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Lipids in surgical aerosol as diagnosis biomarkers
for discrimination of lung cancer
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Introduction: Lung cancer is one of the most common malignancies worldwide, and the main
effective treatment is surgical operation to cure this disease. This study assessed the feasibility of
surgical aerosol for identification of lung cancer and adjacent normal tissue in surgery.

Methods: In vitro experiments, the surgical aerosol was released when the tissue sample was
being cut using a standard electrosurgery handpiece. Surgical smoke was dissolved in methanol
by negative-pressure suction and then get to the neutral sprayer for analysis. Multivariate
analysis was performed using partial least squares (PLS) analysis in MatLab 2011.

Results: A total of 208 surgical aerosol database entries were obtained from 26 patients. In
the cancerous aerosol, relative abundance (760.61, 782.39, and 789.68 m/z) was increased,
while relative abundances of (756.41 m/z) was decreased compared with normal-tissue
aerosol. After PLS analysis, mass—spectrometry (MS) data for the cancer aerosol showed
clear differentiation from normal. Four significant peaks were identified by collision-induced
dissociation experiments. The cancerous aerosol showed overexpression of phosphatidylser-
ine (34:2), phosphatidylcholine (36:4), and triacylglycerol (46:2), while phosphatidylcholine
(34:3) was decreased. Coupling PLS and extractiveelectrospray-ionization MS analysis of
the surgical aerosol data of lung cancer were clearly distinguished from normal.
Conclusion: The surgical acrosol might contain biomarkers for identification of lung cancer and
normal tissue.

Keywords: lung cancer, biomarker, surgical aerosol, mass spectrometry

Introduction

Lung cancer is one of the most common malignancies worldwide, and the main
effective treatment is surgical operation to cure this disease.'” Precision medicine
aims to improve patient outcomes. In surgery, incomplete excision leads to local
recurrence, while excessive resection can lead to complications such as nearby
important-organ injury, dyspnea after surgery, and anoxia postoperation.’
Therefore, it is important to identify precise tumor margins during surgery to be
confident in resection and accurate prognosis, as well as to minimize loss of healthy
tissue.* Surgeons determining tumor margins preoperatively must rely on medical
imaging, such as chest radiography, computed tomography, magnetic resonance
imaging, and positron-emission tomography,” which are not sufficiently sensitive
and accurate and depend on subjective judgment. Intraoperative frozen-section
histology was the golden standard to confirm tumor margins and isable to provide
results within 30 minutes. However, it is associated with many drawbacks: its time-
consuming (30 minutes) nature considerably lengthens the exposure of the patient
to the general-anesthetic and operative risk, and histopathological analysis is also
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subjective (the reliability and precision of cancer diagnosis
largely depend on the skills and experience of each
doctor).® Intraoperative computed tomography can be
used to assess margin status and can be performed within
the operating theater, providing direct feedback to the
surgeon without the need for specially trained personnel.”
However, compared to pathological techniques, it has
inferior accuracy and radiation exposure.® Due to the lim-
itations of contemporary intraoperative margin-assessment
techniques, a plethora of innovative devices are under
development aiming to provide a tool that limits workflow
disruption, provides rapid results, optimizes margin con-
trol, and reduces local recurrence rates.’ Therefore, there is
an urgent need for precision benign-tumor (such as gran-
uloma or hamartoma) cancer phenotyping for identifica-
tion during surgical, therapeutic, and some diagnostic
interventions.

