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Abstract

The working group “Analyses in Biological Materials” of the German Senate
Commission for the Investigation of Health Hazards of Chemical Compounds in the
Work Area (MAK Commission) developed and verified the presented method for the
biomonitoring of furan exposure.

This method focuses on the determination of furan in human end-exhaled air. Samples
are collected in 20-ml screw-top glass vials (headspace vials) into which the subjects
exhale through a PTFE tube. The vials are then sealed using screw caps with PTFE-
lined silicone septa. After enrichment of the furan from the gas phase by solid-phase
microextraction (SPME), the extract is analysed by gas chromatography. Detection is
performed using a triple-quadrupole mass spectrometer with electron-impact ionisa-
tion in Multiple Reaction Monitoring (MRM) mode. End-exhaled-air samples spiked
with furan are used for external calibration.

The procedure has been comprehensively validated, and the reliability data have been
confirmed by replication and verification of the procedure in a second, independent
laboratory. Good precision and accuracy data show that the method provides reliable
and accurate analytical results. The limit of quantitation of 0.06 ng furan/l end-exhaled
air is sufficient to determine occupational exposure as well as exposure to furan after
smoking or shortly after coffee consumption.
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Biomonitoring Methods — Furan in exhaled air

1 Characteristics of the method

Matrix End-exhaled air

Analytical principle Gas chromatography with tandem mass spectrometry (GC-MS/MS)
Parameter and corresponding hazardous substance

Hazardous substance CAS No. Parameter CAS No.
Furan 110-00-9 Furan 110-00-9

Reliability data

Furan

Within-day precision: Standard deviation (rel.) Sw=2.2%, 2.0%, or 2.7%
Prognostic range u=5.0%, 4.5%, or 6.1%
at a spiked concentration of 1.5 ng, 5.0 ng, or 51 ng furan per litre of
end-exhaled air and n=10 determinations

Day-to-day precision: Standard deviation (rel.) $,=0.3%, 7.2%, or 5.5%
Prognostic range u=14.3%, 16.3%, or 12.4%
at a spiked concentration of 1.5 ng, 4.9 ng, or 49 ng furan per litre of
end-exhaled air and n=10 determinations

Accuracy: Recovery (rel.) r=107%, 108%, or 94,8%
at a spiked concentration of 1.5 ng, 5.0 ng, or 50 ng furan per litre of
end-exhaled air and n=10 determinations

Limit of detection: 0.02 ng furan per litre of end-exhaled air

Limit of quantitation: 0.06 ng furan per litre of end-exhaled air

2 General information on furan

Furan is a five-membered aromatic oxygen heterocycle which is liquid at room temperature and boils at 31°C, thus
exhibiting high volatility. Furan is used as a raw material for the production of other substances and is industrially
synthesised for this purpose (Hoydonckx et al. 2007). However, it is likewise formed from the incineration of organic
materials and can be found in cigarette and wood smoke as well as in exhaust fumes from diesel and petrol engines
(IARC 1995). Moreover, furan may be unintentionally formed during the processing or handling of food products
under heat (Batool et al. 2021).

There are only few data available on furan toxicity in humans (Hartwig and MAK Commission 2020; NIOSH 2016).
Animal studies have shown toxic effects after oral administration, especially in the liver and in the bile ducts, which
led to carcinomas in long-term exposure (Hartwig and MAK Commission 2020). Furan has been classified for car-
cinogenicity (Category 1B) and germ cell mutagenicity (Category 2) per the CLP Regulation (European Parliament and
European Council 2008), as it is presumed to be carcinogenic for humans and causes concern due to the possibility
that it may induce heritable mutations in human germ cells. The Commission assumes that a non-genotoxic mode
of action is of primary importance for furan, that genotoxic effects play a subordinate role, and that furan does not
contribute to carcinogenic risk for workers if the MAK value is not exceeded. The Commission has therefore derived
a MAK value, classifying the substance as a Category 4 carcinogen (DFG 2023; Hartwig and MAK Commission 2020).

No data on occupational exposure to furan are currently available (IARC 1995; NTP 1993). Furan has been registered
as an intermediate product under the REACH regulation (ECHA 2019). Accordingly, workers are involved in the
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production and use of furan in closed industrial plants, in the transfer of the substance to and from technical facilities,
as well as in filling and weighing processes. Since the high volatility of furan requires handling and application to
take place in closed systems, the possibility of occupational exposure first appears rather limited. Insufficiently sealed
systems or leaks may however lead to toxicologically relevant exposure due to the high volatility of the substance.

Aside from the purposeful use of furan, occupational exposure may be possible in areas in which the substance arises
unintentionally or is inadvertently released from products and materials. For example, furan is a known heat-related
process contaminant in food products (Andres et al. 2017). As such, if the treatment or processing of food products
takes place on a commercial or industrial scale, workplace exposure cannot be ruled out a priori. For example, an
emission concentration of 170 pg furan/m?® was measured in the exhaust air of an industrial frying unit (Moortgat et
al. 1992). During the thermal preparation of various food products in a household kitchen, spot measurements of the
ambient air yielded furan concentrations of up to 200 pg/m?®. The burden measured in the ambient air thereby varied
depending on the food product in question as well as on the kind of preparation. Among other tests, the preparation
of various coffee drinks, the toasting of different types of bread, the baking of pizza, and the preparation of potato
chips were investigated (Crews 2009).

