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Abstract

 The volatile metabolite pattern in exhaled breath after smoking Cannabis sativa L. was determined by ion mobility 
spectrometry coupled to gas-chromatographic pre-separation (GC-IMS). The aim was to identify typical biomarkers indi-
cating a recent consumption of herbal Cannabis sativa L. In parallel, blood samples were taken and THC, 11-Hydroxy- and 
11-Carboxy-THC were analyzed by GC-MS. A high number of volatile constituents – most probably metabolized from the 
essential oil but not identified as cannabinoids – were detected in the breath. A significant correlation between blood and ex-
haled breath concentration of THC could not be observed. However, Cannabis sativa L. smoke contains distinct essential oil 
constituents which may act as indicative biomarkers providing proof for smoking herbal Cannabis sativa L. A characteristic 
pattern of compounds could be observed using GC-IMS over a detection period of up to 4h after last consumption. Method 
development was carried out successfully leading to a rapid total analysis time of 90 seconds combined with the high user-
friendliness of the mobile equipment. In this manuscript, we present the scientific background, the technical implementa-
tion and the real-world operation of the commercial prototype. 
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Introduction
 Cannabis (Cannabis sativa L) is a psychotropic plant 
that is frequently used by smoking or oral ingestion for relaxa-
tion. Cannabis sativa is the most reported illicit drug identified 
in impaired drivers in Europe and the US [1]. Driving under the 
influence of Cannabis causes severe accidents. Nearly 60% of in-
jured drivers with trauma are tested positive for drugs or alcohol 
in the US. According to the annual report of the US National 
Driving Board [2], 11.4% of Americans and 10% of Canadians 
[3] drove in 2010 and 2012 under the influence of illicit drugs. 
Herbal Cannabis is the most consumed illicit drug worldwide 
[4] and a strong increase in the number of future drug users can 
be expected with the on-going legalization. Thus, driving under 
the influence of Cannabis is an urgent and growing health and 
traffic security concern. Epidemiologic data [2, 3] show that the 
risk of involvement in a motor vehicle accident is twofold higher 
after consuming the drug. The primary reason being the dose-
dependent effect and impairment of cognitive and psychomotor-
ic functions [5, 6]. As a consequence, drivers under the influence 
of Cannabis show a higher risk of collision and severe accidents 
combined with impaired driving skills. 

 Currently, no valid, rapid, and mobile screening meth-
ods are available which fulfil the needs as we know for alcohol 
checks. Police worldwide use detection devices like wipe tests for 
sweat or urine tests, based on thin-layer chromatography, which 
is easy to handle but show low sensitivity, hygienic discomfort 
and significant error rates in practical use [7-9]. Since cannabis 
is legalized in many countries for medicinal and recreational 
use, police are more confronted with drivers of all ages consum-
ing cannabis on a regular basis. Driving under the influence of 
any drug is still illegal worldwide and countries are starting the 
debate about thresholds in the range of 1-7 ng/mL of THC in 
blood [10]. Rapid test devices will not meet this limit precisely 
due to the nature of the chemical reaction as a principle proof. 
Consequently, there is a pressing need for a rapid field test that 
will enable law enforcement agents, customs officers, and other 
responsible personnel to obtain presumptive evidence on sus-
pected sample identity.

 Today, in 29 countries cannabis is legal for medicinal 
use and moreover, in Spain, Uruguay and some US states recrea-
tional use is legal as well. Similar to other medicinal plants, Can-
nabis is a phytochemical multi-component mixture with more 
than 120 cannabinoids including, tetrahydrocannabinolic acid, 
cannabidiolic acid, cannabigerol acid and cannabichromene acid 
being known as the most dominant constituents [11]. Over 500 
metabolites have already been identified in this species, includ-

ing terpenes, sugars, hydrocarbons, steroids, flavonoids, nitrog-
enous compounds, non-cannabinoid phenols and amino acids 
[11, 12]. Moreover, it is clear that besides the dominant THC 
other constituents have been found to be medicinally active [13]. 

