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Abstract

We have developed a new ambient-ionization mass spectrometric technique named laser 

desorption/ionization droplet delivery mass spectrometry (LDIDD-MS). LDIDD-MS permits high-

resolution, high-sensitivity imaging of tissue samples as well as measurements of both single-cell 

apoptosis and live-cell exocytosis. A pulsed (15 Hz) UV laser beam (266 nm) is focused on a 

surface covered with target analytes to trigger their desorption and ionization. A spray of liquid 

droplets is simultaneously directed onto the laser-focused surface region to capture the ionized 

analytes and deliver them to a mass spectrometer. The approach of rapid and effective capturing of 

molecules after laser desorption/ionization allows the limit of detection for the amino acid lysine 

to be as low as 2 amol under ambient ionization conditions. Two-dimensional maps of the 

desorbed/ionized species are recorded by moving the sample on an XY translational stage. The 

spatial resolution for imaging with LDIDD-MS was determined to be 2.4 μm for an ink-printed 

pattern and 3 μm for mouse brain tissue. We applied LDIDD-MS to single-cell analysis of 

apoptotic HEK cells. Differences were observed in the profiles of fatty acids and lipids between 

healthy HEK cells and those undergoing apoptosis. We observed upregulation of 

phosphatidylcholine (PC) with a relatively shorter carbon chain length and downregulation of PC 

with a relatively longer carbon chain length. We also applied LDIDD-MS for a real-time direct 

measurements of live-cell exocytosis. The catecholamine dopamine and trace amines 

(phenethylamine and tyramine) were detected from live PC12 cells without damaging them.
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Mass spectrometric imaging has provided the opportunity to identify the distribution and 

localization of molecules in cells and tissue samples for metabolomic and proteomic 

analyses.1–4 Various ionization and desorption methods have been used,5 including laser-

based approaches, such as matrix-assisted laser desorption ionization (MALDI)1 and laser 

desorption ionization (LDI);6 ion beam-based ionization, such as secondary ion mass 

spectrometry (SIMS);7 plasma-based ionization, such as direct analysis in real time 

(DART);8 as well as spray-based approaches, such as desorption electrospray ionization 

(DESI).9 Recently, new desorption/ionization methods combining the laser- and spray-based 

approaches have been introduced, including electrospray-assisted laser desorption ionization 

(ELDI),10 laser ablation electrospray ionization (LAESI),11 infrared laser-assisted 

desorption electrospray ionization (IR LADESI),12 laser electrospray mass spectrometry 

(LEMS),13 infrared matrix-assisted laser desorption electrospray ionization (IR-MALDE-

SI),14,15 and laser-induced acoustic desorption/electrospray ionization (LIAD/ESI).16 

However, the implementation of single-cell analysis with these approaches remains 

challenging because of limited sensitivity and spatial resolution. Here, we report a new 

ambient-ionization mass spectrometric technique, which we call laser desorption/ionization 

droplet delivery mass spectrometry (LDIDD-MS). The technique allows the imaging of 

tissue samples with high resolution and sensitivity as well as the measurement of both 

single-cell apoptosis and live-cell exocytosis.

For LDIDD-MS, we utilized a focused, pulsed UV laser for desorption and ionization of 

target molecules deposited on a surface. We achieved a spatial resolution of a few 

micrometers by focusing the output of the UV laser, which was constrained by the far-field 

difffraction limit. Under ambient conditions, effective delivery of the desorbed molecular 

ions was critical for high sensitivity. To minimize the loss of the desorbed molecular ions, 

we sprayed liquid droplets directly onto the laser-irradiated region to deliver the molecular 

ions to a mass spectrometer inlet. As the droplets were so close to the laser desorption/

ionization region, we also achieved high sensitivity in capturing and delivering ions. The 

combination of UV photoionization and electrospray ionization increased the signal. To 

demonstrate the imaging power of LDIDD-MS, we conducted high-resolution imaging of 

animal tissue and single-cell analysis.
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Application of mass spectrometry for live-cell analysis is limited by its destructive nature 

and the difficulty in collecting and introducing biological molecules from live cells to a mass 

spectrometer. Masujima and co-workers17,18 used mass spectrometry to analyze secreted 

molecules from a live single cell by introducing a nanospray tip near the surface of a cell and 

bringing the tip to a mass spectrometer inlet for electrospray of the contents aspirated in the 

nanospray tip. However, this approach allows only low-throughput and single time-point 

measurements because the measurement is performed through two separate steps of 

sampling and spraying of analytes. The application of this method for live-cell analysis is 

especially limited for molecules that are rapidly degraded once secreted from cells or for 

continuous or kinetic analysis of cell secretion.

