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Abstract. A new atmospheric pressure ionization method termed pyroelectricity-
assisted infrared laser desorption ionization (PAI-LDI) was developed in this study.
The pyroelectric material served as both sample target plate and enhancing ioniza-
tion substrate, and an IR laser with wavelength of 1064 nm was employed to realize
direct desorption and ionization of the analytes. The mass spectra of various com-
pounds obtained on pyroelectric material were compared with those of other sub-
strates. For the five standard substances tested in this work, LiNbO3 substrate
produced the highest ion yield and the signal intensity was about 10 times higher
than that when copper was used as substrate. For 1-adamantylamine, as low as
20 pg (132.2 fmol) was successfully detected. The active ingredient in (Compound

Paracetamol and 1-Adamantylamine Hydrochloride Capsules), 1-adamantylamine, can be sensitively detected
at an amount as low as 150 pg, when the medicine stock solution was diluted with urine. Monosaccharide and
oligosaccharides in Allium Cepa L. juice was also successfully identified with PAI-LDI. The method did not require
matrix-assisted external high voltage or other extra facility-assisted set-ups for desorption/ionization. This study
suggested exciting application prospect of pyroelectric materials in matrix- and electricity-free atmospheric
pressure mass spectrometry research.
Keywords: Pyroelectricity-assisted, Infrared, Laser desorption ionization, Atmospheric pressure mass spectrometry,
Matrix- and electricity-free
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Introduction

In recent decades, infrared laser desorption ionization mass
spectrometry (IR-LDI-MS) has achieved rapid development,

partly because of its matrix-free feature, where interference
peaks from the matrix did not exist. IR-LDI-MS possessed
general features such as reduced probability of molecular dis-
sociation and higher neutral-to-ion ratio, because of lower
photon energy of infrared (IR) laser in comparison with ultra-
violet (UV) laser [1]. In addition, the thermal effect associated
with IR lasers can facilitate the desorption of analytes from
surfaces [2].

However, IR-LDI usually required extra auxiliary ionization
approaches, such as electrospray ionization (ESI) and direct
analysis in real time (DART), to improve the ionization effi-
ciency of neutral analytes desorbed from the surface, since low
IR energy generally led to low ionization efficiency. For in-
stance, Nemes et al. reported a hybrid ionization method
termed laser ablation electrospray ionization (LAESI), which
was used to detect verapamil, reserpine and identify certain
metabolites in French marigold seeding organs [3]. Rezenom
et al. developed an infrared laser-assisted desorption
electrospray ionization (IR-LADESI) method for the analysis
of peptides and proteins, including bovine cytochrome c, bra-
dykinin, and human whole blood [4]. Another approach, infra-
red laser desorption electrospray ionization (IR-LDESI) was
coupled to LTQ Fourier transform ion cyclotron resonance
mass spectrometer, and applied to analyze bovine ubiquitin
and myoglobin [5]. Moreover, Shiea’s group reported a laser-
induced acoustic desorption/electrospray ionization mass
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spectrometry (LIAD-ESI-MS) in which the back side of alu-
minum foil with sample spot was irradiated by IR laser, and the
resulting shockwave and heat caused sample desorption from
the back side. The desorbed species were ionized with the
assistance of ESI plume [6]. Nevertheless, solvent and high
voltages were indispensable when ESI was used as the addi-
tional ion source.

Plasma was also frequently coupled with LDI-MS
methods. For example, Zhang et al. reported that the plas-
ma assisted multi-wavelength (1064, 532, and 355 nm)
laser desorption ionization mass spectrometry (PAMLDI-
MS) combined with thin layer chromatography (TLC) was
applied to analyze low molecular weight compounds [7].
Liu’s group developed surface assisted laser desorption
ionization combined with DART to analyze tetradecanoic
acid and 4-aminoantipyrine [8]. In addition, high voltage
assisted laser desorption ionization mass spectrometry
(HALDI-MS) was developed to detect proteins, oligonu-
cleotides, and egg yolk [9]. Although these methods im-
proved ionization efficiency, they required two hybrid
devices, laser device and another ionization-assisted setup.

