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Abstract 

Background: Screening decreases mortality among lung cancer patients but is not widely implemented, thus there 
is an unmet need for an easily accessible non-invasive method to enable early diagnosis. Particles in exhaled air offer a 
promising such diagnostic tool. We investigated the validity of a particles in exhaled air device (PExA) to measure the 
particle flow rate (PFR) and collect exhaled breath particles (EBP) to diagnose primary lung adenocarcinoma (LUAD).

Methods: Seventeen patients listed for resection of LUAD stages IA–IIIA and 18 non-cancer surgical control patients 
were enrolled. EBP were collected before and after surgery for LUAD, and once for controls. Proteomic analysis was 
carried out using a proximity extension assay technology. Results were validated in both plasma from the same 
cohort and with microarray data from healthy lung tissue and LUAD tissue in the GSE10072 dataset.

Results: Of the 92 proteins analyzed, levels of five proteins in EBP were significantly higher in the LUAD patients 
compared to controls. Levels of phospholipid transfer protein (PLTP) and hepatocyte growth factor receptor (MET) 
decreased in LUAD patients after surgery compared to control patients. PFR was significantly higher in the LUAD 
cohort at all timepoints compared to the control group. MET in plasma correlated significantly with MET in EBP.

Conclusion: Collection of EBP and measuring of PFR has never been performed in patients with LUAD. In the present 
study PFR alone could distinguish between LUAD and patients without LUAD. PLTP and MET were identified as poten-
tial biomarkers to evaluate successful tumor excision.

Keywords: Exhaled breath particles, Hepatocyte growth factor receptor, Lung cancer, Particle flow rate, Phospholipid 
transfer protein, Lung adenocarcinoma

Background
Lung cancer is the leading cause of cancer mortality, 
causing almost 1.8  million deaths worldwide in 2020 
and accounting for 18% of all cancer deaths [1]. Despite 
advances in treatment, 5-year survival is poor, rang-
ing from above 25% for women with non-small cell lung 

cancer (NSCLC) to below 5% for men with small-cell lung 
cancer in the Swedish National Lung Cancer Registry [2]. 
Most lung cancers are detected in advanced stages when 
curative treatment is no longer an option. Screening 
with low-dose computed tomography has proven effec-
tive in two large, randomized trials, with successful early 
detection and reduced mortality [3, 4]. However, lung 
cancer screening is not widely implemented due to dif-
ficult logistics, overdiagnosis and false-positive findings 
[5, 6]. The addition of risk-based screening models based 
on sociodemographic factors, clinical symptoms and 
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biomarkers, alone or combined, could enhance the effi-
cacy of lung cancer screening. Biomarkers can be found 
in different sample types, such as blood, urine, or exhaled 
air, and can be based on circulating cells, nucleic acids, 
proteins, or other molecules. Despite great efforts to 
identify suitable biomarkers, no method is yet established 
in clinical use due to lack of significant improvement in 
predictive performance, and sampling procedures can be 
complex and costly [7]. However, there are some proteins 
of interest that have a known connection to LUAD. One 
of these is hepatocyte growth factor receptor (MET). In 
approximately 70% of LUAD tumor tissue the MET gene 
is significantly overexpressed [8], moreover, overexpres-
sion of MET in plasma of patients with LUAD is a known 
phenomenon [9]. Given this, we investigated the correla-
tion between levels of MET in EBP and s-MET in plasma 
in this study.

Collection of exhaled air allows for investigation of 
exhaled breath particles (EBP) [10], volatile organic 
compounds [11] and exhaled breath condensate (EBC) 
[12, 13], offering a unique isolated matrix of the res-
piratory system for biomarker analysis. Volatile organic 
compounds might reflect the presence of neoplasms or 
disease processes not specific to the lungs, and EBC is 
hampered by salivary contamination, whereas EBP reflect 
the distal airways selectively [14, 15], which is why EBP 
have gained much interest as a potential source of bio-
markers. The respiratory tract lining fluid (RTLF) covers 
the epithelial surfaces of the distal airways. As small air-
ways and alveoli open and close, particles from the RTLF 
enter the large airways and are subsequently exhaled 
[16]. The particle flow from the airways is measured as 
the particle flow rate (PFR) of EBP, which are collected 
for subsequent analysis [14, 15, 17]. In this study, patients 
undergoing lung cancer surgery for lung adenocarcinoma 
(LUAD) and patients without LUAD were enrolled. We 
aimed to evaluate proteins in EBP as well as analyzing 
PFR before and 1 month after surgery and comparing 
the results between LUAD patients and control patients, 
thereby evaluating the potential to use EBP and PFR as 
diagnostic tools. Analyzing EBP and PFR have previously 
been proven useful in diagnosing and evaluating other 
pulmonary diseases such as asthma, acute respiratory 
distress syndrome (ARDS) and primary graft dysfunction 
(PGD) in lung transplant recipients and in patients with 
COVID-19 by us and other research groups [10, 14, 15, 
17–19].

