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Abstract. Although the low temperature plasma
mass spectrometry (LTP-MS) is widely used as
an analysis tool for many biochemical samples,
its application window is somehow limited to the
analytes of low molecular mass and high volatil-
ity. For this reason, there have been attempts to
enhance the ionization/desorption efficiencies
with extra heating, for instance. In this study,
another enhancement method was suggested
using the photocatalytic nano-particles (NPs). In

order to assess the NP effects on the LTP-MS, two fatty acid ethyl ester samples of ethyl myristate and ethyl
palmitate were used, and the NP of titanium dioxide (TiO2) was mainly employed. The results showed that the
signal intensities of the LTP-MS were largely increased with the TiO2 addition for both samples. In addition, the
cholesterol sample was analyzed using the TiO2 assisted LTP-MS, also resulting in the enhancement of the
signal intensity. The overall results inferred that the photocatalytic NP confirmed its role as an effective assist tool
for the LTP-MS, especially suitable because of the facile method and the heat-free nature.
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Introduction

Ambient ionization mass spectrometry (MS) is a versatile
real time and direct analysis tool for the target molecules

in public safety, forensics, pharmaceuticals, and agricultural
fields [1–5]. MS process works in the order of sample intro-
duction, ionization, separation of ions, and detection, and the
ionization efficiency mostly decides the MS analyzing
capability.

For real time and direct analysis, it is important to analyze
the sample under atmospheric environment using an ambient
ionization source. Various ambient ionization methods have
been developed, and complex combinations of the methods
have also been employed to enhance ionization efficiency:
desorption electrospray ionization (DESI) [6], direct analysis
in real time (DART) [7], laser ablation electrospray ionization
(LAESI) [8], plasma assisted desorption ionization (PADI) [9],
low temperature plasma (LTP) [10], extractive electrospray

ionization (EESI) [11], direct atmospheric pressure chemical
ionization (DAPCI) [12], etc.

Among the plasma-based ambient ionization methods, LTP
has some favorable features; simple and inexpensive plasma
generation system and low current and temperature plasma
properties as well as dry ionization process, direct sample
interaction, no sample pretreatment, flexible sample type, etc.
[10]. Accordingly, LTP has been actively studied and applied
for biological sample analysis [13–17]. Nevertheless, the LTP
has its limits analyzing target molecules with a high molecular
weight and/or low volatility attributable to its soft ionization
and low temperature.

Hence, there have been studies to overcome the limits by
applying extra heating to the target sample in one way [18, 19].
While the heating helps the target molecules to be thermally
desorbed from the sample surface, the high temperature of
several hundreds oC can damage heat-sensitive biological sam-
ples. Other approaches were also studied bymodifying the LTP
source and by varying the sample introduction method; the
LTP source was constructed with the bundle of small capil-
laries to allow the analysis of a large sample area, and the
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detection sensitivity was significantly improved for drug mol-
ecules by direct injection of the reaction reagent into the plasma
plume [20].

In this study, we have considered another assisting method
using photocatalytic nanoparticles (NPs). There have been
studies using the NPs as a matrix for matrix-assisted laser
desorption/ionization (MALDI) in order to enhance the selec-
tivity [21–23]. Lin et al. utilized gold nanoparticles in thermal
desorption ambient mass spectrometry for analyzing small
organic molecules such as amino acids, insecticides, and bio-
diesel samples [24]. Here, we are trying to enhance the ioniza-
tion efficiency of LTP-MS with photocatalytic NPs, which are
known to have synergetic effects with the plasma discharge for
the destruction of chemical and biological samples [25, 26].
The synergy comes from the increment of oxygen radicals, and
we assume that it will help enhance ionization efficiency with-
out increasing sample temperature.

Titanium dioxide (TiO2) has been proven to be the most
active photocatalysis because of its photo-stability, strong ox-
idizing power, non-toxicity, chemical and biological inertness,
etc. [27]. The UV radiation from the plasma discharge excites
the TiO2 and generates the electron and hole pairs, which are
capable of initiating a series of chemical reactions [28].

Fatty acid methyl/ethyl esters are the representative target
molecules in many bio-applications using MS as they play
significant roles in all organisms as the structural components
of the cell membranes by relaying signals from the extracellular
environment to the intracellular network [29, 30]. For this
reason, several studies about LTP-MS analysis have been done
using fatty acid ethyl esters [19, 31–33].