In the workplace, furan is primarily taken up by inhalation, although oral or dermal uptake is possible as well
(NTP 2016). According to model calculations, dermal uptake may contribute significantly to the toxicity of furan.
Accordingly, furan is designated with an “H” by the Commission (Hartwig and MAK Commission 2020). There are
currently no systematic observations available on the distribution of furan throughout the human body nor on its
metabolism or excretion. An inhalation study on rats showed that furan exposure leads to measurable levels of furan
in the blood which increased with exposure concentrations (Kedderis et al. 1993). Based on their measured data, the
authors developed a toxicokinetic model according to which about 16% of the absorbed furan is exhaled unchanged
within 24 hours. This finding was quite consistent with the results of an earlier study in rats in which about 14% of
the administered furan was excreted unchanged via exhaled air within 24 hours (Burka et al. 1991).

As a result, measurements of both blood and exhaled air present possibilities for the assessment of furan exposure,
whereby, in a workplace context, exhaled air may be the more preferable matrix due to its non-invasive sampling
procedure. Furan measurements in human blood and exhaled-air samples have already been performed in various
settings; examples include the measurement of background exposure in the general population, the estimation of
diet-related furan levels, or the application of chemical-analytical screening methods. Table 1 provides a summary of
such studies, including information on the analytical procedure applied as well as measured concentrations. Furan
concentrations measured in blood may be used to estimate expected concentrations in exhaled air using the blood-air
partition coefficient for furan, which is given in the literature as 6.59 (Kedderis et al. 1993) or 6.84 (Kramer et al. 2016).
Studies on the internal furan burden of occupationally exposed workers are not yet available.

Tab.1 Furan concentrations in blood and exhaled air from persons not occupationally exposed to furan

Study collective Sample material Furan concentration® Sample collection; Purpose of measurement Reference
[ng/1] analytical method

1N . Cryotrap; GC-FID/ECD/ Screening for volatile Conkle et al.

(€] Exhaled air 1.2 MSD substances (VOCs) 1975

54 N Quantifiable in 3.9% of

(353;199) Exhaled air samples (n=387), 68% of Teflon bags, TENAX® as Screening for volatile Krotoszynski
measured values in the adsorbent, TD-GC-MS substances (VOCs) etal. 1979
range of 0.1-2.9

2N Measurement of furan levels

13;19 Exhaled air 1.6-36 Tedlar bags, GC-MS in exhaled air within 8 min ~ Crews 2009

of coffee consumption
22N;6S Blood <0.68 (LOD)-24.5 NTD-GC-MS
(14 3:149) Screening for volatile Mochalski et
Exhaled air <0.03 (LOD)-6.5 Tedlar bags, substances (VOCs) al. 2013

HS-SPME-GC-MS
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Tab.1 (continued)

Study collective Sample material Furan concentration® Sample collection; Purpose of measurement Reference
[ng/1] analytical method

2086 N; 833 S S: 190

(adults) Blood HS-SPME-GC-MS Mef“rementl of furlan. levels - \cEH 2021
N: <25 (LOD)") in the general population

GC-FID/ECD/MSD: gas chromatography with flame-ionisation detection or electron-capture detection or mass-spectrometric detection;
HS-SPME: headspace-solid-phase microextraction; LOD: limit of detection; N: non-smoker; NTD: extraction via needle-trap device; S: smoker;
TD: thermal desorption; VOCs: volatile organic compounds

2 Concentrations given in different units in the original sources were converted to ng/l.

b)

95th percentile

3 General principles

The method herein described enables the determination of furan in end-expiratory exhaled air. Samples are collected
in 20-ml screw-top glass vials into which the persons to be tested exhale through a PTFE tube. The vials are then sea-
led using screw caps with PTFE-lined silicone septa. After extraction and enrichment of the furan by SPME, which is
carried out directly in the sample vials, determination is performed by GC-MS/MS. Exhaled-air samples spiked with

furan are used for external calibration.

4 Equipment, chemicals, and solutions

4.1 Equipment

Gas chromatograph with a split/splitless injector and a quadrupole mass spectrometer (e.g. triple-quadrupole
mass spectrometer, Agilent GC 7890B with Agilent MS-MS 7010B, Agilent Technologies Deutschland GmbH,
Waldbronn, Germany)

Gas-chromatographic capillary column: stationary phase: polyethylene glycol; length: 30 m; inner diameter:
0.25 mm; film thickness: 0.25 pm (e.g. No. 19091N-1331, HP-INNOWax, Agilent Technologies Deutschland GmbH,
Waldbronn, Germany)

Autosampler: XYZ Robot for automated solid-phase microextraction with a station for SPME-fibre conditioning
(e.g. MPS RoboticPro, GERSTEL GmbH & Co. KG, Mithlheim an der Ruhr, Germany)

Inlet liner for SPME, straight design (unpacked), inner diameter of 0.75 mm (e.g. No. 2637505, Supelco Inc.,
Bellefonte, USA)

SPME fibres made of quartz glass: fibre length of 1 cm, CAR/PDMS (Carboxen®/Polydimethylsiloxane) coating of
75 pm, cannula of 23 ga (e.g. No 57343-U, Supelco Inc., Bellefonte, USA)