The pyroelectric effect refers to the crystal spontaneous
polarization with the change of temperature [10–12]. Pres-
ent pyroelectric materials have been applied to various
fields, including fire alarms, radiometers, pyroelectric vid-
icon, and X-ray generation etc. [13–15]. LiNbO3 is one of
the classic pyroelectric materials, which is often used in IR
detectors [16, 17], and LiNbO3 is expected to absorb
energy quite uniformly across the IR [18]. Recently, pyro-
electric material was applied in dispensing liquids on
micrometer- and nanoscale by pyroelectrodynamic shoot-
ing. The formation of attolitre liquid droplets was realized
by local pyroelectric forces, which were activated by scan-
ning an infrared laser beam over a pyroelectric substrate
that was deposited above liquid reservoir [19]. Neidholdt
et al. developed a method for detecting triethylamine or
triphenylamine through heating pyroelectric crystal to ion-
ize the pre-gasified compounds [10]. Such applications
showed the potentials of pyroelectric materials to be uti-
lized in LDI-MS research. It is expected that analytes will
undergo direct desorption/ionization by the thermal effect
of infrared laser radiation and the shock/vibrating effected
produced via pyroelectric material/laser interactions.

In this work, we developed a novel atmospheric pressure
ionization method termed pyroelectricity-assisted infrared laser
desorption ionization mass spectrometry (PAI-IR-LDI-MS).
We employed pyroelectric crystal directly as sample target
plate and ionization facility. We compared the ionization capa-
bility of pyroelectric material with three other materials (cop-
per, microslide and filter-paper). The results indicated that
coupled with infrared laser radiation, the pyroelectric material
could be employed as ionization enhancing substrate, and was
able to simultaneously desorb and ionize analytes. This study
suggested an exciting prospect of pyroelectric materials in
ambient mass spectrometry and natural product analysis
research.

Experimental
Materials and Chemicals

Z-cut lithium niobate (LiNbO3) was purchased from Shanghai
Daheng Optics and Fine Mechanics Co., Ltd. (China). Copper
sheets were purchased from Hardware and Electromechanical
Supermarket of Warwick Group (China). Quantitative filter pa-
per and microslides were purchased from Peking BioDee Bio-
technology Co., Ltd. (China) (Supplementary Table S3). More
information about LiNbO3 is shown in Supplementary Table S4.

The chemica ls of 1-acetamidoadamantane , 2-
aminopyrimidine, spermine, and 2-aminobenzamide were pur-
chased from Alfa Aesar (Heysham, UK). Acetanilide was from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 1-
Adamantylamine was obtained from Sigma-Aldrich (St. Louis,
MO, USA). Glucose and Maltose were from Peking BioDee
Biotechnology Co., Ltd. (China). Maltotriose was from J&K
Scientific Co., Ltd. (Beijing, China). All standard samples were
prepared without further treatment (detailed information is
shown in Supplementary Tables S1 and S2.). Methanol (HPLC
grade) was obtained from Fisher Scientific (Fair Lawn, NJ,
USA). Ultrapure water was prepared with Milli-Q (Merck
Millipore, Billerica, MA, USA).

The medicine, Compound Paracetanol and Amantadine
Hydrochloride Capsules, was purchased from TongRenTang
Group Co., Ltd. (Beijing, China). Onion samples (Allium cepa
L.) were purchased from a local market.

Ion Source Construction

A home-made ambient LDI ion source was coupled with LTQ
Proteome X ion trap mass spectrometer (Thermo Fisher Scien-
tific, San Jose, CA, USA) (Figure 1). The ion source consisted
of fixed wavelength IR laser system (GYM30-01LY; Beijing
Aoyite LLC), and substrates attached to a 3-D translation
platform (Beijing Optical Century Instrument Co., Ltd).
Nd:YAG combined with pulse xenon lamp were used as pump
sources to generate IR pulses of ~10 ns width. The wavelength
of laser was 1064 nm and the frequency was 20 Hz. The
position of substrate can be manually adjusted. The ion source
was operated under atmospheric pressure conditions. Except
for the IR-LDI ion source, instead of the standard electrospray
source, the mass spectrometer was not otherwise modified.