Patients and methods
This study is a prospective observational clinical trial 
with the aim to analyze exhaled breath particles from 
patients with LUAD and control patients to identify pro-
tein biomarkers and evaluate their potential usefulness 

in diagnosing and evaluating surgical resection of LUAD. 
We also aimed to investigate differences in particle flow 
rate between patients with LUAD and control patients. 
The study is approved by the Swedish Ethical Review 
Authority (Dnr. 2017/519). All patients signed a written, 
informed consent prior to enrollment.

Patient demographics
A total of 35 patients were included: 17 LUAD patients 
scheduled for resection and 18 patients without LUAD 
scheduled for other non-cancer surgery, referred to as 
the control group. Inclusion criteria were TNM staging 
system up to pTNM N2/IIIA (TNM 7th edition [20]). 
Follow-up with survival was recorded 3 years after sur-
gery. Demographic data are shown in Table  1 and the 
histopathological stage of the LUAD patients is shown 
in Table 2. A flow chart of enrolled subjects is shown in 
Additional file 1: Fig. S1.

Collection of particles in exhaled air
The device to measure particles in exhaled air (PExA 
2.0, PExA AB, Gothenburg, Sweden) contains an opti-
cal particle counter connected to an impactor for collec-
tion of EBP using a standardized breathing maneuver as 
described previously in detail [10]. Particles were quanti-
fied and divided into eight size bins ranging from 0.41 to 
4.55 μm in diameter. Number of particles (count, n) and 
total accumulated mass (ng) were measured. PFR was 
described as particles per liter of exhaled air. Particles 
were collected onto a membrane (Millipores LCR mem-
brane, Merck KGaA, Darmstadt, Germany) for biochem-
ical analysis. In the LUAD group, sampling was carried 
out at two timepoints: the day before surgery (n = 15), 
and 1 month postoperatively (n = 16). Control patients 
were sampled at one timepoint, the day before surgery. 
An overview of the study is shown in Fig. 1.

Analysis of exhaled breath particles
The Olink Target 96 Cardiometabolic panel (Olink Pro-
teomics AB, Uppsala, Sweden) was used to analyze 
92 proteins with the proximity extension assay (PEA), 
according to the manufacturer’s instructions [21]. Pro-
teins with less than 15% detectability were excluded 
according to Olink’s predetermined limit of detection 
(LOD). The analysis is based on a calculated normalized 
protein expression (NPX), a relative protein quantifica-
tion unit on a  log2 scale. This allows for identification of 
changes in individual protein levels across the sample set. 
A high NPX value indicates a high protein concentration. 
NPX values are relative and thus cannot be compared 
between proteins. All EBP samples were analyzed at the 
same time.
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Table 1 Patient characteristics

Characteristics for patients with lung adenocarcinoma (LUAD) and non-cancer surgical control patients. All data are reported as n (%) or mean (range). BMI body mass 
index. Significance was defined as: p < 0.0001 (****), p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), and p > 0.05 (not significant, ns)

