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ABSTRACT

Thermal desorption extraction proton transfer reaction mass spectrometer (TDE-PTR-MS) has been
exploited to provide rapid determination of residual solvent and sterilant like cyclohexanone (CHX) and
ethylene oxide (EO) in disposable medical devices. Two novel methods are proposed for the quantifica-
tion of residual chemicals in the polyvinyl chloride infusion sets with our homemade PTR-MS. In the first
method, EO residue in the solid infusion sets (y, mgset~') is derived through the determination of EO gas
concentration within its packaging bag (x, ppm) according to the correlative equation of y=0.00262x. In
the second one, residual EO and CHX in the solid infusion sets are determined through a time integral of
their respective mass emission rates. The validity of the proposed methods is demonstrated by compari-
son with the experimental results from the exhaustive extraction method. Due to fast response, absolute
concentration determination and high sensitivity, the TDE-PTR-MS is suggested to be a powerful tool for
the quality inspection of disposable medical devices including the quantitative determination of residual
solvent and sterilant like CHX and EO.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

For a considerable time, most disposable medical devices
(DMDs) such as catheters, syringes and dialysis sets have been
made of polyvinyl chloride (PVC)[1]. It was estimated that the med-
ical PVC usage in Europe took up about 26% of the total medical
polymers in 2005. However, some chemicals including the solvent
cyclohexanone (CHX) and the sterilant ethylene oxide (EO) are fre-
quently used in the manufacturing processes of DMDs. CHX is an
adhesive solvent commonly used to bond different parts in assem-
bling DMDs [2]. It canremain in the joints and subsequently migrate
into the stored solutions or leach to the internal airspace of med-
ical devices [3-5]. A very recent animal experiment reported that
the clinical CHX exposure can produce cardiovascular, neurologi-
cal and edema morbidities [6], and it is potentially tumorigenic and
mutagenic upon exposure [4]. However, to our knowledge, there is
no official law or regulation for the limit of CHX residues in medical
devices except that a limit of 5 mg CHX for a 250 mL plastic contain-
ers in parenteral medical use was recommended by the European
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Pharmacopoeia [7]. In addition to CHX, EO is often applied in the
sterilizing course of medical devices [8]. Currently, EO steriliza-
tion accounts for around 50% of the market in the USA due to its
effectively bactericidal, sporicidal, and virucidal activity [9]. Studies
have indicated that EO is carcinogenic and mutagenic upon expo-
sure [10]. In view of its toxicity, the ISO 10993-7:2008(E) [11], a
standard concerning the biological evaluation of medical devices,
specifies the allowable amounts of EO residue in various medical
devices. Thus, DMDs have a potential health risk arising from the
residue of CHX and EO.

Due to the potential harm, the determinations of total
CHX and EO residues are of importance for quality assess-
ment of medical devices. The analytical methods for residual
CHX in medical devices mainly include gas chromatography
(GCQ) [3], gas chromatography-mass spectrometry [5] and high
performance liquid chromatography [4]. Quantifying residual
EO in medical devices is based on GC technique combined
with a variety of pretreatments including vacuum extraction
[12], simulated-use extraction [11,13], exhaustive extraction
[11,14] and solid-phase microextraction [15]. The extraction
steps involved in the aforementioned methods make the CHX
and EO residual analysis considerably complicated and time
consuming.

In our previous study [16], proton transfer reaction mass spec-
trometry (PTR-MS) was used to rapidly discriminate and inspect
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whether the CHX is used in DMDs like infusion sets through the
direct detection of gaseous CHX within the packaging bag. How-
ever, the total CHX residues in the solid PVC medical devices remain
unknown. In this paper, two novel methods are proposed for the
determination of CHX and EO residues in the solid infusion sets
based on thermal desorption extraction PTR-MS (TDE-PTR-MS),
which is similar to the aerosol analysis by PTR-MS described by
Holzinger et al. [17]. In the first method, as long as the concen-
tration of gaseous EO within the packaging bag of the infusion set
is measured, the total EO residue in the solid infusion set can be
derived according to a correlative equation associating gaseous EO
concentration within the packaging bag with the EO residue in the
solid infusion set. Due to CHX mainly presenting nearby the joints
of infusion sets, this method is not suitable to obtain the residual
CHX in the solid infusion set. Thus, the second strategy is brought
forward, i.e., the CHX and EO residues in the solid infusion set can
be directly obtained through a time integral of the chemical residue
mass emission rates monitored by PTR-MS. The validity of the pro-
posed methods is evaluated by comparison with the experimental
results from the standard exhaustive extraction method. With TDE-
PTR-MS technique, the determination of residual CHX and EO in
the DMDs can be achieved with little sample pretreatment and no
calibration. This shows that TDE-PTR-MS can apply to the quality
inspection of DMDs.

