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a b s t r a c t
We report on the design and testing of a rapid, on-line microextraction kit based on ﬁber-spray/mass
spectrometry. The kit consists of a section of a porous-polypropylene hollow ﬁber, a serum bottle, a
seal cap with a gasket and an electromagnetic stirrer. The kit is placed between the mass inlet and the
ESI needle. Using this conﬁguration, glyphosate can be extracted from a very dilute solution and then
evaporates and escapes from the ﬁber surface. When glyphosate molecules make contact with the ESI
plume, which arises from the ESI needle tip, they are ionized and then detected by a mass spectrometer.
Using the setup, it was possible to improve the limit of detection for glyphosate after microextraction by
∼1000-fold, resulting in a limit of detection of 10 ppb.
© 2018 Published by Elsevier B.V.

1. Introduction
Most consumers have only limited knowledge of the types of
pesticides that have been sprayed in their foods before they consume them. Labeling pesticides contained in foods may be needed.
Such regulations would require suppliers of fruits and vegetables to
list the pesticides used in their production in clear labeling, which
would represent a new civil issue. Glyphosate, since its debut in
1974 under the trade name Roundup, has been very effective in
killing a wide variety of weeds. It is now one of the most widely
used herbicides in the agricultural sector, horticulture, viticulture,
and silviculture, as well as garden maintenance (including home
use). However, it has recently been proposed that glyphosate might
be associated with certain diseases, including autism by oxidative damage and neurotoxicity [1,2], Parkinson’s disease [3–5],
Alzheimer’s disease [6] and various types of cancer [7–9]. Thus,
a simple and straightforward method for detecting low concentration levels of glyphosate would be highly desirable. Liquid
chromatography-mass spectrometry (LC–MS) is a reliable and one
of the most popular methods for the analysis of herbicides, including glyphosate [10,11]. A variety of ionization methods, including
desorption electrospray ionization [12], easy ambient sonic spray
ionization [13,14], electrospray-assisted laser desorption ioniza-
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tion and paper spray-mass spectrometry have been developed for
this purpose [15–18]. These methods, so-called ambient ionization
mass spectrometry, are currently in widespread used, because they
permit the time required for a mass-spectrum analysis to be greatly
reduced.
In many countries, LC–MS is an ofﬁcial method for the determination of glyphosate and its major metabolite (aminomethylphosphonic acid, AMPA). In Taiwan, the legal limits of glyphosate in
fruits and vegetables range from 10 to 0.1 ppm (soybean, 10 ppm;
pepper, 0.1 ppm, respectively), as required by the Taiwan Food
and Drug Administration. Off-line sample pretreatment methods are recommended in determining such low concentrations of
glyphosate residues. However, such off-line sample pretreatment
methods typically lower analytical throughput to a considerable
extent and can be time consuming.
In this study, we report on the development of a novel
type of on-line microextraction method for the determination of
glyphosate using soybeans and pepper as model samples. The
procedure involves combining an on-line concentration technique
with ambient ionization mass spectrometry. A commercially available, porous-polypropylene hollow ﬁber was used to achieve
this. Details of the procedures used for on-line microextraction
and the resulting improvement in the limit of detection are
reported.
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(Taiwan) in 2017 (Method of Test for Pesticide Residues in FoodsMultiresidue Analysis of Polar Pesticides and their Metabolites).

2.1. Reagents
Glyphosate standard (99%) and Roundup (41% glyphosate) were
purchased from CHEM service (West Chester, USA) and the SINON
Corporation (Taiwan), respectively. Analytical grade n-dodecane
was obtained from ALFA Aesar (Heysham, England). Aliquat 336
and 1-octanol were purchased from Acros Organics (Geel, Belgium).
Porous polypropylene hollow ﬁbers (I.D., 0.6 mm; wall thickness,
0.2 mm; average pore size; 200 nm) were acquired from Membrana
(Model, PPQ3/1; Wuppertal, Germany). The soybeans and a green
pepper were purchased from a local supermarket.
2.2. Apparatus
The mass spectrometer (Finnigan LCQ Classic LC/MS/MS) used
in this study was the same instrument that was used in our previous study [19,20]. The mass signal was recorded under the full
scan mode (m/z, 50–1000) and an Xcalibur data system was used
for data collection. The capillary temperature and spray voltage
were set at 275 ◦ C and ±5 kV, respectively. The tube lens offset and
capillary voltage were set at −23 V and 25 V, respectively. Serum
bottles (2 mL, glass) were purchased from Agilent. The electromagnetic stirrer (0.4 cm in length) and electromagnetic heating mixer
(REXIM RS-4DN) were obtained from AS ONE. A microwave oven
(SAMPO, RE-081M1) was obtained from a local shop. A pH meter
(Horiba NaVi F-52), blender (WONDER WH-M01J) and centrifuge
(EYELA CVE-1000), ultrasonic oscillator (Branson 3510) were also
used in this experiment.

