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biomolecular analysis. However, with conventional MALDI, it is difficult to analyse low-molecular-
weight compounds because of the interference of matrix ion signals. Here, we report a matrix-free
on-chip pulse-heating desorption/ionization (PHDI) method for a wide range of biomolecules ranging
from low molecular-weight substances such as glycine (75.7 Da) to large species such as a-lactalbumin
(14.2 kDa). Compared with the conventional MALDI, the matrix-free PHDI method affords high yields
of singly charged ions with very less fragmentation and background using only one-pulse without light
(laser). We believe that this new technique for matrix-free biomolecules analysis would overcome the
limitations of the conventional MALDI.

Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) has been widely used for bio-
molecule analysis in the last thirty years2. MALDI provides singly charged ions, resulting in simple and
easy-to-interpret mass spectra. A matrix, which is added for co-crystallization with the analyte, is essentially
utilized for absorbing the laser energy in MALDI. However, the use of a matrix may lead to several problems.
First, the analysis of low-molecular-weight samples is frequently hindered by serious matrix-signal interference
in the low mass region’. Second, finding a suitable matrix for the target sample often involves a trial-and-error
process®. Third, the “sweet spot” formed by the heterogeneous co-crystallization of the matrix and the analyte may
affect the intensity and reproducibility of the ion signals®. Besides, the ionization efficiency of neutral molecules
such as carbohydrates is relatively low since they lack acidic or basic sites for receiving charges from the matrix®.
To solve these problems, inorganic matrices, such as metallic micro- or nano- particles’~?, and modified Fe;O,
magnetic nanoparticles'®, have been developed. A surface-assisted laser desorption/ionization (SALDI) method
also has been developed for avoiding these matrix effects®!!. In SALDI, a nanostructure material is used to modify
the surface of the substrates and replace the function of the matrix'?-'%. Nevertheless, the use of nanostructured
materials raises several issues, such as the decrease in ionization efficiency due to surface oxidation'®, contamina-
tion introduced by nanoparticles'®, and signal intensity loss due to the attenuation of the laser signal in the porous
substrate!. In addition, the preparation process used for the nanostructured materials also affects to the MS per-
formance!”'%. Because of such limitations, this two methods have not been very successful so far, and challenges
still remain in the matrix-free analysis of biomolecules.

Recently, we have reported an on-chip pulse-heating desorption/ionization (PHDI) source for a miniatur-
ized MS system'®. With the PHDI method, pulsed Joule heating is used for sample desorption and ionization.
An excellent performance of protein desorption/ionization was demonstrated with matrix. Singly charged and
multiple-charged protein ion signals were obtained successfully under thermal energy, without light (laser).
However, the fragmentation ion signals and matrix signals were also observed in the low mass region.

In this paper, an oxygen plasma treatment was introduced for chip pre-treatment to increase the wettability
of the micro-heater surface, which led to significant improvements in the sample film quality (thickness and uni-
formity). With such a uniform and thin sample film, only singly-charged ion signal was obtained with very less
background and fragmentation ion signals. Further, the protein sample could be desorbed and ionized without
the matrix. This feature is well suited for the analysis of small biomolecules such as oligosaccharides, which are
difficult to be directly ionized by the conventional MALDI”*. The matrix-free PHDI method was also demon-
strated with a wide range of biomolecules, including amino acids, peptide, and proteins. These mass spectra were
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Figure 1. Comparison of conventional MALDI and PHDI method. (a) MALDI mass spectra obtained from
BSA (1.0 mg/mL) mixed with DHAP (a-1), DHB (a-2), and SA (a-3) by 60,000 shots averages. (b) MALDI mass
spectra obtained from BSA (0.1 mg/mL) mixed with DHAP (b-1), DHB (b-2), and SA (b-3) by 10,000 shots
averages. (¢) PHDI mass spectra obtained by BSA (0.1 mg/mL) mixed with DHAP (b-1), DHB (b-2), and SA
(b-3) by 1 shot. Inset figures show the microscopic image of the PHDI source. After one pulse-heating shot, the
sample at the centre (ionization zone) was desorbed and ionized.

obtained by only one pulse-heating shot without accumulation, using a very small amount of the sample, suggest-
ing that the PHDI affords a high yield.