2. Experimental
2.1. PTR-MS apparatus

The present study was performed using a homemade PTR-MS
apparatus as described in our previous work [16,18] and a detailed
description of PTR-MS technique can be found elsewhere [19-22].
Briefly, in the PTR-MS the reactant ions H30* were produced by
a hollow cathode discharge through water vapor, and then were
injected to the drift tube. When a sample gas including analyte
M was introduced to the drift tube, M can undergo proton trans-
fer reaction with H3O" if the proton affinity of M exceeded that of
H,O. After passing through a differentially pumping intermediate
chamber, the ions at the end of drift tube were leaked into the vac-
uum chamber and detected by the quadrupole mass spectrometer.
According to the well-established ion-molecular reaction kinetics,
the absolute concentrations of analyte M can be determined even
if its concentration is rather high [16,19].

For typical experimental conditions, the pressure in the drift
tube was kept at 1.0 Torr and the reduced-field E/N was set to be
about 140Td (1 Td=10-17 Vcm?2 molecule~1). The inlet gas was at
a flow rate of 6mL min—1.

2.2. DMDs and chemical agents

As typical examples of DMDs, two kinds of PVC infusion sets
were used and labeled as Brands A and B. The infusion sets of Brand
A were sterilized for 12-h by the manufacturer with 99% EO kept
at 50°C and 60% relative humidity. The Brand B was obtained from
a pharmacy, and it also had been sterilized with EO as described
on its package bag. In some cases, the gaseous EO concentration
within the packaging bag of the infusion set greatly exceeded the
upper detectable limit of PTR-MS, so the 10 mL gas from the pack-
aging bag was sampled with a gastight syringe and injected to a
1.44L flask where it was thoroughly mixed before introduction
to the PTR-MS. In addition, the packages containing the infusion
sets were punctured directly via a syringe needle at the inlet of
PTR-MS.

In the experiments, pure EO gas and ethylene glycol (EG) diluted
innitrogen were used to confirm and discriminate the origin of ionic

mass spectra in the PTR-MS measurements, and these gases were
purchased from the Nanjing Special Gas Co. (Nanjing, China).

2.3. Exhaustive extraction with thermal desorption

Previous studies showed that the exhaustive extraction method
performs with better accuracy than the simulated-use extraction
method to determine the residual EO within solid medical devices
[13], so in present measurement the exhaustive extraction with
thermal desorption method was utilized according to the standard
ISO 10993-7:2008(E). The EO residues in the solid infusion sets
were determined immediately after quantification of the gaseous
EO concentration in the internal airspace of the packaging bag. A
complete infusion set was firstly weighed using an electronic bal-
ance with the precision of +£0.01 mg, and then some small slices
of solid material taken from the infusion set were also weighed.
In order to avoid the loss of EO due to volatilization, the weighing
operations were completed as quickly as possible. The small slice
of solid material was rapidly sealed into a 1.44 L flask, followed by
30 min thermal extraction at a temperature of 50 °C. After that, the
flask was naturally cooled to room temperature, and the gaseous
EO inside the flask was measured by PTR-MS. The same procedures
were repeated with 99.999% nitrogen evacuation for the same slice
of solid material until the EO concentration in the flask was less
than 10% of the first measurement.

2.4. Residue determination via mass emission rate

To measure the residual CHX or EO in the solid infusion set,
another method was used. A whole infusion set was swept using
ambient air as carrier gas at a flow rate Q (m3 h=1) so as to take out
CHX or EO released from the infusion set. Then the mass emission
rate m(t) of CHX or EO can be expressed as m(t)=c(t)Q with a unit
of mgh~!, where ¢(t) (mgm~3) is the concentration of CHX or EO
in the carrier gas. Thus, the residual CHX or EO can be in principle
derived by a time integral of the mass emission rate. In the mea-
surement, a complete infusion set of Brand A, containing 0.50 mg
EO as predetermined by exhaustive extraction method, was placed
into a 1.44L flask with three ports for carrier gas inlet, sample
placement and carrier gas outlet to the PTR-MS. Meanwhile, the
gas inside the flask was well mixed with a magnetic stirrer. The
flow rate of the carrier gas Q was 0.018 m3h~!, and the concen-
tration of CHX or EO, leached from the infusion set in the flask and
involved in the outlet carrier gas, was monitored in real-time by the
PTR-MS.

