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of exhaled ciprofol
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Yixiang Duanc and Wensheng Zhang *ab

Ciprofol (HSK 3486, C14H20O), a novel 2,6-disubstituted phenol derivative similar to propofol, is a new type

of intravenous general anaesthetic. We found that the exhaled ciprofol concentration could be measured

online by ultraviolet time-of-flight mass spectrometry (UV-TOFMS), which could be used to predict the

plasma concentration and anaesthetic effects of ciprofol. In this study, we present the calibration

method and validation results of UV-TOFMS for the quantification of ciprofol gas. Using a self-developed

gas generator to prepare different concentrations of ciprofol calibration gas, we found a linear

correlation between the concentration and intensity of ciprofol from 0 parts per trillion by level (pptv) to

485.85 pptv (R2 = 0.9987). The limit of quantification was 48.59 pptv and the limit of detection was 7.83

pptv. The imprecision was 12.44% at 97.17 pptv and was 8.96% at 485.85 pptv. The carry-over duration

was 120 seconds. In addition, we performed a continuous infusion of ciprofol in beagles, measured the

exhaled concentration of ciprofol by UV-TOFMS, determined the plasma concentration by high-

performance liquid chromatography, and monitored the anaesthetic effects as reflected by the bispectral

index value. The results showed that the exhaled and plasma concentrations of ciprofol were linearly

correlated. The exhaled ciprofol concentration correlated well with the anaesthetic effect. The study

showed that we could use UV-TOFMS to provide a continuous measurement of gaseous ciprofol

concentration at 20 second intervals.
1 Introduction

Ciprofol (HSK 3486, C14H20O), a novel 2,6-disubstituted phenol
derivative similar to propofol, has been approved by the
National Medical Products Administration of China and has
undergone phase III clinical trials in the United States.1,2

Ciprofol's anaesthetic effects, onset, and recovery time were
similar to those of propofol, but the injection pain was signi-
cantly reduced.3–5 The concentration of ciprofol should be
timely detected as too high or too low concentrations may
increase the incidence of adverse effects including hypotension,
bradycardia, respiratory depression, and intraoperative
awareness.5,6

Like other intravenous anaesthetics, ciprofol is administered
primarily on a dose–response basis.7 Due to differences in drug
distribution and metabolism, drug concentrations in the blood
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and at the site of action are highly variable and difficult to
predict from dose and patient characteristics.8 Overdosing or
underdosing of drugs is common in clinical practice. Real-time
monitoring of ciprofol for titration to the appropriate dose is
essential. However, no studies on real-time monitoring of
ciprofol concentration are currently available.

Our team has developed a type of on-line spectrometer that
combines ultraviolet (UV) ionization with time-of-ight mass
spectrometry (TOFMS) to analyze the concentration of ciprofol
in exhaled breath in real time.9 Calibration is required prior to
using this instrument to quantify ciprofol. Therefore, this study
was designed to calibrate and analytically validate a UV-TOFMS
system for on-line measurement of exhaled ciprofol.
2 Materials and methods
2.1. UV-TOFMS

2.1.1 UV-TOFMS structure. The size of the UV-TOFMS
instrument is 520 mm (L) × 550 mm (W) × 940 mm (H),
equipped with casters on the bottom for easy pushing. A
molecular pump inside is used to maintain a specic level of
vacuum, resulting in continuous delivery of air samples under
negative pressure (Fig. 1). The pumping speed of the pump to
maintain negative pressure inside the chamber is 20 L per
Anal. Methods, 2023, 15, 4179–4186 | 4179
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Fig. 1 The interior structure of the UV-TOFMS.

