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Abstract: Early diagnosis of colorectal cancer is crucial to increase the survival rates of the patients
and breath analysis represents a promising non-invasive tool to obtain information on cancer-related
variations on the human volatilome. A solid phase microextraction coupled to gas chromatography—
mass spectrometry method for the determination of seven selected compounds, representative of
the volatilome secreted by the colonic mucosa of patients affected by colorectal cancer, including
benzaldehyde, benzoic acid, dodecane, ethylbenzene, octanal, tetradecane and toluene, was devel-
oped. All the extraction parameters were studied for both headspace and direct immersion sampling
and the procedures fully validated. The potential of the approach was demonstrated by the time
monitoring of the emission of the selected volatile organic compounds from the surgical resected
colon mucosa tissues of colorectal cancer patients. Furthermore, the extraction and identification of
thirty-one volatile organic compounds secreted by the same tissues was accomplished.

Keywords: headspace solid phase microextraction; direct immersion solid phase microextraction;
gas chromatography—mass spectrometry; volatile organic compounds; surgical resected tissues;
colorectal cancer

1. Introduction

Colorectal cancer (CRC) is a leading cause of cancer-related death [1-4] and the third
most prevalent malignancy worldwide [5]. Only an early diagnosis can increase the 5-year
survival rate up to 90% [4].

The volatilome [6] is represented by the volatile fraction of metabolome generated
within the human organism and reflects the metabolic processes in the body, which may
change in presence of cancer [7-9]. Wherever cancer is in the body, the volatile organic
compounds (VOCs) released by the tumor tissue into the bloodstream are subsequently
eliminated through the lung alveoli as components of exhaled air [10,11], making breath
analysis an attractive, promising and non-invasive means for the diagnosis and follow-up
of the disease [12].

Several investigations have confirmed that different patterns of VOCs are exhaled
by patients affected by different tumors [13-16] and our previous studies pointed out
that selected VOCs could discriminate CRC patients from normal individuals [16,17].
Specifically, three VOCs (benzaldehyde, ethylbenzene and tetradecane) were found to be
useful to detect differences among patterns of substances secreted by cancerogenic tissues
compared to heathy mucosa, in the same individual. If reflected in the pattern of exhaled
VOCs of the patients, those differences could lead to a simple, non-invasive, unexpensive
method for early diagnosis of the disease based on the direct breath analysis [16].
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Solid phase microextraction (SPME) is a simple, sensitive and cost-effective [18-25]
technique for the extraction of volatile and semi-volatile compounds by means of a fiber
coated with a proper polymeric phase. The extraction can be performed in the headspace
(HS-SPME) of solid /liquid matrixes, exposing to the gas phase the polymeric film that
adsorbs the volatiles, or by direct immersion (DI-SPME) of the fiber in a small volume of
aqueous samples [20,21]. As the SPME mechanism is based on the equilibrium of analytes
among different phases, the extraction of the compounds is greatly influenced by the
vapor pressure in the vial, which depends on extraction temperature, equilibrium and
extraction time [22]. Therefore, these parameters must be carefully optimized [22-25],
together with other important variables, including ionic strength, pH, sample volume,
uniformity and stirring speed [22-25]. Recently, our research group successfully applied
HS-SPME to find correlation among the VOCs released by the surgical resected tissue of
patients affected by CRC and the VOCs contained in their exhaled breath, collected in
sorbent tubes and desorbed with a thermal desorber [17]. This study was then aimed to
optimize and compare two different extraction protocols, based on HS- and DI-SPME,
respectively, for the extraction of seven target VOCs secreted by surgical resected tissues of
the colonic mucosa of colorectal carcinoma patients, whose concentration likely depends on
the presence of the disease. All the relevant parameters were carefully optimized and the
methods were validated using the ideal conditions. The extracted compounds were then
subsequently analyzed by gas chromatography-mass spectrometry (GC-MS) in selected
ion monitoring (SIM) mode. Both optimized protocols were then employed for the analysis
of colon tissues (healthy tissue and tumor) from CRC patients, allowing to extract and
identify 31 secreted VOCs. Besides, the DI-SPME approach permitted to perform kinetic
studies, being independent from the metabolic evolution of the ex vivo systems, monitoring
over time the emission of the seven selected VOCs. Therefore, both systems described
could be useful to understand which metabolites released come directly from the healthy or
tumor tissue of the same patient, but the DI-SPME system, described here for the first time,
could provide more important and useful knowledge for understanding CRC metabolism.

