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The concentration of propofol in patient’s exhaled air is an indicator of the anesthetic depth. In the

present study, a membrane inlet ion mobility spectrometer (MI-IMS) was built for the on-line

measurement of propofol. Compared with the direct sample introduction, the membrane inlet could

eliminate the interference of moisture and improve the selectivity of propofol. Effects of membrane

temperature and carrier gas flow rate on the sensitivity and response time have been investigated

experimentally and theoretically. Under the optimized experimental conditions of membrane tem-

perature 100 1C and carrier gas flow rate 200 mL min�1, the calculated limit of detection (LOD) for

propofol was 1 ppbv, and the calibration curve was linear in the range of 10–83 ppbv with a correlation

coefficient (R2) of 0.993. Finally, the propofol concentration in an anaesthetized mouse exhaled air was

monitored continuously to demonstrate the capability of MI-IMS in the on-line measurement of

propofol in real samples.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Propofol is used as an intravenous anesthetic, and the con-
centration in serum is important for anesthetists to ensure patient
safety and adjust the anesthetic depth appropriately. However,
due to the complexity of blood samples, the measurement of
serum propofol concentrations is off-line and time-consuming.
Fortunately, in several studies, a close relation of propofol con-
centrations in exhaled air and that in serum was found [1,2],
indicating that it was viable to measure the serum propofol
concentration by analysis of exhaled air. Among these, Takita
et al. and Harrison et al. accomplished the on-line measurement
of propofol in patient’s exhaled air by proton transfer reaction
mass spectrometry (PTR-MS) [2,3]. In addition, methods such as
selected ion flow tube mass spectrometry (SIFT-MS) [4], ion–
molecule reaction mass spectrometry (IMR-MS) [5] and gas
chromatography mass spectrometry (GC–MS) [6] also have been
applied to measure the propofol in exhaled air. However, the
instruments involved were expensive and bulky, hence they were
not suitable for routine clinical use.
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In contrast, the ion mobility spectrometer (IMS) thechnique
has a large potential for monitoring compounds, including explo-
sives [7,8], illegal drugs [9,10], and chemical warfare gents [11,12]
due to the advantages of being relatively inexpensive, less bulky,
and portable. Recently IMS has been applied in the analysis of
exhaled air [13–17]. However, the moisture in exhaled air would
interfere with the performance of the IMS, such as reducing the
selectivity as well as the sensitivity [18,19]. An IMS in combina-
tion with a multicapillary column (MCC) was used to measure the
propofol concentration in patient’s exhaled air by Perl et al. and
Carstens et al. [16,17]. Due to the pre-separation by the MCC, even
though the relative humidity of patient’s exhaled air was up to
100% and the matix of that was complex, the propofol in exhaled
air was able to be identified and quantified. However, for the
MCC, the diameter, length and film thickness of each column
should meet stringent requirements [20]. Moreover, the use of
MCC may cost a certain analysis speed.

In recent years, the membrane inlet technique has proved to
be an effective method to eliminate moisture for detecting the
volatile organic compounds (VOCs) by IMS [21–23]. Among these,
the commonly used membrane is silicone membrane, a hydro-
phobic one that can resist the water vapor transmission through
it. Furthermore, the solubilities, diffusivities, and permeabilities of
analytes in the silicone membrane are determined by their
chemical natures [24], therefore in some cases, the use of
membrane inlet allows the IMS to boost the selectivity of



Table 1
Operating conditions for IMS.

Operating condition Setting

Ionization source 63Ni

Operating mode Negative

Temperature of IMS 90 1C

Effect length of the drift region 6.5 cm

Drift field 380 V cm�1

BN gate opening time 200 ms
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analytes. Based on these characteristics of silicone membrane, the
membrane-inlet would be a suitable sample introduction method
for IMS to analyze the exhaled air. In this study, a membrane inlet
ion mobility spectrometer (MI-IMS) was constructed and opti-
mized for on-line measurement of propofol. The experimental
parameters such as membrane temperature and carrier gas flow
rate were optimized. The limit of detection, calibration curve and
repeatability were investigated. Finally, the MI-IMS was applied
to the mouse exhaled air sample.
Drift gas flow rate 350 mL min�1
2. Experimental

2.1. Instrumentation

The ion mobility spectrometer used in the experiment was built in
our laboratory, which consisted of a radioactive 63Ni ion source, a
Bradbury–Nielsen (BN) gate, a drift region, an aperture grid, a Faraday
plate and an amplifier, as shown in Fig. 1. The analyte was ionized in
the ionization chamber, and then these ions were injected into the
drift region by the BN gate, followed by the separation in a uniform
electrical field. Air dried by molecular sieves and activated charcoals
was divided into two streams via flow controllers (Beijing Sevenstar
Electronics Co., Ltd., China, model D07-7B). One stream was sent into
the permeate side of the membrane as the IMS carrier gas while the
other stream was used as the IMS drift gas. The IMS was tempera-
ture-controlled with a tape heater, and the operating conditions are
listed in Table 1.