3. Results and discussion
3.1. Identification of CHX and EO

The diluted gas inside the packaging bag of Brand A was mea-
sured by PTR-MS, and the mass spectra are shown in Fig. 1a. The
mass spectra of the gas leached from a small slice of solid material
after thermal desorption are given in Fig. 1b. It can be seen that the
two spectra are nearly same, suggesting that the gas in the pack-
age originated from the emission of chemical compounds in the
solid infusion set. In general, in PTR-MS spectra the impurity ions
mainly include NO*, O,* and H30*(H,0), which can be observed
at mz 30, 32 and 37, respectively. The ionic peaks at m/z 81, 99
and 117 arose from residual solvent CHX according to our previous
PTR-MS investigation [16]. And the peak at m/z 45 was assigned as
the protonated EO, C;H4OH".

In addition, there is a weak peak at m/z 63. The corresponding
ions may be the cluster ions C;H4OH*(H,0) formed through the
ligand switching reaction of EO with H30* (H,0) [19], and this was
evidenced through detecting EO gas in our PTR-MS measurement.
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Fig. 1. Mass spectra measured by PTR-MS from Brand A for (a) the diluted gas in the
package (b) the gas releasing from the small slice of solid material in the flask after
it was extracted for 30 min at 50°C.

Table 1

Study of extraction temperature effect on EO residues in the slices of Brand A.
Extraction EO residues (ngmg~1) Mean (RSD%)
temperature (°C) - - -

Slice 1 Slice 2 Slice 3

37 29.1 9.6 7.9 15.5(75.8)
50 33.2 313 27.9 30.8(8.7)
70 22.0 17.5 29.9 23.1(27.1)
100 215 32.7 38.5 30.9 (28.0)

The other possibility is that the ions at m/z 63 is the protonated
EG because previous study showed that the EG, with a molecu-
lar weight 62, usually exists in EO sterilized medical devices [23].
But when the EG gas was measured in our PTR-MS experiments,
the protonated EG was not observed probably due to collision-
induced dissociation, thus the possibility of m/z 63 belonging to
the protonated EG was excluded.

3.2. Extraction time and temperature

To obtain an appropriate temperature of thermal desorption
in the exhaustive extraction experiments, the 12 weighed slices
were taken from the same infusion set of Brand A and were divided
into four groups, and the slices in the four groups were thermally
extracted for 60 min in the flask at temperature 37, 50, 70 and
100°C, respectively. The EO residues inside the slices are shown
in Table 1. It can be seen that the efficiency of exhaustive extrac-
tionat 37 °C was the worst. Considering the highest EO residues and
reproducibility, the optimum extraction temperature was chosen
to be 50°C.

Likewise, the extraction time was optimized at an extraction
temperature of 50 °C. The measurement results are listed in Table 2.
It can be seen that the extraction time of 10 min resulted in the low-
est EO residues inside the slices. However, no significant differences
were found using the longer extraction time, from which the short-
est extraction time of 30 min was selected for fast measurements.
Thus, to minimize potential errors caused by the extraction time

Table 2

Study of extraction time effect on EO residues in the slices of Brand A.
Extraction time EO residues (ngmg~') Mean (RSD%)
(min) . . .

Slice 1 Slice 2 Slice 3

10 14 11.7 12.2 8.4(72.3)
30 39.5 41.5 36.6 39.2(6.3)
50 32.6 33.7 27.8 31.4(10.0)
70 324 34.6 38.5 35.2(8.8)
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Fig. 2. In the infusion set of Brand A, (a) the EO residues variation along with stock
time and (b) the correlation between EO residues and the concentration of EO gas
within the packaging bag.

and temperature, the sample slices were thermally extracted for
30min at 50°C.

3.3. Determination of residual EO with two methods

3.3.1. EO residues obtained via determining concentration of EO
in the package

The variation of the total EO residues in the solid infusion set of
Brand A along with stock time was obtained via exhaustive extrac-
tion method and the results are shown in Fig. 2a. According to
Fig. 2a, the total EO residues decrease exponentially with the time
after sterilization. So, in order to reach the allowable EO residue
<4mgset~! as mandated by the ISO 10993-7:2008(E), the Brand
A should be placed in normal conditions for at least 4 days before
use.