Results

Matrix-assisted pulse-heating desorption/ionization. For the initial investigation, bovine serum
albumin (BSA) and cytochrome c (Cyt c) were used as protein samples and subjected to analysis with the matrix
by the PHDI method; the mass spectra were compared with the results from MALDI. Three commonly used
MALDI matrices were tested, including 2,5-dihydroxyacetophenone (DHAP), 2,5-dihydroxybenzoic acid
(DHB), and sinapic acid (SA)*"*2. For protein analysis, 1.20 X 10~2pJ/pm? of pulse-heating energy was supplied.
As shown in Fig. 1 for BSA and SI-Fig. 1 (in Supplementary information) for Cyt ¢, the singly charged ion signals
could be obtained by both methods with a suitable matrix. It is important to mention that only one pulse-heat-
ing shot was applied for the PHDI (Fig. 1c), while over 10,000 times shots were utilized for MALDI (Fig. 1b
and SI-Fig. 1a). With the same concentration of the BSA sample solution, a low-intensity [M + H]* signal was
observed by MALDI (Fig. 1b), while a relatively high signal-to-noise ratio (S/N) signal was obtained by PHDI
with DHAP as the matrix (Fig. 1c-1). From the S/N value, the limit of detection was estimated to be 0.01 mg/mL
for Fig. 1b-1, and 0.003 mg/mL for Fig. 1c-1. Increasing the number of laser shots or the sample concentration is
another way for increasing the signal intensity (Fig. 1a). Besides, strong background noise was observed in the
MALDI method, especially in the low mass region. In this paper, the [M £ X] " is used to represent the singly
charged ion since the ion species generated by the PHDI method are still unclear.

Matrix-free protein desorption/ionization. Matrix-free protein desorption/ionization is aimed at avoid-
ing matrix effects and simplifying the sample preparation process, which is benefit for reliable on-site analysis.
Cyt c as a standard protein sample was first tested with matrix-free PHDI method. Figure 2 shows the mass spec-
tra of the Cyt ¢ sample obtained by the PHDI method with different applied pulse-heating energies. No signal was
observed at a pulse-heating energy of less than 1.26 x 102 pJ/pm?, although most of the sample in the ionization
zone was consumed by the first pulse. Even after a second pulse with higher energy was applied, there was no ion
signal, indicating that the sample in the ionization zone was desorbed but without ionization by the first pulse.
When a pulse-heating energy of 1.33 x 10~pJ/pm? was supplied, a nearly ideal mass spectrum with only the sin-
gly charged ion signal was obtained. With an increase in the pulse voltage (from 1.33 x 1072 to 1.47 x 10~2pJ/pm?),
the intensity of the [M £ X]* signal decreased and fragmentation ion signals appeared. This result implies that
the generation of ion signals is strongly dependent on the supplied energy. To further confirm the capability for
matrix-free protein analysis, BSA, a-lactalbumin (a-Lac, 14.2kDa) and angiotensin I peptide (1296.5 Da) were
examined by the PHDI, as shown in SI-Figs 2, 3 and 4. With an increase in the supplied pulse-heating energy,
a similar tendency as that for the Cyt ¢ sample was observed. For instance, only fragmentation ion signals were
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Figure 2. Matrix-free Cyt ¢ (1 mg/mL) analysis by PHDI with different levels of pulse-heating energy.

observed from the BSA sample, although sample desorption and ionization processes occurred. Further optimi-
zation of the sample concentration and thickness may be required for obtaining singly charged ion signals. In the
case of the Cyt c sample, a higher energy was needed for the matrix-free PHDI method (Fig. 2) as compared with
that of the matrix-assisted PHDI method (SI-Fig. 1).

