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Figure 2.3. Mass spectra of insulin with a) SA, b) SA/NP, ¢) 2-NPG, and d) 2-NPG/NP, and
myoglobin with e) SA, f) SA/NP, g) 2-NPG, and h) 2-NPG/NP.
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Figure 2.4d and is qualitatively different compared with the other three mass spectra: there was a
notable decrease in the intensity of peaks above 10 000 m/z and increase in the number of peaks
below 10000 m/z. This difference is due to multiple charging: mass spectra obtained with 2-
NPG/NP had an average of 32 peaks corresponding to multiply charged ions whereas the 2-NPG
mass spectra had an average of 7 multiply charged ion peaks. Multiply charged ion peaks were
determined manually. For each peak detected, m/z values of higher charge states were calculated,
and peaks were assigned a charge state if they were within 0.1% of the calculated value. With the

2-NPG/NP matrix, one-third of the assigned masses had higher charge state ions than without NPs.
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Figure 2.4. MALDI mass spectra of mouse brain tissue obtained with a) SA, b) SA/NP, c¢) 2-NPG,
and d) 2-NPG/NP

The influence of NP size was tested using NPs with diameters of 20, 70, 400, and 1000 nm.
An average mass spectrum was obtained for each section using the procedure described above.

Figure 2.5 shows representative mass spectra obtained for each NP diameter. The peak intensity
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in the spectra was similar for all NPs tested. The average number of peaks observed (n=3) with
signal-to-noise ratio greater than 3 for the 20, 70, 400, and 1000 nm NPs was 60 +£4, 53 + 6, 49 + 3,
and 48 £ 3, respectively. The 20 and 70 nm NPs produced more peaks, a third of which were below
5000 m/z. Further experiments were performed with NPs of 20 and 70 nm in diameter.

The effect of particle concentration was studied with 20 and 70 nm particles at
concentrations of 3, 6, 12, and 25 mg/mL. Average mass spectra (n=3) were obtained for each
section. The average number of peaks detected using 20 nm NPs at 3, 6, 12, and 25 mg/mL was
50+8, 53+4, 55+4, and 48+ 7, respectively, whereas the average number of peaks detected
using 70 nm NPs at 3, 6, 12, and 25 mg/mL was 43 £3, 45+ 3, 50+4, and 39 £5, respectively.
Although there is not a wide variation in the number of peaks obtained, the remainder of the
experiments were performed with 20 nm NPs at 12 mg/mL.

Mass spectra obtained using 2-NPG with and without NPs were compared to ascertain the
extent of multiple charging. Three tissue sections, each with a 2 x 3 array of matrix spots, were
prepared for 2-NPG and 2-NPG/NP with profiling mode deposits. A peak list was assembled from
six spots for 2-NPG and 2-NPG/NP for each tissue section. From three tissue sections each, an
average of 62 & 3 peaks was observed in the 2-NPG mass spectra and average of 88 + 4 peaks was
observed in the 2-NPG/NP mass spectra. The charge for each peak was assigned using the
assignment procedure described above. The m/z values that were common to both or had a

difference in charge state were selected for comparison.
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Figure 2.5. Mass spectra obtained from mouse brain tissue with 2-NPG/NP with diameters a) 20
nm, b) 70 nm, c) 400 nm, and d) 1000 nm.

A pie chart representation of the fraction of multiply charged peaks with their charge states
is shown in Figure 2.6. A table of assigned mass, charge state, and peak intensity is provided in
Table 2.1. With 2-NPG, a total of 71 peaks were identified and 8 of these were multiply charged.
The 2-NPG/NP matrix mass spectra had a total of 96 peaks and 35 of these were multiply charged
ions and associated with 18 individual species. Approximately one-fifth of the identified peaks

corresponded to ions with 3 or more charges.
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Figure 2.6. Fraction of peaks representing the indicated charge state obtained from MALDI mass
spectra of mouse brain tissue with A, 2NPG (71 peaks) and B, 2-NPG/NP matrix (96 peaks)

2-NPG/NP was used to generate MALDI images from multiply charged ions. During initial
imaging experiments, it was found that the signal was cut in half within 40 min due to sublimation
of 2-NPG under high vacuum. Addition of NPs did not improve the signal loss. To limit the
MALDI acquisition time, imaging experiments were performed on half of each brain section. The
tissue was washed to remove salts and lipids and a solution of 2-NPG or a suspension of NPs and
matrix solution was deposited using a pneumatic sprayer. Figure 2.7 shows MALDI images of
ubiquitin (+1 m/z 8565) charge states +1 through +5 for 2-NPG and 2-NPG/NP. The 2-NPG matrix
produced good images from the +1 and +2 charge states, but not with the lower intensity higher
charge states. On the other hand, the 2-NPG/NP matrix produced mass spectra with localized
signal at all charge states. Additional MALDI images are shown in Figure 2.8. for multiply charged
ions of +1 m/z 7573. In this case as well, the 2-NPG/NP could be used to obtain images of the

higher charge states.
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Table 2.1. List of multiply charged peaks (m/z) from mouse brain with their intensity and charge
obtained with a) 2-NPG, and b) 2-NPG/NP