In this study, we analyzed two different fatty acid ethyl
esters of ethyl myristate and ethyl palmitate independently
using LTP-MS, then applied the photocatalytic TiO2 to im-
prove the LTP ionization efficiency. We investigated the den-
sity effects for the fatty acid ethyl ester samples and TiO2, and
other types of photocatalytic NPs were compared as well. Last
but not the least, cholesterol sample with a low volatility was
analyzed to further confirm the enhancement effect of photo-
catalytic NPs on LTP-MS.

Experimental
Low Temperature Plasma

The low temperature plasma (LTP) source consists of a glass
tube (O.D. 1/8 inch and I.D. 1/16 inch) with an inner pin
electrode (stainless steel, O.D. 1.0 mm) as shown in Figure 1.
An alternating current (AC) high voltage of 1 kV was supplied
to the pin electrode at a frequency of 10 kHz. The AC voltage
was provided using a power amplifier (KSC 300, Korea
Switching Co., Korea) and a function generator (DG4062,
RIGOL Technologies Inc., USA) of which the output voltage
was the sine wave. An indium tin oxide (ITO) coated glass was
placed on the sample holder and connected to the ground. The
powered and grounded electrode configuration and its material
type is relatively flexible since there is little effect on the LTP-

MS measurement results. Helium gas of 99.999 % purity was
supplied at a flow rate of 0.6 L/min as a discharge gas. Samples
were positioned at about 3 mm away from theMS inlet, and the
LTP source was placed at about 3 mm away from the sample
tilted with an angle of about 45 °.

Sample Preparation

All chemicals were purchased from Sigma-Aldrich Korea
(Seoul, South Korea). Analyte solutions of ethyl myristate were
prepared with concentration of 0.02, 0.04, 0.09, and 20 mg/mL
in ethanol. Ethyl palmitate solutions were prepared in ethanol
at concentrations of 2.5, 5, 10, 25 mg/mL, respectively. Cho-
lesterol solution was prepared at 10 mg/mL in ethanol.

TiO2 NPs of 1, 3, 10, 30 mg of were suspended in 1 mL of
ethanol, respectively. For other nanoparticles, 30 mg of zinc
oxide (ZnO) and aluminum dioxide (Al2O3) also were
suspended in 1 mL of ethanol, respectively.

The sample solution containing ethyl ester and NPs was
prepared bymixing each solution at a volume ratio of 1:1. Each
sample solution was vortexed for about 30 seconds before
loading the sample. For LTP-MS analysis, 5 μL of sample
solution was loaded into the circular well chamber with 3 mm
in diameter and 1 mm in depth in order to keep the size of the
loaded sample constant and let dry in the air.

Before optimizing the sample preparation method, several
other ways were attempted: layering the NPs and the sample,
scattering the NPs on top of the sample, and using a double-
sided tape for the NPs. Each attempt showed different results
on the degree of enhancement in LTP-MS detection sensitivity,
but the enhancement was still observed even in the worst case.

Mass Spectrometry

Mass spectrometry was performed in positive ion mode on a
linear ion trap mass spectrometer (LTQ XL, Thermo Scientific,
USA) and Xcalibur software 3.0 (Thermo Scientific, USA) for
acquiring the data. The analyte ions or clusters containing them
generated by LTP in the atmosphere were carried through a
transfer MS inlet into to the vacuum interface. Mass spectro-
metric conditions were optimized as follows: capillary temper-
ature, 250 °C; capillary voltage, 35 V; and tube lens voltage,
110 V; capillary voltage, 55 V; and tube lens voltage, 90 V.
The mass spectra were collected with the maximum ion injec-
tion time of 100 ms and one microscan per spectrum and with
the normal scanning rate of 60 μs/u. The spectra were acquired
continuously for about 30 seconds over the mass to charge ratio
(m/z) range from 150 to 800.

Nanoparticle Photocatalysts

Titanium dioxide (TiO2) NP was purchased from Evonik Ko-
rea (Seoul, South Korea). The specific model used was
AEROXIDE TiO2 P25: white powder consisting of about
80%–90% anatase and the rest in rutile form. Specific surface
area (BET) is 50±15 m2/g. The particles are several hundred
nm in size, and the primary particle has a mean diameter of
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about 21 nm. The energy difference between the valence and
the conduction bands in the solid state is 3.0 eV for rutile and
3.2 eV for anatase [34].

