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Rational lung tissue and animal models for rapid breath 
tests to determine pneumonia and pathogens
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Abstract: Objective: This study works to develop novel models that may be adopted for earlier non-invasive 
breathomics tests to determine pneumonia pathogens. Methods: Two types of pneumonia models were created, 
both in vitro and in vivo. Paraneoplasm lung tissue and specific pathogen-free (SPF) rabbits were adopted and sepa-
rately challenged with sterile saline solution control or three pathogens: Escherichia coli, Staphylococcus aureus, 
and Pseudomonas aeruginosa. After inoculation, headspace air or exhaled air were absorbed by solid phase micro-
extraction (SPME) fibers and subsequently analyzed with gas chromatograph Mass Spectrometer (GCMS). Results: 
Pneumonia and pathogen-specific discriminating VOC patterns (1H-Pyrrole-3-carbonitrile, Diethyl phthalate, Cedrol, 
Decanoic acid, Cyclohexane, Diisooctyl phthalate) were determined. Conclusion: Our study successfully generated 
nosocomial pneumonia models for pneumonia diagnosis and pathogen-discriminating breath tests. The tests may 
allow for earlier pneumonia and pathogen diagnoses, and may transfer empirical therapy to targeted therapy earlier, 
thus improving clinical outcomes.
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Introduction

Nosocomial pneumonia is a major cause of 
death, morbidity, and resource utilization, nota-
bly in patients with severe underlying condi-
tions. However, early appropriate antibiotic 
treatment can improve outcomes. Staphylo- 
coccus aureus, Pseudomonas aeruginosa, and 
Enterobacteria represent some of the most fre-
quent fatal pathogens in nosocomial pneumo-
nia. Early targeted therapy is essential to im- 
proving pneumonia outcomes, but at present, 
the pathogenic diagnosis of nosocomial pneu-
monia is low yielding and often requires inva-
sive, time-consuming methods, such as bron-
choscopy or lung biopsy with subsequent cul- 
turing [1, 2]. Therefore, it is of utmost need to 
develop a non-invasive method for early diag-
noses, preferably by facilitating the rapid iden-
tification of the specific pathogens.

In recent years, breath tests have been adopt-
ed in many diseases for diagnosis and monitor-
ing. For instance, the C-13 breath test is a stan-
dard screening test for gastric HP infection; NO 
breath levels are also used as a biomarker of 
airway inflammation, although its use is limited 
in non-allergic patients [3, 4]. Additional exhal- 
ed biomarkers, including volatile organic com-
pounds (VOCs), have since been studied. VOCs 
are a group of carbon-based chemicals that  
are volatile at room temperature and is gaining  
in popularity as a rapid, non-invasive diagnosis 
and monitoring method in diseases such as 
lung cancer, asthma, chronic obstructive pul-
monary disease (COPD), and cystic fibrosis 
[5-9]. Notably, VOCs were recently found to 
have the potential to replace plasma tests of 
lipid levels [10]. Previously, screening studies  
of VOCs from bacterial metabolites for detec-
tion and classification of virulent bacteria yield-
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ed both qualitative and quantitative results 
through direct mass spectrometric methods 
[11-14]. Encouraging results were reported, 
indicating that some bacteria have their own 
characteristic range of volatile metabolites 
detected. Thus, VOC analyses have seen in- 
creasing use in lung bacterial infections tests 
[15, 16]. Sensor systems such as the electro- 
nic nose system (EN) have been proposed to 
generate VOC profiles (breathprints), but are 
often unspecific and rely on a complex mathe-
matical pattern recognition technology instead 
of clearly identifying specific VOCs [8, 17]. Mo- 
re convincing evidence was shown when VOCs 
were detected by gas chromatography mass 
spectrometry (GCMS) in cystic fibrosis (CF) 
patients, for whom 2-aminoacetophenone was 
measured as volatile biomarker produced by  
P. aeruginosa in several studies [18-22]. Bio- 
markers of Aspergillus spp. and Mycobacterium 
tuberculosis were also reported [23, 24]. 