All patients (n = 35) LUAD (n = 17) Control (n = 18) Significance

Sex

 Male 21 (60) 6 (35) 15 (83) p = 0.0059

 Female 14 (40) 11 (65) 3 (17) p = 0.0059

Age, years 70 (43–83) 72 (59–83) 68 (43–80) p = 0.3381

BMI, kg/m2 27.5 (19.6–38.0) 27.4 (21.1–35.6) 27.6 (19.6–38.0) p = 0.8799

Comorbidities

 Coronary artery disease 14 (40) 2 (12) 12 (67) p = 0.0016

 Diabetes mellitus 13 (37) 3 (18) 10 (56) p = 0.0354

 Hypertension 22 (63) 8 (47) 14 (78) p = 0.0858

WHO performance status prior to 
surgery

 0 13 (37) 9 (53) 4 (22) p = 0.0858

 1 15 (43) 8 (47) 7 (39) p = 0.7380

 2 7 (20) 0 (0) 7 (39) p = 0.0076

Smoking history

 Current 2 (6) 2 (12) 0 (0) p = 0.2286

 Former (> 6 weeks) 26 (74) 11 (65) 15 (83) p = 0.2642

 Never 7 (20) 4 (23) 3 (17) p = 0.6906

Fig. 1 Overview of workflow. A Patient enrollment, describes sampling of exhaled breath particles (EBP) and plasma from lung adenocarcinoma 
patients (LUAD) and non-cancer surgical controls (Co). Samples were collected preoperatively for both cohorts and at 1-month post-surgery for the 
LUAD cohort. B Validation, (1) Proximity extension assay (PEA) technology. (2) Standard sandwich enzyme-linked immunosorbent assay with specific 
antibodies for hepatocyte growth factor (MET) in plasma from all patients and timepoints (n = 49). (3) Deposited microarray data were used for 
validation of proteins in EBP
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Heatmap
A heatmap was created in R version 4.1.3 using the 
packages “readxl” and gplots”. The data were standard-
ized to allow comparison between the proteins and the 
protein levels were expressed as the z-score for each 
sample.

Blood sampling
Blood was collected on the day before and 1 month 
after surgery in the LUAD group and the day before 
surgery in the control group. The blood was collected 
in ethylenediaminetetraacetic acid (EDTA) tubes (BD 
Vacutainer, Becton, Dickenson and company, Franklin 
Lakes, USA). The samples were centrifuged for 10 min 
at 5000 rpm, at 22 °C, within 30 min of collection, 
and the plasma was thereafter stored at −80 °C until 
analysis.

MET in plasma using ELISA
An enzyme-linked immunosorbent assay (ELISA) tar-
geting soluble MET (s-MET) (HGFR/c-MET ELISA kit 
(ELH-HGFR-1), RayBiotech Life Inc., Atlanta, GA, US) 
was performed on plasma according to the manufactur-
er’s instructions.

Validation of proteins
The GSE10072 dataset which contains deposited micro-
array data describing gene expression in biopsies from 
primary LUAD (n = 58) and lung biopsies from healthy 
controls residing in the same area (n = 49) was selected 
from the Gene Expression Omnibus (GEO; https:// 

www. ncbi. nlm. nih. gov/ gds) to validate protein expres-
sion in EBP [22]. Unit of gene expression was expressed 
as normalized probe intensity (NPI).

Statistical analysis
A power calculation with a statistical power of 87% 
and an effect size of 1.82 as calculated by hedges g was 
performed, using the results of biochemical analy-
sis of surfactant A of a previously published study [10]. 
Descriptive statistics are presented as mean, range and 
standard error of mean (SEM). Student’s t-test, simple 
linear regression and Pearson’s correlation test were per-
formed using GraphPad Prism version 9.2.0 for Windows 
(GraphPad Software, San Diego, California USA). Sig-
nificance was defined as: p < 0.0001 (****), p < 0.001 (***), 
p < 0.01 (**), p < 0.05 (*), and p > 0.05 (not significant, ns).

Results
Particle flow rate from the airways was significantly higher 
in patients with LUAD
Particle flow rate (PFR) was measured before and 
1 month after surgery and was compared to patients 
without LUAD. A significantly higher PFR was seen 
among LUAD patients before surgery compared to the 
control patients (18,490 ± 3306 particles/L in LUAD 
patients, 4021 ± 899 particles/L in the control group 
[p < 0.0001]), (Fig.  2b). The PFR was still significantly 
increased 1 month after surgery compared to the patients 
without LUAD (p = 0.0001). Comparing PFR in LUAD 
patients before and after surgery, no significant differ-
ence was found (18,490 ± 3306 particles/L before sur-
gery and 30,210 ± 6500 particles/L 1 month after surgery 
(p = 0.1142).

