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We have developed surface treatment techniques utilising radio-
frequency current cold argon plasmas (RF-CAP) for non-enzymatic
digestion of macromolecules, exemplified here with peptides and
proteins of varying sizes. These plasmas are able to rapidly digest
condensed-phase macromolecules with minimal sample prepara-
tion, producing predictable fragments visible by LC-MS analysis.

The relative size and complexity of macromolecules such as
proteins, oligosaccharides, and oligoconjugates pose a challenge
for unique identification by mass spectrometry.' Two broad
analytical approaches (colloquially, ‘top-down’ and ‘bottom-up’)
are commonly used for identification and quantitation. Using
proteins as an exemplar, top-down mass spectrometry-based pro-
teomics aims to analyse native analytes whole, including both the
parent mass and its constituent fragments, alongside any post-
translational modifications (PTMs).** By contrast, bottom-up pro-
teomics typically utilises chemical® or enzymatic’® digestions
(typically trypsin, but also elastase, pepsin, etc) to break bonds
within the molecule, rendering smaller peptides available for MS
analysis. However, sample preparation required for bottom-up
analysis is also non-trivial, requiring significant time, expense,
and experience.

Non-enzymatic, non-liquid, and/or reagentless digestion and
degradation approaches to macromolecular analysis can be
utilised to increase analytical throughput. Current non-enzy-
matic degradation approaches include thermal decomposition/
digestion (TDD)° and irradiation with continuous wave lasers;"°
other approaches include the use of nonthermal plasmas (also
known as cold plasmas), which currently see use in the emerging
field of plasma medicine. Cold plasma methods incorporate
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techniques such as argon plasma coagulation (APC), already
commonplace in electrosurgery, with particular use in endo-
scopy.' "> APC utilises a radiofrequency alternating current
(through either monopolar or bipolar electrodes) to generate
gas discharges, which in turn generate desirable thermal effects
in tissue - these thermal effects can be used for haemostasis,
devitalisation of tumours, and tissue reduction.”® One under-
studied side-product of nonthermal argon plasmas is the gen-
eration of reactive oxygen species (ROS) and reactive nitrogen
species (RNS), which can be utilised for reactions with various
subtrates'* - generating these RONS particles using cold argon
plasmas typically also produces metastable noble gas atoms and
free elections, which can be exploited for use as a method for
in situ digestion of biological macromolecules.

To generate radiofrequency cold argon plasma (RF-CAP) we
utilised a custom handpiece (Ambimass, HU) with inlets for gas
flow and current, which was in turn connected to a Valleylab
Forcetriad electrosurgical unit (Medtronic, US) and an in-house
argon supply at 0.1 bar. Below the corona pin, glass slides with
substrates to be examined were placed on top of a grounding
pad, acting as an insulator. With the handpiece activated a
dielectric barrier discharge (DBD) was generated, forming a
plasma of around 30 mm diameter (Fig. 1b). The standard was
exposed for between 5 and 60 seconds, then dissolved in 50%
acetonitrile or 0.1% formic acid and injected by direct infusion
or LC-MS, respectively.

After exposure of leucine enkephalin (YGGFL) and bradyki-
nin (RPPGFSPFR) peptide standards to RF-CAP for between 5
and 60 seconds, digestion products visible by direct infusion
were annotated - these included ‘classical’ abc-xyz peptide
fragments (particularly ‘c-, ‘z-‘, and ‘(z + 1)-type’ fragments,
which we describe in this paper using ‘all-explicit’ notation as
[cm + (n+ DH]™, [2,, + nH]™, and [z,,, + (n + 1)H]"* respectively™®),
as well as neutral loss products such as [M-CO, + H]" (SI1.1,
1.2, and 1.3). The presence of ‘c-* and ‘z-type’ fragments
suggests a mechanism reliant on free electron- or radical-
mediated reactions, as in-spec fragmentation methods such
as electron transfer dissociation (ETD) and electron capture
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Fig. 1 Diagram of the RF-CAP setup (left); demonstration of the RF argon plasma (right).

dissociation (ECD) often produce these fragments through charge-
remote fragmentation characteristic of odd-electron reactions.'®"”