The membrane inlet in Fig. 1 was constructed from stainless steel.
A sheet silicone membrane (Technical Products INC. of GA, USA) was
clamped in the membrane inlet. The thickness of the membrane was
50 mm, and its area exposed to sample gas was about 3 cm2. Sample
gas flowed along the feed side of the membrane continuously via a
pump, so that the analytes permeated through the membrane layer
and were sent into the IMS by the carrier gas. The membrane inlet
was temperature-controlled with a rod heater and thermal resistor. In
addition, the insulating material was wrapped around the membrane
inlet to keep a constant temperature.

2.2. Treatment of membrane sheet

The commercial silicone membrane sheet typically contained
some filler compounds, so it was cleaned with methanol in an
Fig. 1. Schematic drawing of the membrane inlet ion mobility spectrometer.
ultrasonic bath for 20 min, before it was clamped in the mem-
brane inlet kept at 150 1C. In the latter procedure, the membrane
was flushed with clean dry carrier gas until only the reaction ion
peak (RIP) persisted in the IMS spectrum.

2.3. Chemicals

Methanol (Z99.9%) was purchased from Tianjin Kermel Che-
mical Reagent Co., Ltd. (Tianjin, China). Propofol was purchased
from J&K Scientific Ltd. (Beijing, China). Propofol injection was
purchased from Xi’an Pharmaceutical, Ltd. (Xi’an, China). A mouse
was provided by Dalian Medical University, China.

2.4. Transport model of propofol across the silicone membrane

Based on the transport model of VOCs across the silicone
membrane [24], for an unit exposed membrane area, the cumu-
lative volume of propofol in the carrier gas Q(t) (cm3) can be
described as follows:
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DC1t
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where D is the diffusivity of propofol in the silicone membrane
(cm2 s�1), C1 is the propofol concentration on the feed side
surface of the membrane (cm3 cm�3), l is the thickness of the
silicone membrane (cm), and t is the time (s). Considering the
carrier gas flow rate, the propofol concentration in the carrier gas
can be described as following:
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where CA(t) is the propofol concentration in the carrier gas
(cm3 cm�3), V is the carrier gas flow rate (cm3 s�1). As the
velocity of molecular diffusion across the silicone membrane is
affected by the carrier gas flow rate [25], a factor ‘‘g ’’ is used to
revise Eq. (2), yielding the following equation:
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According to Henry’s law:

C1 ¼ SPA ð4Þ

where S is the solubility of propofol in the silicone membrane
(cm3 cm�3 cm�1 Hg), and PA is the partial pressure of propofol
vapor in the sample gas (cm Hg). Substituting Eq. (4) into Eq. (3)
yields

CAðtÞ ¼
KPA

lV
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where K¼DS, defined as the permeability of propofol in the
silicone membrane (cm3 cm�3 cm�2 s�1 cm�1 Hg), is a product
of solubility and diffusivity.
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In the present study, the diffusivity of propofol in the silicone
membrane was determined by fitting the experimental data using
this model. Furthermore, this model was used to explain the
effects of experimental parameters.
3. Results and discussions

3.1. Dehumidification capacity of the silicone membrane

To investigate the dehumidification capacity of the silicone
membrane for humid samples, a humidity resistance test was
performed. In this test, five air sample gases, with the relative
humidity (RH) of 0%, 39%, 58%, 74%, 98%, were sent into the feed
side of the membrane. It was found that the RH of each outflow
was below 1% when the RH of carrier gas was kept as 0%, which
ensured that the RIP peaks did not drift with the RH variation of
the sample gas. Thus, by the use of silicone membrane the
negative effects of moisture in exhaled air on the IMS was
avoided.