PTFE tubes, cut to size: length of 13 cm, outer diameter of 4.5 mm, inner diameter of 2.5 mm (e.g. PTFE Chemical
Tubing, No. 92582, RCT Reichelt Chemietechnik GmbH + Co., Heidelberg, Germany)

Variably adjustable single-channel pipettes (0.5-10 pl, 10-100 pl, 100-1000 pl, 0.5-5 ml) with matching pipette tips
(e.g. Research® plus, Eppendorf AG, Hamburg, Germany)

Analytical balance (e.g. Sartorius AG, Gottingen, Germany)
Gastight 10-pl, 50-pl, 100-pl, and 250-pl microlitre syringes with fixed, bevel-tipped cannulas (e.g. 1700 Series

syringes, Hamilton Bonaduz AG, Bonaduz, Switzerland)
Gastight 10-pl, 25-pl, 50-pl, 100-pl, 250-pl, and 500-pl microlitre syringes with fixed side-port cannulas (e.g.
1700 Series syringes, Hamilton Bonaduz AG, Bonaduz, Switzerland)
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o Gastight 1-ml and 5-ml syringes with fixed side-port cannulas (e.g. 1000 Series syringes, Hamilton Bonaduz AG,
Bonaduz, Switzerland)

e 20-ml screw-top glass vials with assembled open-top screw caps with 1.3-mm silicone/PTFE septa (e.g.
No. GHS6*-20R-SWFR16-H (replacement septa, No. GHS8-SW15FR01/14), Glastechnik Grafenroda GmbH, Geratal,
Germany)

o 10-ml screw-top glass vials with assembled open-top screw caps with PTFE-lined silicone septa (e.g.
No. 093640-038-00 or No. 093640-040-00, GERSTEL GmbH & Co. KG, Mithlheim an der Ruhr, Germany)

o 1.5-ml screw-top glass vials (e.g. No. 093640-046-00, GERSTEL GmbH & Co. KG, Mithlheim an der Ruhr, Germany)

o Open-top screw caps (GPI 9-425 thread) with PTFE-lined silicone septa (e.g. No. 5182-0730, Agilent Technologies
Deutschland GmbH, Waldbronn, Germany)

o 2.2-]1 threaded glass flasks (bottles for static gas dilutions) (e.g. No. 591190-2000, Static Dilution Bottle from
KIMBLE®, DWK Life Sciences GmbH, Wertheim, Germany)

«  PTFE-precision sampling valves for use with GPI 24-400 screw thread (e.g. Mininert® valves No. 33304 with re-
placement silicone septa No. 33310-U, Supelco Inc., Bellefonte, USA)

4.2 Chemicals

Unless otherwise specified, all chemicals must be a minimum of pro analysi grade.

. Furan, >98.0%, stabilised with 2,6-Di-tert-butyl-4-methylphenol (e.g. No. 43861-1ML, Merck KGaA, Darmstadt,
Germany)

«  Dimethyl sulfoxide (DMSO) for headspace analysis, =99.99% (e.g. No. HN47.1, ROTISOLV®, Carl Roth GmbH + Co. KG,
Karlsruhe, Germany)

o Nitrogen 5.0 (e.g. Linde GmbH, Pullach, Germany)
o Helium 6.0 (e.g. Linde GmbH, Pullach, Germany)
o Ultra-pure water (e.g. PURELAB® flex 3, ELGA LabWater, High Wycombe, United Kingdom)

4.3 Calibration standards

It is advisable to prepare calibration standards in an air-conditioned laboratory with a room temperature of 20°C.
The exact volumes of the static dilution bottles and 20-ml screw-top glass vials are ascertained gravimetrically prior
to use. To this end, the sealed bottles and vials are first weighed when empty and then again after being filled to the
brim with ultra-pure water. The corresponding volume is calculated from the mass difference using water density
and accounting for water temperature with an accuracy of 0.1°C.

«  Stock gas (8.5 mg furan/I)
A cap with a precision-sampling valve is screwed onto a 2.2-liter dilution bottle which has been purged with
nitrogen. In the bottle thus prepared, 20 pl of furan are injected using a gastight syringe. The determination of
the injected furan mass is thereby carried out by differential weighing of the syringe using an analytical balance
(mass of the filled syringe minus the mass of the emptied syringe after injection). The gas mixture which arises
by complete evaporation of the furan is equilibrated in the dark at room temperature for at least six hours or
overnight. The stock gas is freshly prepared on each day of use.

o Spiking gas I (18.2 pg furan/l)
A cap with a precision-sampling valve is screwed onto a 2.2-liter dilution bottle which has been purged with ni-
trogen. A gastight syringe (side-port cannula) is used to extract and discard 4.7 ml of gas from the sealed, gastight
bottle thus prepared. The gastight syringe is then used to inject 4.7 ml of the stock gas. The gas is equilibrated for at
least one hour at room temperature, avoiding direct sunlight. Spiking gas I is freshly prepared on each day of use.
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o Spiking gas II (0.91 pg furan/l)
A cap with a precision-sampling valve is screwed onto a 2.2-liter dilution bottle which has been purged with ni-
trogen. A gastight syringe (side-port cannula) is used to extract and discard 235 pl of gas from the sealed, gastight
bottle thus prepared. The gastight syringe is then used to inject 235 pl of the stock gas. The gas is equilibrated for at
least one hour at room temperature, avoiding direct sunlight. Spiking gas Il is freshly prepared on each day of use.