 Cannabis Sativa L. is a typical aromatic plant with a sig-
nificant concentration of essential oil (approx. 0.2-0.3%). These, 
mostly terpenophilic constituents and related human metabo-
lites after application, are volatile and exhaled via the natural 
breath. Many of the constituents can be detected in the exhaled 
air which is a boon and a burden at the same time because es-
sential oils consist of 300 up to 1000 compounds [14]. This is 
why analytics and distinct compound detection and elucidation 
is complicated. In Cannabis sativa L., about 90 primary constitu-
ents in the essential oil are known [15]. But, how to overcome 
the irresolvable question of compound identification or the best 
strategy for pattern recognition in the exhaled breath air is one of 
the key questions in this study. 

 Various methods for the determination of cannabinoids 
in plant material have been developed and are summarised by 
Klein [16]. In the past decades, thin layer chromatography (TLC) 
was used for cannabinoids separation, combined with colorimet-
ric tests or UV detection under 254 nm for their identification 
[17, 18]. Nowadays, commonly applied techniques are HPLC 
and GC, and very often coupled with tandem with the mass 
spectrometric detector. But so far, no one of these sophisticated 
techniques is mobile and can be used in the field, which would be 
an outstanding technical advantage.

 Ion mobility spectrometry [19] is a powerful tech-
nique that fasts, sensitive and mobile and therefore, we inves-
tigated its potential concerning detection of drug consumption. 
The method is based on ion generation and separation of ions 
in the gaseous phase under an electric field [20, 21]. This tech-
nique separates ions in an electric field by size and shape due 
to collisions with a drift gas on their way to a detector. IMS is a 
very powerful and extremely sensitive technique to detect vola-
tile molecules at pptv concentration ranges. In combination with 
gas-chromatographic pre-separation (GC-), extremely complex 
mixtures such as exhaled breath can be comprehensively ana-
lyzed quantitatively. IMS and GC-IMS instruments are currently 
used in various technical fields like explosive detection at airport 
security checks [22], chemical warfare agents [23], food control 
[24], process control [25] and biomedical analysis [26-28], illicit 
drugs [29], and forensics [30]. 

 This study aimed to investigate if cannabinoids and oth-
er characteristic volatile compounds of the psychotropic plant 
can be identified in exhaled breath by GC-IMS and to find a cor-



relation between the blood concentrations and detected volatile 
THC or other relevant biomarkers. Therefore, additional blood 
sampling was conducted and analyzed for the presence of THC, 
11-Hydroxy- and 11-Carboxy-THC.

Materials and Methods

Plant Material

 Cannabis sativa L. variety Bedrocan® was supplied by 
Bedrocan BV (The Netherlands). The plants were grown indoors 
under standardized conditions as explained in a previous report 
[31]. The saplings were initially generated from cuttings of stand-
ardized mother plants and cultivated under controlled, long day-
light conditions (18 h/day). After the vegetative growth phase, 
the flowering stage was induced under a shorter (12 h/day) light 
regime for eight weeks. The trichomes were isolated and ana-
lyzed for THC content from week 5 to week 8 of the flowering 
period. The plant specimen was assigned the voucher number 
Bedrocan: N5.26.06.2012. All plant handling and experimental 
procedures were carried out under license No. 4584989, issued 
by the Federal Institute for Drugs and Medical Devices (BfArM), 
Germany.

Chemicals 

 All chemicals were obtained from Sigma-Aldrich in the 
highest available purity.

GC-IMS – gas-chromatography coupled to ion mobility 
spectrometry

 A custom-made ion mobility spectrometer coupled to 
a multi-capillary gas-chromatographic column (GC-IMS, ISAS, 
Dortmund, Germany) was applied for the present investigations 
[26]. Ion mobility spectrometry is based on the characteristic 
mobility of ions in an electric field under a counter-current of 
a neutral drift gas [19]. The ions collide with the drift gas mol-
ecules, thus being separated based on size and shape. 