In all fields of surgery,
aerosols containing cells and molecular information

tumor surgical
might be an ideal method to diagnose pathological mar-
gins. In modern surgery, the electrosurgical process of
cutting tissue causes heat to dissipate inside the tissue,
resulting in cellular explosion and release of cellular
content to the gas phase. The surgical aerosol is wasted,
due to the lack of detection methods. Mass spectrometry
(MS) is one of the most widely used techniques for the
analysis of biological samples and plays an important
role in analyzing biological samples across multiple
disciplines.'® With its many advantagesincluding speed
of analysis, high sensitivity, low limit of detection
(LOD), MS is
a powerful method for analyzing complex mixtures.

considered
11,12

and no pretreatment

Recently, a new method of MS analysis of surgical aero-
sol was introduced: advanced rapid evaporative ioniza-
tion MS, named “intelligent knife“, which is a novel
technique to analyze aerosol produced during electrosur-
gical treatment to provide tissue-specific diagnostics
based on lipid profiles.®"? Surgical aerosol analysis by
MS may be an alternative to standard frozen-section
histology, as MS can provide rich molecular information
from the aerosol, which can be correlated with pathology.

In this study, we used extractive electrospray ionization
(EESI) MS' to analyze the aerosol produced during sur-
gery. The aim was to assess its feasibility for the identifi-
cation of cancer and adjacent normal tissue. With this
method, it is possible to analyze surgical aerosol directly
to discriminate cancerous tissue from adjacent normal
tissue during an operation.

Methods

Materials

We used MS (LTQ-XL; Thermo Fisher Scientific,
Waltham, MA, USA) and a surgical electric knife
(Kaisite; Xi'an, People’s Republic of China). Methanol
(analytical reagent grade) was obtained from Tedia
(Fairfield, OH, USA). The
homemade.

deionized water was

Patients and sample collection

From March to September 2017, 26 patients undergoing
elective surgical treatment for lung cancer were prospec-
tively recruited at the Second Affiliated Hospital of
Nanchang University (Nanchang, People’s Republic of
China). Written informed consent was obtained from all
patients. This study was approved by the Medical Ethics
Committee of the hospital's institutional review board. All
clinical investigations were conducted according to the
principles expressed in the Declaration of Helsinki.
Inclusion criteria were adult patients with suspected pri-
mary lung cancer undergoing elective surgical resection by
either open or thoracoscopy surgery. The patients had no
other lung diseases, accompanying malignancies, or his-
tory of preoperative chemotherapy or radiotherapy.
Patients unable to provide consent or those undergoing
emergency surgery were excluded. After resection, surgi-
cal specimens were immediately transported fresh to the
histopathology department by a member of the research
team. Specimen were opened by a trained histopathologist,
and fresh biopsies cut from the tumor and normal adjacent
mucosa at 5 cm from the lesion. Then, tissue samples were
collected in liquid nitrogen within 5 minutes by the histo-
pathologist and stored at —80°C until in vitro experiments.

Extractive electrospray-ionization mass

spectrometry

EESI uses a solution sprayer and a neutral sprayer.'* The
electrospray was produced by a solution sprayer when solu-
tion (methanol-water mixture, v:v 70:30) at a flow rate of 5
puL/min using a conventional pumping system (ionizing vol-
tage +3.0 kV) was applied to the syringe needle and the
nebulizer nitrogen gas flow for the solution sprayer was
supplied at a pressure of 1.2 MPa. The surgical aerosol was
dissolved in methanol by negative pressure suction and then
get to the neutral sprayer for analysis. Analytes of the surgi-
cal smoke were ionized depending on liquid-liquid extrac-
tion between the colliding microdroplets, and then the
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ionized analytes were subjected to MS. The mass-scan range
was set to 700900 m/z, capillary temperature to 150°C,
capillary voltage to 10 V, and tube-lens voltage to 100 V.

Ex vivo analysis

Fresh tissue samples were analyzed ex vivo with an elec-
trosurgery handpiece using monopolar diathermy in cut-
ting mode with aspiration of the electrosurgical aerosol
through the neutral sprayer to the LTQ-XL. This process
took 5 minutes from capture of MS data to analysis. The
same tissue samples underwent histological examination
by two trained histopathologists for validation purposes.