Schnabel et al. have detected exhaled VOCs 
from 100 intubated patients in the ICU; this 
study revealed 12 VOCs that correctly discrimi-
nated between VAP(+) and VAP(-) groups [25]. 
The respective sensitivity, specificity, and AUC 
values were 75.8% ± 13.5%, 73.0% ± 11.8%, 

and 0.87. However, this study did not report 
pathogen-specific VOCs, and the metabolic 
mechanism is currently unclear [25]. Another 
study reported breath tests of 46 intubated 
patients in the ICU, in which patients found to 
have significant pathogen loads in the lower 
respiratory tract presented characteristic VOC 
patterns [26]. In a study that enrolled 22 VAP 
patients, including five Staphylococcus aureus 
and five Candida infection patients, pathogen-
specific VOCs were also found to overlap 
between in vitro experiments and in vivo VAP 
patients [27]. In addition, our previous studies 
have shown high discriminating efficacy of 
VOCs for more than 100 VAP patients with A. 
Baumani infection, colonization, or absence 
[28]. Taken together, these studies bring us 
promising perspectives of breath tests in pne- 
umonia diagnosis. However, the role of VOC 
detection on earlier diagnoses before typical 
clinical presentation has yet to be determined, 
and the underlying metabolic pathways remain 
unclear [5, 8].

Because GC/MS detection of VOCs is highly 
sensitive, the results may be influenced by 
interventions to the patients before sampling, 
such as suction, PEEP adjusting, breathing fre-

Figure 1. Experiment design of in vitro and in vivo pneumonia models for VOC detection. Resected paracancerous 
lung tissue and rabbits were challenged with three pathogens and sterile saline. Then headspace air and exhaled 
gas were absorbed with SPME. Those collected VOC samples underwent GCMS detection.
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quency, cardiac output, tubing, and drugs 
(especially antibiotics). Other influencing fac-
tors include gut flora status, food intake, smok-
ing status, metabolic disorders, and liver cirrho-
sis [29]. It is thus difficult for such small cohort 
studies to abolish bias, since the metabolic 
pathways of VOCs are key to determining diag-
nostic value, and help to unveil the pathophysi-
ology of pneumonia. Collectively, this urges the 
development of novel research models, espe-
cially those that can distinguish between differ-
ent pathogen infection. No published research 
has systemically assessed lung infection mod-
els for pathogen-specific VOC detection. 

This study aims to assess both in vitro and in 
vivo infection models to determine characteris-
tic VOCs of the most common bacterial patho-
gens of nosocomial pneumonia (Figure 1). The 
development of a novel, rapid, and non-invasive 
diagnosis method to identify pneumonia patho-
gens is critical, and such a model would also 
help unveil the underlying metabolic pathways 
behind nosocomial pneumonia.

Materials and methods

Study subjects or animals

Specific pathogen-free New Zealand white rab-
bits were obtained from Animal Science College 
of Zhejiang University. Upon arrival, all animals 
were placed in quarantine for one week in ca- 
ges, and fed with water and commercial feed in 
accordance with the most recent recommenda-
tions [30]. Study was conducted only after ani-
mal ethics approval from the appropriate ethics 
committee of the hospital.

Animal pneumonia model

Pneumonia was induced with a modified meth-
od; on the first day of experiment, rabbits were 
anaesthetized intraperitoneally with 8% chlo-
ralic hydras at 8 mg/kg. In order to avoid oral 
bacterial contamination, an incision was made 
in the neck of each rabbit and the anterior tra-
chea exposed; subsequently, 0.5 mL pathogen 
solution was intratracheally injected with a 1 
mL sterile syringe. Animals were then placed in 
the upright position for 15 seconds in order to 
facilitate distal alveolar migrations by gravity, 
sutured, and placed back into individual cages. 
Sterile saline was used as a control.

Paracancerous human lung tissue

Paracancerous human lung tissues were col-
lected from resected lung cancer patients and 
cultured with DMEM media. Ethical approval 
was issued by the ethics committee of the hos-
pital, and informed consent was obtained from 
each patient. Lung tissue was divided into four 
pieces of approximately 1 cm3 each, and incu-
bated with either sterile saline as a control or 
three different bacterial pathogens (concentra-
tions of log8 cfu.mL or log9 cfu.mL). Headspace 
air was detected with SPME fibers at succes-
sive intervals of lengths 6, 12, and 24 hours 
after incubation.

Bacterial culturing

Escherichia coli (American Type Culture Col- 
lection 25922; ATCC, Manassas, VA, USA), 
Pseudomonas aeruginosa (ATCC 27853), and 
Staphylococcus aureus (ATCC 25923) were 
used for preparation of the inoculum in the 
study. The three bacteria represent the most 
frequently seen pathogens in hospital-acquired 
pneumonia patients, and are widely used in 
animal pneumonia models. One day prior to 
inoculation, bacteria were thawed from -80°C 
at room temperature and pipetted onto nutri-
ent agar plates. They were then incubated for 
18 hours at 37°C in 5% CO2. On the inoculation 
day, the overnight bacteria were diluted in ster-
ile saline to the concentrations of log9 cfu.mL or 
log8 cfu.mL.