Fig. 2 The workflow of UV-TOFMS.
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second. The UV light, RF ion guide, electrostatic lenses and
TOFMS inside are connected in sequence. A 1.5 m heated (T:
100 °C) polyetherketone (PEEK) tube (OD: 2.5 mm, ID: 2 mm,
equipped with a temperature control module and wrapped with
sponge, Agilent, California, USA) is used to continuously feed
the air samples into the ionization chamber for ionization. To
prevent internal pressure buildup, the tubing contains a 1/8′′

PEEK tube (Agilent, California, USA) in the centre.
2.1.2 UV-TOFMS workow. The built-in TOFMS soware

(version 3.0, Sichuan University, Chengdu, China) allows direct
control of parameters such as the carrier gas ow rate, ioniza-
tion voltage, and acquisition frequency. The operation can be
described as follows: the ionization method of the mass spec-
trometer is phonton ionization which took place in the ioniza-
tion chamber at a pressure of about 500 Pa. When the UV light is
turned on, ions of VOCs in the air samples can be generated by
interacting with the photons emitted by UV light. The ionization
energy of UV light is 10.6 eV. Inside the ionization chamber,
a steady DC voltage applied between two conductive elements
gradually decreases from one end to the other, creating
a gradient electric eld that accelerates the migration of VOCs
and sends them into the RF ion guide. The voltage across the
ionization chamber is xed at 25 V. An AC/RF voltage applied to
the adjacent conductive rods of the RF ion guide efficiently
binds and focuses the ions from the UV photoionization source
while separating neutral gas molecules. The ions are then
directed to the electrostatic lens, where DC voltages are applied
to the conductive components to accelerate, focus, and colli-
mate the ions before they are sent into the TOF-MS. The
reectron type TOF analyzer has a ight tube 265 mm in length.
The voltage of the MCP detector is 2400 V. The TOFMS system
then measures the time of ight of the ions and determines the
mass-to-charge ratio (m/z) and abundance from the velocity
4180 | Anal. Methods, 2023, 15, 4179–4186
differences. The data analysis system can then lter, denoise
and analyze the data to identify the amount of ciprofol in the air
samples. These data are then displayed on a laptop connected
to the instrument (Fig. 2).

2.1.3 UV-TOFMS parameters. The ciprofol calibration gas
is introduced directly into the UV-TOFMS, with the following
detection conditions set for calibration: voltage 77 V; ow rate
70 ml min−1; ion source temperature 100 °C; sample tube
temperature 100 °C; sample time 400 000 (i.e., measurement
period is 20 seconds per time); pulse interval 50. Anm/z of 203.4
in the TOFMS spectrum was selected as the mass peak of
ciprofol (i.e. the dehydrogenated molecular ion peak), which
was obtained by testing ciprofol standards using UV-TOFMS.
2.2. Calibration

2.2.1 Calibration gas generator. The calibration gas
generator used in this study is self-constructed (Fig. 3). The
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 The composition of the calibration gas generator.
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components of the gas generator include a closed metal tank
(volume of 60 ml, made of silanized stainless steel), a digital
liquid ow meter (m-FLOW L01, 5 mg h−1 to 2 g h−1, Bronkhorst
(Shanghai), Shanghai, China), a high-performance mass ow
meter for gases (EL-FLOW Select F-111B, 0–16 L h−1, Bronkhorst
(Shanghai), Shanghai, China), a controlled evaporator mixer
(W-101A, Bronkhorst (Shanghai), Shanghai, China), and
a control system (E-8000, Bronkhorst (Shanghai), Shanghai,
China). By using the liquid ow meter to accurately control the
ow rate of the liquid ciprofol standard and the gas mass ow
meter to accurately control the ow rate of carrier gas, liquid
ciprofol and the carrier gas enter the controlled evaporator
mixer with the set parameters. The concentration of the output
diluted standard gas is known from the ratio of the two gases.

2.2.2 Ciprofol stock solutions. Considering the water
insolubility of ciprofol, the liquid ciprofol standard was dis-
solved in methanol rst and then diluted with water. Using a 50
ml micro-syringe (Shanghai Gaoge, Shanghai, China), 20 ml of
liquid ciprofol standard solution (99% purity, 0.962 g ml−1

density, Shimadzu (Shanghai), Shanghai, China) was drawn
into a clean glass bottle containing 8 ml of HPLC grade absolute
methanol (Shanghai Aladdin, Shanghai, China). Then, the
solution was stirred sufficiently and 42 ml of pure water was
added to prepare the original stock solution (C0). According to
the formula transformed by using the ideal gas equation pV =

nRT, the original stock solution aer gasication C0 (parts per
billion by volume, ppbv) can be calculated.