Analyte in the form of solution was deposited onto the
substrate and allowed to dry. Sample spot center was a ~6.0-
mm distance from MS orifice. The laser irradiated with a ~45°
incidence angle to the distal end of MS orifice. The distance
from laser incidence to analyte spot center was about 2 mm;
however, the laser radiation hit the sample spot. The explana-
tion of parameters selection for the ion source is shown in
Support Information.

All mass spectra were collected in positive ion mode with
two microscans. Experimental parameters used were as fol-
lows: heated capillary temperature, 275.0°C; capillary voltage,
9.0 V; tube lens voltage, 100.0 V; max injection time,
200.0 ms.
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Sample Preparation

Amine and amide substances were dissolved inmethanol/water
according to their dissolution characteristic, and the stock
solution was diluted with methanol/water (4/1, v/v) to a series
of gradient concentration solutions for further mass spectrom-
etry detection. Saccharides were dissolved by using ultrapure
water and then diluted to experimental concentration using
methanol/water (1/1, v/v). Sample solution was directly depos-
ited onto the substrate and air-dried, followed immediately by
IR laser irradiation for desorption/ionization. The generated
ions traveled to mass spectrometer inlet without any extra
assisted approach.

Safety Considerations

Eye exposure to laser radiation would cause a severe health
hazard. Safety goggles need to be worn while working with
free laser beams.

Results and Discussion
Detection of the Analytes Using Various Substrates

In order to investigate the influence of substrate materials on
ionization efficiency, four different materials [the pyroelectric
material LiNbO3, copper sheet, microslide made of borosilicate
glass, and filter paper ([C6H10O5] n)] were tested. Five compounds
(1-acetamidoadamantane, acetanilide, 2-aminopyrimidine,
spermine, and 2-aminobenzamide) were used for establishing
method. The concentration of analyte solution was 100 ppm and
the volume dripped on substrate was 1.5–2.0 μL; therefore, the
absolute amount of each analyte spot was 150 ng–200 ng. For
example, the absolute amount of 1-acetamidoadamantane
corresponded to ~775.9 pmol.

The IR-LDI mass spectra of the analytes on different sub-
strates are shown in Figure 2. As can be seen, for all of the five
compounds tested, the most abundant MS signals were always
obtained from LiNbO3 substrate, and the ratio of S/N arrived at
1 × 104 or so. Ions could also be formed from analytes on
copper; however, the abundance of signals decreased a lot. For
filter-paper and microslide, the ion signals were very weak or
could not be observed at all.

The mass spectra of 1-acetamidoadamantane on different
substrates are shown in Figure 2a. The abundance of [M + H] +

(m/z = 194.3) is 11146.2 counts on LiNbO3 substrate, whereas
significantly reduced to 879.7, 22.3, and 1.4 on copper,
microslide, and filter paper, respectively. Compared with the
copper substrate used in the LDI-MS, the sensitivity on
LiNbO3 substrate was improved by more than one magnitude.
Compared with microslide and filter-paper, the abundances
were enhanced by nearly 5.0 × 102 and 7.9 × 103. Dimers of
the analyte at [2M + H] + (m/z 387.3) were also detected, which
indicated the method of PAI-LDI-MS was a soft ionization
mode. Likewise, for the other four compounds, the signal
abundances of basic peaks on LiNbO3 substrates were im-
proved by more than 10 times compared with copper sub-
strates, except acetanilide (Figure 2b–e). Moreover, the signal
difference among various types of samples was the species of
ion. The results showed that aromatic amino (Figure 2e) and
aliphatic amino (Figure 2d) substances were more prone to
generate [M – NH2]

+ signals but heterocyclic amino was not
(Figure 2c). Except for the basic peak of [M + H] +, the peak of
[M-(CO-CH2) + H] + also generated on LiNbO3 substrate for
aromatic amide (Figure 2b).