Confirmation of pneumonia animal models

Twenty-four hours after intratracheal injection 
of pathogens, animals underwent VOC collec-
tion procedures and sacrificed. Positive pneu-
monia results were confirmed by pathologists 
blinded to the experiments according to the 
gold standard procedure for pneumonia veri- 
fication.

VOCs collection and detection

In tissue models, headspace air was absorbed 
directly with SPME fibers at 6, 12, and 24 hours 
after co-incubation with the three pathogens 
and saline control. Afterwards, validations of 
bacterial growth and tissue viability were car-
ried out; validated samples were candidates for 
further GCMS testing. In animal models, percu-
taneous tracheotomy was performed 24 hours 
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after intratracheal injection and inoculation; a 
coated sterile tube was inserted and the tip 
tightly fixed into the trachea. Sedated animals 
were thus able to breath spontaneously through 
the tube. SPME fibers were placed inside the 
tube for 30 minutes to absorb the VOCs of 
exhaled air at room temperature, and all sam-
ples were collected in triplicate.

The determination of VOCs was performed on  
a Gas Chromatograph Mass Spectrometer 
(GCMS-QP2010/PLUS, Shimadzu, Japan) with 
split-splitless injector. Desorption time of SPME 
was set at 3 minutes under 250°C in GC injec-
tor, while the splitless mode was maintained  
for 2 minutes before setting a 1:10 split ratio. 
The 30 m × 0.25 mm × 0.25 µm capillary col-
umn Rtx-1 (Restek) was used, and its flow 
velocity set at 1 mL/min; the temperature of 
the column oven increased from 40°C to  
250°C in 40 minutes. The GCMS worked in full 
scan mode at the 35-400 m/z range [6].

Data analysis

The mass spectrometry library (NIST 05 and 
NIST 05 s) (National Institute of Standards and 
Technology) was used to match, identify, and 
search similar compounds; the highest similar-
ity matches were presumed to be the most 
likely candidates. Manual checking was initiat-
ed for cautious identification if the similarity 

matching results were less than 80%, and the 
“20% rule” was applied for data selection. 
Briefly, a variable was adopted when nonzero 
data were available for at least 20% of all sam-
ples within at least one of the experimental 
groups. Some compounds, such as siloxanes, 
caryophyllene, longifolene, and cedrene were 
also excluded initially. All VOC values were 
grouped according to differing pathogens, and 
data subjected to Canonical Discriminant An- 
alysis and Multivariate Discriminant Logistic 
Analysis on Stata MP (Version 14). Statistically 
significant discriminating VOCs of each group 
were calculated [6].

The datasets generated during and/or analyzed 
during the current study are available from the 
corresponding author on reasonable request.

Results

In total, six patients’ paracancerous lung tis-
sues were collected and divided into 24 sec-
tions, followed by co-culturing separately wi- 
th three pathogens (Escherichia coli, Pseudo- 
monas aeruginosa, and Staphylococcus aure-
us) and sterile saline control. Hundreds of sub-
stances were detected in all groups; compared 
with control groups, infected lung tissues emit-
ted significantly discriminating VOCs. Despite 
different concentrations of challenging patho-
gens at both log9 cfu.mL and log8 cfu.mL, VOC 

Figure 2. GC-MS VOC analysis of lung tissue model with different challenging pathogen concentrations (log8 CFU.
mL, log9 CFU.mL). A. Lung tissue infection model incubated with E.coli. B. Lung tissue infection model incubated with 
S.aureus. C. Lung tissue infection model incubated with Pseudomonas. D. Lung tissue infection model incubated 
with sterile saline. 
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patterns remained the same (Figure 2). The 
discriminating power of pathogen-specific VOCs 
increased consecutively when detected at 6, 
12, and 24 hours after incubation; the first 
timepoint was sufficient to obtain the discrimi-
nating VOCs. Compared to control, all types of 
infected lung tissues emitted pathogen speci- 
fic VOCs, including 2, 4-diisocyanatotoluene, 
1H-pyrrole-3-carbonitrile, diethyl phthalate, ce- 
drol, decanoic acid, cyclohexane, heptadecane, 
pristane, benzoic acid, heneicosane, phytane, 
andrographolide, hexadecane, 8-hexylpentade- 
cane, and diisooctyl phthalate (Figure 3). KEGG 
metabolic pathways were predicted according 

to the metabolic database, while heptasilox-
ane, octadecamethylcyclononasiloxane, and oc- 
tamethylcyclotetrasiloxane were predicted to 
originate from artificial plastic products.

