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Abstract

The understanding of protein structure and interactions remains a fundamental challenge in modern biology. While X-ray and electron-based
techniques have provided atomic-level protein configurations, they require numerous molecules for averaged views and lack detailed
compositional information crucial for biochemical activity. Atom probe tomography (APT) emerges as a promising tool for biological material
analysis, though its capabilities for examining biomolecules in their native, hydrated state remain largely unexplored. We present systematic
analyses of amino acids in frozen aqueous solutions using two different nanoporous metal supports across various analysis conditions. Our
methodology employs a complete cryogenic workflow, including drop-casting, inert gas glovebox freezing, and specimen transfer via a
cryogenically cooled ultra-high vacuum shuttle to both focused ion beam microscopy and atom probes. Using water molecular ion ratios as
electrostatic field condition indicators, we investigate amino acid fragmentation and behavior. We evaluate the critical factors for successful
biomolecular analysis: support material selection, cryogenic specimen preparation, and optimal data acquisition parameters. This work

establishes guidelines for cryogenic APT analysis of biomolecules, advancing the technique’s application in biological sciences.
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Introduction

Since proteins and biomolecules are fundamental to life, the
analysis of their interactions and configuration is crucial for
understanding biological functionality. Primary protein struc-
ture consists of an initially linear chain of 20 canonical amino
acids, which share a common backbone in their free state. This
backbone contains a carboxyl group and an amine group,
which are subsequently chemically joined to form a peptide
bond during synthesis (Kessel & Ben-Tal, 2018). The variable
portion is a side group, which consists of a wide variety of dif-
ferent chemical configurations, chain lengths, and positive and
negative charges, e.g., exposed hydroxyl and amine groups,
which can serve as bonding sites for enzymes to later perform
post-translational modification binding (Bobalova et al.,
2023; Lee et al., 2023). Some additional information regard-
ing protein structure can be found in the Supplementary
Material, in the “Note on Protein Structure” section. As the
protein emerges from the ribosome during synthesis, the side
groups of the protein drive folding into certain common mo-
tifs, such as a-helices and B-sheets, which comprise the second-
ary structure (Kessel & Ben-Tal, 2018). Other cellular
machinery, such as chaperone proteins, may assist the nascent
protein to achieve its stable larger, three-dimensional (3D)
ternary form (Balchin et al., 2020). Finally, the folded protein

may be assembled into larger macromolecular complexes, so-
called quaternary structures, including respiratory complexes,
nuclear pores, etc. (Marsh & Teichmann, 2015).

As a part of this process, the protein may be complexed with
metal ions, such as iron and magnesium, to catalyze functions
such as oxygen transport, chemical transformation, and a
whole panoply of other reactions essential to life that require
co-factors to perform (Ajioka et al., 2006). Characterizing the
interaction of metal ions with proteins, for example, is an ex-
ceptionally challenging process in the dynamic, ever-changing
environment of a cell. These fleeting interactions are critical to
life processes, and are known to generate reactive oxygen spe-
cies, and both copper and iron are implicated in Alzheimer’s
disease and many other neurological disorders (Chen et al.,
2023). Studying the structure of native proteins has been rev-
olutionized by the availability of cryogenic transmission elec-
tron microscopy (cryo-TEM) (Dubochet et al., 1988;
Sigworth, 2016; Halfon et al., 2022), but it has significant
challenges in elemental identification for metal ion interac-
tions, with cryo-scanning TEM (cryo-STEM) partially over-
coming this to a limited extent (Elad et al., 2017; Herdman
et al., 2022). For studying proteins’ chemistry in their native
state, tandem mass spectrometry (MS) is the other
state-of-the-art technique (Shuken, 2023). The two techniques
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provide complementary information but on scales that are dif-
ficult to reconcile, failing to provide full 3D elemental identifi-
cation and positional information at a sub-nanometre scale.

Atom probe tomography (APT) can achieve elemental and
ionic mapping in 3D with sub-nanometre spatial resolution
(Devaraj et al., 2017; Gault et al., 2021). APT’s potential to
address many open, outstanding biological questions has
been discussed for decades (Panitz, 1982, 2005; Kelly et al.,
2009), but studies beyond proof-of-principle are rare and fo-
cused primarily on hard biominerals (Gordon & Joester,
2011; La Fontaine et al., 2016; Grandfield et al., 2022).

During APT analysis, a sharp needle-shaped specimen is
maintained at cryogenic temperatures and subjected to a
high DC electrostatic field on which are superimposed either
voltage pulses (Miiller et al., 1968), laser pulses (Gault et al.,
2006; Bunton et al., 2007), or a combination of both (Zhao
et al., 2017; Taniguchi & Nishikawa, 2019). The pulses drive
the field evaporation of individual atomic or molecular ions,
which are collected by a position-sensitive, time-resolved de-
tector, recording simultaneously a two-dimensional (2D) ion
impact position, and a time-of-flight converted into a
mass-to-charge ratio (Blavette et al.,, 1993; Larson et al.,
2013). This data is processed to produce a 3D point cloud re-
constituting the distribution of species in the original specimen
(Vurpillot et al., 2013).

APT specimens are needle shaped, sharpened to an apex tip
radius less than 100 nm in diameter, and are usually prepared
using a dual-beam scanning electron microscope/focused ion
beam (SEM/FIB) system (Prosa & Larson, 2017). Typically,
a bulk sample is loaded onto the stage, tilted perpendicular
to either a Ga or Xe plasma ion beam, and a 2-3 ym thick
lamella is prepared. The stage is tilted back to a horizontal
position, and it is attached to an inserted tungsten micromani-
pulator using metal deposited from an organometallic precur-
sor and cut free of the bulk. The lamella is cut into small 2 #m
sections, sequentially placed onto an array of silicon microtips
on a silicon coupon via attachment with metal and cutting
each section with the ion beam. Subsequently, the silicon mi-
crotips are tilted normally to the ion beam and sharpened us-
ing annular milling, where both the ion beam current and the
inner diameter of the circle are decreased until an apex radius
of less than 100 nm is achieved. In this way, many APT speci-
mens can be rapidly and efficiently prepared at one time from
specific sites on a bulk sample. Alternatively, a liquid sample of
amyloid-beta protein fibrils can be dipped into a liquid and
dried before placing into an atom probe, although the result-
ant mass spectrum only contained low-mass hydrocarbons
(Rusitzka et al., 2018). As a comparison, frozen amyloid-beta
liquid samples easily yield atomic-scale structural information
using cryo-TEM (Gremer et al., 2017; Becker et al., 2023).

For wet or hydrated samples, historically sample prepar-
ation has been extremely challenging. The liquid must be
placed onto some kind of support material, and then subse-
quently frozen; depending on the application, vitrification
may be used to avoid ice crystal formation and sample dam-
age. Subsequently, the specimen must be maintained at cryo-
genic temperatures to prevent ice crystal formation,
particularly within a vitrified sample. Ideally, to avoid frost
buildup, handling of frozen samples must be carried out in in-
ert gas gloveboxes either before or after the liquid sample is
frozen, and it can never be exposed to gas containing moisture
or it will almost instantly suffer from frosting. Since FIBs are
typically used to make the samples, ultra-high vacuum
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(UHV) transfer shuttles facilitate sample transfer between in-
struments. Several groups have developed integrated cryogen-
ic instrumental suites and workflows (Gerstl & Wepf, 2015;
Perea et al., 2017; Stephenson et al., 2018) or built coupled
FIB/SEM atom probe systems (Stender, 2022a, 2022b). The
FIB needs to have a cryogenic sample and be loaded under a
vacuum, for the reasons previously described. Specimen prep-
aration has been reported from the edge of frozen droplets on
nanoporous flat substrates (El-Zoka et al., 2020), nanoporous
metal needles (Tegg et al., 2024), or from very large droplets
placed on wire-shaped substrates (Schwarz et al., 2020,
2021). Site-specific liftout of a 2-3 um thick lamella at cryo-
genic temperature, subsequently mounted on APT multi-
needle specimen carrier without the use of metal-based depos-
ition using a gas injection system was also demonstrated
(Perea et al., 2008; Schreiber et al., 2018; Klumpe et al.,
2022), and further refined to enable more routine cryogenic
specimen preparation (Douglas et al., 2023), including liftout
of frozen liquid water without any support material (Woods
et al., 2023b).