In all these five standard compounds, the LiNbO3 wafer
substrate generated the most distinctMS signals comparedwith
the other three materials. We also examined other pyroelectric
materials as substrate like LiTaO3 in preliminary experiments,
which also had the efficacy of auxiliary desorption/ionization
similar to LiNbO3 (see Supplementary Figure S4). Neverthe-
less, LiTaO3 is more expensive. Since no organic matrix need-
ed to be used, there was less interference under m/z 500.0,
making this method matrix-free and therefore particularly use-
ful in the detection and identification of low molecular weight
substances.

The Hypothesis of Desorption/Ionization
Mechanism

The desorption/ionization mechanism of PAI-LDI is still not
very clear. It is supposed to be attributed to the energy of
infrared laser irradiation and shockwave coupled with polari-
zation potential of pyroelectric material. (1) PAI-LDI is one
kind of LDI based method, therefore, laser irradiation probably

Figure 1. Schematic setup of the IR-LDI ion source and the vertical view of sample spot. Ions were produced at the pyroelectric
substrate surface with infrared laser irradiation and travel to the atmospheric pressure orifice capillary of themass spectrometer. The
sample solution was deposited onto the substrate and the laser radiant facula was ~2.0 mm distance from sample spot center
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contributes to the desorption/ionization [20]. (2) The interac-
tion between laser and substrate, like discharging and shock-
wave, could contribute to the desorption/ionization. We ob-
served sparkling/discharging when LiNbO3 was irradiated by
laser. The m/z 279.2 (see Figure 1a) was one of the major
background peaks, which was suspected to the protonated
dibutyl phthalate from laboratory air. The m/z 149.1 (Figure 3)
was probably one characteristic fragment of the substances of
phthalate. The result was consistent with Neidholdt and
Beauchamp’s study [21, 22]. For analyte desorption, we spec-
ulate that shockwave and thermal effect [2, 23] were simulta-
neously responsible, leading to the liberation of analytes from
the pyroelectric material substrate. We suppose that the shock-
wave is generated by the interaction of laser and LiNbO3

interaction. (3) The pyroelectric effect could contribute to the
desorption/ionization. We preliminarily measured the temper-
ature change before/after laser irradiation onto LiNbO3 sub-
strate. The pyroelectric potential probably has the function of
ionization-assisted [10]. The ionizationmechanism of PAI-LDI
is probably attributable to all the factors simultaneously in
action. However, the mechanism of ionization was complicat-
ed. Additionally, we compared PAI-LDI with other IR-LDI

methods cited in the Introduction section, and the table is
shown in Supplementary Table S5.

Analysis of Mixtures Using PAI-LDI-MS

To evaluate the potentials of PAI-LDI-MS in the analysis of
complex mixtures, a drop of 1.5 μL mixture of solution con-
taining 2-aminopyrimidine, 1-acetamidoadamantane, and acet-
anilide was deposited onto LiNbO3 substrate. The amount of
each component was 150.0 ng within the sample spot formed.
As can be seen from Figure 3, all analytes can be readily
detected. By contrast, when copper sheet was used as the
substrate, theMS signal abundances were significantly lowered
by 3.00 (m/z 96.1), 9.86 (m/z 194.3), 12.52 (m/z 136.2), and
13.11 (m/z 387.3) times, respectively. Almost nothing can be
detected from microslides and filter paper (see Supplementary
Figure S1).

It seemed that the response of analytes in the mixture of
three standards appears to be different than the PAI-LDI re-
sponse to the individual analytes. This may be associated with
matrix effects. In our experiment, no specific matrix was used
to assist ionization; therefore, there was no matrix interference

Figure 2. IR-LDI mass spectra of different compounds using different substrates. The samples were: (a) 1-acetamidoadamantane,
(b) acetanilide, (c) 2-aminopyrimidine, (d) spermine, (e) 2-aminobenzamide, respectively. The substrateswere filter paper, microslide,
copper (Cu), and lithium niobate (LiNbO3). The signal abundance was generally 10 times higher on LiNbO3 substrate than other
substrates
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introduced by experiment design. However, for the complex
system, such as mixed sample, the matrix effect probably was
unavoidable. In this case, isotope internal standard method
would be useful for precise quantification [24].