C0 ¼ m1

M1

� M2

m2

� 109 (1)

In this formula, m1 is the mass of ciprofol gas (g), M1 is the
molar mass of ciprofol gas (g mol−1), m2 is the mass of water
vapor (g), and M2 is the molar mass of water vapor (g mol−1).
The stock solution was freshly prepared before each experi-
ment. Subsequently, 4 ml of the original stock solution (C0) was
removed and added to 96 ml of pure water to prepare ciprofol
solution (C1).

2.2.3 Diluted ciprofol solutions. According to formula (1),
the following concentrations of ciprofol solution aer gasica-
tion were obtained by mixing the ciprofol solution (C1) and pure
water with a total volume of 50 ml in glass bottles (ciprofol
solution (C1) + pure water): C2: 0.54 ppbv (0.4 ml + 49.6 ml); C3:
1.36 ppbv (1 ml + 49 ml); C4: 2.72 ppbv (2 ml + 48 ml); C5: 6.79
This journal is © The Royal Society of Chemistry 2023
ppbv (5 ml + 45 ml); C6: 13.58 ppbv (10 ml + 40 ml). 1000 ml and
10 ml syringes were used for dosing into the glass bottles.

2.2.4 Calibration gas. The above concentration of ciprofol
solution was placed in a pressure-tight metal chamber con-
nected to the liquid ow meter and the connected PEEK tube
was pre-lled with ciprofol solution. The actual concentration
of diluted ciprofol calibration gas (Ci) was calculated using the
following formula (2).

Ci ¼ Vciprofol�
Vciprofol þ VN2

�� C1 (2)

By replacing the ciprofol solution (C2–C6, ow rate 0.8 g h−1)
and changing the carrier gas ow rate (N2, ow rate 600 ml h−1,
800 ml h−1), different concentrations of ciprofol calibration gas
(0 parts per trillion by level (pptv), 15.66 pptv, 19.43 pptv, 39.15
pptv, 48.59 pptv, 78.30 pptv, 97.17 pptv, 195.74 pptv, 242.93
pptv, 391.48 pptv, and 485.85 pptv) can be obtained from the
metal evaporator (150 °C). Then the ciprofol calibration gas is
directly introduced into the UV-TOFMS. Each concentration was
held for 10min, corresponding to 30measurements. Before and
aer each concentration, 10 blank measurements were
obtained.
2.3. Validation

2.3.1 Linearity. The measured UV-TOFMS signal intensity
of ciprofol was plotted against the gas concentration of ciprofol
from the in-house developed gas generator, excluding the 5
initial and nal measurements at each concentration. Linear
regression was used to determine the slope, intercept, and
linear range.

2.3.2 Limit of detection/limit of quantication. The limit of
detection (LOD) and limit of quantication (LOQ) were deter-
mined in accordance with the International Conference on
Harmonization of “Technical Requirements for Registration of
Pharmaceuticals for Human Use”.10 The signal-to-noise ratio
was 3 : 1 for the LOD and 10 : 1 for the LOQ. Specically, the test
concentration was gradually reduced by 0.1 ml from the ciprofol
concentration (C1) solution (i.e., 0.3 ml + 49.7 ml, 0.2 ml +
49.8 ml, 0.1 ml + 49.9 ml). Each concentration was maintained
for 10 minutes. The noise was calculated as the average inten-
sity of 10 initial blank measurements.
Anal. Methods, 2023, 15, 4179–4186 | 4181
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2.3.3 Precision. Method precision was analyzed by holding
concentrations of 97.17 pptv and 485.85 pptv with the reference
generator for 1 hour while measuring continuously with UV-
TOFMS. The standard deviation was determined and impreci-
sion was also estimated as the difference between the highest
and lowest readings as a percentage of the average.