2.3.1. Standard glyphosate solutions
A 0.1 g sample of the glyphosate standard was diluted in 100 mL
of deionized water, which was then used to prepare a series of
standard sample solutions to prepare calibration curves.
2.3.2. Roundup solution
A 0.083 g Roundup sample (glyphosate, 41%; in weight) was
diluted in 34 mL of deionized water and served as a stock solution
(1000 ppm).
2.3.3. Pepper stock solution
After adding 60 mL of deionized water to a blender, the green
pepper (30 g) was added, and the resulting pepper sample was
homogenized with the blender for 10 min. The upper layer (4 mL)
was centrifuged (5 min) and the resulting supernatant ﬁltered
through a syringe ﬁlter (PTFE membrane, 0.22 m pore size, 15 mm
diameter). After ﬁltering, the pH of this solution was adjusted to
12.0 by adding a NaOH solution (1 M).
2.3.4. Soybean solution
Using the same procedures as described above, 2 g of soybeans
was processed in 20 mL deionized water. The upper layer (10 mL)
was collected, centrifuged (5 min) and then ﬁltered through a
syringe ﬁlter. After ﬁltering, the pH of this solution was adjusted
to 12.0 by adding a NaOH solution (1 M).
2.4. On-line microextraction kit

2.3. Sample preparation
The procedure for sample preparation was based on method
TFDAP0006.00, as speciﬁed by the Food and Drug Administration

The graphical abstract shows the on-line microextraction kit
and the Taylor cone when an ESI experiment was performed. The
left photo shows a SEM (scanning electron microscope) image of

Fig. 1. Schematic diagram of the on-line microextraction kit. The insert shows the actual position of the kit, which is located between the ESI needle and the mass inlet.
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top of the ends of the porous-polypropylene hollow ﬁber. Fig. 1
shows a schematic diagram of the on-line microextraction kit; the
inset shows the actual position of the kit located between the ESI
needle and the mass inlet. The kit consists of a section of a PP hollow ﬁber (3.5 cm in length), a serum bottle (glass, 2 mL), a seal cap
with a gasket and an electromagnetic stirrer. The set up was initially modiﬁed by drilling a hole (1 mm, in diameter) in the gasket,
and the PP hollow ﬁber was then passed through the hole, with
the inside length maintained at 3.0 cm and an outside length of
0.5 cm. In order to prevent the extraction solvent from leaking,
the end of the PP hollow ﬁber was sealed, using a needle-nose pliers. A 2 mL sample of a glyphosate solution was placed in the 2 mL
serum bottle for extraction. In order to improve the efﬁciency of the
liquid–liquid extraction, the pH of the solution was adjusted to 12.0
using a NaOH solution (1.0 M). The PP hollow ﬁber was ultrasonically cleaned in acetone for 5 min prior to use, and then air-dried
by means of a syringe injector. A boundary solvent was prepared
by mixing 0.4 mL of 1-octanol, 1 mL of Aliquat 336 and 8.6 mL of
n-dodecane [21,22] and the PP hollow ﬁber was then immersed in
this mixed solvent. After several seconds, the inner mixed solvent
was removed by blowing air through the interior of the ﬁber. Some
of the mixed solvent was retained by the porous ﬁber-wall (liquid membrane). Following this, a 15 L aliquot of an HCl solution
(0.1 M) (the extraction solution) was injected into the lumen of the
ﬁber. The liquid membrane plays a very important role, serving as
a boundary between the sample solution and the extraction solution. Glyphosate is more soluble in acidic solutions than in alkaline
solutions. Because of this, it readily moves into the acidic extraction
solution. We compared the mass spectra from glyphosate solutions,
which were prepared in 0.1 M HCl (extraction solution) and 0.1 M
NaOH (sample solution), respectively. After microextraction process ﬁnished, the mass spectrum was the same as glyphosate in
0.1 M HCl. That means that glyphosate can be extracted from a
very dilute solution using the so-called hollow ﬁber liquid phase
microextraction process, and the resulting extract then moves to
the outside portion of the ﬁber by diffusion. This process is very
slow, usually requiring more than 1 h. However, in this study, we
found that the process can be improved by simply stirring. For
this reason, an electromagnetic stirrer was placed inside the bottle, as described below. The concentrated analytes are vaporized
and escape, along with mixed solvent through the porous surface.
Meanwhile, electro-sprayed/charged droplets are produced from a
regular ESI stainless needle. Once the materials that evaporate from
the surface of the hollow ﬁber (mostly neutral) meet the electrospray plume, ionization occurs under ambient conditions.