Data analysis

Mass spectra were collected in single-stage MS, positive-
ion mode, and the mass range was 700-900 m/z. Four
mass spectra were obtained per sample. Raw spectra data
obtained from surgical aerosol were exported to Microsoft
Excel and arranged according to their m/z values with unit
resolution (independent variable) and using the relative
abundance of full-scan mass fingerprints (dependent vari-
ables). All MS data were treated as matrix X, and rows
and columns corresponded to sample cases and m/z-value
variables, respectively. The relative abundance of MS data
were normalized to reduce the impact of variation
on overall signal intensity expressed. All MS data belong-
ing to one patient were left out of the sample set, and
a new model was calculated using the remaining data. The
withheld data were projected into the new model and
classified as one tissue type between the unknown sample
point and calculated class centers. This process was
repeated four times for each individual sample. The dis-
criminating models were then subjected to dimensionality
reduction via partial least squares (PLS) analysis to reduce
the number of observed variables importance in projection,
which account for the majority of the variance in the data
set. To identify statistically significant peaks responsible
for PLS classification into each group, the first five were
kept for further analysis. Exact m/z values were retrieved
from the raw data, and these values were used for com-
pound identification via database search.

Results

A total of 26 patients were recruited for the ex vivo
experiments of the study (17 males, nine females).
Patient demographics and clinical information of the
remaining cases are shown in Table 1.

Table | Demographic and clinical information of enrolled patients.

Male/female 17/9

Median age, years (range) 56 (30-65)

Site of lesion
Upper lobe of right lung
Middle lobe of right lung
Inferior lobe of right lung

Upper lobe of left lung

S 00 08 — N

Inferior lobe of left lung

Histopathology
Squamous-cell carcinoma I
Adenocarcinoma 13

Adenosquamous carcinoma 2

T stage
TI 5
T2 13
T3
T4 0

N stage
NO 19
NI 6
N2 |

N stage
Mo 26
MI 0

EESI-MS analysis of surgical aerosol

Representative mass spectra of the surgical aerosol from
cancer and normal tissue can be seen in Figure 1. In the
positive-ion mode, the mass range was set at 700-900 Da,
main peaks from cancer tissue were 703.49, 725.56,
734.63, 756.58, 760.59, 782.57, 789.59, 791.11, and
810.54 m/z, while those of adjacent normal tissue were
703.49, 725.59, 734.58, 756.56, 760.57, 782.58, 789.59,
and 808.60 m/z (Figure 1). In cancerous aerosol, relative
abundance values of 760.61, 782.39, and 789.68 m/z were
increased, while relative abundance 756.41 m/z was
decreased compared with normal-tissue aerosol (Table 2).

Discrimination of surgical aerosol MS
data by PLS

All MS data expressed asrelative abundance were normal-
ized to reduce the impact of variation in overall signal
intensity expressed for PLS analysis. A total of 208 surgi-
cal aerosol database entries from 26 patients (each normal
and cancerous tissue sample analysed four times) were
interpreted in PLS-score graphs. EESI-MS was able
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Figure | Example of mass spectra from surgical smoke of cancerous tissue (A) and adjacent normal tissue (B) The 700-900 m/z range has been selected.

Table 2 Summary putative metabolite IDs for surgical

aerosol from cancer and normal tissue, their m/z and statistical significance

(P-value)
m/z Putative molecular structure P-value Normal Cancer Expression in cancer
756.41 PC (34:3) <0.001 7.44+2.48 5.92+1.07 Underexpressed
760.61 PS (34:2) <0.001 4.86+0.20 5.46£0.15 Overexpressed
782.39 PC (36:4) 0.001 6.44+2.35 7.48+1.56 Overexpressed
789.68 TG (46:2) <0.001 5.45+2.02 8.52+2.04 Overexpressed

Abbreviations: PC, phosphatidylcholine; PS, phosphatidylserine; TG, triacylglycerol.