2.3.4 Carry over. Concentrations of 97.17 pptv and 485.85
pptv were maintained for 1 hour before changing the concen-
tration to 0 pptv. Concentrations were monitored for the next 15
minutes to determine the time required for the ciprofol signal
to disappear.
2.4. Animal experiments

This study was approved by the Animal Ethics Committee of
West China Hospital, Sichuan University (20220420001). Five
male beagles (12–18 months, 9–14 kg, Chengdu DOSSY Exper-
imental Animals Co., Ltd.) were involved in this study. Bilateral
forearm veins were punctured and catheterized (one side for
drug administration and the other for blood sampling). The
interval of blood sampling was 10 min. Then, the bispectral
index (BIS, an indicator of the anaesthetic effect) electrodes
were then placed on the beagles' foreheads tomonitor the depth
of anaesthesia, and the data acquisition interval was 20
seconds. The anaesthetic tiletamine hydrochloride and zolaze-
pam hydrochloride for injection (Zoletil® 50, Virbac Group,
France) was injected intravenously at a dose of 5 mg kg−1 for
anaesthesia induction. Aer the loss of the righting reex,
a tracheal tube (ID: #7.0; made of polyvinyl chloride; Tuoren,
Zhengzhou, China) was intubated under a laryngoscope and
connected to a ventilator (Boaray 700, Probe Company, Shenz-
hen, China), the parameters of which were set as follows:
volume control ventilation mode, pure oxygen supply, a ow
rate of 2 L min−1, a respiratory rate of 20 times per min, and
a tidal volume of 10 ml kg−1. The dosage of ciprofol adminis-
tered was 0.125 mg kg−1 min−1 (dose that eliminated the
righting reex in 95% of beagles) for up to 1 hour (BeneFusion n
series, Shenzhen Mindray, Shenzhen, China). During the whole
procedure, the body temperature of beagles was maintained at
36.5 ± 0.5 °C. Upon awakening, the tracheal tube and the
Fig. 4 The m/z of ciprofol in TOFMS spectra and the calibration curve.

4182 | Anal. Methods, 2023, 15, 4179–4186
intravenous needle cannula were removed. Aer full recovery,
the beagles were returned to the animal room.

A three-way valve (made of polycarbonate) was used to
connect the tracheal tube of the breathing circuit (made of
polytetrauoroethylene) to the UV-TOFMS. Detection condi-
tions were set as shown above. Ciprofol was continuously
detected at 20 seconds per time. An m/z of 203.4 in the TOFMS
spectrum was selected as the mass peak of ciprofol. The ciprofol
concentration in exhaled air was calculated according to the
calibration curve.
2.5. Statistical analysis

Data analysis for the TOFMS spectra of ciprofol and peak inten-
sities was performed by the built-in calculation soware. Statis-
tical analyses were performed with Graphpad Prism (version 9.5,
Graphpad Prism Soware, USA). The Shapiro–Wilk test was used
to assess the normality of data. One-way ANOVA was used for
normally distributed data. Alternatively, the one-way ANOVA on
rank was conducted. P < 0.05 was considered signicant.
3 Results
3.1. The linear calibration curves

Fig. 4 shows the calibration curve of ciprofol signal intensity
against gas concentration in UV-TOFMS. The middle 20 (of 30)
values of each concentration were evaluated (gray dots). The
linear calibration curve (blue line) shows a coefficient of
determination of 0.9987 (y= 43.02x + 210.0) between 0 pptv and
485.85 pptv.
3.2. LOD and LOQ

Based on the signal-to-noise ratio, the LOD was 7.83 pptv
(average peak intensity: 668) and the LOQ was 48.59 pptv
(average peak intensity: 2056).
3.3. Precision

The precision measurements at 97.17 pptv and 485.85 pptv had
a relative standard deviation of 6.53% and 4.40% and a statis-
tical range of 12.44% and 8.96% of the mean.
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 The correlations of exhaled ciprofol concentration and plasma concentration and BIS. Notes: ciprofol concentrations in exhaled breath
and plasmawere linearly correlated (y= 0.06058x− 74.75, R2= 0.56); the correlation of exhaled ciprofol concentration and BIS can bewell fitted
with the one-phase exponential decay model (y = 18.39 exp(−0.07888x) + 89.44, R2 = 0.83).
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3.4. Carry over

Concentrations of 97.17 pptv and 485.85 pptv were maintained
for 1 h before changing the concentration to 0 pptv. The rst
value aer the ciprofol evaporation stopped shows a carry-over
of 3.2% and 5.9%, respectively, of the average signal intensity at
97.17 pptv and 485.85 pptv.