 Measuring the drift time of the ions enables the calcu-
lation of the drift velocity. The normalization of the velocity to 
electric field strength and to temperature and pressure results 
in the so-called reduced ion-mobility [19] (Eq. 1). This value is 
characteristic of a particular ion.
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Where K0 reduced ion mobility in cm2 V−1 s−1

E electric field strength in Vcm-1

LD drift path length in cm

 tD drift time in s

 p pressure in hPa, p0 =1013.2 hPa

 T temperature in K, T0 = 273.2 K

 When analyzing complex, humid gas samples such as 
exhaled breath, clustering of the different analyte ions and water 
molecules takes place, thus making their identification difficult 
or even impossible. Therefore, an additional separation step us-
ing gas-chromatographic columns are applied before the sample 
is introduced into the IMS. For the present study, a 20 cm multi-
capillary column operated at 40°C (Sibertech, Novosibirsk, Rus-
sia) was used.

 Data acquisition was carried out with qIMS, a custom-
made software from ISAS, Dortmund, Germany. Data interpre-
tation was carried out with the software tool IONysos (ION-GAS 
GmbH, Dortmund, Germany). This tool enables data treatment, 
baseline corrections, smoothing and normalization of the signal 
intensity. The characteristic peaks in the 3-dimensional GC-IMS 
dataset (signal intensity vs. ion mobility and retention time) are 
indicated and can be assigned to specific compounds by com-
parison with a substance database. The signal intensity can be 
attributed to a specific concentration after a calibration. Finally, 
the data from different GC-IMS analyses be compared automati-
cally. 

 Exhaled breath sampling was carried out by exhalation 
through a mouthpiece with a flow sensor (differential pressure 
measurement). If the volunteer exhales, the sample flow is drawn 
from the main exhalation stream at a rate of 100 ml/min [32].

GC-MS Analysis

 Qualitative and quantitative analyses of THC, 11-OH-
THC and THC-COOH were carried out at Forensische Toxikolo-
gie in the InstitutfürRechtsmedizin of the Westfälische-Wilhems-
Universität, Münster, Germany with a validated method using 
gas chromatography-mass spectrometry following solid-phase 
extraction. 1 mL plasma was diluted with 2 mL phosphate buffer 
(0.1 M, pH 6). After the addition of 50 µL I.S. working solution (5 
ng THC-d3, 5 ng 11-OH-THC-d3 and 50 ng THC-COOH-d9), 
250 µL acetonitrile was added under vortex-mix and centrifuged 
(2576 x g, 10 min). The resulting supernatant was decanted to 
conditioned chromabond® Drug II columns (Macherey-Nagel). 
After sample application, the columns were washed with 2 x 3 
mL water, followed by two drying steps of 5 min in a stream of 
nitrogen with a pre-wash of 100 µL acetone in between. After the 
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elution of THC and 11-OH-THC with 1.6 mL acetone, each col-
umn was washed with 2 mL acetonitrile/0.1 M acetic acid (30:70, 
v/v) followed by a drying step of 10 min in a stream of nitrogen. 
After the addition of 1 mL hexane and 1 mL hexane/ethyl ac-
etate (70:30, v/v) the columns underwent a final drying step of 
5 min in a stream of nitrogen before the final washing step of 2 
mL acetone. THC-COOH was finally eluted with acidic acetone 
(0.05 M acetic acid in 1.6 mL acetone) into the same collecting 
tube as THC and 11-OH-THC. After evaporation to dryness at 
40°C in a stream of nitrogen, the extracts were reconstituted with 
30 µL MSTFA (N-methyl-N-(trimethylsilyl) trifluoroacetamide) 
for derivatization at 70°C for 20 min. The GC-MS analysis was 
carried out with an Agilent Technologies 7890A gas chromato-
graphic system equipped with a mass selective detector 5975C 
and an auto-sampler 7693 was additionally used. Detection was 
accomplished with the mass selective detector operating in elec-
tron impact (EI) selective ion monitoring (SIM) mode. The GC 
separation was carried out with a capillary column OPTIMA® 5 
MS Accent (95% dimethylsiloxane, 5% diphenyl siloxane, 30 m 
x 0.25 mm i.d. x 0.25 µm) with the following temperature pro-
gram: 1.5 min at 150°C, 9°/min up to 260°C, hold for 6 min; 30°/
min up to 300°C, hold 8 min. The helium gas flow rate was 1.0 
mL/min. The temperatures of the injector, the transfer line, the 
ion source, and the quadrupole were 250°C, 280°C, 230°C and 
150°C respectively. The injection mode was splitless, and the in-
jection volume 2 µL. The m/z values used for identification and 
quantification of the trimethylsilyl derivates in the SIM-mode 
were as follows (target ion underlined): THC-d3 374, 389; THC 
371, 386, 303; 11-OH-THC-d3 374, 462; 11-OH-THC 371, 459, 
474; THC-COOH-d9 380, 306; THC-COOH 371, 297, 473. Ana-
lytical limits of the method (LOD/LOQ) are for THC (0.15 ng/
mL/0.3 ng/mL), 11-OH-THC (0.20 ng/mL/0.30 ng/mL) and for 
THC-COOH (2.0ng/mL/3.0 ng/mL).