Applying RF-CAP on the timescales used for smaller pep-
tides (5-60 seconds) on larger macromolecules did not produce
easily identifiable peaks; additionally, direct infusion approaches
suffered from significant ion suppression and loss of information
from generated analytes. Consequently, for digestion of proteins,
the plasma was applied with pulses of approximately 100 ps at a
rate of 1 Hz (10% duty cycle) for 30 seconds, with the plasma-
treated substrate then dissolved and injected by LC-MS onto a
reversed-phase C;5 column (such as for haemoglobin - see SI2) -
this workflow afforded, among other analytes, a range of ‘c-, ‘z-,
and ‘(z + 1)type’ fragments ([c,, + (n + 1H]", [z,, + nH]"", and
[z + (7 + 1)H]™, respectively) (Fig. 2). These terminal ions were
found to be replicable on other spectrometers across different
timescales using the same LC-MS method (SI1.4). One such ion
generated from ubiquitin, annotated as [cs + 2H]", was isolated
and fragmented by CID, affording a series of ‘b-type’ ions corro-
borating the annotation (SI1.5).

By building an intensity curve across six concentrations,
recording abundances of four product peaks using three bio-
logical replicates, we were able to determine that the workflow
would reliably produce these products, among others; addi-
tionally, we found that the limit of detection for these products
was reached when the concentration of ubiquitin was approxi-
mately 195 nanomolar (195 fmol puL ") when using this work-
flow (SI1.6).

Digestion of ubiquitin and haemoglobin using the RF-CAP
setup produced not only ‘c’, ‘z’, and ‘(z + 1)’ fragments (including
from both haemoglobin subunits - SI2), but was noted to
additionally produce a significant number of ‘a’, ‘b’, ‘x’, and
Yy ions ([a, + (n — VH]™, [by, + (n — DH]™, [x, + (n — D)H]™,
and [y,, + (n + 1)H]"", respectively - Fig. 3 and SI2). For ubiquitin

and haemoglobin treated by RF-CAP, the sequence coverage
was 100%; by comparison, while the sequence coverage for
ubiquitin was 100% by ECD, it represented only 70% for
haemoglobin subunit beta. The simultaneous fragmentation
of both subunits with greater sequence coverage proves more
flexible and powerful than ECD.

Beyond the ‘abc-xyz’ terminal ions annotated, a great num-
ber of additional peaks not corresponding to these products
(or a single neutral loss) were also present in plasma-exposed
standards but not easily annotated, such as several multiply
charged analytes across the 800-850 m/z range (SI1.7). Some of
these peaks are believed to be internal ion products - which we
here describe as ‘by’-type ions — stemming from serial amide
cleavages (or N-C, bond breaking and net loss of -NH followed
by amide bond cleavage, or vice versa), as peaks corresponding to
[H,N-RLIF-C=0]", [H,N-QRLIF-C=O0], [H,N-QRLIFA-C—O]",
[H,N-QRLIFAGKQ-C=OJ"", and even [H,N-QRLIFAGKQLED
GRTLSDYNIQK-C=OJ** could be putatively annotated in ubiqui-
tin plasma-treated samples (Table 1). These products are notable
for a mass difference of +2.016 Da compared to typically calcu-
lated internal ions, possibly suggesting the presence of a -C—=0
terminus rather than the -C=0" characteristic of typical ‘b-type’
ions. We intend to develop tools to further examine the data with
the hope of discovering additional exotic internal ion fragments.

Finally, we considered the application of RF-CAP to proteins
with PTMs, specifically of phosphorylated proteins. Typically,
characterisation of the phosphate groups is hindered by their
lability; CID MS/MS of phosphopeptides (such as those pro-
duced by tryptic digestion) is known to cause neutral losses of
HPO3;, generating dominant fragments and hindering localisa-
tion of the PTM. Here, beta-casein — a model protein whose
most common isoforms contain phosphorylated serine groups
at positions 15, 17, 18, 19, and 35 - was exposed to RF-CAP for
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Fig. 2 LC-MS extracted ion chromatograms from haemoglobin standard after exposure to 1 Hz pulsed RF-CAP for 30 seconds. The ‘c’-fragments
originate from the beta subunit, while the ‘(z + 1)'-fragments originate from the alpha subunit.
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Fig. 3 Annotated LC-MS spectrum (retention time 8.53-8.72 minutes) of ubiquitin after exposure to 1 Hz pulsed RF-CAP for 30 seconds showing

multiple abc—xyz fragments, as well as several unknowns.