Calibration standards are prepared in 20-ml screw-top glass vials into which exhaled air has been placed. The person
who provides the exhaled air should not be occupationally exposed to furan, should not smoke, and should not have
consumed coffee in the last 20 minutes. Filling the vials with exhaled air is carried out as specified in the directions
on specimen collection of exhaled air (see Section 5). To prepare the intended furan concentrations in the screw-top
glass vials, the required spiking-gas volumes are injected into the briefly opened 20-ml screw-top glass vials using a
gastight syringe (side-port cannula). The otherwise possible injection of the spiking-gas volume through the septum
may lead to non-reproduceable furan adsorption onto the septum material at the puncture site.

The silicone septa of the precision-sampling valves must be exchanged after every three injections. Table 2 provides
representative spiking schemes for the preparation of calibration standards for the determination of furan in exhaled
air. Three possible sets of calibration standards in the lower, medium, and upper calibration ranges are given. In order
to verify the absence of a blank value in the exhaled air, an unspiked exhaled-air sample is included in the analysis.

The given spiking scheme assumes a weighed-in furan quantity of 18.8 mg, a dilution-bottle volume of 2.2 1, and that
each of the 20-ml screw-top glass vials has a volume of 19.5 ml. Users of the method must use gravimetrically ascer-
tained masses and volumes to calculate the furan concentrations in the calibration standards.

Tab.2 Spiking scheme for the preparation of calibration standards for the determination of furan in exhaled air

Calibration standard?  Volume of screw-top Volume of spiking gas II Volume of spiking gasI Furan concentration
glass vial® [ml] [p1] [pl] [ng/1]

Lo - - 0.0
L1 5 - 0.23
L2 15 - 0.70
L3 19.5 25 - 1.2
L4 35 - 1.6
L5 45 - 2.1
L6 55 - 2.6
Mo - - 0.0
M1 65 - 3.0
M2 80 - 3.7
M3 19.5 95 - 4.4
M4 110 - 5.1
M5 125 - 5.8
M6 140 - 6.5
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Tab.2 (continued)

Calibration standard?  Volume of screw-top Volume of spiking gas II Volume of spiking gasI Furan concentration
glass vial® [ml] [nl] [nl] [ng/1]
uo - - 0.0
U1 - 5 4.7
U2 - 20 18.7
U3 19.5 - 35 32.7
U4 - 50 46.7
Us - 65 60.7
U6 - 80 74.6

 Examples of various concentration ranges: L — lower; M — medium; U - upper
b Filled with exhaled air before spiking

5 Specimen collection, assessment of sample integrity, and sample
preparation

5.1 Specimen collection

To avoid contamination, exhaled-air sampling must take place in a furan-free environment. A risk of contamination
is present not only at workplaces with possible furan exposure, but also in environments in which coffee is prepared
or which contain cigarette smoke. A 20-ml screw-cap glass vial, an assembled open-top screw cap with septum, and a
PTFE tube are used to collect a sample of end-exhaled air. The glass vial selected for this purpose is characterised by
a small opening with a cross-section of 10 mm, and the relatively large, hexagonal screw cap is robust and allows for
easy handling. The person to be tested should breathe normally, hold the breath for five seconds, and then exhale as
completely as possible through the PTFE tube, which leads the stream of exhaled air into the screw-top glass vial. The
glass is then rapidly sealed gastight with the screw cap (see Figure 1). Two directly consecutive exhaled-air samples
should be taken from each person to be tested. If possible, these samples should be analysed within one week. Even
though the samples can be transported without cooling, they should be stored in the laboratory in a cool, dark place
(see Section 12).

Photos: copyright BAuA (2024)

a) b) c)

Fig.1 Collection of an exhaled-air sample: a) 20-ml screw-top glass vial, assembled open-top screw cap with PTFE-lined septum,
and PTFE tube, b) specimen collection, and c) sealed, gastight 20-ml screw-top glass vial containing the exhaled-air
sample
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5.2 Assessment of sample integrity

Sample integrity must be verified, especially when specimen collection takes place without supervision. Exhaled-
air samples exhibit characteristic amounts of water and carbon dioxide which can be used to assess their integrity
(Ziener 2014). Exhaled air exits the body at about 35°C and a relative humidity of 100%. Since the ambient temperature
at the time of sample collection is generally much lower, moisture inevitably condenses in the sampling vials (see
Figure 1c). As such, sample vials can be checked for visible condensation. A more laborious although more reliable
option is the gravimetric determination of condensate mass, the evaluation of which can be based on experience
and self-determined tolerance ranges. Samples without condensate or with unusually small condensate masses are

considered questionable.

Moreover, the carbon dioxide contained in the samples can be measured simultaneously with furan. The CO, signal
can be semi-quantitatively assessed by comparison with the carbon-dioxide signal of an ambient-air sample, a furan
calibration standard, or other exhaled-air samples. As an example, Figure 2 shows a chromatogram of an ambient-air
sample compared with a typical exhaled-air sample. As expected, the exhaled-air sample yields a considerably larger
carbon-dioxide measurement signal when compared with the ambient-air sample. An exact quantification of the
carbon-dioxide concentrations is possible via calibration with test gas. Samples with carbon-dioxide concentrations
at the level of the ambient air should be considered questionable.