We overcame this obstacle with LDIDD-MS by directly sampling the cell culture solution’s 

surface that contained the secreted molecules from cells. We illustrate the advantages of the 

direct liquid-phase sampling capability of LDIDD-MS by the real-time measurement of live-

cell secretion from PC12 cells induced to carry out exocytosis.

EXPERIMENTAL SECTION

Chemicals and Sample Preparation

Caffeine, lysine, phenanthrene, phenylalanine, bradykinin, cytochrome c, poly-D-lysine, 

phenethylamine, and tyramine were purchased from Sigma-Aldrich (St. Louis, MO). HPLC-

grade methanol and water were purchased from Fisher Scientific (Nepean, ON, Canada). 

Mouse brain tissue (C57BL/6J females at 9 weeks) was purchased from The Jackson 

Laboratory (Bar Harbor, ME) and cryosectioned at a 25-μm thickness with a 550 M Cryostat 

microtome. The sliced tissues were individually mounted on glass plates and dried for 

approximately 10 min in a vacuum desiccator prior to imaging. Cell culture medium and 

reagents including Dulbecco’s Modified Eagle Medium (DMEM), live-cell imaging 

solution, heat-inactivated fetal bovine serum, horse serum, calf serum, penicillin, 

streptomycin, and L-glutamine were purchased from Life Technology (Rockville, MD).

LDIDD-MS

The LDIDD-MS system was built by combining a pulsed laser and an apparatus for 

generating droplets. A Thermo Scientific LTQ Orbitrap XL Hybrid Ion Trap-Orbitrap was 

the chosen mass spectrometer. The cone and capillary voltages were set to 44 and 60 V, 

respectively. The capillary temperature was set to 275 °C. A voltage of 5 kV was applied to 

the metal tips of a syringe infused with solvent for droplet delivery. A DCR-11 pulsed 

Nd:YAG laser (Spectra Physics, CA) with a fundamental wavelength of 1064 nm was used 

to generate UV pulses. An HG-2 harmonic generator and PHS-1 harmonic separator were 

used to generate and separate the output of the UV laser at 266 nm. The UV laser beam was 

fired at 15 Hz and was aligned and focused using a 4 cm focal length lens on the sample 

surface, typically a glass slide with a target sample of interest. Dried N2 gas was supplied at 

80 psi to promote nebulization and generation of aerosol droplets and propulsion to sample 

surface as well as delivery of analytes to the mass spectrometry inlet. A stream of liquid 

droplets generated by nebulizing N2 gas and electrospray was tilted at 50° to 55° downward 

and directed onto the laser-irradiated region to capture desorbed molecules and molecular 
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ions from the substrate and deliver them to the inlet (extended capillary at a length of 9 cm) 

of the mass spectrometer. The electrospray source was placed at a distance of 3–5 mm from 

the focused laser spot. The mixture of methanol and water (1:1, v/v) was used as a solvent 

for droplets except for the live-cell analysis, where pure water was used. The solvent flow 

rate and pressure of N2 gas supply were adjusted such that desorption solely by the liquid 

droplets was minimized. The optimal condition for LDIDD-MS imaging was a flow rate of 

0.5 μL/min and a N2 pressure of 80 psi. The diameter of the electrospray on the sample 

surface was around 200 μm. The diameter of the focused laser beam at 266 nm was ideally 

1.4 μm and practically 2–3 μm. The distance between the mass spectrometer inlet and the 

substrate was kept at 1 mm. Test samples of caffeine or rhodamine B were used to ensure 

desorption of target molecules. The lateral distance between the mass spectrometer inlet and 

focused laser spot was adjusted to maximize collected ion intensity ranging between 5 and 8 

mm. A custom-built X-Y motorized translational mechanical stage was used for constructing 

two-dimensional mass spectrometric images. The stage was operated in stop-and-go mode 

for sweeping the laser beam across the target sample at step sizes of 100 and 5 μm. The 

dwell time per pixel was typically 2 s and was increased up to 3 s for detecting low abundant 

molecules. The collected mass spectrometry data were imported to Biomap imaging 

software (Novartis Institutes for BioMedical Research, Basel, Switzerland) to construct 

images.