3.5. Animal experiments

A total of 5 beagles were involved in this experiment, with an age
of 12.89± 1.55 month and weight of 11.83± 1.13 kg. All beagles
survived and were returned to the animal room aer full
awakening. The administration dosage was 91.50 ± 1.62 mg.
The results showed that ciprofol concentrations in exhaled
breath and plasma were linearly correlated (y = 0.06058x −
74.75, R2 = 0.56), and the correlation of exhaled ciprofol
concentration and BIS can be well tted with the one-phase
exponential decay model (y = 18.39 exp(−0.07888x) + 89.44, R2

= 0.83) (Fig. 5).

4 Discussion

Online monitoring of the concentrations of anaesthetics is
a major problem in clinical anaesthesia and one of the impor-
tant directions for future anaesthesia research. The only intra-
venous anaesthetic that can be monitored online in published
studies is propofol. Our study is the rst to achieve online
monitoring of anaesthetics other than propofol.
This journal is © The Royal Society of Chemistry 2023
Current techniques for on-line monitoring of propofol
include proton transfer reaction mass spectrometry (PTR-MS),11

selected ion ow tube mass spectrometry (SIFT-MS),12 ion
molecular reaction mass spectrometry (IMR-MS),13 gas chro-
matography combined with a surface acoustic wave sensor (GC-
SAW),14 and ion mobility spectrometry (IMS).15 The rst three
are reported to be not suitable in the operating room due to
their large instrument size, loud operating noise and complex
operation.16 In studies using GC-SAW, exhaled breath was
collected offline, which may have resulted in the loss of
important drug concentration information.17 The performance
of IMS is easily disturbed by humidity, which is high in exhaled
breath.18 Using UV-TOFMS, gas samples can be analysed online
without pre-separation. The sensitivity of UV-TOFMS can reach
the pptv level and it is insensitive to humidity, which meets the
requirements for the detection of trace volatile organic
compounds in exhaled breath.

In the pilot trials, we have detected the presence of ciprofol
in exhaled breath of rats and beagles using the UV-TOFMS
instrument and found that the levels of ciprofol in exhaled
breath were under 400 pptv. Therefore, to validate this cali-
bration method, we prepared the target standard gas concen-
tration in the range of 0 pptv to 485.85 pptv in this study. The
range of ciprofol concentrations in human exhaled breath is
unknown because we have not yet used the device on humans to
measure ciprofol concentrations. However, ciprofol is a recon-
stituted drug of propofol with relatively similar
Anal. Methods, 2023, 15, 4179–4186 | 4183
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physicochemical properties.3 Combined with the distribution of
data from our completed UV-TOFMS-based studies on propofol
in rats, beagles, and humans, we believe that the range of
ciprofol concentrations in beagle exhaled breath at equivalent
doses is similar to that in humans. Therefore, the concentration
ranges investigated in this study are suitable for future exten-
sion to humans. The reason why the concentration of ciprofol in
expired air is so low, in our opinion, is related to the saturated
vapor pressure of ciprofol.16 The volatility of a substance is
related to its saturated vapor pressure, which is lower for pro-
pofol.19 Like propofol, ciprofol is more lipid soluble, and less
volatile gas is formed from free ciprofol in the blood and passes
through the alveolar membrane.20 Our study is the rst to report
the presence of ciprofol in exhaled breath. There are no other
studies available for comparison.

