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Figure 4. (a) Positive ion LDI mass spectrum of a four-peptide
mixture containing leucine enkephalin, bradykinin, angiotensin I, and
substance P from NAPA shows the molecular ion peaks and two
known fragments. The inset shows the isotope distribution pattern of
the protonated substance P molecule. (b) Negative ion LDI mass
spectrum of red wine from NAPA. Ten of the 15 putatively assigned
compounds, including resveratrol, are labeled. The zoomed spectrum
in the range of the isotope distribution pattern for resveratrol is in the
bottom inset. The top inset depicts the quantitative LDI response
from NAPA for a wide range of deposited resveratrol amounts. The
values determined for red wine (vertical dashed line) are well within
the range of quantitation (fitted dashed line in gray).

quantitation typically requires a separation step followed by
negative ion electrospray MS.*® Due to the presence of
hundreds of compounds in wine samples, the identification of
resveratrol through MS relies on accurate mass measurements,
the determination of isotope distribution, and ultimately,
fragmentation studies.

To prevent overloading the NAPA chip by the abundant
components of the wine, a 1000-times dilution in water was
performed before analysis. To obtain the LDI mass spectrum of
red wine, 0.5 uL of the diluted sample was deposited on a
NAPA. A typical negative ion spectrum, shown in Figure 4b,
contains ~100 peaks. Fifteen of them, including resveratrol, are
putatively identified based on accurate masses within a + 6
mDa margin, addition of resveratrol standard to the sample,
isotope distribution patterns (see the bottom inset in Figure
4b), and information from previous studies.*”>>?"** To
establish the figures of merit for resveratrol analysis on
NAPA, standard samples were analyzed in a wide range of
concentrations. The top inset in Figure 4b shows the peak
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intensity as a function of the deposited moles of resveratrol in
the 2 X 1077 to 2 X 107'° mol range. On the basis of this data,
a detection limit of 20 amol was established with a 3 orders of
magnitude range of quantitation between 2 X 107'¢ and 2 X
107" mol. Linear regression in this range yielded a correlation
coefficient of R* = 0.95. From this curve, a combined
concentration of cis- and trans-resveratrol of ~68 uM was
found for the studied red wine samples, which is within the
margin of error for the high values found in the literature.>!

Single-Cell Analysis. Detection of metabolites from single
microbial cells requires highly sensitive multispecies techni-
ques.®” The estimated amounts of primary metabolites within a
budding yeast (S. cerevisiae) cell, with a volume of only 30 fL,
are typically between 10 amol and 30 fmol.** On the basis of its
figures of merit, LDI-MS from NAPA is expected to be
sufficiently sensitive for producing mass spectra in this range.
As the yeast metabolic network is relatively small and has been
thoroughly analyzed,** the identification of metabolites is
relatively simple.

Single yeast cells were directly deposited onto NAPA chips
and analyzed by LDI-MS in positive and negative ion mode.
Figure Sa shows an AFM image of a yeast cell on a NAPA
structure before laser exposure. During LDI, laser excitation of
the posts ruptures the cell, exposing and ionizing the
intracellular components. Figure 5b, shows a representative

Figure S. (a) Atomic force microscope image of a single yeast cell
deposited on a NAPA before LDI-MS analysis. (b) LDI mass spectrum
of a single yeast cell from NAPA in the mass range of metabolites.
Four of the ~24 putatively assigned metabolites are labeled.
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Table 1. Metabolites Detected in a Single Yeast Cell by LDI from NAPA