Biologically interesting molecules occur in living systems,
which are water-based. Furthermore, the proteins exist in a
cellular environment where they are surrounded by water,
other proteins and binding partners, and many light element
ions. Without water, such proteins misfold and aggregate,
and their functionality is destroyed. Their associations with
light elements or metal ions can also cause modification and
deactivation. Furthermore, proteins are inherently ionized,
i.e., the different constituent amino acids carry charges, which
control their structure and function. In order to analyze organ-
ic molecules using APT, particularly proteins in their native
state in association with metal ions, binding partners, etc.,
they must be in their ionized state. This explains why this
work has focused here on studying the fragmentation of model
systems, in this case single amino acids, and field evaporation
of the aqueous matrix. Individual amino acids and proteins,
e.g., amyloid fibrils in solution, prepared via drop-casting, per-
formed by placing a drop of liquid and allowing the liquid to
evaporate, did not yield structural information but rather tiny
fragments (Rusitzka et al., 2018). Conversely, individual ami-
no acids, prepared via drop-casting an amino acid solution
onto a carbon nanotube (CNT) mesh and dried, were previ-
ously studied using APT (Nishikawa et al., 2011; Taniguchi
& Nishikawa, 2016; Nishikawa & Taniguchi, 2017). Larger
mass fragments were recovered in that case, but without the ma-
trix material, i.e., the liquid, the applicability to understanding
the native structure of hydrated proteins and their constituent
amino acids is likely limited, both because the electrostatic field
conditions are likely significantly different and the amino acids
exist in ionized form, i.e., the carboxyl and amino groups are
in zwitterionic form any side chains are also charged.
Significant work has gone into understanding the field emission
behavior of water in conjunction with theoretical work (Anway,
1969; Stintz & Panitz, 1991, 1992; Pinkerton et al., 1999; Stuve,
2012). In APT specifically, pure water has been analyzed in free-
standing specimens (El-Zoka et al., 2020; Schwarz et al., 2020;
Segreto et al., 2022), graphene-encapsulated needles (Qiu et al.,
2020a, 2020b), and on or in nanoporous metal substrates
(Tegg et al., 2021, 2024; Stender, 2022a, 2022b; Woods
et al., 2023a).

Building on previous work, our group has previously estab-
lished a full cryogenic transfer chain, to freeze a liquid sample
in an inert gas glovebox and routinely prepare APT specimens
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from that material. There is a clear need to advance the
state-of-the-art in the analysis of water-based organic solution
APT data. Here, we present the results of an effort to charac-
terize single amino acids in a water matrix on nanoporous
metals, as model systems to understand their fragmentation
patterns. Data are presented for cysteine, lysine, and arginine,
on two substrates, nanoporous gold (NPG) and nanoporous
copper (nanoporous Cu) from a CuZn alloy. Selected samples
are analyzed with two different local electrode atom probes
(LEAP) and across a wide range of analysis conditions.
These datasets allow us to outline guidelines for the analysis
of amino acids and more complex biomacromolecules that
will help establish best practices for this burgeoning field.

Results

Water Matrix

Field evaporation of organic, and generally nonmetallic, mate-
rials leads to the formation of molecular or cluster ions that
can dissociate into smaller fragments. The fragmentation
path depends on the electrostatic field conditions. This re-
quires identifying a reliable descriptor to estimate the electro-
static field strength across different water-containing datasets,
to facilitate systematic analyses to understand, and possibly
predict, the results of the fragmentation process. For metallic
systems, or semiconductors, the ratio of the charge states of
an element is often used as a proxy for the local electrostatic
field (Kingham, 1982; Schreiber et al., 2014; Gault et al.,
2016; Cuduvally et al., 2022). For metallic materials in APT,
a charge state ratio (CSR) of two different ionization states is

typically defined to compare datasets. As an example, for W
where W?3* is the dominant species, a typical CSR would be
W3*/W?2*, There are no standard definitions for CSR in the
APT community; in the literature, lower abundance ions could
be in the denominator or numerator. Additionally, reported
experimental values can vary over a wide range; for pre-
sharpened silicon microtips, measured values for Si**/Si* can
be between 0.01 and 100. In this work, since water is the typ-
ical matrix for biomolecules, defining a descriptor associated
with the mass spectra obtained from the analysis of water ap-
pears to be the most reasonable choice (Exertier et al., 2024;
Tegg et al. 2024).

Preliminary work demonstrated that water field evaporated
in the form of protonated water cluster ions with a formula
(H,O),H* (Stintz & Panitz, 1992; El-Zoka et al., 2020;
Schwarz et al., 2020), and their relative abundance is an indi-
cator of the electrostatic field strength. Here, we considered 20
individual datasets, summarized in Table 1, some containing
data acquired across a range of laser pulse energies, and the three
most abundant ions were for n=1, 2, 3, overall in that order of
abundance, with mass-to-charge of 19, 37, and 55 Da, respect-
ively (Schwarz et al., 2020). At higher field strengths, the signal
for higher-order water clusters above 7 = 3 is below the level of
background.

We can hence define an analogous cluster ion ratio (CIR) as

n=3
> (H,0),H*/(H,0);H*. Our definition of the CIR is justi-
n=1
fied for two reasons. First, we based our choice on the pub-
lished literature. Stintz & Panitz (1993) reported that the

relative amplitude of the water cluster ions varied as a function

Table 1. APT data acquisition conditions, data size, and specimen/substrate type.

Straight (XS) Ton Laser Pulse Pulse

or Reflectron ~ Count Laser / Power Rate Temperature  Detection Fraction
Run (XR) (Total)  Voltage (p]) (kHz) (K) Rate (%) (%) Analyte Solution Substrate
1 XS 27M  Laser 60 125 60 0.5 Fibrils in water AuAg
2 XS 79M  Laser 40 Varied 50 1 Cysteine in water 0.1 M AuAg
3 XS 13.8 M Voltage 100 50 0.3 15 Cysteine in water 0.1 M AuAg
4 XS 27.2M  Laser Varied 200 50 0.5 Cysteine in water 0.1 M AuAg
N XS 15M  Laser 60 125 50 0.5 Cysteine 0.1 M in D,O  AuAg
6 XS 43M  Laser 40 Varied 50 Varied Cysteine in water 0.1 M AuAg
7 XS 15M  Laser Varied 200 50 0.5 Lyine 0.1 M in water AuAg
8 XS 13 M Laser 40 200 50 0.5 Lyine 0.1 M in water AuAg
9 XS SM Laser 40 200 50 0.5 Arginine 0.1 M AuAg
10 XS 31M  Laser 50 200 50 0.5 Arginine 0.1 M CuZn
11 XS 124 M Laser Varied 200 50 0.8 Arginine 0.1 M in water CuZn
12 XS SM Laser 80 125 60 0.5 Cysteine 0.1 M in water CuZn
13 XS 59M  Laser Varied  Varied 60 0.5 Lysine 0.1 M in water Cu
14 XR 2M Laser 55 Varied 50 Varied Cysteine 0.1 M in water CuZn
15 XR 1M Laser 55 125 50 0.8 Cysteine 0.1 M in water CuZn
16 XS 24 M Laser 80 125 60 0.5 Cysteine 0.1 M in water CuZn
17 XS 0.5M  Laser 60 125 50 0.6 Cysteine 0.1 M in water CuZn
18 XS 25M  Laser 35 100 60 0.6 Lysine 0.1 M in water CuZn
19 XS 3M Laser 58 100 60 0.7 Lysine 0.1 M in water CuZn
20 XR 43M  Laser 76 125 50 0.5 Water AuAg
21 XR SM Laser 76 125 50 0.5 Water AuAg
22 XR 4M Laser 67 125 50 0.5 Water AuAg
23 XR 6 M Laser Varied 100 50 1 Water Galn
24 XR 26 M Laser 78 125 50 0.5 Water Cu
25 XR 27M  Laser 61 125 60 0.5 Water Cu/Cr
26 XR 2M Laser 80 100 50 0.45 Water Cu
27 XR 2M Laser Varied  Varied 50 Varied Water AuAg
28 XR 4.4M  Laser 67 125 50 0.8 Water AuAg
29 XR 1.2M  Voltage Varied 50 0.75 15 Water AuAg
30 XR 1.8 M Laser 85 125 50 1 Water AuAg
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of the field evaporation temperature and hence electrostatic
field, which is what we sought to address with the CIR.
Second, over the analyses of the many datasets, we have col-
lected in recent years, both those containing only water, and
water with bio(macro)molecules, only water clusters ranging
up to n =3, i.e., (H,O)3H" are always guaranteed to be pre-
sent, regardless of the dataset size. Therefore, the sum of
n=1,..., 3 water clusters was logically selected as numerator,
in order for the ratio to be greater than 1 for practical reasons.
Since the 72 =3 peak is the one that showed the greatest range
of variations across datasets, which again agrees with previous
reports, it seemed logical for it to be selected for the CIR. This
CIR can be considered a suitable descriptor for the electrostat-
ic field conditions, which will be used hereafter.