The low concentrations of ciprofol can be well measured
using UV-TOFMS, which is a mass spectrometer based on UV
recombination ionization and time-of-ight mass spectrometry
technology. With the so ionization of UV, pre-separation of air
samples is unnecessary, and most volatile organic compounds
in air samples can be ionized immediately. Unlike electron
ionization, UV ionization can avoid the production of fragment
ions, allowing for the direct detection of prototypes.21 In addi-
tion, about 23 ml of air sample is directly delivered into the UV-
TOFMS under constant pressure without any other processing.
This instrument did not extract more gas compared to other
instruments.22 In addition, the instrument adopts multi-stage
vacuum with high-efficiency ion transfer design, which greatly
improves the performance of the instrument. When combined
with TOFMS, this instrument has the capability for performing
online analysis with high sensitivity up to the pptv level. The
response time of the instrument is less than 0.5 seconds.
Volatile organic compounds in air samples can be ionized
instantaneously and simultaneously, and the results of all
component concentrations can be calculated in real time by the
built-in soware, allowing dynamic data acquisition. However,
it should be mentioned that the size of the current prototype
device is not too small, and requires a certain space in the
operating room. The internal vacuummolecular pump takes up
a larger space. In the future, the size of the pump can be
reduced accordingly. This will reduce the volume of the entire
machine.

Ciprofol is modied from propofol, so it has similar physical
and chemical properties to those of propofol, i.e. it also has high
viscosity, which places higher demands on the tubing material
in the calibration system.21 We used an inert material PEEK
tube for the introduction of ciprofol into the instrument and
wrapped it with sponge. The temperature was controlled at
100 °C by using a temperature control switch. The temperature-
controlled sampling tube can effectively avoid the residue of
ciprofol gas.23 It can also speed up the response process of the
instrument. In the calibration system, PEEK tubing or an inert
metal cavity was also selected as the connection for the piping
through which ciprofol passed. This was done to minimize the
loss caused by the transfer process.

Unlike previous studies, we did not use commercial off-the-
shelf gas generators to produce standard gas.24 This is because
4184 | Anal. Methods, 2023, 15, 4179–4186
the nished gas generator oen has a certain volume. It is
difficult to reprocess and fuse it into the instrument. We hope
that when the UV-TOFMS instrument is used for clinical testing
in the future, the calibration system can be equipped inside the
instrument, and the mass ow meter based on the scattering
can be freely assembled. Therefore, we built a gas generator
ourselves using two precision mass ow meters. The calibration
and validation of UV-TOFMS is based on measurements of
dened ciprofol gas concentrations. In this method, the gas
generator can prepare the target standard gas concentration by
changing the initial solution concentration of ciprofol and the
carrier gas in combination with the ideal gas equation. The
advantage is that the preparation method is simple and
convenient, and is also more accurate than the gas dilution
method using Tedlar bags.17 The disadvantage is that the
generator uses the ideal gas law to estimate the concentration,
which is a general method but not completely accurate.25

However, based on previous studies, it can be assumed that the
associated bias is negligible. Meanwhile, the concentration of
integer multiples cannot be obtained. In addition, we chose to
set the evaporation tank temperature at 150 °C. The gasication
temperature of propofol reported in previous studies was 40 °C
or 100 °C, which leaves the possibility of incomplete
gasication.24,26–28 Therefore, in this study, the temperature in
the evaporation tank was set at 150 °C to completely gasify the
ciprofol solution.