Concentration Dependence, Precision,
and Reproducibility

The standard substance of 1-adamantylamine (amantadine)
was dissolved in methanol/water (v/v, 1:1), and was dilut-
ed to five different gradient concentrations with100, 10,
1 ppm, 100 ppb, and 10 ppb. Sample volumes of 2 μL
(corresponding to 200, 20, 2 ng, 200 pg, and 20 pg, re-
spectively) were deposited on the LiNbO3 substrate for MS
detection. Amantadine was successfully detected on
LiNbO3 substrate at as low as 20 pg (132.2 fmol)
(Figure 4a). Considering the estimates of analyte amounts
in the area interrogated by laser pulse, for laser-based
methods, the limit of detection could be even lower [3]
(see Support Information). A linear relationship between
the analyte amount and signal response can be obtained
after taking logarithm for both variables (Figure 4b).

The precision of this ionization method was evaluated on the
same LiNbO3 wafers. The solution of 1-acetamidoadamantane
at a concentration of 100 ppm was prepared; 1.5 μL 1-
acetamidoadamantane solution with was deposited on one
LiNbO3 wafer for mass spectrometry. The same experimental
procedures were repeated three times on one same LiNbO3

wafer. The mass spectra obtained are shown in Figure 4c. The
relative standard deviation (RSD) of the intensity of the analyte

Figure 3. Mass spectra of mixed compounds obtained on
LiNbO3 substrate. The solution included three compounds: 2-
aminopyrimidine ([M + H]+, 96.1), 1-acetamidoadamantane ([M
+ H]+, 194.3), and acetanilide ([M + H]+, 136.2)

Figure 4. Concentration dependence, precision, and reproducibility of PAI-LDI-MS method. (a) PAI-LDI mass spectra of 1-
adamantylamine with different concentration gradient. The substance content of 1-adamantylamine in each sample point was
200, 20, 2, 200, 20 pg (corresponding to 132.2 fmol), respectively. (b) Linear relationship between the analyte amount and signal
response after taking logarithm for both variables. (c) Precision. (d) Reproducibility
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as [M + H]+ was 1.67%, which indicated the precision of this
ionization method was fine.

The reproducibility experiment on five different LiNbO3

wafers was also investigated through the above same manipu-
lation repeated five times. The result is shown in Figure 4d.
RSD for protonated ion [M + H] + was 10.52%, and coefficient
of correlation was 1.0 for five mass spectra, indicating that
although signal abundance varied, the total signal status never-
theless was very stable among separate experiments. Addition-
ally, the signal deviation was probably due to the LiNbO3

wafers from different production batches and the atmospheric
pressure conditions.

Analysis of Real Samples

Amantadine (1-adamantylamine) is one of the major active
ingredients in the medicine of Compound Paracetamol and
Amantadine Hydrochloride Capsules. It was the classic pro-
phylactic agent against Asian influenza and drug for treatment
of influenza A virus [25, 26]. Amantadine has become part of
the arsenal utilized for early symptomatic treatment of
Parkinson’s disease, as well as an option for treating dyskinesia
[27–29]. In our study, the medicine capsules were first dis-
solved in ultrapure water, and the supernatant liquid was taken
as stock solution for the subsequent experiments.

The stock solution was diluted to 10 ppm and 10 ppb using
methanol/water, which was then deposited onto different sub-
strates for mass spectrometry analysis. Mass spectra obtained
are shown in Figure 5. The signal of 1-adamantylamine was
clearly visible in the form of [M + H]+ (m/z 152.2) when
LiNbO3 was used as substrate, at a concentration of as low as

10 ppb. At the concentration of 10 ppm, the intensity ratio
between [M + H]+ to a background peak atm/z 158.2 was ~5.0.
When copper was used as the substrate, the same ratio became
lower than 1.0. This indicated that PAI-LDI-MS could identify
active ingredients from medicines.