3. Results and discussion
Since the position of the outside-ﬁber is very important in terms
of acquiring sufﬁcient ions for detection, ionization efﬁciencies
were investigated when the kit was placed in various positions.
Fig. 2 shows the relationship between ion intensities and the location of the microextraction kit. In this case, glyphosate was used
as the test sample (concentration, 10 ppm) and the ESI voltage was
−5 kV. It is clear that the position, indicated in red, i.e. at vertical and horizontal distances by ∼3 mm and 2 mm relative to the
mass inlet, respectively, is the optimized location. Hence, this position was used in the following experiments. Fig. 3A shows a typical
mass spectrum obtained by an ESI–MS method, using an ESI voltage of +5 kV with Roundup at a concentration of 10 ppm. The inset
chemical structures illustrate the pathway for the possible fragmentation of glyphosate. In fact, products that contain Roundup
typically contain at least three components, including the active
ingredient, i.e. glyphosate, water and a surfactant blend. Glyphosate
ionizes with difﬁculty under a positive voltage; the ionization efﬁ-

Fig. 2. Relationship between ion intensities and the location of the microextraction
kit. It is clear that the position, indicated in red, is the optimized location. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to
the web version of this article.)

ciency of surfactants is much higher than that of glyphosate. As
can be seen, the surfactants produce complicated signals, making
the signal corresponding to glyphosate difﬁcult to observe. After
expanding the mass region (m/z, 120–200), a tiny signal was found
at m/z = 192, which corresponds to [M + Na]+ . This information is
not sufﬁcient to permit glyphosate to be identiﬁed. When the ESI
mode was operated under a negative voltage, a mass peak, corresponding to [M-H]− was found. Furthermore, no interference by
surfactants was observed (data not shown). When an acidic solution of glyphosate (0.1 M HCl) was examined, a clear mass signal
was found at m/z, 125, i.e. [M−PO3 +Cl]− , as shown in Fig. 3B. We
selected this peak for the identiﬁcation of glyphosate. Fig. 4A shows
the relationship between ion-intensity and microextraction time,
when glyphosate was used as the model sample (concentration
level, 1 ppm; pH, 12). Herein, 6 containers of sample solution were
prepared and processed for extraction (without stirring) at room
temperature during 15, 30, 45, 60, 75 and 90 min, respectively.
The results clearly show that the optimized extraction time was
60 min. Longer extraction time did not improve the results. This
is because during extraction process, the concentrated analytes
evaporate and escape along with the mixed solvent through the
porous surface. The two effects (evaporation/concentration) cancel each other out, and as a result, an optimized timing was found.
In order to shorten the extraction time, an electromagnetic stirrer was used; the stirring rates were set at 300, 400, 500, 600,
700, 800 rpm, respectively, for 10 min in each case. The ﬁndings
indicated that the optimized rate was 600 rpm. Following this, 5
containers of sample solution were prepared and the stirring rate
was set at 600 rpm for extraction at room temperature with stirring times of 5, 10, 15, 20 and 25 min, respectively. As can be
seen in Fig. 4B, the rapid, on-line microextraction of glyphosate
was achieved. The extraction time can be shortened to as short as
15 min. In order to further shorten the extraction time, a microwave
assisted microextraction method was investigated. Under the same
conditions, several different microwave-extraction times (10, 20
and 30 s) were examined. Using a microwave oven operating at
160 W, the extraction process can be completed within 20 s. However, when the time was increased to 30 s, the extracted solution
began to boil, resulting in a decrease in ion intensity. Although
the intensity obtained from stirring method was almost two-fold
that for the microwave method (∼3.1 × 105 ), we also conclude that
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Fig. 3. Frame A, typical mass spectrum obtained by an ESI–MS method, in which the ESI voltage was +5 kV; the concentration level of Roundup was 10 ppm. Frame B, mass
spectrum obtained by a ﬁber spray/mass spectrometry, in which the ESI voltage was − 5 kV and the pH value was adjusted to 12.0.