Following treatment as described above and 
pneumonia diagnosis by a pathologist blinded 
to pathogen and pneumonia group data, mac-
roscopic evidence of swelling, redness, or gray 
congestion of animal lungs were present in all 
experimental groups but absent in the control 
group. Microscopic findings revealed evidence 
that polymorphonuclear leukocytes infiltrates 
and fibrinous exudates filled up alveoli in the 

Figure 3. Discriminant analysis of pathogen specific VOCs from lung tissue model. A. GC-MS analysis of VOCs from 
different pathogens incubated lung tissue model, blanked with sterile saline; B. Multivariate Discriminant Logistic 
Analysis of VOCs from different pathogen groups (1. S.aureus, 2. E.coli, 3. Pseudomonas, 4. Sterile saline); C. Dis-
criminating VOC pattern in animal model; D. Multivariate Discriminant Analysis of VOCs from different pathogen 
groups (1. S.aureus, 2. E.coli, 3. Pseudomonas, 4. Sterile saline).
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lungs of the experimental groups, but not in  
the control cohort (Figure 4). All VOCs detected 
in exhaled air from the corresponding patho-
gen-challenged pneumonia animals were simi-
lar. Subsequently, bacterial pneumonia VOCs 
were compared to the control group using 
Multivariate Discriminant Logistic Analysis, un- 
covering statistically discriminating VOCs (Fi- 
gure 5). Those VOCs were reported to be 
1H-pyrrole-3-carbonitrile, diethyl phthalate, 
cedrol, decanoic acid, cyclohexane, trans-squa-
lene, diisooctyl phthalate, and heptasiloxane.

After analyzing pooled data from both the lung 
tissue and animal models, we consistently 
found common pneumonia and pathogen-spe-
cific VOC patterns (Figures 6, 7 and Table 1). 
These pathogen-discriminating VOCs are 1H- 
pyrrole-3-carbonitrile, diethyl phthalate, ced- 
rol, decanoic acid, cyclohexane, and diisooctyl 

phthalate, while possible KEGG metabolic path-
ways were predicted according to the metabolic 
database.

Discussion

This study suggests that it may be possible to 
determine pathogens of nosocomial pneumo-
nia via a rapid, direct, and non-invasive breath 
test. VOCs are a group of chemicals that are 
volatile at room temperature, and the source of 
exhaled VOCs can be endogenous or exoge-
nous. Endogenous VOCs are volatile metabo-
lites from conducting airways, alveoli, or sys-
temic VOCs generated elsewhere in the body 
and transported to the lungs via blood circula-
tion; some endogenous VOCs can be absorbed 
in lungs before detection [5, 8]. GCMS coupled 
with solid phase micro-extraction is adopted as 
a standard VOCs detection method. Using this 

Figure 4. Microscopic findings revealed in vivo pneumonia evidences that polymorphonuclear leukocytes infiltrates 
and fibrinous exudates filled up alveoli, while the sterile saline control group was absent. A. E.coli pneumonia animal 
model; B. S.aureus pneumonia animal model; C. Pseudomonas pneumonia animal model; D. Sterile saline control 
animal model.
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method, we have successfully detected VOCs 
in lung cancer patients and established charac-
teristic diagnostic patterns for lung cancer; 
excitingly, this study shows that pathogen-spe-
cific VOCs were found in both in vitro and in vivo 
models [6].

Here, we developed two nosocomial pneumo-
nia models: the paracancerous lung tissue 
infection model, and the rabbit pneumonia 
model. The former was employed to explore dif-
ferent pathogen concentrations and detection 
times, while the latter is an ideal model for in 

vivo validation. Modified animal models of bac-
terial pneumonia were developed, and intratra-
cheal injection was introduced to avoid possi-
ble oral bacteria contaminations. This animal 
model can decrease the potential influences 
caused by oral or gastrointestinal bacteria con-
tamination, and mimics ventilator-associated 
pneumonia (VAP). All three common pathogens 
(Escherichia coli, Pseudomonas aeruginosa, 
and Staphylococcus aureus) were used in both 
pneumonia models, and common VOCs were 
emitted from both. These results further sug-
gest that VOCs detection would be a promising 

Figure 5. Discriminant analysis of pathogen specific VOCs from pneumonia animal model. A. GC-MS analysis of 
VOCs from different pathogens challenged pneumonia animal model, blanked with sterile saline; B. Multivariate 
Discriminant Logistic Analysis of VOCs from different pathogen groups; C. Discriminating VOC pattern in animal 
model; D. Multivariate Discriminant Analysis of VOCs from different pathogen groups.
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method for rapid pneumonia pathogen deter-
mination. Results revealed that the number of 

discriminating VOCs found from the in vitro 
model are higher than that of the in vivo model; 

Figure 6. Discriminant analysis of pathogen specific VOCs for both pneumonia models. A. Multivariate Discriminant 
Logistic Analysis of VOCs from different pathogen chanllenged lung tissue and animal model groups with sterile 
saline control (1. S.aureus, 2. E.coli, 3. Pseudomonas, 4. Sterile saline); B. Multivariate Discriminant Analysis of 
VOCs from different pathogen groups and sterile saline control. C. Patterns of discriminating VOCs from different 
pathogen groups and sterile saline control.