Practically, this means that datasets with a relatively higher
CIR have a local electrostatic field which is substantially high-
er than that of a dataset with a lower CIR. A low CIR will have
more water clusters, (H,O),,H*, where # is the cluster order,
probably at least #=1, ..., 8. Previous work has illustrated
that water clusters up to 7 =18 are possible (Woods et al.,
2023a, 2023b, 2024). A dataset with high CIR would be ex-
pected to suppress larger protonated water clusters, such
that only a few clusters over n =3 are visible over the back-
ground. With a lower CIR, the local electrostatic field is lower,
and therefore, larger clusters are energetically favorable
(Stuve, 2012).

The reason for the disappearance of higher-order water
peaks, as shown in data later, results from both the peak abun-
dance decreasing with increasing CIR and a rise in the back-
ground, with the local electrostatic field, i.e., that peak
abundance changes with increasing CIR and background
can also rise. In addition, in most datasets, the difference in
abundance of the # =1 and # = 2 varied within a similar, lim-
ited range. These observations agree with the previously men-
tioned references. The intensity of other fragment ions, e.g.,
OH" or H,0O", did not reliably or consistently provide more
information or match the electrostatic field or laser power.
Water clusters #=2 and higher did not show side, smaller
peaks above the background.

Figure 1 plots logarithmically the relative abundance of the
protonated water clusters, specifically on the x-axis the sum of
water clusters ) (H,0),-y , 3 H" is divided by (H,0);H",
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and the y-axis is (H,0){H" divided by " (H,0),-; » 3 HY,
across the 20 datasets, split into subsets containing 1 million
ions. The symbol represents the biomolecule in the solution,
the interior fill color represents the laser pulse energy (LPE),
and black represents data acquired in high-voltage pulsing
mode. The symbol with a black border was obtained using
NPG as a substrate, which was taken on a straight flight
path (XS) instrument, whereas the red and green border are
data acquired with a nanoporous Cu substrate, respectively,
on a straight flight path (XS) or reflectron-fitted (XR) instru-
ment. There was no notable difference between data taken
on the XS and XR instruments, or between data from NPG
or nanoporous copper substrates. Run conditions for the dif-
ferent runs are noted in Table 1, which can be found in the
Supplementary Material. All solutions were prepared in
Type 1 deionized (DI) water unless otherwise noted. Some
runs had variable parameters, so “varied” is written in the
field(s) which was changed. Other runs had certain parts of
the total run excluded (specimen started running, micro-
fracture, etc.), so the ion total listed in the table may not match
the extracted region used in a particular figure. Theoretically,
increasing LPE should increase the specimen temperature, re-
sulting in a decrease in the local electrostatic field; in practice,
we showcase here, particularly through Figure 1, that this is
much complex, with numerous other parameters influencing
the results, including the specimen length, its geometry, and
shape evolution, along with local segregated regions of
higher organic concentrations created by slow freezing in
some cases.

This graph is admittedly complex but showcases general
trends. Overall, the field conditions do not directly correlate
with the instrument used or the LPE. This is expected because
the thermal pulse arising from the laser absorbed by the speci-
men depends on numerous factors (Vurpillot et al., 2009;
Houard et al., 2011; Kelly et al., 2014), including, for ex-
ample, the specimen’s geometry, i.e., radius and shank angle
(Bunton et al., 2007). These even vary over the course of a sin-
gle analysis, including through a loss of cylindrical symmetry
from the side first illuminated by the laser (Sha et al., 2008),
along with material or structural inhomogeneities. The re-
fractive index and UV absorption coefficients of the sub-
strates, considered as bulk Au and Cu, respectively, are

HV 5060708090100110120130140

WCysteine TNPG
@Arginine  JCu(Zn) XS
#Lysine

*A5

10" 102
(H,0)

=1 23H+/ +
a2 IH o) H
2 "3

Fig. 1. Plotof n=1, (H,0);H", normalized by the sum of water clusters n=1, 2, 3, (H,0) ,H*, as a function of the n= 3, (H,O)3H", similarly normalized. The
colored numbers represent the LPE, specified in picojoules (pJ), used in the interior color of each symbol.
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similar enough to neglect, e.g., refractive indices 7 of 1.5 and
1.37 and absorption factor k of 1.886 and 1.916 at 355 nm/
3.5eV, respectively, and thus absorption coefficients
(Johnson & Christy, 1972). The UV laser absorption coeffi-
cient for water in an external electrostatic field, along with
any material in solution was not considered here, but in gen-
eral is quite low compared with metallic substrates, oxides,
etc. (Warren, 1984) and can be effectively regarded as min-
imal, similar to many oxides (Silaeva et al., 2014). The UV ab-
sorption coefficients for every solution would have to be
individually determined under the conditions of intense elec-
trostatic field and are not known to the authors.

The specimen’s length is known to influence the amplitude
of the electrostatic field (Silaeva et al., 2013, 2014). Here,
the length was not recorded systematically and it was variable
from specimen to specimen in the range of 3-9 ym approxi-
mately. This surely underpins some of the variations observed
in the results in Figure 1, as suggested by the literature. The tip
lengths were not standardized, which is a limitation of this
work. The data obtained in HV pulsing could have been ex-
pected to lead to the highest electrostatic field conditions, yet
recent reports indicate a more complex behavior for the field
evaporation of water under intense field conditions (Schwarz
et al., 2020; Segreto et al., 2022). Some data (cysteine on
Cu(Zn) in the XS, red triangles) clearly diverge from the
main trend, which may be due to longer specimens (Anway,
1969; Woods et al., 2023b) or, as will be discussed below, a
large amount of metallic impurities.

Generally, though, the data aligns on a positive slope,
which matches the expected behavior from previous reports
(Pinkerton et al., 1999; Stuve, 2012; Ghesquiére et al., 2015;
Segreto et al., 2022). This is encouraging as it shows that the
relative fraction of (H,O)3;H" can inform on the electrostatic
field conditions.

Lysine

We first focus on lysine, with a chemical formula CsH{3N,0,
and a mass of 146 Da. In Figure 2a, a mass spectrum obtained
from an APT measurement of lysine HCl in DI water is plot-
ted, along with the chemical structure inset in the upper right.
The substrate was NPG, but the final apex of the APT speci-
men was located far from the metal substrate (3-5 ym).
Salient features include (i) protonated water cluster ions,
(H,0),H", where n=1, ..., 9, labeled in blue, with their re-
spective locations indicated by the blue semi-transparent ver-
tical bars and (ii) organic fragments originating from lysine,
which are not detected compared with the analysis of pure
DI water, are labeled in red. Post-evaporation ionization can
and does occur, and therefore multiply charged ions/molecules
(Ghesquiere et al., 2015; Zanuttini et al., 2017; Peng et al.,
2019; Di Russo et al., 2020) can be detected, which further
complicates the unambiguous identification of the signals.
Secondly, larger molecules can dissociate during their flight
to the detector, and identifying their parent molecular ions is
important for possible spatial reconstruction. This can be
achieved using correlated ion evaporation histograms
(Saxey, 2011) generated by multiple hits on the detector cre-
ated during a single pulse. In such a correlated evaporation
histogram, ion tracks that show horizontal and vertical lines
correspond to the field evaporation triggered by the laser or
high-voltage pulse. Lines that appear parallel to the line of
equality of the plot with positive slope, which in reality follow

a square root trend, demonstrate delayed evaporation, i.e., the
field evaporation of an ion after the field evaporation of an ion
was already triggered by the laser/voltage pulse. Such lines
demonstrate that those ions underwent no post-evaporation
ionization or field-induced dissociation or fragmentation of
molecular or cluster ions during the flight toward the detector,
which would appear as a curved line with a negative slope
(Saxey, 2011). A correlated evaporation histogram for the ly-
sine in water analysis, shown in Supplementary Figure S1,
shows no indication of post-evaporation dissociation.