18000 4 €02 Furan
m/z=22.0
— 16000 7 68.0 — 40.1
% 14000 -~ Retention time Retention time
Y 12000 1 1.25 min 1.81 min
(=}
S 10000 A
g 8000 -
< 6000 1 WM/WWWWMWWMW
4000 -
2000 A
0 T T T T T T T T T )
1.0 12 1.4 1.6 1.8 2.0 22 24 2.6 2.8 3.0
Time [min]
300000 - CO, Furan
m/z=22.0
Z 250000 1 68.0 — 40.1
o
i)
§ 200000 ~ Retention time Retention time
—8 1.25 min 1.81 min
g 150000
ia)
< 100000 -
50000
0 T T T T T r r r r ]
1.0 1.2 1.4 1.6 1.8 2.0 22 2.4 2.6 2.8 3.0
Time [min]
Fig.2 Chromatograms of furan analyses with simultaneous carbon-dioxide measurement: a) chromatogram of an ambient-air

sample, carbon-dioxide concentration of about 0.04%; b) chromatogram of an exhaled-air sample from a smoker, car-
bon-dioxide concentration of about 4%

The mass-spectrometric parameters (see Section 6.3) must be expanded to include carbon-dioxide measurement. Prior
to the window for furan detection, a window for the detection of carbon dioxide is established according to Table 3.
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Tab.3 Mass-spectrometric settings for the measurement of carbon dioxide in exhaled air

Analyte Retention time Detection mode Ion
[min] [m/z]
Carbon dioxide 1.25 MS1 SIM 222

3) The verifiers of the method measured the carbon dioxide on the ion trace m/z 44.

5.3 Sample preparation

Samples are measured without any further manual workup.

6 Operational parameters

Analytical determination was carried out using a device configuration comprised of a gas chromatograph with a

tandem mass spectrometer as well as an SPME unit.

6.1 Solid-phase microextraction (SPME)

Extraction location: Sample tray of the autosampler
Extraction time: 10 min
Extraction temperature: Room temperature (20 °C)

Bake-out of the SPME fibre: In the conditioning station under nitrogen at 300 °C: after several hours of idle time
before the start of an analytical run for 60 min, within an analytical run
immediately before each extraction for 8 min each (pre-bake-out)

6.2 Gas chromatography

Capillary column: Stationary phase:
Length:
Inner diameter:
Film thickness:

Temperatures: Column:
Injector:
Transfer line:
Carrier gas: Helium 6.0
Injection: Split injection
SPME fibre: Sample injection via thermal desorption

6.3 Mass spectrometry

Ionisation mode: Electron-impact ionisation (EI)
Ionisation energy: 70 eV
Source temperature: 230°C

Quadrupole temperature: 150°C

Polyethylene glycol
30 m

0.25 mm

0.25 pm

Initial temperature of 45°C,
isothermal for 3 min; 100 °C for 2 min
after each sample

200°C

200°C

Flow rate: 1.0 ml/min, constant
Split ratio 1 : 10

Desorption time: 1 min
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Quenching gas: Helium (4 ml/min)

Collision gas: Nitrogen (1.5 ml/min)

Collision energy: see Table 4

Detection mode: Multiple Reaction Monitoring (MRM)

The settings given above are instrument-specific and must be ascertained and, if necessary, adjusted by the user of
the method.

Tab.4 Retention time and detected mass transitions for the determination of furan in exhaled air

Analyte Retention time Mass transition [m/z] Status Collision energy
i 'V
[min] Precursor ion (Q1) Product ion (Q3) [eV]
68.0 39.1 Quantifier 23
Furan 1.81
68.0 40.1 Qualifier 13

7 Analytical determination

Furan is enriched using solid-phase microextraction, which is carried out per automation in the 20-ml screw-top glass
vials, and then transferred on the SPME fibre into the injection port of the gas-chromatograph, where it is thermally
desorbed. Gas-chromatographic separation of the sample is carried out on the analytical column. The time courses
of the mass transitions utilised (Table 4) are recorded in MRM mode of the triple-quadrupole mass spectrometer. The
retention time given in Table 4 is only intended as a point of reference. The user must ensure the separation perfor-
mance of the column used and the resulting retention behaviour of the analyte. Both consecutively obtained samples
from a person (see Section 5) are analysed. The mean value of the two determinations is used to calculate the analytical
result. Figure 3 shows chromatograms of native exhaled-air samples of a non-smoker and a smoker as an example.
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Fig.3 Chromatograms of native exhaled-air samples: a) furan concentration < limit of quantitation; non-smoker without

occupational furan exposure, at least 20 min since last coffee consumption; the sum of the ion transitions m/z 68.0 — 39.1

and m/z 68.0 — 40.1 is depicted; b) furan concentration = 7.2 ng/l; smoker without occupational furan exposure, at
least 20 min since last coffee consumption; the ion transition m/z 68.0 — 39.1 is depicted as well as the ion transition

m/z 68.0 — 40.1

8 Calibration

Calibration samples are included as part of each analytical run and the calibration curve is newly calculated. For
this process, the calibration standards are prepared as described in Section 4.3 and analysed by GC-MS/MS. The
calibration curve is generated by plotting the peak areas of furan against the corresponding analyte concentrations.
The calibration curves were linear in all three concentration ranges given in Table 2. The slope and axis intercept
of the calibration curve are calculated by linear regression. Figure 4 shows an example of a calibration curve for the

determination of furan in exhaled air.
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Fig.4  Calibration curve for the determination of furan in exhaled air — the selected concentration range of 2.6 ng/l to 31.7 ng/l is
suitable for the measurement of furan exposure levels typical for smokers

9 Calculation of the analytical results

The calculation of the furan concentrations in exhaled-air samples is carried out using the calibration function of the
analytical run in question (Section 8). Using the evaluation software of the GC-MS/MS system, the furan peak areas
are determined, inserted into the calibration function and the analyte concentration is calculated in ng/l. Any blank
value which arises must be subtracted from the analytical results.