Zinc oxide (ZnO) NP was manufactured by BASF
(Ludwigshafen, Germany). The specific model used was Z-
COTE. The average particle size is less than 200 nm. The
energy difference between the valence and the conduction
bands is 3.37 eV [35].

Aluminum oxide (Al2O3) NP was purchased from Evonik
Korea (Seoul, South Korea). The specific model used was
AEROXIDE Al2O3 65: white power consisting of primary
particles sized approximately 7 to 40 nm. Specific surface area
(BET) is 65 m2/g. The energy difference between the valence
and the conduction bands is 3.64 eV [36].

Results and Discussions
Photocatalytic NPs were employed to improve the detection
efficiency of the LTP-MS. Two representative fatty acid ethyl
ester samples of ethyl myristate and ethyl palmitate were cho-
sen as analytes for LTP-MS, and the TiO2 was mainly used as
the photocatalytic NP. The enhancement effects of the photo-
catalytic NPs on LTP-MS were studied by controlling various
experimental parameters of the sample density, the NP density,
and the NP type.

Fatty Acid ethyl Esters with TiO2

Figure 2 illustrates the mass spectra of ethyl myristate (a) for
different sample densities and (b) for with and without TiO2

cases together with the integrated peak intensities (c) for mono-
mer and (d) dimer ions. Each spectrum was acquired for about
30 seconds then time-averaged, because the signal intensity
was almost invariant against the acquisition time. Acquisition
was repeated three times for each measurement condition. The

m/z of ethyl myristate protonatedmolecular ion is 257.3, and its
vapor pressure is 2.00 × 10-3 mmHg at 25 oC. First, under the
LTP only condition of Figure 2a, the ion peak value increases
from 104 to 105 with the sample density increment. With the
TiO2 added, the ion peak value increased more than two times
for the same sample density of 0.02 mg/mL as shown in
Figure 2b. For a more accurate comparison, the area under
the ion peaks were integrated as in Figure 2c for the monomer
of m/z 257.3 and Figure 2d for the dimer of m/z 513.8. The
integrated intensities of the ion peaks increased as much as five
times with the addition of TiO2 compared with LTP only case.

When the ethyl myristate sample density was increased
further up by 10 times to about 20 mg/mL, an interesting
behavior was observed as presented in Figure 3. With the
addition of TiO2, the dimer ion peak was greatly increased
from 1.4 × 106 to 9.6 × 106, becoming much higher than the
monomer ion peak. While the dimer ion peak was largely
increased, the monomer ion increased little from 2.0 × 106 to
2.2 × 106. The dimer ion peak was also detected under the LTP
only condition but with the lower intensity compared with the
monomer ion peak. A sign for such behavior was already seen
under the lower sample densities. The integrated intensity
increment of the monomer ion was similar as in Figure 2c,
but that of the dimer ion or the slope of Figure 2d became larger
for the increasing sample density.

Dimers are observed at almost double the monomer ion m/z
value, and they are formed by their own associations, produced
more likely under the high sample density condition as shown
in Figure 2a. Esters are strong bases in the gas phase, so they
are readily ionized by proton transfer. Also, the dimer ions of
the esters, formed by the proton binding of the two carboxylic
oxygens, are very stable [37], meaning that the probability for
the proton-bound dimer formation of the ethyl myristate will be
increased under the proton enriched condition. As a result of
the further proton enrichment by the TiO2 assist, the dimer ions

power electrode

Helium gas

Glass tube

SampleITO glass

MS inlet

Figure 1. Schematic of the low temperature plasma ionization source placed at the inlet of the mass spectrometer with the sample
holder
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are more likely to be produced as Figure 3. In other words, the
dramatic increase of the ethyl myristate dimer under the high
sample concentration condition is attributed to the high pro-
duction of the protons with the interaction between the plasma
discharge and the TiO2.