2. Materials and Methods
2.1. Chemicals and SPME Device

All standards (benzaldehyde, benzoic acid, dodecane, ethylbenzene, octanal, tetrade-
cane and toluene) were purchased from Supelco (Sigma-Aldrich, St. Louis, MI, Italy) and
were certified as reference material, except octanal, which was of analytical degree (>98%,
purity). Stock solutions of each compound (10 mg/mL) were prepared in methanol (Sigma-
Aldrich, M, Italy), stored at 8 °C and daily diluted in a fresh culture medium (Dulbecco’s
Modified Eagle Medium, Euroclone, MI, Italy) to prepare working standard mixtures.

The SPME assembly kit (Supelco) included a manual holder and six different fiber
coatings (1 cm, length), namely, 60 pm carbowax-polyethylene glycol (PEG), 85 pm poly-
acrylate (PA), 75 pm carboxen/polydimethylsiloxane (CAR/PDMS), 50/30 pm divinyl-
benzene/carboxen/polydimethylsiloxane (CAR/DVB/PDMS), 65 um polydimetylsilox-
ane/divinylbenzene (PDMS/DVB) and 7 um polydimetylsiloxane (PDMS). Before use,
fibers were conditioned in the GC injector, as suggested by the supplier.

2.2. SPME VOCs Extraction

VOCs extraction by HS-SPME was carried out as follows: A volume of 0.1 mL of a
working standard mixture (1 mg/mL) was added to a 7 mL amber glass vial, fitted with
a PTFE/silicone septum and screw cap (Sigma-Aldrich), containing 1 mL of sterile culture
medium (HS-vial). The fiber was placed about 1.5 cm above the solution at 37 °C for 30 min.

DI-SPME was carried out as follows: A volume of 15 puL. were taken from the HS-vials,
by piercing the silicone septum using a Hamilton microliter syringe (Sigma-Aldrich), and
transferred in a 1.7 mL vial containing 1.5 mL of an aqueous solution and a magnetic stir
bar (Sigma-Aldrich). After sealing with cap equipped with PTFE/silicone septa, the fiber
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was immersed in the solution under stirring (700 rpm) for a 60 min at room temperature,
or at 50 °C.

After obtaining written informed consent, samples of fresh cancer tissues and normal
colonic mucosa were surgically resected from three colorectal affected patients (one man
and two women, mean age 65 £ 10 years, tumor localized to the right colon, stage III).
Immediately after resection, tissues were cut in weighted biopsies of 0.5 £ 0.0.5 g and
hermetically sealed in a 7 mL screw top amber glass vial with a PTFE/silicone septum
(Sigma-Aldrich), containing 1 mL of sterile culture medium. Within 30 min from resection,
the vials were incubated in a thermostatic bath set at 37 °C and the analyses were performed
by HS- and DI-SPME after 1, 2, 3 and 7 days of incubation. Simultaneously, 1 mL of culture
medium was transferred to a similar vial, subjected to the same protocol and used as
“blank” during the analyses.

2.3. GC-MS Apparatus and Analysis Experimental Conditions

A TRACE GC Ultra (Thermo Scientific, Waltham, MA, USA) was equipped with an
ion-trap mass spectrometer (Polaris Q, Thermo Scientific). The chromatographic separation
was performed with a TRACE TR-5 MS fused-silica capillary column (30 m x 0.25 mm i.d.,
0.25 pm film thickness) (Thermo Scientific). Helium was the carrier gas, with a constant
flow rate of 1.0 mL/min.

The optimized chromatographic conditions were as follows: The oven temperature
was raised from an initial 40 °C (5 min) to 100 °C at 10 °C/ min, then to 130 °C at 3 °C/min
and, finally, at 10 °C/ min to 220 °C (1 min). The injector temperature (splitless mode)
was 200 °C. The mass spectrometer operated in the electron impact mode with a source
temperature of 200 °C, an ionizing voltage of 70 eV and a transfer line temperature of
240 °C. The mass analyzer was used in full scan mode (40-250 m/z with a total scan time of
0.34 s), or selected ion monitoring (SIM) mode, using the experimental parameters shown
in Table 1.

Table 1. SIM operation mode parameters.