3.2. Selectivity of the silicone membrane

To investigate the selectivity of the silicone membrane for
propofol, direct sample introduction and membrane inlet sample
introduction were performed. The IMS spectra of the background,
mouse exhaled air, and propofol in the mouse exhaled air are
compared in Fig. 2. With the direct sample introduction, sample
gases were directly sent into the IMS by the carrier gas.
Fig. 2. IMS spectra of (a) background, (b) mouse exhaled air, (c) propofol in mouse

(e) mouse exhaled air, (f) propofol in mouse exhaled air with the membrane inlet sam
Comparing the IMS spectrum of the background (Fig. 2(a)) with
that of the mouse exhaled air (Fig. 2(b)), it indicates that the RIP
has shifted from 5.20 ms to about 5.56 ms due to the high
humidity of the mouse exhaled air. Furthermore, two unidentified
ion peaks at 6.32 ms and 7.48 ms appeared in Fig. 2(b), which
were probably attributed to the matrix of the mouse exhaled air.
When mixing the mouse exhaled air with propofol, an unresolved
propofol ion peak was detected at 8.72 ms, as shown in Fig. 2(c).

However, with the membrane inlet sample introduction, the
positions of RIP were not affected by the high humidity of the
mouse exhaled air, according to the comparison of IMS spectra of
the background (Fig. 2(d)) and mouse exhaled air (Fig. 2(e)). In
addition, except the RIP, no other ion peaks were found in the IMS
spectrum of the mouse exhaled air (Fig. 2(e)). Furthermore, when
mixing the mouse exhaled air with propofol, a separated propofol
ion peak was detected at 8.64 ms, as depicted in Fig. 2(f),
suggesting that propofol in the mouse exhaled air could selec-
tively permeate through the membrane.
3.3. Effects of membrane temperature

Since the permeability (K) and diffusivity (D) of propofol in the
silicone membrane depend on the temperature, according to
Eq. (5), the membrane temperature may influence the sensitivity
and response time. The peak intensity of 25 ppbv propofol was
monitored as a function of time at different temperatures, as
shown in Fig. 3(a). The peak intensity rose quickly at the
beginning, and then reached a constant value (defined as Isteady).
exhaled air with the direct sample introduction; IMS spectra of (d) background,

ple introduction.



Fig. 3. (a) Propofol peak intensity as a function of time at different membrane

temperatures. The symbols are experimental data, and the lines are fitted results

based on the transport model; (b) effect of membrane temperature on Isteady; (c)

effect of membrane temperature on t1/2.

Fig. 4. (a) Effect of carrier gas flow rate on t1/2; (b) effect of carrier gas flow rate on

Isteady; (c) comparison of experimental data and calculated results for carrier gas

flow rates of 100 and 200 mL min�1.
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The dependence of Isteady on the membrane temperature is shown
in Fig. 3(b). With an increase of the membrane temperature from
70 to 140 1C, the Isteady was decreased, suggesting that the
propofol concentration in the carrier gas at steady-state permea-
tion (defined as Csteady) was reduced. In Eq.(5), when t-N, the
permeation of propofol in the silicone membrane achieved the
steady state, so Csteady can be described as Csteady ¼ ðKPAÞ=ðlVÞ,
indicating that Csteady was proportional to the permeability of
propofol in the silicone membrane. On the right hand side of this
equation, only the permeability K was the function of tempera-
ture, therefore, this variation in Csteady was mainly attributed to a
lower permeability of propofol in the silicone membrane under a
higher membrane temperature.

Furthermore, higher membrane temperatures resulted in
increased diffusivities and therefore faster response times. It
was convenient to relate the response time to the time required
to achieve 50% steady-state permeation (defined as t1/2), thus, the
t1/2 values at different membrane temperatures were determined
in Fig. 3(c). As expected, increasing the membrane temperature
from 70 to 140 1C brought an approximately 70% decrease in t1/2.
In order to shorten the t1/2 value on the basis of an acceptable
Isteady, a membrane temperature of 100 1C was chosen as the
optimized condition.
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3.4. Effects of carrier gas flow rate

At a membrane temperature of 100 1C, the t1/2 values collected
at various carrier gas flow rates (from 100 to 300 mL min�1) are
shown in Fig. 4(a). It was clear that increased carrier gas flow
rates led to a decrease of t1/2, which was attributed to a higher
Reynolds number. As the Reynolds number was increased, the
mass transfer boundary layer resistance was reduced. In addition,
the temperature at the membrane surface and in the carrier gas
was almost the same, resulting in a reduction of the thermal
boundary layer resistance [26]. Therefore, an increase in carrier
gas flow rate would enhance the permeation of propofol in
silicone membrane. However, the propofol desorbing from the
permeate side of the membrane would be diluted by the carrier
gas. As shown in Fig. 4(b), the higher the carrier gas flow rate, the
lower the Isteady. Thus, restricted by both t1/2 and Isteady, the carrier
gas flow rate was chosen to be 200 mL min�1.