lonization of carbohydrates. Carbohydrates play many critical roles in biological processes, such as
cell-cell recognition, protein targeting, and nutrition?’. Developing a method which can analyse carbohydrates
becomes increasingly important for understanding their intracellular biological functions. However, such carbo-
hydrates are practically difficult to analyse by MALDI because of two main reasons. One is the strong hydrophilic
nature of the carbohydrate and lack of acidic or basic groups to combine with a proton”?. The other reason is
the interference caused by the matrix signal in the low mass region. Generally, carbohydrates are derivatised to
increase their volatility and stability for MS analysis. However, the derivatization process requires tedious sample
purification steps, which may lead to sample loss?*. In the preliminary test on the capability of our PHDI method
for carbohydrates analysis, glucose (1 mg/mL) and a-cyclodextrin (a-CD, 1 mg/mL) as representatives were ana-
lysed without derivatization or matrix addition. Figure 3a shows the mass spectra of glucose with two levels of
energy supplied. Under the optimized conditions, the singly charged ion signal was obtained with a small degree
of fragmentation, illustrating the excellent performance of the PHDI method. Similar to the case of the protein
samples, under higher energy, fragmentation ion signals were observed. Figure 3b shows the mass spectra of the
a-CD sample with two levels of energy. Compared with the glucose sample, much higher energy was required for
desorption and ionization of a-CD. In addition, not only the singly charged o-CD ion signal but also the singly
charged glucose unit signal was observed. As the energy increased, fragmentation occurred as a result of cleavage
of the glucose units (G)*.

lonization of amino acids. Amino acids play important roles as building blocks of peptides and proteins.
Single amino acids also participate in cell and energy metabolism?. Therefore, an effective method for amino
acids analysis is important to understand their behaviour and functions in biological systems. In this work, three
kinds of amino acids were tested by the matrix-free PHDI method, including glutamic acid (Glu), Glycine (Gly),
and Histidine (His). Figure 4 shows the mass spectra of the amino acid samples with different energies supplied.
Under the optimized conditions, singly charged ion signals were observed from all samples. When the supplied
energy was increased, fragmentation ion signals appeared. For the Glu and Gly samples, the [M-OH]* signal was
observed.

Discussion
As compared to a previous study, the present experiments yielded a much clear mass spectrum with very few
fragmentation ion signals'®. One possible reason for the same is that a more homogeneous ion generation process
was enabled by the uniform and thin sample film, as opposed to the non-uniform and thick (300 nm) BSA film
used in the previous study’. In this study, the oxygen plasma treatment of the micro-heater surface was intro-
duced before sample layer formation, so that the water wettability of the PHDI chip could be increased and the
sample film thickness was significant reduced to approximately 20 nm. Thus, the thermal energy supplied by the
micro-heater could be effectively transferred and uniformly distributed over the thin sample film. This is in con-
trast to a previous study, where the thermal distribution was less uniform due to the non-uniform and thick film,
which could result in fragmentation. In addition, the reproducibility of the mass spectrum was greatly improved
by the uniform sample film. A typical sample-to-sample reproducibility of the PHDI is shown in SI-Fig. 5.
Regarding the ionization yield, the PHDI method gave a series of quantitative peaks with a single shot of
pulse-heating (Figs 1-4 and SI-Figs 1-4), and clear peaks were observed even with low sample concentrations,
which give a small peak in conventional MALDI (Fig. 1-b and SI-Fig. 1-a); thus, the ionization yield with PHDI is
not poor. For further discussion, the sensitivity of the PHDI method was estimated from the sample consumption
per pulse. Taking the BSA sample as an example, a dried sample spot (~2 mm in diameter) could be formed with
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Figure 3. Matrix-free carbohydrates analysis by the PHDI with two levels of energy supplied. (a) Glucose
(Img/mL); (b) a-CD (1 mg/mL). G=glucose units. Fragmentation ion signals marked with an asterisk are
possibly derived from [2 G+ H,0] " and [3 G+ H,O]*. Fragmentation ion signals marked with a ([C,H,0,]"),
* ([2G-C3H;05], [3G-C3H;05] 1) and w ([2G-C;H;0,] 1, [4G-C3H;0,]) may due to cross-ring cleavage®.