The fragments were identified based on likely breakdown
pathways from literature including different electrospray MS
techniques (Friedman, 1977; Zhang et al., 1999, 2019;
Forbes et al., 2007), along with APT analyses of single amino
acid and dipeptide data in dried form (Nishikawa et al., 2011;
Taniguchi et al.,, 2012; Taniguchi & Nishikawa, 2016;
Nishikawa & Taniguchi, 2017); single protein APT data
(Qiu et al., 2020b); and APT data of organic-rich portions
of collagen in bone, which consist of proline or hydroxypro-
line, glycine, and some other amino acids (Langelier et al.,
2017; Lee et al.,, 2021; Grandfield et al., 2022; Holmes
et al., 2023) and the assumption to have only single-charged
molecules. However, an unambiguous identification of the sig-
nals is difficult due to an overlap of certain protonated water
cluster ions with organic fragments, for instance, the proto-
nated water cluster with » =8, (H,O)gH", has mass-to-charge
145 Da, which precludes measurement of unprotonated lysine
(mass-to-charge 145 Da) or protonated lysine (mass-to-charge
146 Da) that may have appeared. Additionally, certain masses
are simply hard to unambiguously assign: drop-cast and dried
lysine had a characteristic APT fragment signal, assigned as
CONH?" at 43 Da, with additional smaller peaks at 42 and
44 Da (likely de-protonated and protonated forms, respective-
ly) (Taniguchi & Nishikawa, 2016; Nishikawa & Taniguchi,
2017). In the current work with aqueous solutions, the 44 Da
peak is assigned as CO3, but there can be a contribution from
CONH; and possibly C3Hg, although those ions would be indis-
tinguishable based on their mass-to-charge alone, presuming
singly charged ions and molecules. Across the references dis-
cussed previously, primarily the mass-to-charge 44 Da was as-
signed to CO3 or CONH3, where CsH§ was found in dried
organics (Nishikawa et al., 2011; Rusitzka et al., 2018).

As shown in Figure 2b, incomplete dealloying or cleaning
of the NPG substrate can result in both Au and Ag dissolving
into the solution. Au is labeled in yellow, and Ag is labeled in
gray. The correlated evaporation histogram in Supplementary
Figure S2 shows no indication of post-evaporation dissoci-
ation. Water cluster ions with z = 1-5 are observed, but any
higher mass ones would be occluded by the metal peaks.
Enlarged views of the mass spectral ranges where specific
Ag and Au metal-water or metal-organic complexes form
in the mass spectrum are displayed for Ag in Supplementary
Figure S3 and for Au in Supplementary Figure S4, respective-
ly. These Au—O and Ag-O peaks are consistent with previous
APT results for water-filled dealloyed NPG (El-Zoka et al.,
2020). These demonstrate that both Ag and Au form mo-
lecular and/or cluster ions complexed with CO* and/or
CO3 ions in aqueous matrices. While noting that the —-CO
group could also be -CNH,;, these ions were previously un-
reported in aqueous matrices. The lysine fragments seem to
be binding to the metallic ions in the solution, which could
modify a particular amino acid’s mass spectra and fragmenta-
tion, possibly complicating future attempts at quantification
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Fig. 2. Mass spectra forlysine 0.1 M in Type 1 water solution (a) in Type 1 ultrapure DI water on NPG, with no apparent metal (12.4 million ions, CIR: 4.14,
XS, Run 8, Bin: 0.1 Da), with the chemical structure of lysine inset in the upper right (b) with Ag and Au ions from NPG substrate (6 million ions, CIR: 10.2,
XS, Run9, Bin: 0.1 Da), substrate name inset on right (¢) with Cu and Zn ions from CuZn metal substrate (3 million ions, CIR: 9.76, XS, Run 20, Bin: 0.1 Da),
substrate name inset on right. The colored lines serve as visual emphasis for particular labeled ions, in all figures, red is organics, blue is (H,0),H*, and
purple is ions which are possibly inorganic fragments. In (b), gray is Ag, but in (¢), gray is Zn. Darker yellow is Au in (b) and Cu in (¢).

using APT. In this case, the metal ions are overwhelm any
purely organic signal from the analyte, making identifica-
tion and imaging of, for example, protein backbones
extremely challenging. Practically, it means that when ana-
lyzing ion locations (and visualizing, for example, protein
backbones) on nanoporous metal substrates, mass peaks
for specific metal-CO" and metal-CO3 ions must be in-
cluded in the analysis.

Figure 2c illustrates the same phenomena for Cu and Zn, al-
though Zn is almost completely removed from the substrate
(Woods et al., 2023a); Cu peaks are labeled in yellow, and
Zn is labeled in gray. The Cu peaks dominate the mass spectra,
shown in more detail in Supplementary Figure S5, and make it
extremely difficult to see any organic fragments from lysine.
There are mass peaks associated with hydrated Cu oxides which
are labeled. In this mass spectrum, none of their individual peak

Gz0Z 1snBny /Z Uo Jasn }aylol|qigjesiusz Hqwo) yalen wnuazsbunyosiod Aq G061 | Z8/ZS0IeZ0 b/ | £/aonie/wew/woo dno olwapese//:sdiy Woil papeojumoc]


http://academic.oup.com/mam/article-lookup/doi/10.1093/mam/ozaf032#supplementary-data

Eric V. Woods et al.

(HaOH* {H20)H* (H20)3H* (H20)aH* (H20)5H*
1000000 3 NH
CHO* gt HoN NH OH
NH;
100000 -
0 ]
b= CuOsH3*
3
© N';i cut CuOHy
10000
El coat
d CuOpHz2+
1000 - | d
J T i T i T e T T i T 2 T & T i T s
0 10 20 30 40 50 60 70 80 90 100
Mass to Charge State Ratio (Da)
10000
1Cu0OzHz*
CuO3Hs5*
3
=4
=
S)
)
1000 ]

Cu20zH3* Cu03Hs*
Cup04Hg"!

= T = T 2 T ‘ T
100 110 120 130 140

T d T i T = T T T = 1
150 160 170 180 190 200

Mass to Charge State Ratio (Da)

Fig. 3. Mass spectra subset for arginine on CuZn at 140 pJ LPE (35.6 millionions, CIR: 17.2, XS, Run 12, bin 0.1 Da). Both sections are plotted according to
the magnitude of the largest peak, from 300 to 1 million counts on the top, and from 300 to 10,000 counts on the bottom. The vertical colored bars are
added for visual emphasis only, where red is organic, blue is water clusters, purple represents ions which could be either one of two labeled possibilities or

oxygen—one being an inorganic fragment, and dark yellow is copper.

heights exceeds 5.8% of the “*Cu* peak height as shown on the
log plot. However, in other mass spectra, as discussed later, the
height of those Cu oxide and water complexes can signifi-
cantly exceed the ®>Cu* peak height. The signal from Cu
and their oxide species make it difficult to see any higher-
ordered protonated water clusters above n = 3. Different
from the other correlation histograms, Supplementary
Figure S6 clearly shows ion tracks with a negative slope for
both the 0-75 and 75-155 Da mass-to-charge regions, which
correspond to the post-evaporation dissociations as discussed
in the accompanying Supplementary Material, in which the
endpoints are shown enlarged in Supplementary Figure S7.
The peaks are not Ga* because the FIB used here uses mono-
isotopic ®”Ga; the ions converge to a 16 Da mass-to-charge
line, indicating that that ion contains oxygen when it splits.

