 1) were also available for PCA. Initially, mul-
tivariate analysis was performed on the detection peak areas for all the
compounds that were detected in both healthy controls and oral cancer
patients. However, there was no statistically significant correlation
between the parameters that were considered to be variables (data not
shown). Thus, the main comparison was carried out for the criteria
cancer versus non-cancer without accounting for other sample para-
meters. The results of PCA are depicted in Fig. S2 for the initial two
principal components of the variability of total VOCs, based on which
the two sample groups (with and without cancer) are unambiguously
separated, depicting negative and positive PC1 scores, respectively.
This result is considered to be a critical evidence to verify that the
biochemical changes in saliva composition may be caused due to the
disease progression of the disease.

To further confirm the compounds that affect the distinction be-
tween these two groups, we investigated the precise contribution of
independent variables in the total variability of the initial two principal
components (PC1 and PC2). Similarly to the results that were observed
in Fig. S2a, it was observed that all the 80 VOCs that were detected
spread radially. Furthermore, these VOCs can be classified into two
clusters on the PCA plot (Fig. S2b). This coincidence may be attributed
to the fact that majority of the 42 metabolites that were detected in the
healthy control group decreased (33 VOCs) or completely disappeared
(seven VOCs) in the oral cancer group. Instead, it must be noted that 38
compounds were newly observed in the oral cancer group.

For a clearer distinction between the two groups, 27 compounds,
which include ten compounds (exhibiting FA values > 0.25, Table 2)
were newly produced by oral cancer, ten compounds (exhibiting p va-
lues smaller than 0.01, Table 3) were decreased, seven compounds
(only observed in the healthy control group, Table S1) disappeared in
the oral cancer group, were further extracted from the 80 VOCs and
used to perform additional PCA. Fig. 5 depicts the reconstructed score
plot and loading chart that were obtained using the PCA of variability
of 27 metabolites. Both the sample groups (with and without cancer)
can be clearly separated using PC1 scores that depict positive values for
most of the samples collected from the healthy control group, whereas
all the samples that were collected from the oral cancer group depicted
negative PC1 values (Fig. 5a). Therefore, we can conclude that these 27
VOCs mainly contribute to the distinction between the healthy and oral
cancer groups.



H. Shigeyama et al.

Table 4

Journal of Chromatography B 1104 (2019) 49-58

List of twelve potential biomarkers that were extracted from ten-decreased, seven-disappeared, and ten-newly produced VOCs in the oral cancer group.

Tentative compound name Chemical structure

(CAS number)

Probable metabolic origin

D d Ethanol
ecrease: ano) Ho N
2-Pentanone /ICJ)\/\
Phenol @
HO
Hexadecanoic acid o
Disappeared Undecane N\
4
1-Octanol M
HO 3
Butyrolactone :0: 5
Benzyl alcohol HO@
Newly produced 3-Heptanone

Related to enzymes such as alcohol dehydrogenase (ADH) activity and cytochrome p450 (64-17-5) [4,14]
Lung cancer (107-87-9) [42]

Produced by aerobic intestinal micro flora acting on tyrosine metabolism (108-95-2) [43,44]

Fatty acid biosynthesis (57-10-3) [45]

Oxidative stress (1120-21-4) [14,46]

Leukemia, colorectal, and lymphoma caner (111-87-5) [47]

Endogenous compound made from gamma-aminobutyrate (96-48-0) [48]

Toluene metabolism (100-51-6) [44]

Mitochondrial-oxidation (106-35-4) [49]

Dietary energy in liver cytoplasm (107-88-0) [50]

1,3-Butanediol OH
Ho/\/j\

1,2-Pentanediol OH Unknown (5343-92-0)
HO\/K/\

1-Hexadecanol Colorectal cancer (36653-82-4) [51]
HO' 7

2-Pentanone < 2.11 X 10°

yes no
C: 24; H:50
4 P
—— Undecane <5.10X 10 e 1,3-Butanediol = 1.28 x 10°
yes
yes no
Hexadecanoic acid < 9.03 X 10°
yes no
C 23 C [¢] G 1 C
H H 1 H 2 H H 47
95.8% sensitivity 94.0% specificity

Fig. 6. Decision tree for prediction of promising oral cancer biomarkers, which is based upon GC peak areas for twelve potential biomarkers listed in Table 4.
Numbers 24 and 50 indicate a total of samples that were collected from healthy volunteers (H) and oral cancer patients (C), respectively. Predicted category “yes/no”
for oral cancer diagnosis is based on classification matrices, that is, 2-pentanone over 2.11 x 10° is less probable to be associated with oral cancer.

Interestingly, the 27 VOCs that were used to perform PCA provide
useful information on the basis of their correlation with metastasis to
cancer. As illustrated in Fig. 5b, the ten-decreased and seven-dis-
appeared VOCs are located at the positive PC1 area of the PCA plot and
are grouped, although ethanol and 2-pentanone are observed to be
quite far from the remaining compounds in the decreased VOC group.
Probably, this fact that these two compounds deviated from their own
group and approached the different VOC group that includes dis-
appeared VOCs may be explained by the following reasons: 1) they
decrease more prominently compared to the other compounds that
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exhibited a tendency to decrease in the oral cancer group and 2) they
depict a strong correlation with the disappeared compounds. Further-
more, the newly generated ten VOCs are observed to gather densely in
the opposite negative area. Obviously, this result suggests that the
aforementioned 27 compounds are strongly involved in cancer pro-
gression and that they can be used for early detection or prediction of
cancer. With the growth of cancer, metabolites vary specifically, which
is observed on the PCA plot, moving in a clockwise direction from the
upper right to the lower right and further to the left.
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Fig. 7. Comparison of VOC profiles of twelve potential biomarkers for the
distinction between healthy controls and oral cancer patients in different stages.