LDIDD-MS Single- and Live-Cell Analyses

All cells were purchased from American Type Culture Collection (Manassas, VA). The HEK 

293T cell line was cultured in high-glucose DMEM supplemented with 10% heat-inactivated 

fetal bovine serum as well as 1% penicillin and streptomycin. The cells were seeded onto an 

8 mm round coverslip for single-cell analysis. Prior to mass spectrometric analysis, the cells 

were rinsed two times with 100 mM ammonium acetate solution. Line scanning on isolated 

HEK 293T cells ensured the acquisition of mass spectra from a single cell. PC12 cells were 

used for analyses of live-cell secretions. PC12 cells were cultured in DMEM (11965) 

supplemented with 4.5 g/L of glucose, 2 mM L-glutamine, 5% horse serum, and 5% fetal 

bovine serum. Immediately prior to live-cell analysis, the PC12 cells were washed twice 

with phosphate-buffered saline and transferred into live-cell imaging medium (Life 

Technologies, Rockville, MD), which contained 20 mM HEPES buffer to maintain 

physiological pH under ambient conditions. The cells were mounted on the mass 

spectrometry imaging stage equipped with a temperature controller maintained at 37 °C. 

Secretion from the live PC12 cells was induced by treatment with 50 mM KCl. Incubating 

the cells in propidium iodide solution, and confirming the lack of stained cells, assessed the 

viability and damage of the cells. The mass spectra were acquired from the average of ~180 

laser shots per cell for the single cell experiment and ~30 shots for the live-cell experiment. 

The error bars represent the standard deviation from triple measurements unless otherwise 

indicated.

Targeted Analysis of Secreted Molecules from PC12 Cells

PC12 cells grown in a T75 cell-culture flask were induced for neurotransmitter release by 

immersion in 10 mL of HBSS buffer containing 50 mM KCl. The buffer was centrifuged at 

2000g for 5 min to remove any debris. Sample cleanup was performed with Strata-X-CW 33 
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μm weak cation exchange 1 mL columns with 1 mg of sorbent (Phenomenex, Torrance, CA) 

by passing dropwise in the following sequence through the column: 1 mL of methanol, 1 mL 

of H2O, 10 mL of sample, 1 mL of H2O, and 1 mL of methanol. The column was dried 

under vacuum for 5 min before the final sample was eluted with 300 μL of methanol 

containing 5% formic acid. An analytical standard sample was prepared containing 0.2 μM 

phenethylamine and 0.2 μM tyramine in 2 mM ammonium bicarbonate buffer. The LC-MS 

analyses are described in detail in the Supporting Information.

RESULTS AND DISCUSSION

Characterization of LDIDD

Figure 1 shows a schematic of the LDIDD-MS system. The LDIDD-MS approach relied on 

a pulsed (~8 ns) 266 nm laser set to a 15 Hz repetition rate for desorption/ionization of target 

molecules on a surface. Liquid droplets formed by a nebulizing N2 gas flow were directly 

sprayed onto the laser-beam spot on the surface. Molecules that were desorbed, and in some 

cases ionized by the laser pulse, were captured in the liquid droplets and carried to the mass 

spectrometer.