Arginine

A dataset containing over 140 million ions was acquired from
a solution containing arginine, CsH;4N4O, with a mass of
174 Da, in Type 1 ultrapure DI water. A representative mass
spectrum of the arginine solution is shown in Figure 3, with
the chemical structure of the arginine inset at the upper right.
The LPE was changed over the course of the analysis, with
40 M ions acquired at 40 p]J, then the energy was increased
by 20 p]J every 5 million ions, until 140 pJ where 40 million
ions were collected. Since no significant changes were seen,
the data are not shown. As shown in Figure 3, protonated
water cluster ions up to n =35 are present when using 140 p]
LPE, along with a variety of signals stemming from the metal-
lic substrate and organic fragments, with the most abundant
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labeled and identified. There are low-abundance higher mass
clusters at mass-to-charge 173-180 and 193-199 Da respect-
ively, which could be interpreted as either Cu,O3H, and
Cu,O4H, or intact arginine and protonated arginine with
one water of hydration. For clarification, organic compounds
like carbohydrates or proteins have water molecules that are
attached via hydrogen bonds to them. In the atom probe, these
can field evaporate with over a dozen water molecules at-
tached to carbohydrates, with repeated peaks separated by
the mass of water. Such water molecules are defined as “waters
of hydration” (Schwarz et al., 2021, 2022).

However, based on the results for the dataset in
Supplementary Figure S8 showing the presence of Cu,-cluster
hydroxides at those mass-to-charge state ratios, they are
more likely to be Cu3-containing species. In order to try to
identify changes in fragmentation of arginine or other ions
caused by changes in the electrostatic field either caused
by LPE changes or simply heterogeneous evaporation field
of materials across the field-of-view (FoV), the data was seg-
mented into two sections of 40 M ions acquired at 40 and
140 pJ LPE. In each of these two datasets, five cylindrical re-
gions of interest (ROIs) were distributed in a grid pattern,
and the calculated CIR for each ROI is shown in
Supplementary Figure S9. A two-dimensional slice in the
X-Y plane showing the CIR for the entire dataset is shown
in Supplementary Figure S12.

These cylindrical ROIs in the two large sections of the data-
set at different LPEs containing an amino acid provide an ideal
environment to evaluate the influence of the CIR on the data.
The datasets were each normalized internally to the highest
peak abundance within that dataset, i.e., the (H,O);0*
peak. Figure 4a plots the water cluster abundance as a function
of CIR, whereas Figure 4b shows the change in abundance ver-
sus CIR for various organic ions having mass-to-charge less than
60 Da, which can be attributed to organics. Above, there are too
many interferences with Cu and Cu-containing ionic species to
draw any conclusions. Finally, Figure 4c plots the mass spectra
in the 10-55 Da region.

Three important observations can be concluded from these
plots. First, the higher-order clusters 7 =2-5 demonstrate the
expected decline in abundance with increasing CIR, in con-
trast, the abundance of (H,O);H" slightly increases with high-
er CIR. Similar CIRs have been observed for both voltage
pulsing and laser pulsing (Woods et al., 2023b). The deviation
in behavior for (H,O),H* compared with the other clusters
was previously noted (Anway, 1969; Stintz & Panitz, 1992,
1993; El-Zoka et al., 2020) and will require further
investigations.

Second, the behavior of the organic fragments varies sub-
stantially when compared with the water clusters, in that
water clusters largely decline with higher CIR and the organic
ions are mostly relatively invariant on a log-scale plot. Note
that the peak at mass-to-charge 16 Da may be O* or NH3.
The peak at mass-to-charge 34 Da is neither Cu-based nor
water-based, and there is no sulfur in the solution or the con-
sidered amino acid. It is hence presumably organic in nature
and could be CsHj*, i.e., corresponding to the complete
C-backbone of the arginine. Even if rare, similar doubly
charged carbonium ions have previously been reported
(Beynon & Fontaine, 1966; Lammertsma et al., 1989;
Vékey, 1995; Dass et al., 2005). Finally, as seen in
Figure 4c, the level of background varies between datasets hav-
ing different CIRs, which makes quantification challenging,
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since the peak heights will be different compared with the
background. Since there was no effective way to remove the
background consistently, it was not attempted. Overall, the
evolution of the abundance appears to vary substantially by
ion type and does not show as pronounced a trend as the pro-
tonated water signals/clusters.

Cysteine

Figure 5 plots the mass spectrum obtained from APT analysis
of a solution of the sulfur-containing amino acid cysteine,
C3H,NO,S, with a mass of 121 Da, drop-cast onto NPG
and plunge frozen, with the cysteine molecule inset in the
upper right. The dataset is notable for the higher CIR of
73.2, where the very limited datasets collected at that CIR sug-
gest that the abundance of H,O" ions slightly increases com-
pared with (H,O){H", one possible explanation could be
increased in the post-evaporation fragmentation of molecular
ions, e.g., (H,O)3H"* fragmenting into (H,O),H* and H,O"
since at lower CIRs higher-order water clusters are observed.
That probability would increase at higher electrostatic fields.
A similar mechanism could also explain the higher fraction of
lower-mass organic ions. The high amount of Au- and
Ag-related ions in the spectrum, marked in gold and gray, respect-
ively, can be seen as a result of the proximity to the substrate,
which has been seen in previous work analyzing water in deal-
loyed NPG substrates (El-Zoka et al., 2020; Woods et al.,
2024). There is a relatively large peak at mass-to-charge 35 Da,
along with peaks at 32, 33, and 34, which could be related to
S, which is unlikely, as discussed in the following paragraph.

To aid with the identification of S-containing peaks, pure S
from a geological specimen was cryogenically prepared via lift-
out and coated with Cr (Schwarz et al., 2024). The correspond-
ing mass spectrum is plotted in Supplementary Figure S10a. The
two most abundant natural isotopes of S, i.e., greater than 1%,
326 and 3*S, have relative abundances of 95.02 and 4.21%, re-
spectively. In Supplementary Figure $10a,’* S* is dominant
and visible above the background, but the 3*S* peak cannot be
visible, given that the peak height is less than 10-fold above
the background; the notable mass-to-charge peak at 34 Da
must therefore be SH3 with secondary low-abundance SH*
and SH3 peaks as 33 and 35 Da, respectively. Next, mass spectra
of arginine, a non-S-containing amino acid, show peaks at
mass-to-charge 33 and 34 Da in the enlarged mass spectrum
in Supplementary Figure S10b, therefore those peaks are organic
and not S-derived.

There is a relatively large peak at mass-to-charge 35 Da in
Figure 5. Since all amino acid solutions were prepared from
hydrochloride salts, when comparing arginine and cysteine
datasets as in Supplementary Figures S10b and S10c, re-
spectively, a peak at mass-to-charge 35 Da is present in
both. While CI* or HCI* were not observed in the APT study
of an aqueous solution containing NaCl (El-Zoka et al.,
2020), those ions were observed in minerals and metals con-
taining fluid inclusions (Dubosq et al., 2020, 2021) and in
other specimens like sputtered (e.g., physical vapor depos-
ition) films (El Azhari et al., 2019, 2022), corroded steel
(Persdotter et al., 2021), and other geologic specimens
(Darling et al., 2021). As discussed in the above references,
the detection of Cl ions can be non-trivial. It was possible to
detect Cl* in various systems (El Azhari et al., 2019; Dubosq
et al., 2020, 2021; Persdotter et al., 2021), but it can also
form Cl-containing cluster ions (El-Zoka et al., 2020).
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Fig. 4. lon abundance derived from arginine dataset (XS, Run 12, Bin: 0.1 Da). (a) Protonated water cluster abundance plotted as a function of CIR. (b) The
abundance of selected organic ions as a function of CIR, with a mass-to-charge state ratio less than 60 Da, and known Cu species in a double-charged ratio
are excluded. (¢) Mass spectrum for 15-55 Da region (Bin: 0.1 Da). The data were normalized to the maximum counts for the (H,0),H* peak within each

dataset so that they could be compared.