250nL BSA solution (0.1 mg/mL). For each pulse-heating, the sample in the ionization zone (30 pm x 100 um) was
completely desorbed and ionized. Therefore, approximately 360 amol BSA was consumed per pulse-heating shot,
which is comparable with the sample consumption (23-1000 amol) per laser shot in conventional MALDI*-%,
As shown in Fig. 1, a relatively high S/N was obtained by the PHDI method with only one pulse, as opposed to
the MALDI method, which required 10,000 shots. Therefore, the ionization yield for PHDI was considered much
higher than that for the MALDI method for each pulse (shot). A possible reason is as follows. In our previous
study (shown in Fig. S4-a in the paper ref."), desorption and ionization occurred at a limited range of higher
pulse-heating energy (from 1.45 x 1072 to 1.65 x 10~2pJ/pum?), and only desorption occurred at a wider and lower
range of pulse-heating energy (from 1.02 x 1072 to 1.45 x 10~?J/pm?)". If a similar phenomenon would occur
in MALDI, it is considerable that only the sample at the centre of the laser spot would be desorbed and ionized,
while the other part was desorbed only because the laser energy varied strongly in the laser beam profile. On the
contrary, the thermal energy for PHDI is uniformly distributed over the ionization zone. Therefore, the PHDI
method is more efficient than the MALDI under the optimized conditions.

The capabilities of matrix-free on-chip PHDI paradigm was unfolded successfully for a wide variety of bio-
molecules, which indicated that the matrix is not essential for the PHDI method. For proteins such as Cyt c,
a relatively high thermal energy is required for the matrix-free PHDI (Fig. 2) as compared with the matrix PHDI
(SI-Fig. 1). This result suggests that the matrix assists desorption/ionization to some extent and probably donates
protons to the protein molecules, similar to the conventional MALDI***!. For BSA (SI-Fig. 3), singly charged ion
signal was not observed without matrix. For such large proteins, singly charged ion signals could be obtained
with the matrix. Besides, further optimization of the sample concentration and thickness may help obtain singly
charged ion signals without matrix. In short, the matrix-free PHDI method is suitable for small molecules, while
analysis of large molecules requires a matrix to obtain the singly-charged ion signals.

The supplied thermal energy is an important parameter for the ion generation mechanism in the PHDI
method. Desorption occurs at a lower thermal energy, and with an increase in the supplied thermal energy,
ionization starts. At the appropriate level of thermal energy, only singly charged ions are generated. At high
energy, fragmentation ion signals may be observed due to decomposition and fragmentation. As reported in our
previous study'?, when 1.68 x 10~?J/pm? of pulse-heating energy was applied, the temperature of the ionization
zone was approximately 2180 K (the melting point of Cr), which is comparable with that in MALDI. According
to a report®, around 80% of the initially absorbed UV laser energy in MALDI is converted to thermal energy.
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Figure 4. Matrix-free analysis of amino acids by PHDI. (a) Glutamic acid; (b) Glycine; (c) Histidine. Possible
fragmentation ion signals are marked with a ([M-H,0+H]"), ¢ (|C,H,NO,+H] ") and v ([C,H,NO; + H]J ).

Recently, a review related to the thermal ionization mechanism of MALDI was published®. It introduced that the
temperature for primary ion formation in the gas-phase is 1,900 K in the case of DHB. Therefore, the mechanism
of the PHDI method is considered to be somewhat similar to the thermal ionization occurring in the MALDI.
However, further studies are needed for understanding the mechanism of the PHDI.

In the future, the on-chip PHDI ion source could be combined with other miniaturized components
(pump?***, mass filter**=8, detector***, etc.) to realize a one-chip MS system. Besides, the capability to observe
singly charged ions and fragmentation ions by thermal energy alone opens a new perspective on the ionization
mechanisms for conventional MALDI. The simple and effective ionization method is strongly expected to trigger
the next stage of development of MS technology.