Table 1 Sample ‘by-type’ internal ions (H,N-PEPTIDE-C—O) annotated
in ubiquitin LC-MS spectrum. Further internal ion annotations for ubiquitin

can be found in SI2

Error
b-y internal ion Formula m/z (ppm)
[RL]'/[LR] C1,H,5N50, 272.208  —2.66
[RLI]" CisHioN,OHf  385.292  —0.86
[RLIF]" Cy,H4sN,0, 532.361  —0.69
[QRLIF]" C3,H53NoO, 660.419  —0.03
[QRLIFA]+ Cs5H55N160; 731.456  —0.25
[QRLIFAG]" Cs,He1 N1, Og 788.478  —0.94
[QRLIFAGK]?* C,3H,5N1500 458.789  —2.55
[QRLIFAGKQ*'/[QQRLIFAGK]?"  CugHgN;50;;  522.818  —1.45
[QRLIFAGKQL]* Cs4HooN1601,  579.361  —1.48
[QRLIFAGKQLE]* CsoHooN1,015  643.882  —1.57
[QRLIFAGKQLED]* CesHi0aN101s  701.395  —1.57
[QRLIFAGKQLEDG]?" CesHi07N1oO10  729.906 —1.3

30 seconds at a 10% duty cycle. Subsequent LC-MS analysis
revealed [c;_16 + H]" products with an intact phosphate group
on Serys (SI1.8); higher-order products like [c;; + H]" were not
observed, likely due to the increased negativity from the phos-
phate groups conferred to the digest products rendering them
not visible in positive mode, as has been previously reported in
a study applying ECD to beta-casein."®

In conclusion, we have developed a novel method using a cold
argon plasma for off-line digestion of proteins and peptides, which
produces terminal and internal fragments from condensed-phase
samples comparable to those produced by odd-electron fragmen-
tation techniques such as ECD. This was demonstrated using a
range of proteins and peptides, including ubiquitin, haemoglobin,
and beta-casein; in the latter example, we demonstrated that the
Ser;s phosphate group is kept intact during plasma digestion. The

This journal is © The Royal Society of Chemistry 2025

key advantage of this approach over comparable methods is a
substantial reduction in sample preparation time and effort and
the total elimination of reagents, including any use of enzymes; we
intend in future to demonstrate the preservation of additional
PTMs with this workflow. Furthermore, the technique may be used
as an alternative to direct-infusion ECD for identification of
proteins, with hyphenated liquid chromatography not only allow-
ing for simultaneous characterisation of different subunits reveal-
ing significantly more sequence ions than with ECD - sometimes
resulting in greater sequence coverage, as in the case of haemo-
globin - as well as additional product ions not yet elucidated,
including in complex mixtures.

Initially, this method could be used to develop new databases of
reporter ions for targeted analysis (where generated peak lists are
provided for an arbitrary number of target proteins, either puriss or
in complex mixtures) - however, we intend to continue this research
by fully elucidating the mechanisms of action, enabling rapid
prediction of digestion products and, consequently, enabling total
structural elucidation of proteins - including PTMs - from their
plasma-exposed fragments (including any modifications), as well as
the high-throughput imaging of proteins and other macromolecules
in condensed-phase samples.
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Data availability

Data for this article is available at SciDB: https://doi.org/
10.57760/sciencedb.29139.

The data supporting this article have been included as part
of the supplementary information (SI). Supplementary informa-
tion: (1) experimental and data; (2) annotated peak lists for
Haemoglobin, Beta-casein, Ubiquitin, and Angiotensin I. See
DOL: https://doi.org/10.1039/d5cc06333g.
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