Proteomic analysis of exhaled breath particles 
revealed differential levels between LUAD and patients 
without LUAD
A total of 89 unique proteins were detected using PEA 
technology and all were found in more than 75% of sam-
ples. A table of all 89 detected proteins can be found 
in Additional file 2: Table S1. Five proteins had a signifi-
cantly higher protein concentration before surgery in the 
LUAD group compared to patients without LUAD: com-
plement factor H-related protein 5 (CFHR5), microfibril-
lar-associated protein 5 (MFAP5), phospholipid transfer 
protein (PLTP), hepatocyte growth factor receptor/mes-
enchymal epithelial transition (HGF-R/MET) and car-
bonic anhydrase 4 (CA4), (Fig.  2a). These five proteins 
clustered as shown in the heatmap, the orange color rep-
resenting a lower z-score (Fig. 3). One month after sur-
gery, the three proteins, PLTP, MET and MFAP5, showed 
a decreasing trend, and when compared to patients 

Table 2 Staging, resection type and radicality

Histopathological stage, type of resection and radicality in lung adenocarcinoma 
patients. All data reported as n (%). R0 microscopic radicality, R1 microscopic 
margins positive for tumor

n = 17
Histopathological classification

Adenocarcinoma 17 (100)

Tumor stage

IA 10 (59)

IB 4 (24)

IIA 1 (6)

IIB 0 (0)

IIIA 2 (12)

Lung resection

Segmental resection 2 (12)

Lobectomy 15 (88)

R0 16 (94)

R1 1 (6)

https://www.ncbi.nlm.nih.gov/gds
https://www.ncbi.nlm.nih.gov/gds
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without LUAD, the significance was no longer found, 
possibly indicating tumor removal.

MET protein expression in plasma was elevated in LUAD 
patients
To further confirm if our findings in EBP also could 
be detected in plasma, MET in plasma was analyzed 
using ELISA. A significantly higher MET concentra-
tion was found before surgery in the LUAD group com-
pared to the control group (3921 ± 144 pg/mL in LUAD 
patients, 2358 ± 161 pg/mL in patients without LUAD 

[p < 0.0001]), in line with the findings in EBP (Fig. 4a). 
There was a significant correlation of protein levels in 
EBP and plasma in all patients (Fig. 4b).

Survival
Postoperative 3-year survival follow-up was carried out 
for LUAD patients. All patients except one were still alive 
at 3 years.

Fig. 2 Particle flow rate (PFR) from the airways as well as five proteins in exhaled breath particles (EBP) were significantly higher in patients with 
lung adenocarcinoma (LUAD) compared to patients without LUAD. A PFR was significantly higher in patients with LUAD. B The Figure shows 
normalized protein expression (NPX) of phospholipid transfer protein (PLTP), hepatocyte growth factor (MET), carbonic anhydrase 4 (CA4), 
microfibrillar-associated protein 5 (MFAP5) and complement factor H-related protein 5 (CFHR5) before surgical removal of LUAD compared to 
patients without LUAD (control patients). Data are presented as mean ± SEM. Significance was defined as: p < 0.0001 (****), p < 0.001 (***), p < 0.01 
(**), p < 0.05 (*), and p > 0.05 (not significant, ns)
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Validation of EBP data using dataset GSE10072 microarray 
data
Deposited microarray data from the dataset GSE10072 
were used to validate the EBP findings. The pro-
teins PLTP (gene ID NM_006227) and MET (gene ID 
BG170541 and BE870509) were significantly elevated in 
LUAD tissue compared to lung tissue from non-LUAD 
patients (PLTP: 9.66 ± 0.10 NPI in LUAD patients, 
9.29 ± 0.12 NPI in non-LUAD patients [p = 0.008], MET 
BG170541: 9.52 ± 0.19 NPI in LUAD patients, 8.79 ± 0.07 
NPI in non-LUAD patients [p = 0.0008], MET BE870509: 
8.16 ± 0.07 NPI in LUAD patients, 7.88 ± 0.03 NPI in 
non-LUAD patients [p = 0.003]) (Table 3).

Discussion
This study explored the potential use of proteomics, 
based on EBP to detect possible biomarkers to diagnose 
patients with LUAD. In the present study patients under-
going lung cancer surgery were compared to patients 
without LUAD with similar age and smoking history. 