In conclusion, this study has demonstrated the feasibility of using the PHDI method for matrix-free desorp-
tion/ionization of a wide variety of biomolecules, including carbohydrates, which are difficult to analyse directly
by the conventional MALDI. With a uniform and thin sample film, the on-chip PHDI method shows high yield
and affords singly charged ions with very less fragmentation and background with one pulse-heating shot.
Without the matrix, the sample preparation could be simplified for the on-chip PHDI source, making it suitable
for application to on-site and rapid analysis.

Methods
On-chip PHDI ion source MS system. The on-chip PHDI source consisting of a Pt/Cr micro metal elec-
trode layer was fabricated by a lift-off processing on a SiO,/Si substrate'®. A narrow part (length: 100 pm, width:
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Figure 5. Schematic of on-chip PHDI-MS system configuration. (a) Main component of the MS system.
(b) Side and top views of the on-chip PHDI source.

30 um) of the Pt/Cr electrode layer acted as the ionization zone. In previous study, a SiO, insulating layer covering
the ionization zone was used to form a uniform hydrophilic surface. However, the insulating layer may affect the
efficiency and uniformity of thermal conduction. Alternatively, oxygen plasma treatment was introduced for
cleaning the surface and increasing the water wettability of the ion source chip before sample film formation*'.
After each experiment, the chip was carefully cleaned by sonication in ethanol and pure water for 3 min, for reuse.

The main components of the miniaturized mass spectrometer, including the on-chip ion source, linear
time-of-flight (TOF) mass filter (8 cm) and a Channeltron electron multiplier (CEM) as the detector (Detector
Technology, Model 414, USA), were placed in a vacuum chamber (~107*Pa)". A single pulse voltage (20-45V,
width: 500 ns) was applied to the on-chip ion source for ionization by a function generator (AFG3251, Tektronix
Inc., USA). The generated ions were extracted and accelerated by using the potential difference between the sur-
face of the chip and the entrance of the TOF. The TOF signals detected by the CEM were amplified by an amplifier
unit (C9663, Hamamatsu photonics, Japan), and then recorded by an oscilloscope (TDS2022C, Tektronix Inc.,
USA). The mass spectra were calculated from the TOF signals, as previously reported!?. The acceleration voltage
used for all experiments was 450 V. A chip holder was used to fix the chip position for improving the accuracy of
the alignment between the ionization source and the mass analyser, so that signal misalignment could be reduced.
All mass spectra were obtained by applying only one low-voltage pulse for ionization. Figure 5 shows the sche-
matic of the miniaturized MS system.

Sample preparation. Unless specified, the samples were prepared according to the following method. 2,
5-Dihydroxybenzoic acid (DHB), sinapic acid (SA), and 2, 5-dihydroxyacetophenone (DHAP), which were used
as the matrix, were obtained from Wako Pure Chemical and dissolved in acetone at a concentration of 10 mg/mL.
Cytochrome C (Cyt ¢), a-lactalbumin (a-Lac), and bovine serum albumin (BSA) as the protein samples were
prepared by dissolving in pure water at concentrations of 1.0 mg/mL, 1.0 mg/mL and 0.1 mg/mL, respectively.
Then, the protein and matrix sample solutions were directly mixed in a ratio of 1:1 (v/v). Glutamic acid (99%),
glycine (99%), and histidine (98%) as the amino acid samples were dissolved in pure water at a concentration of
1 mg/mL. Glucose (anhydrous, 98%) and a-cyclodextrin (97%) as the carbohydrate samples were dissolved in
pure water at a concentration of 1 mg/mL. Angiotensin I (97%) as the peptide sample was dissolved in pure water
at a concentration of 1 mg/mL. After oxygen plasma treatment of the on-chip PHDI source, 250 nL of the sample
solution was dropped on the centre (ionization zone) of each on-chip ion source and dried in a vacuum. Thus, a
uniform and thin sample film with a thickness of approximately 20 nm was obtained.