The UV laser is known to induce fragmentation of the molecules.19 We expected a fraction 

of the analytes to be fragmented. However, we found little or no fragmentation of molecules 

with LDIDD-MS. We suggest that this lack of fragmentation can be attributed to the cage 

effect20 of the liquid droplet. The solvent cluster surrounding solute molecules works as a 

cage for trapping the fragments of solute molecules and cools them, leading to the 

recombination of the fragments by modifying the distribution of the excessive energy during 

photofragmentation.21

To explore the mechanism of desorption and delivery of the desorbed ions to the mass 

spectrometer inlet, we operated LDIDD-MS under different settings by turning on and off 

the laser and liquid droplets. The analyte we selected was rhodamine B, which possesses a 

net charge, so the different settings of the laser and the droplet influenced only desorption 

and delivery. We adjusted a set of parameters for the droplets that included solvent flow rate 

(0.3 μL/min), droplet incident angle (55°), and nebulizing gas pressure (80 psi) to minimize 

desorption by the droplets.22 When there was only a stream of droplets or the focused and 

pulsed laser, denoted as D and L, the ion signal intensity of rhodamine B remained at 1.3 × 

104 and 1.1 × 104 (au), respectively. When both laser and stream of droplets were turned on, 

denoted as LD, the ion intensity increased to 1.0 × 105 (au) (Figure 2). This result indicates 

that the droplets on their own did not effectively desorb ions for mass spectrometry. 

Although the laser was operated at a sufficiently high power of 50 μJ per pulse at 15 Hz, the 

intensity of the rhodamine B ions was much less compared to that when both the laser and 

droplet stream were on. This showed that the desorbed ions were not effectively delivered to 

a mass spectrometry inlet. However, when both the laser and stream of droplets were on, the 

ion intensity was much improved. These studies demonstrate that liquid droplets sprayed 

directly on the laser desorption region and splashed from the surface are a very effective 

method for capturing and delivering analytes desorbed by the UV laser.
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There are two possible ways of ionizing analytes with LDIDD: (1) photoionization caused 

by the UV laser at 266 nm and (2) electrospray ionization from charged droplets generated 

by applying 5 kV to the syringe that is infused with a 1:1 (v/v) mixture of methanol and 

water. We explored whether mechanism 1 or 2 dominated the ionization of different 

molecules. The signal intensities of the selected molecules of bradykinin, caffeine, and 

phenanthrene were measured under four different conditions, as shown in Figure 3. “None” 

indicates both laser and voltage for electrospray were off; “L” denotes laser on and voltage 

off; “V” denotes laser off and voltage on; and “LV” denotes both laser and voltage on. 

Figure 3A shows normalized signal intensities of the bradykinin +2 charge state at m/z 530 

under these four conditions. The signal intensity was largest for the case of LV. For caffeine 

(Figure 3B), the signal intensity of LV was still dominant. L provided a reasonable signal 

intensity of approximately 20%, suggesting that photoionization was an effective method for 

ionization, whereas the combined ionization by both laser and electrospray was five times 

more effective than the laser alone.

For phenanthrene (Figure 3C), which is known to be difficult to ionize by electrospray 

ionization,23 only the L condition showed a higher signal compared to the LV condition, 

indicating that photoionization plays a dominant role for the ionization of polycyclic 

aromatic hydrocarbons. In cases where the laser was turned off, we cannot exclude that the 

low signal intensity might be caused by the lack of desorption and not just a lack of 

photoionization.

The combined effect of photoionization by the UV laser and electrospray ionization boosted 

the ionization of analytes in an analyte-dependent manner. Photoionization without electro-

spray ionization was still effective for the molecules hardly ionizable with a soft ionization 

technique, such as phenanthrene. This synergistic effect can be partly attributed to the 

additional supply of protons from the photodissociation of water by the UV laser in liquid 

droplets.

Figure 4 shows the sensitivity and linearity of the LDIDD-MS ion signal for lysine. The 

signal intensity was linearly proportional to the amount of lysine over 5 orders of magnitude, 

illustrating that LDIDD-MS is suitable for quantitative analysis. The detection limit for 

lysine was 2 amol using a 3 dB criterion. This low limit of detection results from an effective 

ionization and delivery of molecules by LDIDD-MS.