Figure 4 shows the mass spectra of ethyl palmitate (a) for
different sample densities and (b) for with and without TiO2

cases together with the detected peak area (c) for monomer.
The ethyl palmitate has them/z 285.3 and the vapor pressure of
7.00 × 10-5 mmHg at 25 oC. First, under the LTP only condi-
tion of Figure 4a, the ion peak value increased with sample
density increment. With the addition of the TiO2, the ion peak
value increased from 6.5 × 103 to 1.6 × 104, which is more than
two times for the same sample density of 25 mg/mL as shown

in Figure 4b. The areas under the ion peaks were obtained as in
Figure 4c for the monomer of m/z 285.3, and the enhancement
can be seen with the addition of the TiO2 compared with the
LTP only case. It is noted that the ion peaks of ethyl palmitate
are one or two orders less in their intensities when compared
with the ethyl myristate even at the higher sample densities.
The lower ion peak intensities can be explained with the vapor
pressure difference. Ethyl palmitate has a lower vapor pressure
by about two orders than the ethyl myristate, and the low vapor
pressure means that the samples are less volatile and remain
intact on the slide glass, being difficult to be desorbed from the
surface. Hence, the ethyl palmitate with the lower vapor pres-
sure resulted the lower detection efficiency for the LTP-MS
and so did its dimer ions as shown insets of Figure 4a and b.

The target molecular ion is detected through the hydrogen
ion (or proton) attachment. There are water molecules in the
ambient, and the most abundant background ions in the
plasma-based ambient desorption/ionization sources are pro-
tonated water clusters (H2O)nH

+ [28]. Thus, LTP becomes a
good ionization source for MS, and the number of positive
hydrogen atoms and oxygen radicals increases even more
according to the below reactions when TiO2 is introduced:
the electron-hole pair is produced with UV irradiation, and
the production of OH radical and H+ is followed [38].

TiO2 þ hv→TiO2 e− þ hþð Þ ð1Þ

H2Oþ hþ→∗OHþ Hþ ð2Þ

In the previous study [26], the increment of the oxygen
radicals including *OH was observed indirectly from the plas-
ma light emission spectrum. Also, it was found that the plasma
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Figure 2. The mass spectra of ethyl myristate (a) for different sample densities, and (b) for with and without TiO2 cases. The
integrated intensities of the peaks corresponding to (c) the monomer and (d) the dimer ions
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Figure 3. Themass spectra of ethyl myristate at a high sample
density of 20 mg/mL for with and without TiO2 cases
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induces defect energy levels in the TiO2, leading to the easier
generation of oxygen radicals by lowering the UV absorbance
energy to the visible range. Moreover, the average electron
energy increases or more electrons are in the high energy tail
in the plasma with the TiO2 [39]. Summing up, the interaction
between the plasma discharge and the TiO2 makes the resulting
plasma a stronger ionization tool for the LTP-MS. For such
reasons, it was clearly seen from the fatty acid ethyl ester
samples of ethyl myristate and ethyl palmitate that their signal
intensities detected by LTP-MSwere greatly enhancedwith the
TiO2. The TiO2 assist method is attractive in many ways since
it is easy, inexpensive, and most of all safe and heat-free.

Nanoparticle Density and Types

The effect of the TiO2 density was studied using ethyl
myristate; density was fixed at either 0.04 mg/mL or 0.09

mg/mL. The integrated intensities of the monomer and
dimer ion peaks are presented in Figure 5 for varying
TiO2 density from 0 (none) to 30 mg/mL. For both of the
monomer and dimer ion peaks, the integrated intensities
increased rapidly from 0 to 1 or 3 mg/mL, then saturated
for the higher densities of the TiO2. The high density TiO2

can hinder the photocatalysis by making the effective sur-
face area of NP smaller because of the aggregation [40].

There are several photocatalytic NPs other than TiO2,
and others of ZnO and Al2O3 were used for comparison.
As can be seen Figure 6, all the photocatalytic NPs en-
hanced the detection efficiency of the LTP-MS for the
ethyl myristate detection, and TiO2 was the most effective
amongst all. The integrated intensities of the monomer ion
peak was 2.9 × 105 for the LTP only case, then increased
to 1.1 × 106 for TiO2, 6.4 × 105 for ZnO, and 6.1 × 105 for
Al2O3, respectively.