Data availability. The datasets generated and/or analysed in the current study are available from the corre-
sponding author on request.

References
1. Tanaka, K. et al. Protein and polymer analyses up to m/z 100 000 by laser ionization time-of-flight mass spectrometry. Rapid
Communications in Mass Spectrometry 2, 151-153 (1988).
2. Karas, M., Bachmann, D., Bahr, U. & Hillenkamp, F. Matrix-assisted ultraviolet laser desorption of non-volatile compounds.
International journal of mass spectrometry and ion processes 78, 53-68 (1987).

SCIENTIFICREPORTS|7: 15170 | DOI:10.1038/s41598-017-15259-y 6



www.nature.com/scientificreports/

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

37.

38.

39.

40.

41.

. Guinan, T. et al. Surface-assisted laser desorption ionization mass spectrometry techniques for application in forensics. Mass

spectrometry reviews 34, 627-640 (2015).

. Zenobi, R. & Knochenmuss, R. Ion formation in MALDI mass spectrometry. Mass Spectrometry Reviews 17, 337-366 (1998).
. Lewis J. K., Wei J. & Siuzdak G. Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry in Peptide and ProteinAnalysis. In:

Encyclopedia of Analytical Chemistry. John Wiley & Sons, Ltd (2006).

. Fu, C. P, Lirio, S., Liu, W. L., Lin, C. H. & Huang, H. Y. A novel type of matrix for surface-assisted laser desorption-ionization mass

spectrometric detection of biomolecules using metal-organic frameworks. Analytica Chimica Acta 888, 103-109 (2015).

. Su, C.-L. & Tseng, W.-L. Gold Nanoparticles as Assisted Matrix for Determining Neutral Small Carbohydrates through Laser

Desorption/Ionization Time-of-Flight Mass Spectrometry. Analytical Chemistry 79, 16261633 (2007).

. Hua, L., Chen, J., Ge, L. & Tan, S. N. Silver nanoparticles as matrix for laser desorption/ionization mass spectrometry of peptides.

Journal of Nanoparticle Research 9, 1133-1138 (2007).

. Lorkiewicz, P. & Yappert, M. C. Titania Microparticles and Nanoparticles as Matrixes for in Vitro and in Situ Analysis of Small

Molecules by MALDI-MS. Analytical Chemistry 81, 6596-6603 (2009).

Ma, Y.-R. et al. Polydopamine-Coated Magnetic Nanoparticles for Enrichment and Direct Detection of Small Molecule Pollutants
Coupled with MALDI-TOF-MS. ACS Applied Materials & Interfaces 5, 1024-1030 (2013).

Peterson, D. S. Matrix-free methods for laser desorption/ionization mass spectrometry. Mass spectrometry reviews 26, 19-34 (2007).
Lai, H.-Z., Wang, S.-G., Wu, C.-Y. & Chen, Y.-C. Detection of Staphylococcus aureus by Functional Gold Nanoparticle-Based
Affinity Surface-Assisted Laser Desorption/Ionization Mass Spectrometry. Analytical Chemistry 87,2114-2120 (2015).

Alhmoud, H. Z., Guinan, T. M., Elnathan, R., Kobus, H. & Voelcker, N. H. Surface-assisted laser desorption/ionization mass
spectrometry using ordered silicon nanopillar arrays. Analyst 139, 5999-6009 (2014).

Ma, R., Lu, M,, Ding, L., Ju, H. & Cai, Z. Surface-Assisted Laser Desorption/Ionization Mass Spectrometric Detection of
Biomolecules by Using Functional Single-Walled Carbon Nanohorns as theMatrix. Chemistry -A European Journal 19, 102-108
(2013).