RT * Compound Segment Start-End (min) Characteristic Ions **
5.79 £0.03 toluene 4.00-7.50 65,91
8.44 + 0.02 ethylbenzene 7.50-10.50 91, 106
11.01 £ 0.02 benzaldheyde 10.50-11.50 77,105
11.66 + 0.01 octanal 10.50-13.50 43, 56
14.30 & 0.03 benzoic acid 13.50-15.50 91,121
16.59 + 0.03 dodecane 15.50-18.50 57,71, 85
23.05 + 0.04 tetradecane 18.50-24.50 57,71, 85

* Retention time (RT); ** Quantification ion in bold.

After extraction, fibers were directly transferred into the injection port of the GC for
2 min in splitless mode. In the case of ex vivo experiments, fibers were further exposed for
5 min in the GC injector port at 250 °C before a new sampling to prevent memory effects.

3. Results and Discussion
3.1. Optimization of SPME Parameters

Starting from the optimization of the HS-SPME conditions, preliminary experiments
were performed in order to compare the extraction efficiency of different fiber coatings,
namely, polyethylene glycol (PEG), polyacrylate (PA), carboxen/polydimethylsiloxane
(CAR/PDMS), carboxen (CAR), carboxen/divinylbenzene/polydimethylsiloxane (CAR/
DVB/PDMS) and polydimethylsiloxane (PDMS), using the experimental conditions re-
ported in Section 2.2 (exposure time 30 min, after 30 min of sample heating at 37 °C). A
good compromise for the simultaneous extraction of all the selected targets compounds
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was reached employing the bipolar fibers CAR/PDMS and CAR/DVB/PDMS, which
were then selected for further experiments. Figure 1 compares the instrumental response
obtained for each analyte using the two fibers.

8.00 x100
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6.00x105 4| = CAR/DVB/PDMS I

500x100 |

4.00x100 |

peak area
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Figure 1. Instrumental response obtained extracting the selected compounds from the HS using the
CAR/PDMS and CAR/DVB/PDMS fibers, respectively.

Then, desorption conditions in the GC injector (splitless mode) were optimized testing
different combinations of temperature and time, evaluating the carry-over after each
desorption. It was found that 2 min at 200 °C were sufficient to completely remove the
volatiles from the fiber.

The optimization of the extraction temperature, pH, ionic strength and stirring were
not performed, since the method is intended to be applied to ex vivo experiments that
involve surgical resected tissues of CRC patients and their subsequent cultivation in
laboratory, under suitable conditions of sterility. Therefore, only extraction time profiles
at 37 °C (ex vivo incubation temperature) were evaluated for both selected fibers and the
relevant results reported in Figure 2. As apparent, 30 min of HS sampling were required
to obtain the best response for the analytes with both fibers, with the only exception of
benzaldehyde and tetradecane with CAR/DVB and CAR/DVB/PDMS fibers, respectively,
that reached equilibrium after 15 min.

DI-SPME extraction was also considered, since it could provide useful information for
the evaluation of metabolites directly released from the tissues into the culture medium.
Then, all the main variables (time, temperature, ionic strength and pH) that influence the
extraction process were evaluated, under constant agitation (700 rpm). It is worth noting
that, to preserve the polymer phase, especially due to the presence of salt, the fibers were
left overnight in distilled water without exposing the coating. This practice permitted to
perform more than 80 consecutive extractions per fiber.

Generally speaking, salt addition often improves the recovery, due to the salting-out
effect. Thus, experiments were performed by increasing progressively the ionic strength of
the extraction solutions. Figure 3 reports the results obtained performing the extraction for
1 h at room temperature, without and after the addition (30%) of NaCl, respectively. As
apparent, a positive effect of salt on the extraction was mostly observed.
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Figure 2. HS extraction time profiles obtained with both selected fibers at 37 °C.
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Figure 3. Effect of the NaCl concentration on the DI extraction efficiency obtained with both se-

lected fibers.
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The influence of pH and temperature on the extraction efficiency were also examined
performing extractions by using different pH buffers and temperatures, even if they did
not show a positive effect. Figure 4 reports, for instance, the results obtained working at
room temperature and at 50 °C, clearly showing how the temperature increase produced a
decrease of the peak area.
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Figure 4. Effect of the temperature on the DI extraction efficiency obtained with both selected fibers.

As can be easily inferred from the results obtained so far, the CAR/DVB/PDMS
fiber showed the best extraction efficiencies for almost all the analytes and was then
selected for the prosecution of the experiments. Figure 5 reports the extraction time profiles
obtained with the CAR/DVB/PDMS fiber at room temperature in the presence of 30%
NaCl. Equilibrium was reached after 45 min for toluene and ethylbenzene, while longer
sampling times were required for the other analytes. However, considering that non-
equilibrium extractions can be performed working under reproducible conditions, 60 min
were selected as the best compromise between time and sensitivity.
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Figure 5. DI extraction time profiles obtained with the CAR/DVB/PDMS fiber at room temperature in the presence of 30% NaCl.

