














Figure 3. Single cell ablation marks on epidermal cell of (a) A. cepa (unpigmented cell) and (c) N. pseudonarcissus produced through an
etched optical fiber tip. In panel a, the first ablation (marked A) was performed on a turgid cell, whereas the second ablation (marked B) occurred
after the loss of cytoplasm when the cell became flaccid. Panels b and d show the corresponding LAESI mass spectra produced by 100 laser
pulses for A. cepa and N. pseudonarcissus, respectively. The inset in panel b depicts the eight fragments in the tandem MS of the nominal m/z
175 ion produced by CAD. The inset in panel d shows the zoomed portion of the daffodil spectrum at higher m/z.

Laser Ablation of a Single Animal Cell. Individual eggs of
L. pictus (painted sea urchin) were analyzed in sessile configu-
ration. A few minutes before the LAESI-MS analysis, 30 uL of the
L. pictus egg suspension was mixed with 1 mL of water to decrease
the number of eggs per unit volume. This increased the average
distance between the eggs and enabled their individual manipula-
tion. Furthermore, the dilution reduced the concentration of salts.
This was necessary because the high salt concentration prevented
the detection of metabolite ions. Approximately 100 uL of the
resulting egg suspension was placed on a glass slide. A single
egg of 90 to 100 um in diameter was selected and immobilized
by a holding pipet using suction induced by a manual injector.
The pipet was positioned by a micromanipulator. The ablation for
LAESI-MS was carried out by moving the etched fiber tip to
contact the L. pictus egg (see the inset of Figure 4). In order to
initiate ablation, slightly more efficient coupling of the laser pulse
to the optical fiber was achieved, which in relative terms translated
into somewhat higher laser fluences at the sharpened fiber tip
compared to the epidermal cells.

Figure 4 shows the LAESI mass spectrum acquired from a
single egg. The preliminary analysis of the data shows the
presence of ions representing small metabolites along with lipids
at higher masses. Some of the prominent ions include species at
nominal »/z 83, 101, 105, 115, 119, 138, 158, 217, 243, 261, 413,

Figure 4. Positive ion LAESI mass spectrum of a single sea urchin
(L. pictus) egg of ~100 um in diameter. The inset shows the sessile
egg immobilized by the holding pipet and touched by the sharpened
optical fiber.

625, and 755. Further work, including tandem MS, is needed to
identify the corresponding metabolites.

LAESI-MS and MS/MS from a Cell. LAESI mass spectra
were only produced from turgid cells. Except in the case of N.
pseudonarcissus, all the tandem MS data were collected from the
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Figure 5. Single cell LAESI mass spectra of neighboring (a) colorless
and (b) pigmented epidermal cells of the purple A. cepa cultivar with
the optical image of the cells in the inset (scale bar = 50 um).

single cells using up to a 100 laser pulses. Initially single cell
spectra were combined to increase the signal-to-noise ratio and
enhance the fidelity of peak assignments. The combined positive
ion spectra from a population of 13 cells showed 332 peaks with
a wide dynamic range. Once the assignments were made, single
cell spectra were studied. Parts b and d of Figure 3 give examples
of single cell mass spectra from the two plant species. Many of
the ions were tentatively identified as primary or secondary
metabolites based on accurate masses, isotope distribution pat-
terns, and in some cases, tandem MS. In the onion cell, most of
the singly charged low m/z ions (<m/z 300) were assigned to
smaller metabolites, such as alliin, 2-aminoacrylic acid, and
thioacrolein found in the alliin degradation cycle. Most of the
larger ions corresponded to secondary metabolites and oligosac-

charides, possibly fructans, found in the fructan biosynthesis cycle.
A number of doubly charged ions were also observed for
oligosaccharides, which helped their identification up to a degree
of polymerization of ten.

Some ions can have multiple assignments. For example, the
m/z 175.1202 ion in the A. cepa spectrum can be assigned to
arginine, acetyl-ornithine, N-methyltryptamine, and/or gramine.
It was identified as protonated arginine based on better than 0.001
Da mass accuracy and comparing its CAD fragmentation pattern
(see the inset in Figure 3b) to the corresponding tandem MS
spectrum in the NIST Mass Spectral Search Program (NIST/
EPA/NIH Mass Spectral Library, version 2.0). The ability of
performing tandem MS on a single cell in situ has promising
implications for ion identification in organisms.

To facilitate the data analysis and the peak assignments,
averaged LAESI mass spectra were also taken on small cell
populations using conventional focusing optics with ~250 um focal
spot size. As expected, these spectra showed higher S/N than
the single cell data. Even with this additional information, because
of the large variety of structural isomers, caution is necessary in
making metabolite assignments.?? Unambiguous identification of
individual metabolites requires extensive studies relying on
multiple methods, e.g., separation techniques, ultrahigh-resolution
MS, 'H and ¥C NMR, and FT-IR.