Spatial Resolution of LDIDD

Figure 5 presents images acquired by LDIDD-MS. Figure 5A shows the scanned MS signal 

from a microcontact-printed rhodamine B ink pattern, demonstrating the spatial resolution of 

this technique. The spatial resolution, defined as the distance required for the signal intensity 

to rise from 20 to 80% of the maximum intensity,24,25 was calculated to be 2.4 μm from 

Figure 5B. Figure 5C is an optical microscopy image of a sliced mouse brain. Images of 

sliced mouse brain tissue were taken by LDIDD-MS at 200 μm pixel size (Figure 5D–H) 

and 5 μm pixel size (Figure 5K and L). Panels D–H in Figure 5 show mass spectrometry 

images for sulfatide C24:1, phosphoserine (36:1), phosphatidylinositol (38:4), 

phosphoserine (34:1), and sulfitides C24:1-OH, respectively. The detected molecular species 

exhibited a heterogeneous distribution across different regions in a coronal section of a 
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mouse brain. Sulfatide C24:1 at m/z 888.6 was detected with high abundance in the 

midbrain and hippocampus region and low abundance in the corpus callosum and superior 

colliculus. Phosphoserine (36:1) at m/z 788.5 was homogeneously distributed in the entire 

brain except for the corpus callosum. Phosphatidylinositol (38:4) at m/z 885.6 was found to 

be highly abundant in the hippocampus, entorhinal cortex, and midbrain regions. 

Phosphoserine (34:1) at m/z 760.6 was detected uniformly in the entire brain section. 

Sulfitides C24:1-OH at m/z 904.6 was detected with high abundance in the superior 

colliculus and midbrain region and low in corpus callosum.

Panels K and L in Figure 5 show the distribution of sulfatide C24:1 for m/z 888.6 and 

sulfitides C24:1-OH for m/z 906.4 at 5 μm spatial resolution. Phosphatidylinositol (38:4) at 

m/z 888.6 exhibited a high intensity in the midbrain region but was low in the parieto-

temporal lobe. Sulfitides C24:1-OH at m/z 906.4 was detected with a higher intensity than 

that of phosphatidylinositol (38:4). A few speckles of m/z 906.4 were observed, indicating 

the existence of a single or group of cells exhibiting high abundance of the 

phosphatidylinositol (38:4). The minimum distinguishable distance in the tissue imaging 

was around 7 μm. The spatial resolution for the tissue imaging based on the 20–80% rule 

was measured to be 3 μm (Figure 5M). The identification of the mass peaks using a tandem 

MS analysis are provided in Figures S1–S5.

Single-Cell LDIDD-MS

The high spatial resolution and sensitivity of LDIDD-MS allow for the analysis of single 

cells, which we demonstrated by examining the apoptotic process of HEK 293T cells, a 

model system for studying apoptosis.26–28 We induced apoptosis in HEK 293T cells by 

applying 35 mM ethanol for 20 min to the cell culture. Strong differences were apparent in 

both bright-field images and in the changes in the types and intensities of the peaks in the 

mass spectra (Figure 6). The cell shrinkage in Figure 6B was a typical morphological change 

during apoptosis.29 Panels E and F in Figure 6 illustrate large differences in the regulation of 

lipids during apoptosis.

Figure 7 shows the intensities of PC with different carbon chain lengths as a function of the 

progression of apoptosis. The identification of these PCs with a tandem MS analysis are 

provided in Figures S6–S8. The intensities of PC (33:1) at m/z 768.55 and PC (34:1) at m/z 
782.57 with a shorter carbon chain length increased whereas PC (36:1) at m/z 810.60 with a 

longer carbon chain length decreased. Table 1 summarizes the detected molecules and their 

regulation in 293T cell apoptosis. The tandem MS analysis for the molecules are provided in 

Figures S5–S10. To the best of our knowledge, the upregulation of PCs with a shorter length 

carbon chain and downregulation of PC with a longer length carbon chain upon apoptosis 

has not previously been reported. This shortening of the PC carbon chain may lead to an 

increase of membrane curvature,30 which may provide a clue for the mechanism of cell body 

shrinkage and cell membrane blebbing observed during apoptosis. Further studies are 

needed to address the mechanism of the carbon chain length change during apoptosis. This 

result shows that this technique is readily applicable for single-cell analysis under ambient 

conditions.
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SIMS has been employed for the analysis of cell membrane lipid and metabolites in the cell 

membrane.31–33 Ewing and coworkers have reported the difference in the composition of 

phosphatidylcholine lipid at the junction between two cells.32 The localization of vitamin E 

in the neuronal cell membrane at the subcellular level was reported by Sweedler and 

coworkers.33 Although SIMS has demonstrated its usefulness for lipid analysis at high 

resolution, SIMS has limitations including operation under high vacuum and detection of 

only low mass species. In contrast, our work has proved the capability of analyzing cell 

lipids at the single-cell level with LDIDD-MS under ambient conditions.