no. assigned metabolite ion caled m/z measd m/z A m/z
1 amino propanol [M - H]” 74.061 74.048 0.013
2 isobutyrate/acetoin [M - H]~ 87.040 87.033 0.007
3 cadaverine M+ H]* 103.136 103.132 0.004
4 proline [M + H]* 116.053 116.071 —0.018
S fumaric acid M+ H]* 117.019 117.010 0.009
6 aspartate semialdehyde/amino oxobutanoate [M + H]* 118.050 117.990 0.060
7 threonine/homoserine M + KJ* 158.060 158.021 0.039
8 threonine/homoserine M + H]* 120.066 120.035 0.031
9 glutamic semialdehyde/aminolevulinate/aminooxopentanoate [M + H]* 132.066 132.030 0.036
10 methionine [M — H]" 148.040 148.070 —0.030
11 xanthine/xylitol [M - H]~ 151.026 151.050 —0.024
151.060
12 indole/valine/aminopentanoate M + K]* 156.021 156.050 —0.029
156.043
13 dihydroxyacetone phosphatidic acid/glyceraldehyde phosphate/phospholactate/sulfolactate [M + H]* 171.005 170.996 0.009
171.005
171.005
170.997
14 glycerol phosphatidic acid/dehydroshikimate [M + H] 173.022 173.021 0.022
173.045
15 histidinol M + KJ* 180.037 180.052 —0.015
16 iditol M+ H]* 183.086 183.097 —0.011
17 phosphohomoserine [M + H] 200.030 200.060 —0.030
18 lipoamide M+ H]* 206.067 206.093 —0.026
19 pantothenate [M - H]~ 218.103 218.122 —0.019
20 cytidine [M + H]* 244.093 244.040 0.053
21 inosine [M—H]"  267.070 267.090 ~0.020
22 naringenin [M - H]~ 271.061 271.023 0.038
23 sedoheptulose phosphatidic acid M+ H]* 290.160 290.101 0.059
24 phosphoribosylformylglycineamidine [M + H] 314.075 314.070 0.005

mass spectrum from a single-cell experiment with some of the
assigned metabolites. Initially multicell spectra were acquired
for identification of the peaks with higher fidelity. On the basis
of the spectra for multiple cells, accurate mass measurements,
isotope distribution patterns, literature data, and database
searches*' were used to assign the peaks. In total, 24
biochemicals, corresponding to ~4% of the known metab-
olome, were detected (see Table 1). On the basis of these
assignments, the coverage of major biochemical pathways was
29% with at least one metabolite in a pathway identified. In one
example, S out of 12 metabolites involved in the threonine and
methionine biosynthesis superpathway were assigned. Detailed
direct analysis of single cells with LDI from NAPA can improve
our understanding of how individual cells grow, develop, and
respond to environmental stress, as well as reveal the
metabolites involved in chemical communication between cells.

B CONCLUSIONS

Mechanistic studies on NAPA structures, a representative of
nanophotonic ion sources, indicated the existence of select
geometries that produce a resonance-like enhancement in ion
yields. In this contribution, LDI on NAPA with a resonant
structure is shown to enable the ultratrace level detection of
small molecules in the mass range between 50 and 1500 Da.
Limits of detection for verapamil and resveratrol are established
at 800 zmol and 20 amol, respectively. A comparison of LISMA
and NAPA indicates improved figures of merit for the latter.
For example, typical limit of detection for LISMA was 10 fmol
for the P14R synthetic peptide. Quantitation with the most
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commonly used LDI method, MALD], is only possible in a
narrow range of concentrations. With NAPA we show a
dynamic range of 3—4 orders of magnitude for resveratrol and
verapamil. On the basis of investigating spectral responses from
16 compounds, NAPA promises to be a robust LDI platform
for the analysis of a broad range of small molecules including
pharmaceuticals, natural products, explosives, and metabolites.
Initial stability experiments indicate unchanged LDI perform-
ance for at least 7 months of storage in a low-humidity
environment. The most significant disadvantage of the NAPA
platform is its involved fabrication. It requires a nanofabrication
facility in a clean room. This process, however, confers a
valuable advantage, i.e., the extremely low chemical background
due to the clean fabrication environment.

Turning to real-world samples, we show examples of
detecting and quantitating targeted compounds in complex
mixtures. Resveratrol is readily detected in red wine without the
need for a separation method. After depositing a drop of
diluted red wine on a NAPA chip, we obtain an negative ion
LDI spectrum exhibiting ~100 peaks and determine the
combined concentration of cis- and trans-resveratrol. In another
example, a severely volume-limited sample is analyzed on
NAPA. A single yeast cell with a typical volume of ~30 fL is
sufficient to produce a complex LDI spectrum. In these spectra
we are able to tentatively assign 24 metabolites, which
correspond to a 4% coverage of the yeast metabolome.
Metabolite profiling of single cells opens the door to studying
cellular heterogeneity, a crucial step in understanding cell-to-
cell variations in physiology and environmental response. A
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crucial step in entering that field is to develop high-throughput
capabilities for the NAPA-based analytical platforms. Experi-
ments to analyze single mammalian cells on NAPA are
underway and will be reported in a separate contribution.
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Figure S1. Atomic force microscope image of analyte distributions in NAPA structures. For (a) low
loading of verapamil (e.g., 10™* moles) the analyte is uniformly distributed in the troughs, whereas for
(b) high loading (e.g., 10 moles) uneven distribution, clumping and analyte buildup on top of the posts
are observed.
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