Moreover, it was discovered that the EO residues inside the
solid infusion set was positively correlated to the concentration of
gaseous EO in the package (see Fig. 2b). Their correlative equation
is y=0.00262x, where y (mgset~1) is the total EO residues in the
solid infusion set and x (ppm) is the EO concentration within the
packaging bag of the infusion set. This may result from the fact that
the EO gas in the package of the infusion set quickly gets into equi-
librium between adsorption and desorption in normal conditions.
Therefore, it is possible to carry out fast detection of EO residues in
DMDs by direct determination of EO gas in the package. In order to
check the validity of this method, a comparison of the EO residues of
Brand B from the correlative equation and exhaustive extraction is
given in Table 3. As can be seen in Table 3, the EO residues obtained
from the correlative equation are slightly smaller than those deter-
mined with exhaustive extraction, and the quantitative agreement
is satisfactory with relative error from 4% to 27%. However, it should
be noted that the correlative equations might be a little different
for the DMDs from different manufacturers, because they may use
different raw materials and production techniques. To summarize,
as long as the correlative equation of the EO residues in the DMDs
and the concentration of EO in the package is obtained, it is easy
to determine the residual EO in DMDs quickly and accurately by
direct determination of EO gas in the package.

3.3.2. EO residues measurement via emission test

Fig. 3a shows the emission process of residual EO in the complete
infusion set of Brand A with 0.50 mg EO residues predetermined
through exhaustive extraction method. However, the emission rate
in our measurements could not be well fitted by an empirical model
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Table 3

The EO residues in the solid infusion set of Brand B measured with two methods.
Infusion set No. Concentration of EO in EO residues via EO residues from Relative

the package (ppm) exhaustive extraction correlative equation error
(mgset™1) (mgset1)

Infusion set 1 93 0.33 0.24 27%
Infusion set 2 82 0.29 0.22 24%
Infusion set 3 95 0.26 0.25 4%

[24]. Thus, a new modified model was adopted as expressed by Eq.

(1).
(6)=Qc(6)=QA[1- exp(~Bt)]-C[1- exp(~Dt)] - E[1 — exp(~Ft)]}
(1)

where c(t) is the concentration in the flask at a given time t (h),
parameters A, C and E are the linear parameters (mgm~3) and B,
D and F are the rate parameters (h~1). Therefore, the residual EO
inside the solid infusion set can be calculated through definite inte-
gral of the mass emission rate, m(t), on time t from 0 to 16.8 h where
c(t) decayed to zero (see red line in Fig. 3a). (For interpretation of
the references to color in text, the reader is referred to the web ver-
sion of the article.) Through the integral method, the EO residues
inside the solid infusion set were 0.47 mg, which was consistent
with the value gained by exhaustive extraction method. Therefore,
this method can be applied to accurately determine the residual EO
in DMDs.

3.4. Determination of residual CHX via emission test

To the best of our knowledge, there is no standard method to
determine the residual CHX in the DMDs. In current research we
also tried to do the same exhaustive extraction with thermal des-
orption to obtain the CHX residues inside the solid infusion set. Six
weighed slices taken from the different parts of the same infusion
set of Brand A were respectively placed in a sealed flask and then
heated at 100°C for 1 h. The obtained results (CHX residues inside
the slices from 72 to 671 ngmg~-') show that the amount of CHX
residing in the joints is far higher than that in the other parts of the
infusion set. This is because the CHX solvent is only applied at the
joints of infusion sets. Therefore, the residual CHX in the infusion
set cannot be quantified through the exhaustive extraction method.

It has been confirmed above that the EO residues inside the
solid infusion set can be accurately measured through the integral
of EO mass emission rate. Therefore, the similar emission exper-
iment was also done to determine the residual CHX in the solid

0.16
1 a)EO

0.12 4 m(t) = 0.018{744.5909[1-exp(-9.2818t)]
i ~6.0463[1-exp(-0.20361)]
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R’=0.9926
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-12.3872[1-exp(-0.1013t)]
-31.0147[1-exp(-1.7703t)]}
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Fig. 3. The mass emission rate of EO and CHX released from a complete infusion set
of Brand A as a function of time.

infusion set of Brand A. The emission rate and the fitted equation
are shown in Fig. 3b. Through the same calculation method, 0.73 mg
CHX residues were obtained.

4. Conclusion

The potential of using TDE-PTR-MS for the determination of
residual CHX and EO in the solid PVC infusion sets was demon-
strated. There are two novel methods proposed to quantify residual
chemicals in the solid infusion sets. (1) Based on the correlative
equation between the residual EO in the solid infusion set and the
concentration of EO gas in packaging bag of the infusion set, the
EO residues in the infusion sets can be quickly measured through
determining EO gas in the package. (2) By time integral of the
chemical residues emission rate, the amount of residual EO and
CHX inside solid infusion sets can be obtained. These two methods
have been validated by comparison with the exhaustive extraction
method. The analytical procedures are quick, sensitive and repro-
ducible with little sample preparation. Thus, TDE-PTR-MS is very
promising to become a powerful tool for the quality control of the
DMDs including the inspection of residual solvent and sterilant like
CHX and EO.
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