Using the PExA system, the PFR as well as proteins in 
EBP were analyzed in the two groups. The PFR reflects 
the number of exhaled particles and has the advantage 
of providing the examiner with an immediate result. 
The PFR was more than four times higher in the LUAD 
patients before the surgery compared to control patients 
indicating that PFR alone could be used to differenti-
ate between patients with and without LUAD. Over the 
course of 1 month after surgery the PFR decreased among 
the LUAD patients, which might indicate tumor removal.

Given that protein content in EBP samples is consid-
erably small, in the range of nanograms, the subsequent 
analysis of the EBP protein composition in the cur-
rent study was performed using a unique technology, 
the proximity extension assay (PEA), which enables a 
robust high-throughput, multiplex immunoassay in 
very small biological samples. The technology is built 
upon pre-designed protein panels. Most of the PEA 
panels require some extent of dilution of the sample. In 
this early study, Olink’s cardiometabolic panel, which 

Fig. 3 Clustering of five proteins in exhaled breath particles (EBP) from lung adenocarcinoma patients compared to control patients. The heatmap 
displays levels of hepatocyte growth factor receptor (MET), complement factor H-related protein 5 (CFHR5), phospholipid transfer protein (PLTP), 
microfibrillar-associated protein 5 (MFAP5) and carbonic anhydrase 4 (CA4) expressed as z-score on the x-axis. The y-axis displays the individual 
sample identification codes
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is the most sensitive panel and thus requires the least 
amount of biospecimen, was selected for technical rea-
sons. The panel includes proteins involved in cellular 
metabolism, adhesion, and immunological processes. 
Patients with LUAD had significantly higher levels of 
PLTP, CA4, CFHR5, MFAP5, and MET compared to the 
control patients without LUAD, indicating that these 
proteins have a diagnostic potential for LUAD using 
EBP. One month after removal of the LUAD, expression 
of MET, PLTP and MFAP5 all decreased, which could 
be attributed to the radical tumor removal. All proteins 
that were found to be significantly higher expressed in 
EBP have a clear connection to cancer physiology, espe-
cially MET. More information on the involvement of 
the studied proteins is laid out in the Additional file 3. 

High levels of MET in plasma have been correlated with 
a significantly poorer overall survival [23]. A significant 
correlation was found between MET in EBP and s-MET 
in plasma among all LUAD patients before surgery. No 
correlation between mortality and levels of MET could 
be seen in the current study. One month after surgery, 
both EBP and plasma levels of MET decreased but were 
still higher than MET in EBP and plasma in patients 
without LUAD. Our results are in line with previous 
findings of MET in LUAD tumor tissue and plasma 
[24]. However, this is the first time MET has been 
detected in EBP. MET in EBP seems to reflect MET in 
blood in our cohort; however, MET in plasma does not 
have to be disease specific whilst MET in EBP specifi-
cally comes from the RTLF and thus processes in the 
lung and cannot be traced to other processes or malig-
nancies in other organs in the body [25–28].

PLTP was among the other significant proteins found 
in EBP, which is expressed in different types of neoplasms 
and is involved in cancer development [29]. In the pre-
sent study, significantly higher levels of PLTP were seen 
in LUAD patients compared to control patients before 
surgical removal of the lung cancer; however, after sur-
gery the levels of PLTP had decreased and there was 
no longer any significant difference when compared to 
the control patients, potentially indicating successful 
removal of the tumor. CA4 was also found to be signifi-
cantly different, and low expression of CA4 can promote 

Fig. 4 MET concentrations in plasma correlates to levels in exhaled breath particles (EBP). A Concentration of hepatocyte growth factor (MET) 
in plasma in patients with lung adenocarcinoma (LUAD) and patients without LUAD (control patients). Data are presented as mean ± SEM. 
B Correlation of MET in plasma and EBP for all patients at all timepoints (number of patients 35, number of samples 49) are shown. Protein level in 
EBP is expressed as normalized protein expression (NPX). Significance was defined as: p < 0.0001 (****), p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), and 
p > 0.05 (not significant, ns)

Table 3 Gene expression of the proteins PLTP and MET

Dataset GSE10072 from Gene Expression Omnibus compares tissue from 
patients with LUAD (n = 58) and healthy control patients (n = 49). Gene 
expression was calculated by microarray techniques and expressed as 
normalized probe intensity