Experimental Setup

 First, Cannabis sativa Flos including different varieties, 
(Cannabis sativa L. var., Bedica var., Bedrobinolvar., Bedrocan) 
was investigated by analyzing the headspace of cannabis by GC-
IMS as a positive control. Additionally, a reference standard of 
THC was analyzed as well. Before the start of the inhalation 
experiment, the natural breath and a blood sample of both vol-
unteers (V1/V2) were recorded as a negative control. Exhaled 
breath was analyzed by IMS. Volunteers were asked to exhale 
through the mouthpiece of the GC-IMS and 8 mL breath was in-
jected into the analytical system. Both volunteers inhaled a single 
dose of 0.5g of dried herbal Cannabis Sativa L. flos and exhaled 
through the mouthpiece into the GC-IMS. An injection volume 

of 8 mL breath. Both inhalation experiments and blood samples 
were taken over a time period of 240 min and 406 min, respec-
tively.

Ethics & legal situation

 All volunteers inhaling herbal Cannabis sativa L. flos 
were legal users due to medical conditions. They gave written in-
formed consent in the frame of a positive ethics committee vote 
(IfADo, Dortmund, No. 66-01.07.2013). The data was recorded, 
stored, and evaluated anonymously.

 The ethics committee vote allowed us to analyze breath 
samples of volunteers without applying any medication or drug 
which are used by them anyways due to their medical prescrip-
tions. Therefore, in the frame of the present study, only medical 
Cannabis was consumed by the volunteers. Furthermore, the le-
gal situation in Germany, where the study was carried out, allows 
only the application of medical Cannabis.

Results and Discussion
 The analysis of blood samples by GC-MS showed that 
the volunteers were not under the influence of cannabis at the be-
ginning of the test. Maximum THC concentrations were reached 
shortly after consumption; 8 ng/mLand 10 ng/mL for the two 
volunteers and were detectable up to 5 hours post consumption. 
11-OH-THC was detectable up to 2-3 hours and THC-COOH 
up to ca. 6 hours (Table 1).

 The analysis of the headspace of herbal material found 
that different brands resulted in slightly different GC-IMS chro-
matograms (see Figure 1). The differences are not only in the 
overall intensity but also in the relation of the different signal 
intensities. However, most of the detected signals could be found 
in the headspace analysis data of all cannabis samples. In the cur-
rent study, only medical cannabis was used by the volunteers due 
to the restrictions of the ethics committee and considering the 
legal situation in Germany. But in view of the similarities in the 
peak pattern from different types and brands of Cannabis, simi-
lar results from breath analyses can be expected as well.
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Volunteer 1

time after cannabis consumption 
(min)

THC (ng/mL) 11-OH-THC (ng/mL) THC-COOH (ng/mL)

0 n.d. n.d. n.d.
26 8,0 0,33 4,3
36 6,1 0,37 4,7
46 5,1 0,34 4,1
56 4,4 0,36 3,6
66 4,7 0,42 3,6

106 3,4 0,40 3,2
136 1,9 0,32 3,3
316 0,30 n.d. 2,6
406 n.d. n.d. n.d.

Volunteer 2

time after cannabis consumption 
(min)

THC  (ng/mL) 11-OH-THC (ng/mL) THC-COOH (ng/mL)

0 n.d. n.d. n.d.
43 10 1,3 9,9
53 5,6 1,0 10
63 5,4 0,98 7,7
73 4,9 0,93 7,4
83 3,6 0,87 6,3

123 3,0 0,71 5,8
153 1,9 0,58 5,0
303 0,39 n.d. 3,1
393 n.d. n.d. 3,6

Table 1 Concentrations in a toxicokinetic blood profile of 2 volunteers recorded by GC-MS.