There are various reasons for this difficulty, for example, Cl
and S overlap with many elements, as discussed above, and
Cl specifically can form neutral species, e.g., Cl,, during or
after field evaporation. Since hydrochloride salts were used,
the signal at 35 Da probably is CI*, but the (H,O),H* peak
at 37 Da is extremely high, meaning that the *”CI* isotope
cannot be used to check that. Although it is difficult to un-
ambiguously define the peak at mass-to-charge 35 Da, it is
assigned to CI*.

Discussion and Perspective

Substrate and Specimen Preparation

Metallic ions in solution are functionally impurities more like-
ly found when the final tip of the specimen is in closer proxim-
ity to the metallic substrate. As discussed in Woods et al.
(2023a), Exertier et al. (2024), and Tegg et al. (2024),
Cu-containing molecular or cluster ions are commonly ob-
served in APT of wet samples, whether created from chemical-
ly dealloyed CuMn, CuZn, or dissolved Cu incidental to
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Fig. 5. Mass spectrum cysteine drop-cast onto NPG (4.5 million ions, CIR 73.2, XS, Run 9, Bin: 0.1 Da) (a) 0-100 Da and (b) 100-200 Da. The structure of
cysteine is inset in the upper right. The mass spectrum is notable in that it does not contain peaks likely derived from S. If the sulfur moiety were present, it
would be located at mass-to-charge 32 Da, although partially obscured by the O3 ion contribution, and also at mass-to-charge 33 Da in the form of SH*,
possibly partially masked by the O3 thermal tail. Note the occurrence of Ag-water clusters in (b). The colored lines are to visually emphasize particular
labeled ions, here red is organic, blue is (H,O),H*, gray is Ag, purple is oxygen-based species, and darker yellow is Au.

graphene encapsulation. Likewise, Zn in the presence of O has
been reported to evaporate in cluster form in the atom probe
(Dawahre et al., 2011). In the context of organic compounds,
free or solvated amino acids, particularly arginine and lysine,
are known to form stable divalent metal (II) complexes with
either copper or zinc (Bottari et al., 2014, 2019; Wu et al.,
2022). This has been validated for most amino acids as well,
although this does not seem to involve the terminal amine
group for lysine (Smith et al., 1986; Conato et al., 2000)
and likely not for arginine. At physiological pH or in water,
all single, so-called free, amino acids are zwitterionic because
the carboxyl and amine groups become ionized. Individual
amino acids have different side groups, which can be charged.
All amino acids are zwitterionic at neutral or physiological
pH, but most are still electrically neutral at physiological
pH. However, specific amino acids having charged side chains
(e.g., lysine, arginine, and glutamate) and histidine are not elec-
trically neutral in water, i.e., physiological pH, as discussed in
Supplementary Material Section 1.3, with explanatory
Supplementary Figures S11 and S12. However, assuming that

amino acids are present in a protein and there is only one free
carboxyl and amine group, respectively, on the ends of the pep-
tide. Free amino acids in solution with both unterminated carb-
oxyl and amine groups are therefore zwitterionic, and that
would likely change the resulting evaporation and fragmenta-
tion compared with their dried form.

Separately, in the mass spectrum in Supplementary
Figure S8, ions that likely correspond to CuCN™ complexed
with H,O are found. These ions might form during the field
evaporation process or with any amino acid in solution with
a free amino group, and in any case can be related to the back-
bone amino group rather than the terminal w-amine group in
lysine or arginine’s side chain (Conato et al., 2000).

The formation of such ions would definitely change the result-
ant mass spectrum and lead to the detection of those bonded
amines as heavier molecular ions, but also change the relative
abundances of other amino acid fragments. These higher-order
fragments would substantially complicate the analysis and re-
construction of amino acids, because the spatial proximity of
ions such as Ag(CO)*, to other nitrogen-enriched fragments is
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necessary to determine the identity of specific molecules.
Specifically, consider if an amine group bonded to a metal ion—
that the amine group would not be obviously available to
include an attempted reconstruction of a protein backbone.
Additionally, for this work, the samples were manually plunged
into a liquid nitrogen bath. The freezing rate was not sufficient
to vitrify the samples, leading to the nonaqueous components
of the solution segregating domain-like structures in the recon-
structed APT data, particularly for the analysis of arginine in
Supplementary Figure S9. These domains exhibit a higher CIR
and a higher relative amount of multiple hits.

The further refinement and wider deployment of substrate-
free FIB liftout techniques to prepare specimens from bulk fro-
zen liquids are necessary to facilitate creating simpler mass
spectra (Woods et al., 2023b), along with alleviating require-
ments for nanoporous metal substrates. Bulk sample prepar-
ation, through e.g., high-pressure freezing (HPF) that can
create amorphous liquid discs over a hundred microns in thick-
ness, will also help maintain the biomolecules in their native
state. Such samples can then be transferred under cryogenic
conditions in liquid nitrogen to the FIB and lifted out. This
preparation method would avoid the need for nanoporous
metals altogether. In the alternative or additionally, better
preparation methods for nanoporous metals to completely re-
move the sacrificial metal (either Ag or Zn) would facilitate
mass spectral analysis.

CIR and Electrostatic Field

The variations in specimen shape between experiments and
during a single experiment can make it challenging to obtain
reproducible data, and make the LPE a poor descriptor of
the electrostatic field condition, as shown in Figure 1.
The variation of the CIR across the FoV, as shown in
Supplementary Figure S9, could partially have been expected
based on the proximity to the location where the laser illumi-
nates the specimen. The increased temperature there inherent-
ly has a lower electrostatic field and the tip shape becomes
flatter on that side, as reflected in the lower CIR.

There are three levels of hierarchy and structure which are
relevant here. At the microscale, as noted above, the tip shape
is influenced by laser direction (Koelling et al., 2011). Since the
slower freezing process results in incomplete vitrification of
the liquid solution, organic-rich regions and domains are al-
ready visible in the SEM at a middle hierarchical level, e.g.,
on a scale of 20-30 nm based on current observations.
These occur because the organic molecules can segregate
into enriched domains at slower freezing rates. These domains
are expected to have a higher evaporation field strength than
water due to the covalent bonding within the molecules
(Schwarz et al., 2022). These domains can create local topog-
raphy through preferential evaporation of the surrounding
water matrix (Miller, 1987; Vurpillot et al., 2000; Reddy
etal., 2020; Schwarz et al., 2022). At an atomic or local level,
the evaporation of the water matrix depends on cluster ion size
(Schwarz et al., 2020). It has been shown that water clusters
are pulled out of the surface of the tip and field evaporate
(Segreto et al., 2022), which can lead to an inhomogeneous
sample surface and thus to an uneven electrostatic field distri-
bution. Therefore, some of the observed CIR variations are re-
lated to local composition variations because of the
organic-rich regions found randomly within each sample cy-
linder, as well as to localized reshaping of the specimen under
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the combined influence of the laser pulsing and the intense
electrostatic field (Schwarz et al., 2020).

The variations in specimen shape between experiments and
during a single experiment can make it challenging to obtain
reproducible data (Perea et al., 2008), and make the laser en-
ergy a poor descriptor to describe the electrostatic field condi-
tions, as shown in Figure 1. As had been indicated in work on
e.g., oxides (Schreiber et al., 2014; Singh et al., 2023) CSRs
overall are a good electrostatic field strength proxy. The vari-
ation of the CIR across the FoV, as shown in Supplementary
Figure S9, could partially have been expected based on the
proximity to the location where the laser illuminates the spe-
cimen. The increased temperature in this region causes a spe-
cimen shape evolution to locally increase the curvature and
leads to a lower electrostatic field on that specific side of
the specimen (Sha et al., 2008), which is reflected by the low-
er CIR.