reliably to distinguish between normal and cancer tissue
(Figure 2). Univariate analysis of target metabolites was
performed based on results from the loading data to con-
firm their statistical contribution to the model and to iden-
tify descriptive metabolites responsible for class
description (Table 2). This indicated that lipid abundance
was protean in cancer tissue. Univariate statistical analysis
was used to identify significant peaks that differed
between normal and cancerous aerosols. Four significant
peaks remained: three peaks were higher and one lower in
the cancerous aerosol (Table 2).

|dentified discriminatory ions by
collision-induced dissociation
experiments

Four differential ions were tentatively identified on the
basis of collision-induced dissociation experiments and

comparison with standard-product collision-induced
dissociation data. The 756, 760, 782, and 789 m/z

results represented phosphatidylcholine (PC; (34:3),
phosphatidylserine (PS; 34:2), PC (36:4), and triacyl-
glycerol (TG; 46:2), respectively (Figure 3).

Discussion

In the field of tumor oncology, identification of tumor
margins is crucially important to obtain confidence in
curative resection and accurate prognosis, as well as to
minimize losses to healthy tissue.* Lung cancer is the most
common malignant carcinoma, and surgical treatment is
the most efficient way to cure it.'> The current gold-
standard method to determine tumor margins accurately
during surgery is frozen-section histology, but it has some
shortcomings.'® Firstly, frozen-section histology during
surgery takes 30 minutes, which is a long time for the
patient and the surgeon. Secondly, the simplified histolo-
gical processing results in decreased reliability, especially
for samples containing high amounts of adipose tissue.
Lastly, the histological diagnosis is established based on
the visual perception of morphological tissue features, and
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Figure 2 Discrimination of surgical aerosol mass-spectra data analyzed by PLS, demonstrating class separation between aerosol of cancerous tissue and adjacent normal tissue.
Notes: (A) 2-D projection plots from PLS analysis of first and second latent variables (LV1 and LV2); (B) 2-D projection plots from PLS analysis of LV1 and LV3; (C) 2 D projection
plots from PLS analysis of LV2 and LV3; (D) 3-D projection plots from PLS analysis of the first three latent variables (LV1-LV3) for the surgical aerosol

Abbreviation: PLS, partial least squares.
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Figure 3 Mass spectra by collision-induced dissociation.
Notes: (A) PC (34:3; precursor ion 756.30 m/z); (B) PS (34:2; precursor ion 760.6 | m/z); (C) PC (36:4; precursor ion 782.30 m/z); (D) TG (46:8; precursor ion 789.59 m/z).
Abbreviations: PC, phosphatidylcholine; PS, phosphatidylserine; TG, triacylglycerols.

thus results are subjective. Therefore, there is an urgent real-time, objective data on tumor margins for clinical

need for in situ real-time identification of tissue features  decision-making.'” An ideal sample for discrimination of
during surgery. Precision surgery for the management of tumor margins during an operation is surgical aerosol,

lung cancer requires new technologies that can provide  which is closely related to cell and molecular information.
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Chemical analysis by MS may be a perfect method to
identification of tissue feature during an operation, as MS can
catch trace changes in molecular information, which can be
correlated with pathology.'®2° MS has been used for the
investigation of tissue for more than four decades, providing
numerical data for identification of tissue features. Recently,
mass spectrometry analysis has development rapidly and
a large number of ionization methods have been presented
for discrimination of tissue feature. These methods including
internal EESI-

MS,!! tip spray-ionization MS,* matrix-assisted laser deso-
rption—ionization MS,*' desorption electrospray—ionization
MS imaging® and rapid evaporative—ionization MS. While
it have been proved that these methods could identification
tumor tissue from normal, there are some shortcoming of
them (matrix-assistedlaser desorption—ionization MS and
desorptionelectrospray—ionization MS require frozen tissue
sections, internal EESI-MS and tipspray—ionization MS
need sampling from patient).
that the
differentiates accurately between distinct histological and

It has been reported

rapid evaporative—ionization MS  approach
histopathological tissue types, with malignant tissue yielding
chemical characteristics specific to histopathological sub-
types, identifying lung tissue based on PA (34:1)-H, PE
(34:2)-NH;, PE (36:1)-NH;, and PI (38:4)-H.° In the cur-
rent study, PS (34:2), PC (36:4), TG (46:2), and PC (34:3)
were mutative in cancerous tissue aerosol from normal lung
aerosol.