If the measured value lies outside of the selected calibration range, the calibration range must be expanded as it is not

possible to dilute the sample in question.

10 Standardisation and quality control

Quality assurance of the analytical results is carried out as stipulated in the guidelines of the Bundesdrztekammer
(German Medical Association) and in a general chapter published by the Commission (Bader et al. 2010; Bundesérzte-

kammer 2014).

For quality control, at least one control sample is included in each analytical run. Since suitable control material is not
commercially available, it must be prepared in the in-house laboratory. For this purpose, the furan concentration of
the control samples must lie within the concentration range relevant for assessment. The nominal value and tolerance
ranges of the quality-control material are ascertained as part of a pre-analytical period (Bader et al. 2010).

The quality-control material is prepared independently from the calibration standards by an alternative procedure.
As an example, the following instructions describe the preparation of control samples with a concentration of 4.8 ng

furan per litre of exhaled air.

o Stock solution I (3760 mg furan/l)
Using a pipette, 4980 pl DMSO are placed into a 10-ml screw-top glass vial. The glass vial is sealed using a screw
cap with septum and weighed. Subsequently, 20 pl furan are injected through the septum into the glass vial using
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a gastight syringe. The furan sample weight is ascertained by differential weighing. Stock solution I is stable for
at least eight weeks when stored in the refrigerator at 4 °C.

o Stock solution II (188 mg furan/l)
Using a pipette, 4750 pl DMSO are placed into a 10-ml screw-top glass vial. The glass vial is sealed using an open-
top screw cap with septum. Subsequently, 250 pl of Stock solution I are injected through the septum into the
glass vial using a microlitre syringe.

o Stock solution III (0.94 mg furan/l)
Using a pipette, 4975 ul DMSO are placed into a 10-ml screw-top glass vial. The glass vial is sealed using a screw
cap with septum. Subsequently, 25 pl of Stock solution IT are injected through the septum into the glass vial using
a microlitre syringe.

o Spiking solution (18.8 pg furan/l)
Using a pipette, 980 pl of ultra-pure water are placed into a 1.5-ml screw-top glass vial. The glass vial is sealed
using a screw cap with septum. Subsequently, 20 pl of Stock solution III are injected through the septum into the
glass vial using a microlitre syringe.

o  Control samples (4.8 ng furan/l)
A person without occupational exposure to furan places exhaled air in 20-ml screw-top glass vials (see Section 5),
the volumes of which have been determined gravimetrically (see Section 4.3). The enclosed mass of water — the
breath condensate — is ascertained for each sample by differential weighing. Subsequently, the amount of water
in the 20-ml screw-top glass vials is standardised by the addition of ultra-pure water using a microlitre pipette
— for example, up to a total 50 mg per 20-ml screw-top glass vial. Using a microlitre syringe, 5 pl of the spiking
solution are then injected into the briefly opened 20-ml screw-top glass vial.

Stock solutions II and III, the spiking solution, and the control samples should be prepared directly before use. The
preparation of the quality-control material is summarised in Table 5, assuming a furan sample weight of 18.8 mg.

Tab.5 Representative spiking scheme for the preparation of quality-control material for the determination of furan in exhaled air

Material Advance placement of Addition of Furan concentration
Stock solution I 4980 pl DMSO 20 pl furan 3760 mg/1

Stock solution IT 4750 pl DMSO 250 pl Stock solution I 188 mg/1

Stock solution III 4975 pl DMSO 25 pl Stock solution II 0.94 mg/1

Spiking solution 980 pl ultra-pure water 20 pl Stock solution III 18.8 pg/l
Quality-control material 19.5 ml furan-free exhaled air and ultra-pure 5 pl spiking solution 4.8 ng/l

water to standardise the mass of water

11 Evaluation of the method

The reliability of this method was confirmed by comprehensive validation as well as by replication and verification
in a second, independent laboratory.

11.1 Precision

Within-day precision

For the determination of within-day precision, exhaled-air samples were spiked with 1.5 ng furan/l, 5.0 ng furan/l,
and 50 ng or 51 ng furan/l. Both procedures described in Section 4.3 and 10 were used to prepare ten samples per
concentration, which were then analysed. Ten exhaled-air samples from a smoker, taken successively within eight
minutes, were analysed as well. In this case, the smoker had last smoked a cigarette about 40 min before sampling.
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The precision data obtained for each sample set are presented in Table 6. The within-day precision data determined
in the smoker samples reflect both the analytical precision and the precision of sample collection in the field. The
precision data given under “Characteristics of the method” in Section 1 refer to the exhaled-air samples spiked as
described in Section 4.3

Tab.6 Within-day precision for the determination of furan in exhaled air (n = 10)