Figure 1 Pattern of Cannabis sativa L. var. Bedrocan (a) and one of unknown origin (b).The 12 signals used for detection of can-
nabis Consumption in breath are numbered and 2 exemplary differences are indicated by a red frame.
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Before starting with the analysis of exhaled breath from cannabis 
consumers, the samples itself were investigated. For the purpose, 
the headspace of cannabis was introduced into the GC-IMS. It 
was found that different brands resulted in slightly different GC-
IMS chromatograms (see Figure1). However, most of the detect-
ed signals could be found in the headspace analysis data of all 
cannabis samples.

 In comparison with reference compounds, no THC or 
related human metabolites were detected. However, the GC-IMS 
data obtained showed clear peaks related to the uptake of essen-
tial oil constituents which were present even after 240 min p.a. 

(Figure 2). Before administration of dried herbal Cannabis sa-
tiva L. flost he headspace and natural breath of both volunteers 
were recorded as a positive control for further in vivo methods. 
Besides the many unknown peaks, a characteristic pattern of 3 
peaks – peak 1, 2 and 4 as also detected in the headspace of the 
cannabis samples (see Figure 1) was indicative for smoking herb-
al medicinal cannabis and was significant over 240 min. 

The slope of one of the relevant signals over 4 hours after smok-
ing is presented in Figure 3. Other peaks from the pattern in Fig-
ure 1 was also detected in the first breath analysis, 10 min after 
administration, but disappeared over time.

Figure 2 GC-IMS signal pattern of Cannabis sativa L. var. Bedrocan: headspace of a dried sample (a) and after smoking (0.5 g) 
by V1 (b).

Figure 3 GC-IMS signal intensity of one particular Cannabis sativa L. biomarkers (peak no. 1 as indicated in Fig. 1a) over-
time before () and after smoking () (0.5g).
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By algorithm design, 12 peaks were identified in total to be sig-
nificant for positive proof of cannabis consumption and to dis-
criminate between smoking, eating legal hemp food products 
(hemp oil, hemp cookies, hemp beer etc.) and to eliminate false 
positive cannabis detection by consumption of other plants like 
carrots (Daucus carota). Indeed, none of the before mentioned 
products produced any of the 12 peaks mentioned in Fig. 1 as a 
cannabis pattern. After the consumption of 1kg of carrots, a sig-
nificant caryophyllene oxide signal could be detected in exhaled 
breath. This compound is sometimes mentioned as a compound 
for training dogs for cannabis search. However, we found this 
compound in Cannabis headspace only to a very low extent.

 IMS can be considered as a highly sensitive analytical 
technique for the detection of cannabis biomarkers after smok-
ing, even if THC as an illicit compound cannot be detected 
directly. This is critical for drug enforcement because a direct 
proof is missing, but using 12 discriminating peaks from the 
recorded spectrum, a highly positive indication is obtainable. 
Identification of some of the peaks is ongoing, but the presence 
of e.g. caryophyllene oxide as one peak is proven and it is im-
portant as a biomarker (Figure 4). Due to the presence of caryo-
phyllene oxide in other plants or food products (e.g. carrots or 
hop) false-positive proofs are, in principle, possible. In a second 
experiment, V1 ate 1 kg fresh carrots and besides caryophyllene 
oxide (Figure 4) no significant peak pattern as found from can-
nabis consumption was detected. In our ongoing study, both 
volunteers ate, over three days, hemp-based food products like 
pasta, sauces, cannabis oil, sweets, etc, but no cannabinoids were 
detected by IMS before and after food uptake.

Figure 4  Pattern of Cannabis sativa L. var. Bedrocanafter smoking 0.5 g (a) and after eating 1 kg of Daucus carota by V1 
(b), the red circle indicates the presence of caryophyllenexpoxid.

No direct proof of THC was possible, but in headspace studies 
with a methanolic THC solution (5 mg/mL) the illicit drug was 
detected at concentrations of at least 1 ng/mL and below (data 
not presented). These data suggest that failure detection is not 
due to the malfunction of the IMS detector itself. A major rea-
son for not detecting THC is the fact, that this compound is not 
volatile at the body temperature of 37 °C. Therefore, it can be 
detected in breath only in the first minutes after smoking, being 
still present as a product of the cannabis pyrolysis.