3.5. Selection and profiling of potential biomarkers

The aforementioned 27 VOCs were finally concentrated to twelve
compounds that can be potential OSCC biomarkers, which are sum-
marized in Table 4, depicting the most remarkable variations that are
observed among the 27 VOCGs. This selection methodology of VOCs
confirms the presence of general molecular cancer markers that are
observed in literature, i.e., there is a strong evidence of oral cancer-
related VOCs that are present in the samples that were collected from
oral cancer patients. Retention times and MS profiles of these final
candidate biomarkers were well consistent with those that were ob-
tained using the reference compounds, as compared in Fig. S3.

Generally, a decision tree as a predictive model is a useful tool for
mapping observations on items to conclusions on their target values
[52]. To select the most relevant features for this classification model,
we utilized a pruning algorithm to screen the presence of oral cancer
from salivary samples. As depicted in Fig. 6, 2-pentanone, undecane,
1,3-butanediol, and hexadecanoic acid were determined as the main
variables that distinguish the two sample groups with and without oral
cancer. As can be seen from Fig. 5b, 2-pentanone depicts a more pro-
minent decrease compared to the other compounds that exhibited a
tendency to decrease in the oral cancer group, which is rather close to
the group of the disappeared compounds on the PCA plot. In addition, it
is clear that undecane (completely disappeared in the oral cancer
group) and 1,3-butanediol (newly generated in the oral cancer group)
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can be considered as promising biomarkers. Through this decision tree
classification, we could identify a classifier that has mathematical ca-
pacity to diagnose oral cancer with 95.8% sensitivity and 94.0% spe-
cificity.

Finally, we compared the average values of GC peak areas for the
twelve VOCs that were detected in the saliva samples that were col-
lected from both the sample groups to clarify the fact that they can be
considered to be tumor-specific candidate biomarkers that serve as
screening tools to detect oral cancer (Fig. 7). Furthermore, the healthy
control group is compared with the oral cancer group at different stages
(stages I, II, and IV) that depict different VOC profiles as compared to
that of the healthy control group. Interestingly, the average GC peak
areas for the twelve metabolites that were detected in the healthy
control group were observed to be obviously different compared to
those that were detected in the samples at stage I (n = 10) and stage I
(n = 12). Unfortunately, a very small set of samples (n = 2) at stage IV
could be used for this study. For more detailed data analysis, a sufficient
number of saliva samples from patients with oral cancer at advanced
stages (stage III and stage IV) are required.

Fig. 7 depicts additional information on affinity (selectivity) of the
ZSM-5/PDMS hybrid film to the metabolites that were identified in this
study. Among the twelve VOCs, compounds detected in the range of
longer retention time after approximately 18 min, such as benzyl al-
cohol, phenol, 1-hexadecanol, and hexadecanoic acid, are relatively
hydrophobic in the form of aromatic or long-carbon-chain aliphatic
molecules. As illustrated in our previous study [30], the PDMS film may
be considered to be effective for concentrating these hydrophobic
compounds owing to their hydrophobic interactions with the PDMS
polymer. However, smaller hydrophobic compounds, such as ethanol,
2-pentanone, and 3-heptanone, are observed in the opposite range of
shorter retention time before approximately 10 min. These compounds
exhibiting smaller sizes than the pores of ZSM-5 can be selectively
adsorbed using the zeolite that depicts equilibrated retention. The re-
maining compounds can be effectively detected in the ZSM-5/PDMS
hybrid film, since they have adequate affinities that are induced by both
ZSM-5 and PDMS components.

4. Conclusions

This study depicted that a technique for the analysis of VOCs that
were extracted using a ZSM-5/PDMS hybrid film was useful for the
establishment of metabolomic patterns of salivary VOCs that were
characteristic of oral cancer patients and healthy volunteers. Eighty
kinds of volatile metabolites were detected and identified between the
samples from the oral cancer group (n = 24) and the control group
(n = 50), which were classed as alcohols, ketones, hydrocarbons, al-
dehydes, organic acids, esters, phenols, etc. Among them, twenty-seven
metabolites (ten were decreased, seven disappeared, and ten were
newly produced in the oral cancer group) were considered to be tumor-
specific candidate biomarkers that serve as screening tools for oral
cancer, Furthermore, the results of multivariate analysis suggested that
these VOCs can be considered to contribute to the distinction between
both the sample groups. Eventually, twelve metabolites were selected
as potential oral cancer biomarkers and their VOC profiles revealed the
possibility of being used for distinction between different stages of oral
cancer. For future clinical practice, the actual population of OSCC pa-
tients must be extended. In the light of our present results, more de-
tailed correlations between VOC levels and tumor growth or pro-
liferation at different stages should be also investigated in future.
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