Furan concentration Standard deviation (rel.) s,, Prognostic range u (P =95%)
[ng/1] [%] (%]
Spiked exhaled-air samples — prepared according to Section 4.3
1.5 2.2 5.0
5.0 2.0 4.5
51.0 2.7 6.1

Spiked exhaled-air samples - prepared according to Section 10

1.5 2.8 6.3
5.0 2.0 4.5
50.0 2.0 4.5

Native exhaled-air samples — smoker

7.2 6.4 14.5

u=s,xt, (t, - Student factor, two-tailed, at n-1 and P =95%: 2.262) (Bader et al. 2010)

Day-to-day precision

For the determination of day-to-day precision, exhaled-air samples were spiked with 1.5 ng furan/l, 4.9 ng furan/l, or
49 ng furan/l. On the first day of analysis, the procedure described in Section 4.3 was used to prepare 20 samples for
each concentration, which were stored in the dark at room temperature (about 20 °C) until measurement. Two samples
per concentration were analysed on ten different days. The respective day-to-day precision data were calculated from
the mean values of the two samples and are given in Table 7. These values have been influenced by furan losses from
sample storage as described in Section 11.5, such that these data underestimate the analytical precision.

Tab.7 Day-to-day precision for the determination of furan in exhaled air (n =10)

Spiked concentration Standard deviation (rel.) s,, Prognostic range u (P=95%)
[ng/1] [%] [%]

1.5 6.3 14.3

4.9 7.2 16.3
49.0 5.5 12.4

u=s,xt, (t, - Student factor, two-tailed, at n-1 and P =95%: 2.262) (Bader et al. 2010)

11.2 Accuracy

Recovery tests were performed to check the accuracy of the method. To this end, exhaled-air samples were spiked
with 1.5 ng furan/l, 5.0 ng furan/l, or 50 ng furan/l. Using the procedure described in Section 10, ten samples per con-
centration were prepared and analysed. The relative recoveries thus obtained are summarised in Table 8.
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Tab.8 Mean relative recovery for the determination of furan in exhaled air (n =10)
Spiked concentration Recovery (rel.) r [%]
(ng/1] Mean Range
1.5 107 102-113
5.0 108 105-111
50.0 94.8 92.0-97.0
11.3 Matrix effects

To check for matrix effects, the verifiers of the method prepared two sets of calibration standards and performed a
comparative analysis. Pure, dry nitrogen was placed in 20-ml headspace vials in one set, while the other set used ex-
haled air; both sets were then spiked with furan. Analysis of the samples spiked in a concentration range of 0.9-92.0 ng
furan/l yielded the calibration curves depicted in Figure 5. For the exhaled-air matrix, there was about a 30% reduction
in the slope of the calibration curve. As a result, the use of matrix-adjusted calibration standards is considered essential

to ensure the accuracy of the measured values.

Peak area [cps]

Fig.5
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Calibration curves prepared in pure, dry nitrogen or in exhaled air

11.4 Limits of detection and quantitation

The limits of detection and quantitation (Table 9) were ascertained according to the calibration-curve approach of

DIN 32645 (DIN 2008). To this end, a calibration curve was generated in the range of the expected limits of detection
and quantitation. The calibration points were equidistant; the lowest and highest concentrations differed by a factor
of 10. The samples used for the determination of the detection and quantitation limits were prepared by spiking ex-
haled air as described in Section 4.3.
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Tab.9 Limits of detection and quantitation for the determination of furan in exhaled air

Analyte Limit of detection Limit of quantitation
[ng/1] [ng/1]
Furan 0.02 0.06

11.5 Storage stability of exhaled-air samples

To assess the storage stability of exhaled-air samples, storage tests were performed at various temperatures (4°C, 20°C,
and 35°C) over a period of seven days. To this end, exhaled-air samples were taken from three individuals without
occupational exposure to furan. Using 20-ml screw-top glass vials, 24 consecutive exhaled-air samples were taken
from each person three times (see Section 5), such that a total of 216 samples were available as matrix material. Per
Section 4.3, 63 samples from one individual were spiked with furan (21 samples for each concentration level of 1.5 ng
furan/l, 5.0 ng furan/l, or 50 ng furan/l exhaled air). The furan analyses were carried out on Day 0 (preparation day)
as well as after four and seven days. Three samples from each person, storage temperature, and concentration level
were analysed. In parallel to the spiked samples, unspiked samples were analysed to check for the absence of blank
values (n=9 per person).

The results of these storage tests are presented in Table 10. According to the data, the furan concentrations of the
stored samples tended to decrease with the storage period and with increasing storage temperature. At a storage
period of four days and a storage temperature of 35°C, analyte losses were at a maximum 16%. As such, samples may
generally be transported without being cooled, even at summerlike temperatures. After a storage period of seven days,
the samples stored in the refrigerator at 4°C exhibited the lowest analyte losses at a maximum 14%. For this reason,
samples should be cooled at 4°C, if possible, until analysis, and analysis should take place as soon as possible after
sample collection or at least within one week.

The possibility of measurement results which underestimate furan concentrations must be noted alongside storage
times in the test report.