Real-Time Measurement of Samples in Liquid Phase and Detection of Live-Cell Secretions

Mass spectrometry is destructive by nature so it can only be applied to nonviable dead cells. 

The mass spectrometric analysis of aqueous samples using femtosecond laser vaporization-

based mass spectrometry was previously reported by Levis and co-workers,34 demonstrating 

that the solution-phase conformation of proteins was preserved during laser vaporization. We 

explored the application of LDIDD-MS for mass spectrometric analysis for detecting 

secreted molecules from live cells.

To first test that it was possible to detect molecules in aqueous solutions by LDIDD-MS, we 

focused the fundamental wavelength of the Nd:YAG laser at 1064 nm on the surface of a 

liquid sample. The laser ablated a small amount of liquid that contained dissolved analytes. 

The ablated plume of liquid was captured in the droplet stream and delivered to the inlet of a 

mass spectrometer. Figure S11 presents representative mass spectra taken directly from 

phenylalanine, bradykinin, and cytochrome c dissolved in water. The +7 to +10 charge states 

of cytochrome c indicate that the LDIDD mass spectrum obtained from the liquid sample 

detected the naturally folded structure of this protein.35

Figure 8 demonstrates a real-time measurement of liquid-phase samples by applying 

LDIDD-MS to aqueous solutions containing drops of different dyes added one after the 

other. The setup is illustrated in Figure 8A. Rhodamine B at a concentration of 10 μg/mL 

was injected into the water container with 3 mL volume followed by an injection of methyl 

violet at the same concentration with a time delay of 8 s (Figure 8B). At each injection, the 

corresponding mass peak of the dye was detected (Figure 8C). After detection, the intensity 

of the mass signal decreased because the dyes diffused throughout the water container. The 

temporal resolution of the real-time analysis of the liquid sample in Figure 8 was 60 ms. The 

temporal resolution can be pushed further to the limit of the scanning rate of a mass 

spectrometer if the sample concentration is high enough to be detectable by LDIDD-MS. 

With the particular mass spectrometer used for the present studies, the achievable maximum 

temporal resolution was 12 ms. This test demonstrates the capability of real-time 

measurement of samples in liquid phase.

Next, LDIDD-MS was applied to track real-time secretion from live cells. We used a 

neuronal cell line, PC12, because the secretion of different molecules from this cell line, 

including neurotransmitters, neuropeptides, and proteins, upon depolarization is well-

characterized.36–38 PC12 cells, grown in cell-culture medium, were washed with PBS and 

transferred into a salt solution containing 20 mM HEPES buffer that maintained the pH at 

7.4. The PC12 cells were placed onto a temperature-controlled stage maintained at 37 °C. A 
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50 mM KCl solution induced depolarization of these neuronal cells.39 Figure 9A presents 

the setup for the real-time measurement of cell secretions. Panels B and C in Figure 9 are the 

LDIDD mass spectra obtained before and after depolarization, respectively. Because the 

PC12 cells were washed with PBS prior to treatment, the mass spectrum before KCl 

treatment shows only background peaks (Figure 9B).

After the depolarization of PC12 cells by treating with KCl solution, several mass peaks 

were detected (Figure 9C), for example, at m/z 122, 134, and 154. We hypothesized the two 

analytes at m/z 122 and 134 to be molecules involved in trace amine metabolism,40 closely 

related to synthesis pathways of canonical PC12 catecholamines, and the m/z 154 peak to be 

dopamine. By analyzing a larger sample of secreted molecules obtained from a bulk culture 

of PC12 cells with multiple reaction monitoring (MRM) liquid chromatography–mass 

spectrometry (LC–MS), we identified the two peaks of m/z 122 and 134 to be 

phenethylamine and tyramine (Figures S12 and S13). These molecules have previously been 

shown to coexist in dopaminergic neurons.40 The exocytosis measurement in the present 

work was carried out by collecting exocytosis events averaged over approximately two 

seconds from a group of cells. A summary of the detected secreted molecules is provided in 

Table 2. Although the identity of dopamine (m/z 154) was not confirmed by the MRM LC-

MS assay because of its low signal intensity, we presumed the m/z 154 peak to be dopamine 

because the molecule is known to be released from PC12 cells upon depolarization,37,41,42 

and the observed mass neatly matches with the theoretical mass of dopamine with a small 

mass error at 0.3 ppm (Table 2).