EESI-MS has demonstrated the ability to analyze
liquids and gases.”>** In the present study, the surgical
aerosol was detected directly by EESI-MS. Our results
demonstrated that EESI-MS enables direct chemical char-
acterization of surgical aerosol from non-small-cell lung
cancer. The results of PLS analysis revealed that a small
fraction of compounds were different in surgical aerosol of
cancer and normal tissue. On PLS analysis, a total of 208
surgical aerosol database entries from 26 patients were
able reliably to distinguish between cancer tissue and
adjacent normal tissue. Upon further analysis of statisti-
cally significant peaks, the results revealed that PS (34:2),
PC (36:4), and TG (46:2) were increased, while PC (34:3)
was decreased in cancer aerosol. At the molecular level,
lipid metabolism is an important unit of tumor
metabolism.** Some tumors demonstrate a lipogenic phe-
notype, as membrane lipids are rapidly synthesized in
tumor cells with high turnover.”® It has been reported
that lipids are critical regulators of cancer, not only struc-

turally but also in cell signaling between cancer and

adjacent normal stroma.'’ In our previous study, lipid
metabolism in lung cancer confirmed that dipalmitoyl
phosphatidylcholine and 1-palmityl-2-oleoyl phosphatidyl-
choline were decreased, but 2-oleoyl phosphatidylcholine
and arachidonic acid-stearoyl phosphatidylcholine
increased in lung squamous-cell carcinoma tissue relative
to normal tissue.* In the present study, lipids were altered
in surgical aerosol from lung cancer tissue. The relative
abundance of PS (34:2), PC (36:4), TG (46:2) was
increased, while PC (34:3) was decreased in cancer aero-
sol. These lipids may be consideraed biomarkers in surgi-
cal aerosol of non-small-cell lung cancer.

This is the first study to apply EESI-MS to discriminate
lung cancer during surgery. The aim of the study was to
validate the diagnostic potential of the surgical aerosol.
With EESI-MS, trace changes in lipids werecaught. After
PLS analysis, MS data of surgical aerosol distinguish
cancerous tissue from adjacent normal tissue. EESI-MS
coupled with PLS analysis selected the most significant
ion peaks for discriminating between cancer and adjacent
normal tissue. Different metabolite IDs for surgical aerosol
were identified following a search of the Human
Metabolome Database. Result revealed that surgical aero-
sol might contain biomarkers for identification of lung
cancer and adjacent normal tissue. In this analysis, it
hasbeen proved that surgical aerosol is able to identify
cancer during an operation. The authors know the limita-
tions of this study. The sample was small, the mechanisms
of discrimination not yet well understood, and we col-
lected only ex vivo experimental data. Although this
study did not achieve real-time and in situ differentiation
between cancer and normal tissue in surgery, the diagnos-

tic potential of surgical aerosol was clarified.

Conclusion

With coupling PLS and EESI-MS analysis of surgical
aerosol, MS data for non-small-cell lung cancer was able
to be distinguished clearly from normal tissue. The surgi-
cal aerosol might contain biomarkers for identification of
cancer and normal tissue. The altered lipid profile in
further
Detecting surgical aerosols may be a viable method for

cancerous aerosol is significant for study.

discrimination of tumor margins during operations.

Abbreviation list

PLS, partial least squares; EESI, extractive electrospray
ionization; MS, mass spectrometry; PC, phosphatidylcho-
line; PS, phosphatidylserine; TG, triacylglycerol.
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