Fig. 4. Relationship between ion-intensity and microextraction time when glyphosate was used as the model sample (frame A, without electromagnetic stirrer; frame B,
electromagnetic stirrer was used at 600 rpm).

the microwave-extraction method could still be further improved.
For convenience, we selected the stirring method for the following experiments, i.e. extracting glyphosate from pepper (legal limit,
0.1 ppm) and soy (legal limit, 10 ppm), respectively. Fig. 5A-a shows

the mass spectrum obtained from the green pepper stock solution (before adding glyphosate) by an ESI–MS method, (ESI voltage,
− 5 kV), where the sample solution was directly injected using a
syringe injector. As can be seen, some peaks including Vitamin
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Fig. 5. Typical mass spectra obtained using an ESI–MS method (spectra a and c) and on-line micro extraction ﬁber-spray/mass spectrometry (spectra b and d), respectively.
Frame A shows the results obtained from the green pepper stock solution before (spectrum a) and after (spectrum b) spiking with glyphosate (10 ppb); frame B shows the
results obtained from the soybean stock solution before (spectrum c) and after (spectrum d) spiking with glyphosate (1 ppm), respectively.

B6 and Vitamin C, but none correspond to glyphosate. We conclude from this that this green pepper was not contaminated with
glyphosate. After spiking the green pepper stock solution with
glyphosate (10 ppb), same microextraction procedure was performed (stirring rate, 600 rpm; extraction time 15 min.). Fig. 5A-b
shows the mass spectrum obtained from the green pepper stock
solution after spiking. The spectrum now contains a major peak
corresponding to glyphosate. Hence, the method developed in this
study is very useful for the detection of glyphosate. The limit
of detection (10 ppb) was one order lower than the legal limit
(0.1 ppm). Fig. 5B-c and −d show the mass spectra obtained from
the soybean sample. Since the legal limit of glyphosate in soybean
is 10 ppm, herein, the concentration level of glyphosate in spectrum d was 1 ppm. We also detected a major peak belonging to
glyphosate. It should be noted that the intensity of the peak at m/z
125 is not only reﬂecting the concentrations of glyphosate, but also
reﬂecting the extraction efﬁciencies of glyphosate in the two different samples. The soybean sample solution is denser than pepper
sample solution, resulting to poorer extraction efﬁciency, resulting different limit of detection of glyphosate in different sample.
It should be noted that the types of extraction solvents, pH values
of the sample solution and extraction times are all important variables and all of these parameters should be optimized. Compared
to the data obtained using standard glyphosate solutions, we therefore conclude that, in this case, the ion intensity can be improved by
∼1000-fold by using on-line microextraction. The limit of detection
was about 10 ppb for glyphosate. A combination of on-line microextraction using a hollow ﬁber with ﬁber spray-mass spectrometry
was developed in this study, and the results indicate that it represents a potentially useful new methodology for use in the ﬁeld of
mass spectrometric analysis.

4. Conclusions
The development of an on-line concentration technique is
described. A ﬁber-spray ionization source that involves the use of
a liquid-phase microextraction hollow ﬁber with a regular electrospray source was developed and tested. The methodology is simple
and economical, and is suitable for use in low-level drug screening.
While the results show that the methodology is feasible, extensive
work needs to be done to verify that the method can be effectively used for drug screening in bioﬂuids. Further applications are
currently being explored.
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