2-NPG 2-NPG/NPs
Intensity Intensity
a2 | 3 mza ] a2
2671 33 — | — 4671 24—
4795 431 — | — 4795 140 —
4881 484 — | — 4881 475 60
4929 205 — | — 4929 2424 —
5119 214 — | — 5119 1576 —
5191 95 — | — 5191 577 —
5428 5865 359 @ — 5428 6441 1039
5579 430 — | — 5579 926 —
5679 306 — | — 5679 3462 —
5712 352 — | — 5712 550 —
5737 590 — | — 5737 113 —
6061 104 — | — 6061 49  —
6165 30 — | — 6165 75 —
6235 669 — | — 6235 1260 86
6256 461 — | — 6256 @ 33 —
6292 213 — | — 6292 407 30
6551 1964 — | — 6551 2170 381
6682 896 61 | — 6682 7454 2747
6808 223 — | — 6808 604 511
7348 1316 — | — 7348 350 —
7388 110 83  — 7388 164 106
7471 1200 — | — 7471 966 —
7573 1192 130 | — 7573 1096 397
7735 751 — | — 7735 | 316 —
7787 771 — | — 7787 | 1053 —
7817 531 — | — 7817 254 —
7941 870 — | — 7941 115 32
8085 765 — | — 8085 693 81
8365 2023 439  — 8365 13254 597
8457 1144 — | — 8457 1696 295
8565 1603 448 40 8565 12637 6707
8840 — — | — 8840 76 43
8923 455 — | — 8923 1292 —
8952 385 — | — 8952 791 929
9305 1390 — | — 9305 643 —
9597 1582 — | — 9597 584  —
9882 231 — | — 9882 822 —
9951 723 410  — 9951 3504 1478
10269 967 —  — 10269 2553 —
10346 22 — | — 10346 217  —
10691 328 — | — 10691 254 —
10851 285 — | — 10851 227 —
12110 58 —  — 12110 243 —
12345 830 —  — 12345 343 —
12411 1016 —  — 12411 497 —
14063 745 — | — 14063 252 —
14947 1593 —  — 14947 578  —
15071 93 —  — 15071 22—
15158 246 —  — 15158 43 —
15308 71 — | — 1538 2  —
15590 581 — | — 15590 653  —
15634 443 — | — 15634 322 —
15804 77 — | — 15804 33—
16804 941 —  — 16804 321 142
17895 277 — | — 17895 9  —
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Figure 2.7. Images of consecutive mouse brain tissue sections obtained from 8565 m/z and its
multiply charged ions with A, 2-NPG and B, 2-NPG/NP matrix
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Enhanced multiple charging with the MAI matrix combined with NPs deposited on tissue
may result from the high surface area of the particles, the desiccation effect of the NPs, or selective
interaction of the NPs with analyte molecules. We hypothesize that this promotes the formation of
analyte-containing crystals on the tissue that fracture on laser irradiation to produce highly charged
ions through the MALI effect. The surface area of the NPs is approximately one square centimeter
per microliter of suspended particles. It is unlikely that all of this surface area is available for
analyte crystal formation, but it can potentially provide greater surface area than bare tissue or
function as nucleation sites for small matrix and analyte crystals. Recent studies suggest that the
formation of highly charged analytes may be enhanced by high-surface-area matrix deposits. The
importance of desolvation in the formation of multiply charged ions has also been reported. The
silica NPs may bind with the water in the tissue and produce a dry surface conducive to crystal
formation. An additional factor may be the concentration of the analyte through interaction with
the NPs. It has been reported that an NP co-matrix will interact with and concentrate analyte
thereby improving signal and reducing spot-to-spot variation in the signal. Bare silica NPs are

believed to bind electrostatically to peptides and proteins thereby improving detection sensitivity.

2.4 Summary

The addition of NPs to SA and 2-NPG matrix combined with NPs has little effect on high-
vacuum MALDI of pure peptides and proteins other than to decrease the observed signal.
However, the 2-NPG/NP matrix was effective at producing highly charged ions from tissue,
potentially due to its ability to bind analyte molecules and promote the formation of crystals. The
number of multiply charged peaks observed with 2-NPG/NP on tissue was four times higher than

with 2-NPG alone. Silica NPs with diameters of 20, 70, 400, and 1000 nm were tested, and those
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Figure 2.8. Images of consecutive mouse brain tissue sections formed by 7573 m/z and multiply
charged ions with a) 2-NPG, and b) 2-NPG/NP

of 20 nm in diameter produced the highest charge state at a concentration of 12 mg/mL. MALDI
images were also obtained of mouse brain with multiply charged ions; however, sublimation of 2-
NPG under high vacuum limited the time for analysis. Future studies will be focused on further

study of these multiply charged ions using high-resolution instruments such as Orbitrap or Fourier
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transform ion cyclotron resonance and identification of the proteins with tandem mass

spectrometry using collision-induced dissociation and electron-transfer dissociation.
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