Metabolites from the Same Cell Type in Different Species.
The analysis of the anatomically similar single epidermal cells from
the two storage organs showed significantly different metabolic
profiles. While the cells from both plants contained oligosaccha-
rides, these species were more prevalent in the onion. The daffodil
cells, however, were rich in various alkaloids, such as norpluviine,
a lycorine type, and vittatine, a hemeanthamine type alkaloid.
These and other Narcissus alkaloids are known to be present in
this plant species.?® The lists of peak assignments and mass
accuracies for both species are presented in Tables S1 (A. cepa)
and S2 (N. pseudonarcissus) of the Supporting Information.

Adjacent Colorless and Pigmented Cells. A fraction of the
epidermal cells in the purple onion cultivar are pigmented and
can be distinguished under the microscope. The presence of this
cell variant enabled a direct comparison between the metabolite
composition of the colorless and pigmented cells in the same
tissue. In Figure 5, the corresponding mass spectra are presented
together with the optical image of the two cell types.

Comparison of the LAESI mass spectra revealed that, in
addition to the essential metabolites found in the colorless cells,
the pigmented variant contained significant amounts of anthocya-
nidins, other flavonoids, and their glucosides. For example, the

Table 1. Relative lon Intensities for Some Metabolites in Single Cells of an A. cepa Bulb Averaged for Four Cells

leaf bases
metabolites fourth (inner) fifth sixth seventh eighth (outer)

arginine 97+5 74 + 28 6+3 0 0
alliin 9+4 11+£2 207 19+7 20+3
monosaccharide 47+ 11 60 + 30 23+13 40+ 14 41 +£51
disaccharide 87+19 96+ 7 72+13 70+7 77 + 35
trisaccharide 78 £18 85+ 13 100+ 0 100+ 0 48 + 36
tetrasaccharide 47 +13 56+ 8 80+ 17 74+ 11 20+ 15
pentasaccharide 20+ 8 27+5 31+£7 25+2 716
hexasaccharide 6+3 11+£2 10+2 7+2 1+£0
heptasaccharide 2+2 4+1 3+0 1+1 0
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m/z 449 ion can be assigned to cyanidin glucoside, a known purple
pigment contained in the cell membrane vacuoles in purple plants.
A comparative list of the ions and the tentative metabolite
assignments for the colorless and the pigmented cell are listed
in Table S3 in the Supporting Information. Close to 70 ionic species
were found in single cells. Two thirds of them were tentatively
assigned to one or more metabolites that had accurate masses
close to the measured values and for some of them the tandem
MS that was consistent with known fragmentation patterns. The
most significant difference between the colorless and pigmented
cells was the presence of anthocyanins and the corresponding
anthocyanidins in the latter. Glycosidic flavonoids had been
detected by vacuum IR laser MS studies in red rose leaf tissues.*
In addition, the pigmented cells contained high levels of quercetin
and its mono-, di-, and triglucosides. The elevated presence of
quercetin in purple or red onion bulbs is well documented.®° The
observation that the metabolites in colorless cells were not
contaminated by anthocyanidins and anthocyanins from adjacent
pigmented cells points to no or minimal damage of the neighbor-
ing cells by the ablation.

Metabolites in Cells of Different Age. To find metabolic
changes primarily correlated with age for the same type of cells,
we compared the epidermal cells from different leaf bases (layers)
within individual onion bulbs, where the different layers repre-
sented older and younger cell populations.®® The relative quan-
titation capabilities of LAESI-MS in a wide dynamic range had
been shown in previous publications.?*?® The relative ion intensi-
ties of some metabolites averaged for four cells per layer (n = 4)
are shown in Table 1. Changes from the younger inner leaf base
(layer four) to the oldest outer turgid layer (layer eight) illustrate
the variations of the related metabolite content. For example,
reduced arginine content can be seen in the older cell populations
from the gradual drop in its relative ion intensity from 97 + 5 (layer
4) to 0 (layer 7). Conversely, alliin seems to accumulate more in
the cells of the outer layers.

CONCLUSIONS
We have shown that in situ metabolic analysis of single cells
is possible by a modified version of LAESI-MS. With the use of a

(34) Dreisewerd, K.; Draude, F.; Kruppe, S.; Rohlfing, A.; Berkenkamp, S.;
Pohlentz, G. Anal. Chem. 2007, 79, 4514-4520.
(35) Darbyshire, B.; Henry, R. J. New Phytol. 1978, 81, 29-34.

sharpened optical fiber tip, individual cells were ablated for
analysis. Comparisons of cells with different pigmentation or age
within the same tissue as well as between cells of the same type
in different species demonstrated significant metabolic variations
consistent with literature data.

Laser based atmospheric pressure mass spectrometric tech-
niques, such as LAESI-MS, are able to analyze small sample
volumes with a tightly focused laser beam. Further developments
in single cell analysis should focus on reducing the ablation spot
size while maintaining the mass spectrometric signal by optimizing
the source geometry and increasing the postionization yield. In
heterogeneous cell populations, automatic adjustment of the laser
parameters based on optical feedback can facilitate the analysis
of multilayered populations cell by cell. An important future
extension of this method is the analysis of biological tissues, with
the ultimate goal of molecular imaging based on cells as the
natural voxels. Metabolic analysis of single cells helps to better
understand cell differentiation, aging, changes due to disease
states, and response to xenobiotics and physical stimuli.
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