A LOD of 7.83 pptv and a LOQ of 48.59 pptv were obtained
with a goodness of t of 0.9987. This linearity range is well
suited for calibration of ciprofol gas concentrations in rats and
beagles, and sufficient to quantify ciprofol over the entire clin-
ical range. We used as many as 11 points instead of the tradi-
tional 5 points when drawing the calibration curve. We hoped
that adding more points would make the standard curves more
accurate, since this was an exploratory study. Based on the
exploration of good linearity, we plan to reduce the number of
calibration points in the next step. Our ultimate goal is to
reduce the cost and time required for gas calibration by inte-
grating the calibration system into the UV-TOFMS and
controlling the variation of the carrier gas ow rate only,
without changing the concentration of the ciprofol solution.
Within a good linear concentration range, it is possible to
produce standard gases with different concentrations at two or
three points, which would make calibration of the system easy
and quick. Regarding accuracy, our data shows low variation,
less than 15%. A variation of up to 15% is generally considered
satisfactory from an analytical point of view.22 In this system, we
used constant pressure injection to ensure the measurement
accuracy of the instrument in different detection periods to
a certain extent. However, the effect of 12.44% breath inaccur-
acy on blood concentration estimation is unclear. A carry-over
effect was observed in the rst 20 s aer a concentration
change, with a value of less than 6% of the average signal
intensity for 97.17 pptv and 485.85 pptv. One reason for this
effect may be the adhesion of ciprofol to the internal surfaces of
the gas generator and the UV-TOFMS.29–31 All of these surfaces
have the potential to contribute to carry over. The interaction of
gaseous ciprofol with plastic and stainless-steel surfaces should
This journal is © The Royal Society of Chemistry 2023
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be further investigated. However, aer six measurements at 20 s
intervals, the carry-over was only 2.2% at 0 pptv, which is less
than the imprecision of our method. Furthermore, the low
carry-over aer only one minute of washout is suitable for
clinical use.

From data on continuous infusion of ciprofol in beagles, we
found a moderate correlation between the exhaled concentra-
tion and the plasma concentration. This may be due to the
small number of subjects. However, as an exploratory experi-
ment, this suggests that the exhaled concentration of ciprofol
has the potential to predict the plasma concentration. However,
as with propofol, there appears to be a signicant delay in the
exhaled concentration of ciprofol compared to the plasma
concentration.19,31 In fact, when the corresponding standard gas
in the gas generator is connected to the UV-TOFMS, the
instrument can detect the presence of ciprofol in the next
moment, indicating that these delays are not caused by the
adsorption of the tubing, but rather by the enormous blood gas
distribution coefficient of ciprofol. Achieving equilibrium
between the free ciprofol in the blood and the volatile ciprofol
gas takes a long time. This delay can be also exacerbated by
blockage of the alveolar membrane.32 From another perspective,
there is a certain delay between plasma drug concentrations
and anaesthetic effects.33–35 Therefore, we further investigated
whether exhaled ciprofol concentrations correlated well with
anaesthetic effects. We found that the relationship between
exhaled ciprofol concentration and BIS could be well tted by
the one-phase exponential decay model (R2 = 0.83), indicating
that exhaled ciprofol monitoring can be used to guide the
titration of depth of anaesthesia, which is more helpful to
anaesthetists.

In this study, we developed and validated a method based on
UV-TOFMS for the quantitative detection of ciprofol gas. In fact,
this method including the UV-TOFMS instrument, the gas
generator, and the gas dilution method is not only suitable for
ciprofol, but also for propofol. It is inferred that propofol and
ciprofol have similar structures and physicochemical proper-
ties. We have completed a series of experiments using the same
calibration method for the quantitative detection of propofol
gas and also obtained good results. Meanwhile, we are actively
investigating the feasibility of this calibration method for other
anaesthetics, such as etomidate, another liposoluble anaes-
thetic commonly used in clinical practice. Of course, this
method also has some limitations. Firstly, the humidity of the
standard gases obtained by this method is around 100%.
However, the amount of water in exhaled breath is not constant
during the whole surgery and the humidity may change over
time. Therefore, this method needs to be further improved in
future studies to achieve the purpose of obtaining gases with
different humidities. Secondly, in clinical practice, anaesthesia
is oen the result of a combination of different anaesthetic
agents, including sedatives (e.g. ciprofol and propofol), anal-
gesics and muscle relaxants, rather than a single drug. Whether
the calibration system and method can be used for the simul-
taneous quantitative detection of other intravenous anaes-
thetics requires further investigation.
This journal is © The Royal Society of Chemistry 2023
5 Conclusions

The calibration and validation procedure of a UV-TOFMS with
a self-developed gas generator was successfully established. The
results showed that we could use the UV-TOFMS to provide
continuous measurement of gaseous ciprofol concentration at
20 second intervals.
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