3.2. Validation of HS-SPME and DI-SPME Optimized Methods Coupled to GC/MS

The optimized HS- and DI-SPME conditions were tested with linear regression anal-
ysis of peak area versus analyte concentration in culture medium, utilizing standard
solutions of suitable concentration. The linear ranges and the equations of the calibration
curves, together with limits of detection (LOD) and quantification (LOQ), calculated for
the selected compounds with both the approaches, are reported in Table 2. The regression
lines obtained by HS-SPME showed higher slopes than those obtained by DI-SPME only
for benzaldehyde and octanal; opposite results were observed in the case of toluene, while
comparable results were observed for the remaining analytes. This trend was also reflected
in the LOD and LOQ values.

Table 2. Linear ranges, equations of the calibration curves, LOD and LOQ calculated for the analytes.

Compound Equation R2 Li?;glrlj‘ir;ge (:;1:/51;) (rl;lglrQn;)
HS-SPME-GC/MS-SIM
toluene y = 5110x + 225 0.8681 0.05-100 0.02 0.05
ethylbenzene y = 2436x + 262 0.9941 0.14-100 0.04 0.14
benzaldheyde y = 18762x + 327 0.9531 0.09-100 0.03 0.09
octanal y = 11427x + 1283 0.8974 0.08-100 0.02 0.08
benzoic acid y = 194091x + 5000 0.9891 0.01-100 3x 1073 9 x 1073
dodecane y =1732x + 306 0.8717 1.40-100 0.40 1.40
tetradecane y = 17293x—5202 0.9883 0.10-100 0.03 0.10
DI-SPME-GC/MS-SIM
toluene y = 18135x + 1617 0.9987 0.02-1000 6 x 1073 0.02
ethylbenzene y = 2270x + 3031 0.9977 0.04-1000 0.04 0.14
benzaldheyde y = 1704x + 384 0.9995 0.90-1000 0.27 0.90
octanal y = 1990 + 648 0.9997 0.40-1000 0.12 0.40
benzoic acid y =242162x + 4204 0.9974 7 x 1073-100 2x 1073 7 x 1073
dodecane y = 1245x — 930 0.9996 2.00-1000 0.60 2.00
tetradecane y = 13800x + 1127 0.9969 0.17-1000 0.05 0.17

Y = peak area counts (a.u.); x = VOCs concentration in culture medium (ug/mL). * LOD and LOQ were three and ten times the signal to
noise ratio, respectively.
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The within day (n = 3) and day-to-day (1 = 3, over 7 days) relative standard deviations
(RSD%) of the HS- and DI-SPME procedures were investigated on standard solutions of
the analytes at concentration levels equal to 5, 10 and 20 times the LOQs. In the case of
the HS procedure, RSD% values <10.5 (headspace) and <9.9% (direct immersion) were
always obtained for all the analytes at different concentrations levels.

3.3. Analyses of Ex Vivo Colon Tissues from CRC Patients

The colon tissues (healthy tissue and tumor) from CRC patients were analyzed by HS-
and DI-SPME-GC-MS, employing the optimized experimental conditions, and identities
were attributed to the secreted VOCs. At first, peaks identification was carried out by
comparing the mass spectra of the chromatographic peaks with those reported in the
National Institute of Standards and Technology (NIST) library (http://webbook.nist.gov/
chemistry /2018 (accessed on 6 July 2021)). Furthermore, the relative retention index (RI) of
each compound was calculated using the RT of the C7—C30 series of homologous n-alkanes
(1000 pg/mL in hexane from Supelco) and compared with those reported for substances
analyzed under similar conditions. The protocols allowed to individuate 31 different
compounds, shown in Table 3, clearly demonstrating the potential of the present approach.

Table 3. List of the VOCs secreted by surgical resected colon mucosa tissues of CRC patients.