Tab.10 Storage stability of exhaled-air samples: influence of storage duration and temperature on furan concentrations (n=9 in each

case)
Storage duration Storage temperature Mean relative recovery r+relative standard deviation SD [%]
rel 1.5 ng Furan/1 5.0 ng Furan/l1 50 ng Furan/1
0 days"*) - 100+ 1.6 100+2.1 100+ 1.1
4 97.0+5.0 94.8+2.0 91.5+2.4
4 days 20 92.6+4.3 90.5+1.1 88.4+2.2
35 85.3+4.8 83.8+£3.0 86.3+3.3
4 89.7+4.9 859+1.6 93.0£1.0
7 days 20 83.5+55 79.8+1.7 90.2+1.0
35 74.8+3.6 72.0+4.3 84.0+1.5

 The means of the measured concentrations on Day 0 were set as equal to 100%.

11.6 Sources of error

The handling of gaseous samples and calibration materials using gastight bottles, vials, and syringes requires close at-
tention and care. Leakages may lead to lower precision and accuracy of the measured values. The PTFE-precision sam-
pling valves used with the dilution bottles for the preparation of stock and spiking gases, as well as the PTFE-sealed
plungers of the gastight syringes used for spiking the gases, can only be used for a limited period of time. For this
reason, they must be regularly replaced. Prior experience shows that the silicone septa of the precision-sampling
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valves should be replaced after every three injections and the gastight syringes — especially those with a volume of
up to 100 pl - should be replaced after about 50 injections.

The Carboxen®/PDMS fibre used for solid-phase microextraction is very well-suited for furan enrichment. Since traces
of furan may also be present in laboratory air, the extraction fibre should be sufficiently baked out and checked for
blank values prior to use as well as after an extended interruption of an analytical run (see Section 6.1).

Regarding specimen collection and standard preparation, the use of 20-ml screw-top glass vials with assembled
open-top screw caps with 1.3-mm PTFE/silicone septa, as described in Section 4.1, is recommended. The verifiers of
the method found significant furan blank values when using PTFE-lined septa made of butyl rubber, especially with
vials that have been rinsed with nitrogen, sealed, and stored over a few days. There were considerably lower blank
values found when using the aforementioned PTFE-lined septa made of silicone. However, it is not advisable to store
the sealed vials in this case either.

12 Discussion of the method

For occupational exposure to furan, the Commission has derived a maximum workplace concentration (maximale
Arbeitsplatz-Konzentration, MAK value) of 0.056 mg/m3 (DFG 2023). Even if there are currently no data on furan con-
centrations in exhaled air from workers with occupational furan exposure, the concentrations are expected to lie
within this order of magnitude (up to about 60 ng/l). With a quantitation limit of 0.06 ng/l, the method hereby pre-
sented enables the specific and precise detection of furan in this concentration range. The low limit of quantitation
is thereby achieved, among other factors, by the automated solid-phase microextraction prior to GC-MS/MS analysis.

The precision and accuracy of this method are very good and consistent with the published data for the trace analysis
of furan and other volatile organic compounds in blood (CDC 2018; Géen et al. 2018). Blood measurements may be used
as a reference here, assuming that furan in exhaled air presents a surrogate parameter for furan in blood.

Since exhaled air generally contains numerous volatile substances of low molecular weight, analyte quantification
is performed with tandem mass spectrometry. The measurement signals obtained with GC-MS/MS did not show any
relevant interferences from matrix components.

If only furan concentrations from smokers or after occupational or other types of exposure are to be measured, it is
also possible to perform analysis by SPME-GC-MS. The verifiers of the method quantified furan in single ion moni-
toring (SIM) mode using the mass traces m/z 68 (quantifier) and m/z 39 (qualifier) and, with splitless sample injection,
determined a quantitation limit of 0.8 ng furan/I exhaled air. Due to the lower sensitivity of the MSD, higher standard
deviations were found at lower concentrations (1.5 ng furan/l and 5.0 ng furan/l) in the precision data. Moreover, dur-
ing external method verification by GC-MS, an unspecific interfering peak appeared on the mass trace m/z 39, which
presumably originated from a larger matrix molecule. This impurity could not be completely separated by adjusting
the chromatographic parameters. When MS/MS was used for quantification, however, this interfering peak did not
cause any problems.

Exhaled-air samples are collected in 20-ml screw-cap glass vials which can be sealed gastight. The samples are in-
troduced, without further workup, into the analytical system. The personnel cost for laboratory analysis is thereby
determined by the calibration of the procedure rather than by the number of samples — which facilitates the processing
of extensive sample batches.

Instruments used Gas chromatograph with a split/splitless injector and a triple-quadrupole mass spectrometer
(Agilent GC 7890B with Agilent MS-MS 7010B, Agilent Technologies Deutschland GmbH, Waldbronn, Germany),
gas-chromatographic capillary column (stationary phase: polyethylene glycol, length of 30 m, inner diameter of
0.25 mm, film thickness of 0.25 pm, No. 19091N-1331, HP-INNOWax, Agilent Technologies Deutschland GmbH,
Waldbronn, Germany) and an autosampler (XYZ Robot for automated solid-phase microextraction with a station for
SPME-fibre conditioning, MPS RoboticPro, GERSTEL GmbH & Co. KG, Mithlheim an der Ruhr, Germany)
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Notes

The method described herein for the determination of furan in exhaled air is based on a developmental project
from the Federal Institute for Occupational Safety and Health, and has been published by this Institute as part of a
publication (Ziener et al. 2024). The developers of this method submitted the procedure to the Senate Commission’s
Biomonitoring working group, of which the first author is a member, for feedback, external verification, and further
development. Members of this working group replicated this method and independently confirmed its reliability.
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