After the LDIDD-MS analysis, the cells were incubated in propidium iodide solution, which 

is widely used for the assessment of membrane damage and cell death.43,44 We did not 

observe any indications of cell death or damage (data not shown). These results demonstrate 

that LDIDD-MS can measure live-cell secretion profiles in real time. A distinct difference of 

LDIDD-MS compared to previous approaches of mass spectrometric analysis of live-cell 

secretion, including that by Masujima and co-workers,17,18 is that the collection and delivery 

of analytes in liquid phase was performed in one step. This makes LDIDD-MS suitable for 

real-time kinetic analysis of live-cell secretion or evolution of chemical reactions in liquid 

phase.

CONCLUSIONS

We have developed a new form of ambient ionization mass spectrometry using a UV laser 

for desorption and ionization of analytes and electrospray liquid droplets to deliver the 

ionized analytes to a mass spectrometer. This combination exhibits a synergistic effect of 

increased ionization efficiency caused by photoionization from the UV laser pulse and 

electrospray ionization. High spatial resolution of imaging was achieved at around 2.4 μm 

for an ink-printed pattern and 3 μm for mouse brain tissue. Effectively capturing and 

delivering analytes under ambient conditions achieved a detection limit of 2 amol of lysine. 

The mass signal was found to be linear with concentration over 5 orders of magnitude. This 

high sensitivity and spatial resolution of LDIDD made it possible to acquire mass spectra 

from a single cell, as we did in analyzing apoptosis in single HEK 293T cells. We were able 

to observe at the single-cell level the up- and downregulation of different PC lipids with 
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various carbon chain lengths as apoptosis progressed. We also demonstrated the capability of 

LDIDD-MS to measure analytes in a solution in real time. Live-cell secretions, including 

neurotransmitters from PC12 cells, were detected with LDIDD-MS when PC12 cells were 

depolarized with a concentrated KCl solution.

Thus, LDIDD-MS proves to be a new ambient ionization method for high-resolution mass 

spectrometry imaging with high sensitivity that requires minimal sample preparation and 

bypasses the need for a matrix for ionization. Furthermore, the capability of analyzing live-

cell secretions in real time allows for the collection of temporal information on a cell’s 

secreted molecules.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of experimental setup for desorption/ionization droplet delivery mass 

spectrometry (LDIDD-MS). Focused and pulsed UV laser-irradiated target molecules on a 

surface for desorption and ionization. The desorbed ions are captured in liquid droplets that 

were directed onto the laser-irradiated region. The resulting splash of smaller droplets was 

delivered to a mass spectrometer.
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Figure 2. 
Desorption and delivery mechanism by LDIDD-MS applied to rhodamine B showing the 

extracted ion current (EIC) under different conditions. D: Only droplets of (1:1) methanol–

water at a flow rate of 0.3 μL/min with nebulization gas pressure (N2, 80 psi); L: only laser 

(266 nm, 50 μJ/pulse, 15 Hz repetition rate); and LD: both laser and liquid droplets.
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Figure 3. 
Ionization mechanism of LDIDD-MS. Molecules were analyzed under four different 

conditions to assess the effect of photoionization by UV laser and electrospray ionization by 

voltage when applied to the droplets. The letters on the x-axis refer to the four different 

conditions: None (laser and voltage off), L (laser on and voltage off), V (laser off and 

voltage on), and LV (laser and voltage on). Normalized ion intensities of (A) + 2 charge state 

of bradykinin, (B) caff eine, and (C) phenanthrene (m/z 178.08 for M+ and m/z 179.8 for [M 

+ H]+). The power of the laser was 50 μJ/pulse with a 15 Hz firing rate. A 5 kV voltage was 

applied for electrospray ionization.