Watanabe, T., Kawasaki, H., Yonezawa, T. & Arakawa, R. Surface-assisted laser desorption/ionization mass spectrometry (SALDI-
MS) of low molecular weight organic compounds and synthetic polymers using zinc oxide (ZnO) nanoparticles. Journal of Mass
Spectrometry 43, 1063-1071 (2008).

Ren, S. E, Zhang, L., Cheng, Z. H. & Guo, Y. L. Inmobilized carbon nanotubes as matrix for MALDI-TOF-MS analysis: Applications
to neutral small carbohydrates. Journal of the American Society for Mass Spectrometry 16, 333-339 (2005).

Picca, R. A, Calvano, C. D,, Cioffi, N. & Palmisano, F. Mechanisms of Nanophase-Induced Desorption in LDI-MS. A Short Review.
Nanomaterials 7,75 (2017).

Silina, Y. E. & Volmer, D. A. Nanostructured solid substrates for efficient laser desorption/ionization mass spectrometry (LDI-MS)
of low molecular weight compounds. Analyst 138, 7053-7065 (2013).

Sugiyama, K., Harako, H., Ukita, Y., Shimoda, T. & Takamura, Y. Pulse-heating ionization for protein on-chip mass spectrometry.
Analytical chemistry 86, 7593-7597 (2014).

Harvey, D. J. Matrix-assisted laser desorption/ionization mass spectrometry of carbohydrates. Mass Spectrometry Reviews 18,
349-450 (1999).

Cohen, S. L. & Chait, B. T. Influence of matrix solution conditions on the MALDI-MS analysis of peptides and proteins. Analytical
chemistry 68, 31-37 (1996).

Mank, M., Stahl, B. & Boehm, G. 2, 5-Dihydroxybenzoic acid butylamine and other ionic liquid matrixes for enhanced MALDI-MS
analysis of biomolecules. Analytical chemistry 76, 2938-2950 (2004).

Bibi, A. & Ju, H. Quantum dots assisted laser desorption/ionization mass spectrometric detection of carbohydrates: qualitative and
quantitative analysis. Journal of Mass Spectrometry 51, 291-297 (2016).

Rohmer, M. et al. 3-Aminoquinoline Acting as Matrix and Derivatizing Agent for MALDI MS Analysis of Oligosaccharides.
Analytical Chemistry 82, 3719-3726 (2010).

Beneito-Cambra, M., Bernabé-Zafén, V., Herrero-Martinez, ]. M. & Ramis-Ramos, G. Study of the Fragmentation of D-Glucose and
Alkylmonoglycosides in the Presence of Sodium Ions in an Ion-Trap Mass Spectrometer. Analytical Letters 42, 907-921 (2009).
Faux N. Single Amino Acid and Trinucleotide Repeats. In: Tandem Repeat Polymorphisms: Genetic Plasticity, Neural Diversity and
Disease. Springer New York (2012).

Roth, M. . et al. Thin-Layer Matrix Sublimation with Vapor-Sorption Induced Co-Crystallization for Sensitive and Reproducible
SAMDI-TOF MS Analysis of Protein Biosensors. Journal of The American Society for Mass Spectrometry 23, 1661-1669 (2012).
Chen, L. C., Asakawa, D., Hori, H. & Hiraoka, K. Matrix-assisted laser desorption/ionization mass spectrometry using a visible laser.
Rapid Communications in Mass Spectrometry 21, 4129-4134 (2007).

. Gross, J. H. Matrix-Assisted Laser Desorption/Ionization. In: Mass Spectrometry: A Textbook. Springer Berlin Heidelberg (2011).

. Knochenmuss, R. Ion formation mechanisms in UV-MALDI. Analyst 131, 966-986 (2006).

. Karas, M. & Kriiger, R. Ion Formation in MALDI: The Cluster Ionization Mechanism. Chemical Reviews 103, 427-440 (2003).

. Koubenakis, A., Frankevich, V., Zhang, J. & Zenobi, R. Time-resolved surface temperature measurement of MALDI matrices under

pulsed UV laser irradiation. The Journal of Physical Chemistry A 108, 2405-2410 (2004).