280 284 288 292

0.0

4.0x10
3

8.0x10
3

280 284 288 292

0.0

1.0x10
4

2.0x10
4

0 5 10 15 20 25

0.0

5.0x10
4

1.0x10
5

1.5x10
5

569.5 570.0 570.5
0

50

100ecnadnuba.ler

m/z

[2M + H]
+

(c)

(b)

2.5 mg

5 mg

10 mg

25 mg

[M + H]
+

(a)

569.5 570.0 570.5
0

50

100

150
[2M + H]+

ecnadnuba.ler

m/z

[M + H]
+

e
c

n
a

d
n

u
b

a
.l

e
r

m/z

25 mg

 25 mg + TiO
2

[M + H]
+ m/z 285.3

 EP only

 EP + TiO
2

Figure 4. The mass spectra of ethyl palmitate (a) for different sample densities and (b) for with and without TiO2 cases. (c) The
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The band gap energies of the NPs do not differ much as
mentioned before, but when listed in the ascending order it is as
follows: TiO2, ZnO, Al2O3. The TiO2 has the lowest band gap
energy amongst them, and the band gap energy order matches
the ionization enhancement order. Yet, the different behaviors
of the NPs, especially the TiO2, seem to come from their
interaction with the plasma discharge. Under sunlight, ZnO is
known to be more active than TiO2 with more light absorption

in the visible region [40]. However, under plasma, TiO2 be-
comes more absorbent to visible light as defect energy levels
are produced because of oxygen vacancies [26, 41]. As a result,
the band gap energy of the TiO2 is decreased by plasma
discharge, so the electron-hole pairs are more likely to be
abundant, leading to the more efficient ionization source for
the analyte.

Cholesterol

After studying the effects of photocatalytic NPs on LTP-MS using
the fatty acid ethyl esters samples, the cholesterol samplewas used
to further investigate the TiO2 assist. Cholesterol is a sterol, a type
of lipid molecule, an essential structural component of all animal
cell membranes, and it also serves as a precursor for the biosyn-
thesis of steroid hormones related to diseases such as Alzheimer’s
[42]. For such reasons, cholesterol analysis is significant and
garners much interest. However, it is difficult to generate a gas-
phase ion for the cholesterol because of the low proton affinity and
acidity [43]. Besides, them/z of cholesterol molecular ion is 387.7,
and its vapor pressure is 7.8 × 10-10 mmHg at 25 oC; rather high
molecular weight and low volatility. Hence, additional treatment
is needed for the LTP-MS analysis of the cholesterol to enhance
the ionization efficiency (or yield).

Figure 7 illustrates the integrated intensities of cholesterol
monomer ion peaks for LTP only and with TiO2 cases. The
integrated intensities are relatively smaller than the fatty acid
ethyl ester samples as expected, but with the aid of the TiO2,
the intensity increased from 9.0 × 103 to 1.2 × 104. At the same
time, the peak height almost doubled. It is important to note
that photocatalytic NPs can be applied to improve the LTP-MS
detection sensitivity for the analytes of high molecular weight
and low volatility.

Conclusions
In order to improve LTP-MS detection efficiency, an enhance-
ment method using photocatalytic NPs was suggested and
studied with two fatty acid ethyl ester samples of ethyl
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myristate and ethyl palmitate. For the photocatalytic NPs, TiO2

was mainly employed. The measurement results showed that
LTP-MS together with the NPs greatly increased the signal
intensities for both samples. In the case of ethyl myristate, the
signal intensity increased asmuch as five times with TiO2 assist
compared with LTP alone. The degree of enhancement varied
(increased) against the TiO2 density, but it was saturated for
TiO2 density of 3 mg/mL and above. Additionally, several
types of photocatalytic NPs were compared; TiO2 was the most
effective compared with ZnO and Al2O3. Last but not the least,
cholesterol of very low volatility was analyzed using LTP-MS
for with and without the TiO2, and the signal intensity also
increased with the addition of TiO2. The overall results inferred
that the use of photocatalytic NPs effectively enhances the
detection efficiency of the LTP-MS in a quite easy way and
most importantly without any thermal stresses on the heat-
sensitive bio-samples.

In this study, the samples were prepared by mixing with the
NPs in ethanol solution. For real application to biological
tissues, it can be difficult to apply such amixingmethod. Under
such circumstances, another method of spraying the NPs on the
sample surface can be more appropriate. Also, the sample
density should be much lower for real bio-sample analysis.
Hence, follow-up studies will be conducted based on this study,
regarding the optimization of the photocatalytic NP assist
methods for the real biological samples, which will naturally
involve maximization of measurement sensitivity and/or ex-
tension of detection mass limit.
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