The overall implications of the CIR on the post-evaporation
dissociation and fragmentation behavior of the individual mo-
lecular ions are yet to be quantified, but Figure 4b suggests a
variability in both the fragmentation and abundance of those
molecular ions. This introduces unnecessary variability and
potential confounders into the data, including across the
FoV. There are many unknowns as to whether the fragmenta-
tion depends on the molecule’s orientation relative to the field
evaporating surface (Wang et al., 2006), but it also likely de-
pends on their local chemical environment, i.e., presence of
spurious metals, that affect the local intensity of the electro-
static field. To some extent, this explains the APT data of pro-
teinaceous structures, e.g., an IgG antibody embedded in a
silica matrix (Sundell et al., 2019) showing extreme fragmen-
tation, such that only CNH3 and CO3 ions were recovered in
high proportion.

Fragmentation and Amino Acid Identification

Our data shows that it may be possible, even if challenging, to
control the distribution of the collected fragments from amino
acids, as shown in Figure 4. At lower CIR, one would generally
expect heavier (larger) organic fragments to be detected, i.e.,
those ions less subject to fragmentation, but protonated water
cluster ions up to higher orders will be measured, which can
hinder the detection of heavier organic fragments. At higher
CIR, lighter (smaller) fragments are detected, along with
lower-order protonated water cluster ions, meaning that
higher-order protonated water clusters are suppressed to the
background along with increased fragmentation of larger mo-
lecular ions and less detection of those. Smaller fragments, on
the one hand, would improve the spatial resolution, but a mul-
tiple of small fragments can lead to a more complex peak iden-
tification due to the high number of overlapping signals. On the
other hand, the detection of larger fragments up to whole proto-
nated molecules allows the localization and identification of
whole organic molecules and their distribution in the 3D volume
(Schwarz et al., 2021). There is hence a need to balance these
two aspects in the optimization of the analysis conditions.
Practically, the identification of amino acids will likely be
based on partial sets of fragments of the initial molecule.
The lack of pronounced tracks or “hot spots” in the correl-
ation histograms indicates that the field fragmentation takes
place at the specimen’s surface during the field evaporation
process itself (Wang et al., 2006). It appears that the post-
evaporation dissociation mechanism favors the removal of a
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hydroxyl group followed by the second oxygen (or the carbox-
ylic acid group entirely), meaning that the identification of the
amino acid will have to be based on molecular ions lacking
oxygen. Those could also be complexed with metal ions which
are in solution as well. These considerations have several im-
plications for the identification of individual amino acids with-
in proteins since practically the only difference in each amino
acid is the side group. The identification of hydroxyl or carb-
oxyl group will likely be one strategy for attempting to identify
individual amino acids within a protein.

This work focused on three model amino acids in free form,
where each has a carboxylic acid group on the one end
(COOH). Since the other end has an amine group, the only
oxygen atoms present are in the carboxyl group unless the
side chain contains oxygen, which lysine, cysteine, and argin-
ine do not. In the correlation histograms, no correlated evap-
oration of OH* (17 Da), H,O* (18 Da), or CO3 (44 Da) was
observed, which means that the larger molecular ion that
evaporates must lose a hydroxyl group, a carboxyl group, or
both at the time they field evaporate. Since the available litera-
ture shows that when amino acids are analyzed in the atom
probe (Nishikawa et al., 2000; Nishikawa & Taniguchi,
2017), COOH and OH are always observed, it logically fol-
lows that the hydroxyl/oxygen signal and carboxyl signal
must come from the fragmentation of the end carboxyl group.
As such, the remaining molecular ions would lack any remain-
ing oxygen atoms. Some amino acids do have a side group that
is terminated with a hydroxyl group, but most do not. Of the
20 canonical amino acids, 3 possess a hydroxyl group in the
side chain (serine, threonine, and tyrosine), 2 contain a carb-
oxyl group (aspartic acid and glutamic acid), and 2 contain
amide groups (CONH,). In the larger sense, when amino acids
are linked into proteins, only one carboxyl group will exist at
the terminal end of the protein. Any oxygen atoms would only

(HO0)H" (H,0),H"
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be in the side chains, as in the study of dried amyloid fragments
(Rusitzka et al., 2018) or in dipeptides (Taniguchi &
Nishikawa, 2016; Nishikawa & Taniguchi, 2017).

One other significant factor for reconstructing water and
biomolecules, which applies to oxides as well, is the consid-
eration that both oxygen and nitrogen atoms tend to form
neutral O, and N, species that are typically not detected,
though their presence can be inferred from correlated evap-
oration histograms (Gault et al., 2016). Several pathways
typically exist for oxygen to dissociate and form neutral spe-
cies from oxides (Zanuttini et al., 2017). Likewise, the loss
of nitrogen as neutrals has posed substantial problems in
analyzing III-V nitrides in the atom probe (Morris et al.,
2018, 2019; Zanuttini et al., 2018). However, it should be
noted that in addition to possible non-detection of formed
neutral species, there are several proposed mechanisms of
loss here, as well as some other alternative explanations
for the apparent ion loss. The extent to which neutral losses
contribute to ion loss or non-detection here is still under ac-
tive investigation.

Figure 6 plots the mass spectra for lysine in water on NPG,
although with no visible metallic ions, versus cysteine in water
on NPG with a CIR of 73.22. This CIR differential is substan-
tial, although interestingly water clusters up to 7 =35 appear
visible in both cases. Overall, there are differences in the spec-
tra, although the most common ion set for amino acids or pro-
teins in the APT literature are still the most prominent, e.g.,
CO3 and CNH3/COH* (Nishikawa et al., 2011; Taniguchi
et al., 2012; Taniguchi & Nishikawa, 2016; Sundell et al.,
2019; Qiu et al., 2020b). Whether these differences are going
to be exploitable to differentiate between amino acids will be
the focus of future work. Yet, this result provides hope that
amino acids can be differentiated by their side chain ionization
patterns, which is encouraging for the future.
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Fig. 6. Comparison of lysine dataset (CIR 3.82, XS, Run 8, Bin: 0.1 Da) versus cysteine (CIR 73.2, XS, Run 9, Bin: 0.1 Da) over same mass spectral range,
limited range of 0-100 Da because of the metal ion overlaps starting at mass-to-charge 98.5 Da for Au?*. Note that since COH* has the same mass as
CNH3, the ion is labeled as CNH3 for visual simplicity. The vertical colored bars are added for optical emphasis only, where red is organic, blue is water

clusters, gray is silver, and dark yellow is gold.
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Since amino acids are differentiated by their side chains, the
close spatial proximity of certain fragments to each other and
their mass is critical for the identification of amino acids from
the otherwise identical protein backbone. For example, argin-
ine has a characteristic, unique guanidinium group, C(NH,)3,
on its side chain that ionizes at either 59 or 60 Da, depending
on whether it is protonated or not. Lysine’s side chain is termi-
nated in an amino group, and overall has a mass of 71 Da if
not ionized, so that side chain would be an important, distinct
fragment.

The protein backbone is characterized by peptide bonds as
N-Ca~C-N-Ca~C, where C is attached to oxygen with a dou-
ble bond and thus helps create the unique character of the pep-
tide bond. Since those are stronger than the single bonds of the
side chain, the side chain would be predicted to ionize first. An
expectation would be that, for example, some piece of the pro-
tein backbone would be ionized in proximity to a side group
after it, so that the protein backbone could be reconstructed
and the side group used to identify that particular amino
acid, such as recent work by Sonal et al. (2023). The use of spa-
tial clustering to identify the protein backbone in three dimen-
sions, so as to facilitate computational reassembly and
extraction of each amino acid, to form a protein sequence, re-
quires machine learning because of the data volume and 3D
spatial structure (Schmidt et al., 2018).

However, in order to firmly assign peak identities, ab initio
and/or molecular dynamic simulations will be necessary, simi-
lar to e.g., Gu et al. (2020) but adjusted for the electrostatic
field conditions in the atom probe (Zanuttini et al., 2017).
As an example, the fragmentation behavior of glucose rings
in a pure water solution under a high electrostatic field in
the atom probe was facilitated by density functional theory
simulations (Schwarz et al., 2021).