Amantadine is also used for the treatment of hepatitis C and
multiple sclerosis. As reported, amantadine is metabolized
mainly through urine pathway, and it is nearly completely
eliminated in the urine, largely unchanged [30, 31]. Up to

Figure 5. Mass spectra of medicine capsule using methanol/
water as solvent (a), (b), LiNbO3 was used as substrate; (c), Cu
was used as substrate

Figure 6. Mass spectra of medicine capsule using urine as
solvent (a), (b), (c), concentrations of amantadine (active gradi-
ent of medicine) in urine were 100 ppb, 1 ppm, 100 ppm,
separately

Figure 7. PAI-LDI mass spectra of onion juice on LiNbO3

substrate. Three compounds in onion juice were identified; they
are: monosaccharide (m/z 180.1), disaccharide (m/z 342.2), and
trisaccharide (m/z 504.1)
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now, the detection or analysis of amantadine commonly uses
the traditional method, which is gas chromatography [32] or
fluorimetric liquid chromatography [33]. It has not been report-
ed that amantadine was detected by ambient mass spectrome-
try. To explore the potentials of PAI-LDI-MS method for
analyzing medicine metabolism in a sample preparation-free
approach, the stock solution of medicine was diluted with
human urine to 100, 1 ppm, and 100 ppb. The MS signal of
the amantadine, the active ingredient of the medicine, can be
clearly observed at 100 ppb concentration in urine (~150 ng,
see Figure 6). It seemed that 1-adamantylamine (amantadine),
the active ingredient of medicine capsules, was determined by
PAI-LDI down to a concentration of 10 ppb for the medicine
dissolved in methanol/water (Figure 5), whereas 100 ppb for
the medicine dissolved in urine (Figure 6), which was possibly
caused by much complex matrix effects.

There was a report that the urinary excretion concentration
of amantadine was ~50–200 μg/mL (corresponding to
50 ppm–200 ppm) [34]. In our experiments, the simulated
detection concentration of amantadine in urine, from
~100 ppb to 100 ppm, was basically consistent with the above
reports. This showed PAI-LDI has the potential for analyzing
medicine metabolism. The mass spectrum (multi-point
average) of urine sample showing the entire mass range, in-
cluding spiked 1-adamantylamine and urine native creatinine
[35], is shown in Supplementary Figure S3. The result shows
that the components of urine have little influence on analyte
signal. This indicated that the method of PAI-LDI has a high
tolerance to complex matrix. Our result demonstrated that the
developed method can be deployed for the confident and direct
identification of small molecules from complex samples.

PAI-LDI-MS of the method was also used to directly ana-
lyze the composition of Allium Cepa L. by depositing onion
juice onto LiNbO3 wafer. Three components, including mono-
saccharide, disaccharide, and trisaccharide, were identified at
[M1]

+ (m/z = 180.1), [M1 + NH4]
+ (m/z = 198.1), [M2]

+ (m/z =
342.2), [M3]

+ (m/z = 504.1), respectively. The result showed
that for the analysis of oligosaccharide with the method of PAI-
LDI-MS, [M]+ was more easily generated. The mass spectra
are shown in Figure 7. The result, from another aspect, clearly
shows the capability of the developed method for the analysis
of biological system. The PAI-LDI mass spectra of these
standard saccharide compounds are shown in Supplementary
Figure S2.

Conclusions
In this study, we developed a new atmospheric pressure ioni-
zation method termed pyroelectricity-assisted infrared laser
desorption mass spectrometry (PAI-LDI-MS).The pyroelectric
material LiNbO3, which was used as the substrate but at the
same time facilitated analytes desorption/ionization, led to
significantly abundant analyte signal than other common sub-
strate materials. Due to its matrix-free nature, the developed
method is particularly useful for the direct detection of low

molecular weight compounds without interference from the
background. 1-Adamantylamine was successfully detected at
a concentration as low as 10 ppb (corresponds to 132.2 fmol). It
is also tolerant to complex matrix, and active medicine ingre-
dient in urine can be detected. The method was also applied to
analyze complex samples, such as Allium Cepa L. from which
saccharide components were detected. Overall, the advanta-
geous features of the developedmethod include no requirement
for high voltage and matrix, simple pretreatment, and soft
ionization capability. It is expected that such a method will
find wide applications in the study of medicine metabolism by
analyzing human body fluids and fast analysis of complex real-
world samples.
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