Protein GenBank Gene 
expression 
cancer

Gene 
expression 
control

Significance

PLTP NM_006227 9.66 ± 0.10 9.29 ± 0.12 p = 0.0080

MET BG170541 9.52 ± 0.19 8.79 ± 0.07 p = 0.0008

MET BE870509 8.16 ± 0.07 7.88 ± 0.03 p = 0.0030
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proliferation of cancer cells, whereas overexpression 
can suppress proliferation of cancer cells [30]. Surpris-
ingly, higher levels of CA4 were found in EBP samples 
in LUAD patients both preoperatively and after surgi-
cal removal of the tumor in the present study compared 
to control patients, indicating that CA4 might not be a 
good candidate for evaluating LUAD in EBP. In the cur-
rent study significantly higher levels of MFAP5 were seen 
in EBP from LUAD patients before surgery compared to 
patients without LUAD; however, 1 month after surgery, 
the levels of MFAP5 had decreased, which might indicate 
that MFAP5 may be used as a biomarker in EBP to evalu-
ate the successful surgical removal of LUAD. MFAP5 is 
known for signaling through the notch signaling pathway 
that activates cell proliferation and promotes the epi-
thelial mesenchymal transition which leads to enhanced 
motility, invasion, and potential for metastasis in NSCLC 
[31–33]. Among the identified proteins PLTP and MET, 
as well as PFR were found significant, and based on the 
literature and support of external data these biomark-
ers were suggested as diagnostics in EBP for LUAD. 
However, some other proteins found are interesting but 
potentially less significant in EBP. CFHR5 is a protein 
in a family of 5, where CFHR1 previously been corre-
lated to LUAD but not CFHR5. While defective CFHR5 
may contribute to atypical hemolytic uremic syndrome, 
CFHR1 has been shown to be downregulated in tissue 
from LUAD tumors compared to healthy adjacent tissue. 
Given that CFHR1 was not included in the protein panel 
applied in this study, CFHR1 could not be analyzed. 
Given these unclarities, CFHR1 was not chosen for vali-
dation in the plasma. CA4 and MFAP5 showed reverse 
expression in EBP in the LUAD cohort then expected, in 
addition the two proteins could not be validated in any 
external data. Given these results CA4 and MFAP5 was 
seen as a less suitable biomarker in EBP.

To validate EBP findings we used microarray data 
from biopsies of healthy lung tissue and from LUAD tis-
sue deposited in the dataset GSE10072. In this dataset, 
the gene expression of both PLTP and MET was higher 
in LUAD tissue compared to healthy lung tissue. These 
results are in line with the findings of the present study 
and support the use of those two biomarkers for diag-
nosing LUAD and to evaluate the successful surgical 
removal of LUAD. However, the levels of mRNA do not 
always correlate fully to corresponding proteins levels 
and tumors are very heterogeneous which indicate that 
further studies are of importance.

Conclusion
For the first time, PFR was measured and EBP were col-
lected and analyzed in LUAD patients with the poten-
tial to identify novel biomarkers for the diagnosis and 

prognosis of LUAD. The PFR alone enabled the pos-
sibility of distinguishing between LUAD and patients 
without LUAD. Collection of EBP made it possible to 
perform a proteomic analysis of the respiratory system. 
Here, the proteins PLTP and MET were significantly 
higher in LUAD patients, which was further validated 
with microarray data from LUAD biopsies in a separate 
cohort. PLTP and MET have been identified as potential 
biomarkers for LUAD diagnosis and in the evaluation of 
successful tumor excision.

Strengths and limitations
The strength of this study is that it explores a novel tech-
nique of sampling proteins from particles in exhaled 
air. The technique itself has an advantage in that it sam-
ples particles exclusively from the small airways directly 
onto a membrane and thus dilution is avoided. Studies 
exploring exhaled breath proteomics in lung cancer are 
scarce and here we present both pre- and postoperative 
results. Furthermore, collection of EBPs is a completely 
non-invasive method, without risk to the patient. The 
non-invasiveness of the method makes it possible for 
non-clinicians to perform the sampling, which is advan-
tageous in a screening setting. However, the current 
study does not explore the differences in PFR depending 
on the size of the tumor, nor how early one may detect 
lung cancer using this method. However, these questions 
will be further explored in future studies.
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