Table 1. Pathogen discriminating VOCs from in vitro and in vivo pneumonia models with predicted 
metabolic pathways

Peak   
Predicted metabolic pathwayR.T. (min) CAS# Compounds S.aureus E.coli Pseudo Saline

vitro|vivo vitro|vivo vitro|vivo vitro|vivo
22.216 32487-71-1 1H-Pyrrole-3-carbonitrile ++|++ -|- -|- ++|++ Unkown
24.334 84-66-2 Diethyl phthalate +++|+++ +++|+++ ++|++ ++|++ Aminobenzoate degradation
27.118 77-53-2 Cedrol ++|++ ++|++ ++|++ +++|+++ Sesquiterpenoid biosynthesis
27.809 1654-86-0 Decanoic acid +++|+++ -|- ++|- ++|++ Fatty acid biosynthesis
28.061 13151-84-3 Cyclohexane +|+ ++|++ +|+ +++|+++ Benzoate degradation
44.528 27554-26-3 Diisooctyl phthalate +++|+++ +++|+++ +++|+++ +|+ Unknown
“-” denotes absence, “±” denotes less than105, “+” denotes 105, “++” denotes 106, “+++” denotes 107.

Figure 7. Discriminant analysis of pathogen specific VOCs from both pneumonia models and saline control.
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one possible reason could be the reabsorptive 
ability of the bloodstream in animal lungs, and 
further study is needed to explore this meta-
bolic mechanism. However, because GCMS 
detection is very sensitive, the results in this 
study may have been affected by different lung 
tissue viability, or bacteria growth status dur- 
ing experiments. Large cohorts of research on 
characteristic pathogen breathprints of pneu-
monia are required for future studies.

In this study, before co-incubation of bacteria 
with lung tissue or animals, the headspace air 
of each cultured pathogen had been detected 
in our lab, and characteristic VOCs of each were 
found. Interestingly, in both infected lung tis-
sues and pneumonia animal models, charac-
teristic VOCs were different from those of cul-
tured pathogens. These results may be caused 
by decreased abundance of pathogens in pneu-
monia models at early stages of infection, and 
VOCs may originate from the host response  
to such pathogens. Thus, pathogen-discrimi-
nating VOCs may be detectable even with small 
amounts of pathogens at early stages, when 
bacteria are less abundant. Because host 
responses of infection and colonization are dif-
ferent, these VOCs might also be employed to 
discriminate bacteria airway colonization from 
infection. For instance, previous breath test 
research has shown that VOCs from cystic fib- 
rosis patients were different when comparing 
the colonization and infection of pseudomonas 
[31]. Electronic nose technology may also be 
adopted to detect A. fumigatus colonization in 
cystic fibrosis patients [17]. Our previous stud-
ies also showed high discriminating efficacy of 
VOCs for more than 100 VAP patients with A. 
Baumani infection, colonization, and absence 
[28].

Other pathogen detection research has also 
been published, including those studying PCR 
and MALDI-TOF MS [32, 33]. Unfortunately, 
these procedures require expensive equip-
ment, skilled technicians, and hours of sample 
processing. Furthermore, these methods are 
too sensitive and cannot abolish the influence 
of contamination. Prior research has found th- 
at genotypically different strains of Pseudomo- 
nas emitted variant VOCs [34]. Thus, combining 
breath testing with existing methods could 
increase the precision of pathogen detection; 
VOC detection has intriguing potential for the 

rapid classification of drug resistant pathogens 
and may serve as a drug sensitivity predictor.

Conclusion

In conclusion, this study generated two models 
for a rapid, non-invasive breath test that can 
discriminate between three most common pa- 
thogens in nosocomial pneumonia. It may po- 
tentiate a promising point-of-care test to deter-
mine pneumonia pathogens, thus guiding earli-
er antibiotic treatment. Our models are just the 
initial step for further research on the underly-
ing metabolic pathways of nosocomial pneu- 
monia. It is anticipated that bedside VOC profil-
ing will eventually enable rapid pathogen diag-
nosis of pneumonia, and serve as a useful 
alternative to medical practitioners in the fu- 
ture.
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