 Furthermore, fast clearance in the body with a distri-
bution time of 8-10 min and half lifetime for THC of T50=30 
min gives an initial explanation as to why detection after 1 hour 
of smoking is critical and not easy [33]. Most of THC uptake 
(150 mg/cigarette) is fully absorbed and will not diffuse from 
the blood into the respiratory air. Currently used on-site rapid 
drug screening tests like wipe tests or urine tests have a detec-
tion limit of 2ng/mL. It must also be pointed out that there is a 
high false-positive/false negative error rate of on-site urine, oral 
fluid or sweat tests (10-15%). This is due to a failed detection at 
higher concentrations above 50 ng/mL [31]. Kintz et al. 2005 
stated in their technical note [34] that some drug wipe on-site 
test is critical at high concentration and they are not safe at low 
concentrations around 1-2 ng/mL. Another important point 
is the total evaluation time. The total time required for a first 
result after sampling with on-site tests, depending on the test, 
is between 3-12 min [35]. Here, IMS is extremely competitive 
with an evaluation time of 1-2 min depending on a single peak 
or full pattern analysis.
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Conclusions &Real-World Operation

 Ion mobility spectrometry coupled to gas-chroma-
tographic pre-separation (GC-IMS) is a powerful analytical 
method that allows the detection of Cannabis metabolites in the 
exhaled air even 240 min after consumption of the drug. Can-
nabinoids such as THC were not detected by IMS from exhaled 
breath as they are not volatile at 37 °C body temperature. The 
remaining essential oil pattern after smoking cannabis is an in-
direct proof because of significant exhalation over a time period 
of 240 min, which can be considered as the critical time for safe 
driving. At least 12 indicative biomarkers were identified to de-
tect drivers having smoked herbal cannabis in the indicated time 
frame with a false positive error that is superior to all other rapid 
and mobile screening tests currently used by the drug enforce-
ment. Due to the mentioned time frame of approx. 4 h, positive 
detection of those biomarkers suggests, that a detection limit of 
1 ng/mL THC could be met, however, this must be validated still 
by blood tests. To develop IMS as a mobile and fast screening 
device, the next step must be the identification of all detected 
biomarkers and to validate these results in field studies with the 
police or other drug enforcement organizations. 

 It has to be kept in mind, that due to the restrictions 
from the ethics committee vote, only medical cannabis could be 
applied to the volunteers for the experiments described in this 
study. However, due to the fact, that the pattern detected in the 
headspace of medical and “street” cannabis is very similar to 

differences in the signal intensities of certain peaks only, it can 
be expected, that this will also result in similar patterns in ex-
haled breath after consumption. Certainly, further studies with 
more volunteers and different types of cannabis – e.g. in coun-
tries where medical and recreational consumption is legal – have 
to be carried out for validation of the method presented here. 
Furthermore, other pathways for consuming Cannabis such as 
eating cannabis cookies should also be investigated in the future 
as a significantly different metabolic process will influence the 
possible detection in exhaled breath.

 The instrument used includes an internal circuit for the 
operational gas and a battery, thus allowing autonomous opera-
tion for up to 4 hours (see Figure 5). This mobile GC-IMS named 
ION drug is currently commercially available. The operation 
does not require any special training. The user-interface informs 
about the instruments’ status, e.g. for being ready for operation 
after a short warm-up phase. After the start of an analysis run 
via the touch screen of the instrument, the user is then guided 
through the procedure of controlled sampling, analysis after 
successful sampling and – if sampling was not successful – on 
a repetition of the procedure (see Figure 6). After the complete 
analysis, which takes 90 seconds, the operator is then given the 
information if recent cannabis consumption was determined or 
not (see Figure 6) using the analogy of a traffic light. However, 
the comprehensive raw data are stored internally for a possible 
detailed examination later on.

Figure 5  The mobile GC-IMS IONdrug with ~ 8 kg incl. a battery for 4 h autonomous operation.
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Figure 6 Exemplary screenshots of a complete run of cannabis consumption detection in exhaled breath.
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