Lee et al. Page 14

Anal Chem. Author manuscript; available in PMC 2017 May 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Plot of the ion count versus amount of lysine. The ion intensity was found to be proportional 

to the amount of lysine over a concentration range of 5 orders of magnitude. The minimum 

detection limit of LDIDD-MS for lysine was 2 amol. The solid line is a linear fit to the data 

points (R2 = 0.98).
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Figure 5. 
Imaging by LDIDD-MS. (A) A rhodamine B ink pattern made with microcontact printing as 

imaged by LDIDD-MS. (B) The spatial resolution defined by the distance required for the 

intensity to rise from the base level of 20% to 80% of the maximum was measured to be 2.4 

μm. (C) H&E stained image of a mouse brain tissue slice. Mass spectrometric images 

acquired at negative mode for (D) m/z 888.6 identified as sulfatide C24:1, (E) m/z 788.5 

identified as phosphoserine (36:1), (F) m/z 885.6 identified as phosphatidylinositol (38:4), 

(G) m/z 760.6 identified as phosphoserine (34:1), and (H) m/z 904.6 identified as sulfitides 

C24:1-OH. (I) Optical image of sliced mouse brain tissue and (J) H&E stained image of the 

red-square region in (I). (K) m/z 888.6 identified as sulfatide C24:1 and (L) m/z 906.4 

identified as sulfitides C24:1-OH. The minimum distinguishable distance was around 7 μm, 

as shown in the inset. (M) Ion intensity profile for m/z 906.4 corresponding to the red line in 

(L) inlet. The spatial resolution defined by the distance required for the intensity to rise from 

the base level of 20% to 80% of the maximum was measured to be 3 μm. The scale bar for 

(C–H) is 1 mm and (J–L) is 50 μm.
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Figure 6. 
MS analysis of single HEK 293T cells that have undergone apoptosis after being treated 

with 35 mM ethanol for 20 min. Representative phase-contrast images of (A) an untreated 

cell and (B) an apoptosis-induced cell with a yellow line to denote where the scanning was 

performed; (C, D) Relative amounts of total ion current acquired from a LDIDD-MS scan of 

the untreated and apoptosis-induced cells, respectively; (E, F) Mass spectra of the untreated 

and apoptosis-induced cells, respectively. The scale bar shown in (A–D) is 10 μm.
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Figure 7. 
Normalized intensities of PC with different carbon chain lengths in HEK 293T cells as a 

function of time after treatment with 35 mM ethanol. Note that the intensities of relatively 

shorter carbon chain PCs gradually increased whereas the intensities of longer carbon chain 

PCs gradually decreased. The error bars represent the standard deviation of 28 cells.
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Figure 8. 
(A) Experimental setup for real-time liquid-phase mass spectrometric analyses by LDIDD-

MS. (B) Rhodamine B and methyl violet dye solutions were sequentially injected in water 

with a delay of 8 s. (C) The corresponding ion intensity of rhodamine B (m/z 443) and 

methyl violet (m/z 372) as a function of time.
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Figure 9. 
LDIDD-MS of secreted molecules from live PC12 cells with (A) the experimental setup and 

(B, C) mass spectra before and after (120 s) treatment with 50 mM KCl solution to cause 

depolarization-induced exocytosis, respectively. Several secreted molecules were detected 

from the PC12 cells, including phenethylamine (m/z 122.09676), tyramine (m/z 138.09177), 

and dopamine (m/z 154.08685). Note that the y-axis scale for (B) is ten times smaller than 

for (C).
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Table 2

List of Catecholamines Detected from the Measurement of the Secreted Molecules from PC12 Cells Using 

LDIDD-MS

compound theoretical m/z ([M + H]+) observed m/z ([M + H]+) mass error (ppm) confirmation of identity

phenethylamine 122.09697 122.09676 1.7 MRM LC-MSb

tyramine 138.09188 138.09177 0.8 MRM LC-MSb

dopamine 154.08680 154.08685 0.3 no

b
The identity of the detected compound was confirmed with multiple reaction monitoring (MRM) LC–MS (see the Supporting Information for 

further detail and MRM LC-MS data).
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