To obtain the diffusivity of propofol in the silicone membrane,
the experimental data originating at the carrier gas flow rate of
300 mL min�1 was best-fitted by Eq. (3), assuming g¼1. As a
result, the diffusivity of propofol in the silicone membrane at
100 1C was fitted to be about 6.34�10�8 cm2 s�1. Using this
fitted diffusivity, the experimental data for the flow rates of 100
and 200 mL min�1 was fitted by Eq. (3), with g¼0.32 and 0.80
respectively. In Fig. 4(c), the experimental time profiles of
propofol peak intensity for the two flow rates are plotted as
symbols, while the calculated results based on Eq. (3) for the two
flow rates are plotted as lines. Both of the experimental data and
model prediction indicated that the model was able to fit the
experimental data consistently.
Fig. 6. (a) IMS spectra of 10–83 ppbv propofol at steady-state permeation; (b)

calibration curve for propofol.
3.5. Response of MI-IMS to the variation in propofol concentration

As the permeation of propofol through the silicone membrane
was a time dependent process, when the propofol concentration
in the feed side was changed, a certain time was required before
new steady-state permeation was established. To investigate the
response of MI-IMS to the variation in propofol concentration, a
response time measurement was carried out by switching the
propofol concentration in the sample gas as following: initially
from 100 ppbv to 60 ppbv, and then from 60 ppbv to 100 ppbv,
finally from 100 ppbv to 40 ppbv. The time profile of propofol
peak intensity is shown in Fig. 5. In this experiment, once the
propofol concentration was switched, a variation in the propofol
peak intensity could be observed after about 30 s, and the time
needed to achieve new steady-state permeation was 186 s, 200 s
Fig. 5. Response of MI-IMS to the variation in propofol concentration.
and 235 s. Thus, corresponding to a variation in propofol concen-
tration within 60 ppbv, there was a response time less than 4 min.

3.6. Quantification of propofol

Under the optimized conditions mentioned above, 10–83 ppbv
propofol sample gases were measured by MI-IMS. The IMS spectra
at steady-state permeation were collected and are depicted in
Fig. 6(a). By plotting the propofol peak intensity (I) against the
concentration (C), as seen in Fig. 6(b), the calibration curve for
propofol was linear in the range of 10–83 ppbv with a correlation
coefficient R2 of 0.993. The peak intensity of 10 ppbv propofol was
10 times higher than 3s variation of baseline, suggesting that the
LOD for propofol was 1 ppbv. In addition, the repeatability was
found to be satisfactory for the measurement of propofol by MI-
IMS, with a relative standard deviation (RSD) of 2.7% for 5 times
measurement of a 31 ppbv propofol sample gas.

3.7. Monitoring of propofol in the exhaled air of a mouse

A mouse intravenously injected with propofol injection was
restricted in a glass container, and then the mouse exhaled air
was continuously measured by MI-IMS. In Fig. 7, the time profile
of propofol peak intensity shows that it needed about 10 min
before the propofol signal could be observed. Due to the meta-
bolism of propofol in the mouse body, the propofol concentration
in the mouse exhaled air rose, giving an increase of propofol peak
intensity. As the mouse was no longer injected with propofol, the
propofol peak intensity reached a maximum at about 29 min, and
then presented a decrease trend. In summary, MI-IMS enabled the



Fig. 7. Monitoring of propofol in the mouse exhaled air.
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on-line and continuous monitoring of propofol in the mouse
exhaled air, which could be readily extended to the human
exhaled air.
4. Conclusion

This study demonstrates the capability of MI-IMS for the on-
line measurement of propofol in exhaled air without sample pre-
separation. Besides providing a direct and continuous sample
introduction for IMS, the membrane inlet system furthermore
eliminated the interference of high humidity and complex matrix
in exhaled air. The effects of membrane temperature and carrier
gas flow rate on the propofol measurement were both optimized.
Under the optimized conditions for quantitative measurement, a
calculated LOD of 1 ppbv can be obtained. Propofol in the mouse
exhaled air was monitored as a simulated application, in which
the variation of propofol concentration was observed easily.
However, due to the permeation of propofol through the mem-
brane, there was a certain response time of MI-IMS to the
variation of propofol concentration. To shorten this response
time, further studies should be conducted, for example, using a
thinner membrane or improving the structure of membrane inlet.
Furthermore, MI-IMS developed here can be similarly extended to
monitor other VOCs in human breath for disease screening.
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