. Bae, Y.J. & Kim, M. S. A thermal mechanism of ion formation in MALDI. Annual Review of Analytical Chemistry 8, 41-60 (2015).
. Doms M, Muller J. A micromachined vapor-jet vacuum pump. TRANSDUCERS IEEE, 2425-2428 (2007).
. Sugiyama, K., Ukita, Y. & Takamura, Y. Development of on-chip vacuum generation by gas-liquid phase transition. Sensors and

Actuators A: Physical 176, 138-142 (2012).

. Wapelhorst, E., Hauschild, J.-P. & Miiller, J. Complex MEMS: a fully integrated TOF micro mass spectrometer. Sensors and actuators

A: Physical 138, 22-27 (2007).

Siebert, P,, Petzold, G., Hellenbart, A. & Miiller, J. Surface microstructure/miniature mass spectrometer: processing and applications.
Applied Physics A: Materials Science & Processing 67, 155-160 (1998).

Wright, S., O’Prey, S., Syms, R. R, Hong, G. & Holmes, A. S. Microfabricated quadrupole mass spectrometer with a Brubaker
prefilter. Journal of Microelectromechanical Systems 19, 325-337 (2010).

Naik, A., Hanay, M., Hiebert, W, Feng, X. & Roukes, M. Towards single-molecule nanomechanical mass spectrometry. Nature
nanotechnology 4, 445-450 (2009).

Darling, R. B, Scheidemann, A. A., Bhat, K. & Chen, T. C. Micromachined Faraday cup array using deep reactive ion etching.
Sensors and Actuators A: Physical 95, 84-93 (2002).

Li, Z., Beck, P, Ohlberg, D. A. A,, Stewart, D. R. & Williams, R. S. Surface properties of platinum thin films as a function of plasma
treatment conditions. Surface Science 529, 410-418 (2003).

Acknowledgements

Xi Luo thanks the financial support from the China Scholarship Council (CSC) for Ph.D. degree. This work
was supported by a grant from the JSPS KAKENHI (Grant Number JP266000590) and CREST program of the
Japan Science and Technology Agency (JST). Dr. Issey Osaka and Dr. Akio Miyazato (JAIST) are gratefully
acknowledged for their helpful comments on analysis using conventional mass spectrometry. Prof. Tatsuya
Shimoda (JAIST) is gratefully acknowledged for providing the turbomolecular pump.

SCIENTIFICREPORTS|7: 15170 | DOI:10.1038/s41598-017-15259-y 7



www.nature.com/scientificreports/

Author Contributions

X. Luo, P. T. Tue, K. Sugiyama and Y. Takamura designed the research. X. Luo performed the experiments and
wrote the original draft of the manuscript. K. Sugiyama performed a part of the experiments. P. T. Tue and Y.
Takamura reviewed and edited the manuscript. All the authors analysed the data and discussed the results.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-15259-y.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7: 15170 | DOI:10.1038/s41598-017-15259-y 8


http://dx.doi.org/10.1038/s41598-017-15259-y
http://creativecommons.org/licenses/by/4.0/

	High yield matrix-free ionization of biomolecules by pulse-heating ion source

	Results

	Matrix-assisted pulse-heating desorption/ionization. 
	Matrix-free protein desorption/ionization. 
	Ionization of carbohydrates. 
	Ionization of amino acids. 

	Discussion

	Methods

	On-chip PHDI ion source MS system. 
	Sample preparation. 
	Data availability. 

	Acknowledgements

	Figure 1 Comparison of conventional MALDI and PHDI method.
	Figure 2 Matrix-free Cyt c (1 mg/mL) analysis by PHDI with different levels of pulse-heating energy.
	Figure 3 Matrix-free carbohydrates analysis by the PHDI with two levels of energy supplied.
	Figure 4 Matrix-free analysis of amino acids by PHDI.
	﻿Figure 5 Schematic of on-chip PHDI-MS system configuration.