N # RT (min) RI * Compound
1 3.2 671 1-butanol
2 3.45 687 2-pentanone
3 4.75 723 1-butanol, 3-methyl
4 5.00 732 disulfide, dimethyl
5 51 753 pyridine
6 5.79 761 toluene
7 8.44 851 ethylbenzene
8 9.02 875 2-heptanone
9 9.14 885 2,4-dithiapentane
10 9.67 895 2,5-dimethyl pyrazine
11 9.91 917 oxime, methoxy-phenyl
12 10.69 921 pentanoic acid
13 11.01 961 benzaldehyde
14 11.14 996 furan, 2-pentyl
15 11.66 1001 octanal
16 12.14 1023 benzyl Alcohol
17 12.9 1027 phenol, 2-methyl
18 13.02 1094 2-nonanone
19 13.28 1080 nonanal
20 13.63 1083 phenethyl alcohol
22 13.88 1143 disulfide, methyl (methylthio)methyl
23 14.30 1171 benzoic acid
24 13.90 1138 phenol, 2-ethyl
25 13.95 1143 phenol, 3,5-dimethyl
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Table 3. Cont.

N # RT (min) RI* Compound

26 14.89 1185 decanal

27 15.40 1202 tetrasulfide, dimethyl
28 16.51 1288 indole

29 16.59 1250 dodecane

30 23.05 1399 tetradecane

31 23.62 1568 dodecanoic acid

*RI=100x z + 100 x (RTx — RTz)/(RT(z + 1) — RTz). For element x: z = number of carbon atoms of the n-alcane
eluted before x; z + 1 = number of carbon atoms of the n-alcane eluted after x; RTx, RTz and RTz + 1 retention
time of x, z and z + 1, respectively.

The DI-SPME-GC-MS procedure was then used to monitor the progressive emission
of seven selected VOCs from the healthy tissues and diseased mucosa, respectively, of three
CRC patients, for 1 week in ex vivo conditions. The DI-SPME technique was preferred
to carry out kinetic studies, because it permitted to be independent from the metabolic
evolution of the ex vivo systems, which also makes impossible to perform replicate analyses
on the same vials to evaluate intra- and inter-day variability. Figure 6 shows the kinetic
profiles obtained for each analyte while Table 4 shows the concentration ranges of the

analytes estimated in healthy tissues and diseased mucosa.
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Figure 6. Kinetic profiles of seven selected analytes secreted by surgical resected colon tissues (healthy tissue and tumor)

from three CRC patients.

Data reported in Figure 6 suggest that the secretion of most of the selected compounds,
i.e., benzaldehyde, ethylbenzene, octanal and tetradecane, from both type of tissues was
observable for 6 days, with a constant increase for 4 days, when a plateau was reached.
On the contrary, dodecane and toluene showed a fast reduction that lead to their total
disappearance after only 2 days of incubation. In the case of ethylbenzene, octanal (after
2 days) and benzaldehyde, quantitative differences were observed between sick and healthy
tissues of the same patient. Moreover, compared to the normal colonic mucosa, cancer
tissue is characterized by higher release of benzaldehyde, likely due to the increase in the
rate of specific metabolic processes catalyzed by the disease which, on the contrary, slows
down the production of ethylbenzene.
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Table 4. Concentration ranges of the target compounds estimated in the surgical resected colon
tissues (healthy tissue/tumor) from three CRC patients.

Compound Healthy Range (ug/mL) Tumor Range (ug/mL)
benzaldehyde 1.14-67.62 1.31-394.86
benzoic acid LOD-0.26 LOD-0.23
dodecane LOD -5.43 LOD-12.59
ethylbenzene 2.81-62.77 3.21-4.38
octanal 0.96-27.06 0.97-3.24
tetradecane 0.05-0.5 0.11-0.79
toluene nd-3.84 nd—4.08

4. Conclusions

This study aimed to optimize an experimental method suitable to extract and analyze
VOCs secreted by surgical resected tissues of CRC patients, in order to find possible
quantitative differences between patterns of substances secreted by the cancerogenic tissue
compared to heathy mucosa of the same people, that could allow to develop a simple,
non-invasive, cost-effective method for the early diagnosis of the disease based on the
direct breath analysis.

For this purpose, HS-SPME-GC/MS and DI-SPME-GC/MS methods to quantify VOCs
secreted by surgical resected colonic mucosa of three CRC patients were optimized. Seven
compounds, relatable with substances detected in expired breath of the same patients (ben-
zaldehyde, benzoic acid, dodecane, ethylbenzene, octanal, tetradecane and toluene), were
selected as target compounds. The potential of the optimized protocols was demonstrated
by the time monitoring of the concentration of the analytes, in ex vivo conditions and by
the identification of 31 secreted compounds.
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