Perspectives on Future Work

APT is often considered to offer calibration-free quantitative
analysis of materials. Although this may be (nearly) true for
some metallic systems, this view likely needs to change, con-
sidering the field-dependence of the measurement accuracy
and possible species-specific losses (Mancini et al., 2014;
Gault et al., 2016; Zanuttini et al., 2017, 2018; Peng et al.,
2019). To create fragmentation profiles for each amino acid,
standardized reference spectra for each amino acid will likely
need to be acquired beyond the cysteine and lysine presented
here in this work. More specifically, the reference spectra
should be acquired under similar local electrostatic fields,
which the CIR can help guide and compare different datasets
in the future with each other. This work demonstrates that
the CIR affects peak heights in the mass spectra for two ami-
no acids, at least via control of water clusters and controlling
the overall background level. The fragmentation of lysine
versus arginine as shown in Figures 2 and 3, as well as be-
tween lysine and cysteine in Figure 6, illustrates that there
are substantial differences. These reference spectra can be
used as spectral libraries, which can likely then be used to
identify individual fragments and inform further amino
acid identification, as has been done in MS for decades.
The use of machine learning algorithms to predict the pro-
tein backbone position from spatial data, some of which al-
ready exist for cryo-TEM, can be used to facilitate that but
will need dedicated adaptation for APT datasets (Si et al.,
2020; Wei et al., 2021).
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There is an elephant in the room, which is that electron im-
aging and Ga- or Xe-based FIBs used for preparing specimens
have the potential to induce substantial damage (Warner et al.,
2009; Peet et al., 2019; Daffner et al., 2020; Lucas &
Grigorieff, 2023), including in metals (Gault et al., 2023;
Saksena, 2024). For metallic materials, using cryogenic tem-
perature during FIB-based APT specimen preparation has
shown substantial benefits in damage reduction (Chang
et al., 2019; Lilensten & Gault, 2020), however, for frozen
liquids, little has been documented, and there are debates in
the cryo-TEM community as to the extent and nature of
electron- and different FIB-beam induced damage to TEM la-
mellas (Berger et al., 2023; Lucas & Grigorieff, 2023). Peaks
pertaining to Xe or Ga are not typically observed in our ana-
lyses, but they may also be obscured by peaks pertaining to
other molecular ions, and in metals, structural damage can
extend tens of nanometers below where implanted ions are
imaged (Saksena, 2024). The higher the observed metal con-
centration in a cryogenic water-based specimen, the more
likely that, at least for Ga, there will be a Ga peak present.
What part of the obtained results are affected by beam dam-
age remains unknown, even if the expectation from previ-
ous work is that this will mostly affect the early stages of
the APT analysis that are typically discarded from the
analysis.

With regard to the complexity of the analyzed solution, a cav-
eat is that for combinations of amino acids, the peptide bond
will change the fragmentation and result in different spectra.
Dipeptides, for example, lysine coupled with lysine, have been
analyzed when dried on a small ball of CNT mesh using APT,
where higher mass fragments corresponding to the combination
peptide were observed (Taniguchi & Nishikawa, 2016;
Nishikawa & Taniguchi, 2017). Those results demonstrate
that higher mass molecular ions, which represent protonated di-
peptides, can be detected, as well as dipeptide clusters combined
with other fragments. Analysis of similar dipeptides in an aque-
ous solution should be tried to see whether comparable results
can be achieved.

One could assume that the fragments from a single amino
acid molecule will be detected in close proximity spatially
and temporally—i.e., within a single pulse or over the next
few pulses as had been shown previously for other material
systems (De Geuser et al., 2007; Muller et al., 2011).
However, when the large arginine dataset was thoroughly an-
alyzed, higher-order multiple hits present in the filtered data
(meaning three or more) look like the overall dataset, i.e.,
the evaporation is temporally uncorrelated. The need for
high spatial resolution and high detection efficiency will likely
favor the use of straight flight path atom probe systems,
whereas most commercially available and active atom probe
systems are reflectron-based, with approximately 50% ion
loss, versus less than 20% for a straight flight path instrument.
Then new targeted data processing tools for investigating spa-
tial and temporal correlations between events, not unlike what
has been used in the recent past to look for correlated events,
will have to be developed (Katnagallu et al., 2019; Kim et al.,
2024). There are additional benefits of using a straight flight
path instrument beyond the detection efficiency, however.

To maximize the possibility of reconstructing and identify-
ing biomacromolecules, the proportion of fragments from a
single molecule that are detected must be maximized, in par-
ticular since the difference between individual amino acids in
a peptide chain is limited to their side groups. In addition, in
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highlighted, taken from 31 (XS). The vertical colored bars are added for optical emphasis only, where red is organic, blue is water clusters, and gray is

aluminum.

the future, to accurately reconstruct these molecules, the
fragments must be filtered by close spatial proximity on the de-
tector map, yet the fragments produced by molecular dissoci-
ations can lead to additional deflections (Blum et al., 2016;
Peng et al., 2019), which result in different entry points into
the reflectron with concomitant increase in “aberration” and
are, in any case, harder to track than on a straight flight
path instrument. There are also point density variations across
the FoV in a reflectron-based system that make distance-based
filtering more challenging to implement.

Ultimately, the goal is not to analyze individual amino acids
but complex assemblies into proteins. Amyloid-beta mono-
mers and oligomers, referred to as AB1-42, assemble in

solution into the typical fibrils and plaques, first found in the
brains of patients with Alzheimer’s disease. In this case, the fi-
brils have a helical shape with an approximate diameter of
7 nm and varying length. One goal was to see if partially trap-
ping such an amyloid fibril in a pore in the NPG to spatially
confine it to a smaller analytical volume was possible. Here,
we used unlabeled Af1-42 fibril in solution (Gremer et al.,
2017), which were drop-cast and frozen by plunge freezing
into LN2, transferred to the cryo-FIB for specimen prepar-
ation, and analyzed in the LEAP 5000 XS. An ROI inside the
NPG containing is shown in Figure 7a, with protonated water
cluster ions displayed as blue spheres, organic fragments in red,
and the gold isoconcentration surface indicates the boundaries
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of the metallic pore. The red isoconcentration surface eviden-
ces a high carbon concentration consistent with a trapped
amyloid fibril located inside an NPG pore. The mass spectrum
for the data within the isoconcentration surface is plotted in
Figure 7b. These fibrils were selected to allow for comparison
with dried '*C- and "*N-labeled fibrils deposited onto an alu-
minum specimen as reported previously (Rusitzka et al.,
2018). One of the mass spectra from these experiments is plot-
ted in Figure 7c, and it consisted of hydrocarbon fragments,
e.g., C;H,—~C4H, in the dried form. These two mass spectra
show a significantly different fragmentation pattern, which
highlights the challenges lying ahead.

Finally, future work includes further development for sam-
ple preparation techniques, such as a combination of HPF vit-
rification and cryo-FIB/SEM preparation techniques for liftout
from organic-containing bulk aqueous specimens to avoid the
requirement for nanoporous metal substrates and the agglom-
eration of organic-rich regions; better chemical and thermal
dealloying methods; development of standardized individual
amino acid datasets; and machine learning methods for deter-
mining individual amino acid identities within individual pro-
teins (Sonal et al., 2023).

Conclusion

To summarize, we have done a systematic study of model ami-
no acids dissolved in pure water by APT. The CIR was intro-
duced as an indicator of local electrostatic field conditions at
the time of field evaporation for water-based samples, which
appears repeatable across different atom probe systems, how-
ever the correlations between experimental conditions are nei-
ther direct nor straightforward as many parameters have an
influence, to cite a few, the specimen’s length, diameter, com-
position, the laser pulse energies and repetition rate, or the ac-
quisition mode. Through analysis of lysine, arginine, and
cysteine, we could demonstrate that different amino acids
fragment in disparate patterns and, in principle, different
side groups could be detected. Through analysis of the argin-
ine dataset, we demonstrated that different CIR values pro-
duce different fragmentation ratios of lower-mass organic
ions, which can be used in the future to tune the mass spectra.
We then discussed the limitations of current approaches, par-
ticularly in terms of specimen preparation and analysis, along
with the future development of optimized techniques for the
identification of amino acid sequences within proteins and
provide bounded guidance on which types of fragments are
likely to be most consistently recoverable.
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