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ABSTRACT: Employing large argon cluster ion beams, the
iBEAM technique has exhibited aptitude in transferring large
intact biomolecules from a target to a collector surface in the
vacuum, e.g., lysozyme and glucose oxidase, while preserving their
bioactivity. Our molecular dynamics (MD) simulations described
the desorption of intact lysozymes, glucose oxidase, and even
lysozyme clusters comprising up to five units, thereby suggesting
the potential soft desorption of heavy biomolecules and their
molecular clusters. In turn, assuming their soft desorption, the
present contribution models the landing of a single neurotensin
cluster containing 5 neurotensin molecules or one lysozyme
molecule onto a gold substrate using reactive MD. The parameter
space, including incidence angle, collision velocity, and cluster/
protein temperature, is systematically explored. Our simulations show that fragmentation increases with the rise of the velocity,
collision angle toward the normal, and temperature. Also, after the collision, the backscattering phenomenon is predominantly
influenced by varying the collision velocity but is less affected by the collision angle and temperature. Nonetheless, all molecular
projectile parameters play a role in shaping the landing process on gold.

■ INTRODUCTION
Proteins present on surfaces facilitate desirable interactions
with organic molecules, metallic ions, and living organisms,
enabling applications in electrochemical sensing, hydrogen
evolution reactions, and drug delivery systems. In electro-
chemical sensors, surface-bound proteins mediate redox
reactions that generate a measurable potential difference
between electrodes.1 For instance, human telomerase reverse
transcriptase in urine has been effectively detected using this
mechanism.2 Similarly, in hydrogen evolution reactions, bovine
serum albumin adsorbed onto an electrode surface acts as an
effective catalyst.3 Furthermore, drug delivery efficiency can be
enhanced by modifying a drug’s surface coating, improving its
biocompatibility with target sites or prolonging its residence
time in the body.4 These examples underscore the critical
importance of controlled protein−surface interactions in
advancing functional applications.

Protein deposition onto surfaces is typically achieved
through solution dipping or casting, wherein adhesion forces
are governed by electrostatic or van der Waals interactions
between the protein and the substrate. However, weak
intermolecular interactions among protein molecules influence
their structural integrity during the drying process,5,6 often
limiting film formation to a single monolayer and leading to
gradual protein loss into the solvent.7,8 To overcome these

limitations, multilayer protein films can be fabricated by cross-
linking proteins via ligand grafting or employing layer-by-layer
deposition with polyelectrolytes.9−12

An alternative to solution processing is the use of vacuum-
based techniques, which enable protein transfer via charging,
electric field guidance, and ion soft or reactive landing onto a
surface (preparative mass spectrometry). Among these
methods, electrospray ionization (ESI) is the most conven-
tional approach. In ESI, droplets containing proteins and
solvent undergo evaporation, charging the protein molecules,
typically in a vacuum, though ambient conditions are also
feasible.13,14 Due to its ability to ionize large macromolecules,
ESI has been widely employed in mass spectrometry and soft-
landing applications.15,16 Another prominent technique is
matrix-assisted laser desorption ionization (MALDI), which
offers enhanced dimensional control and is similarly utilized
for mass spectrometric analysis as well as soft and reactive
landing.17 The soft-landing process requires low collision
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energy, whereas surface-induced dissociation (SID) occurs at
higher energies, however, the resulting behavior also depends
on the collision angle and the ion’s stability.18,19

Reactive landing is governed by the chemical reactivity of
both the deposited ions and the surface collector. This process
can be initiated through three primary mechanisms: (1)
interactions with specific functional groups present on the
surface, (2) fragmentation of ions upon landing followed by
subsequent surface reactions, or (3) random formation of new
bonds with molecules pre-existing on the substrate.20,21 Studies
involving peptide deposition on self-assembled monolayers
(SAMs) have confirmed the occurrence of reactive landing,
though the efficiency of this process exhibits strong depend-
ence on the peptide structure.22 The transition from reactive
landing to dissociative collision can occur at relatively low
collision energies, while larger molecules often remain intact.
This phenomenon may be explained by energy dissipation
through vibrational modes,23,24 or alternatively, we hypothesize
that it may relate to a minimum activation energy threshold
per atom.

For applications requiring multilayer construction with
precise dimensional control, both soft and reactive landing
techniques have proven effective.25,26 The iBEAM method,
derived from secondary ion mass spectrometry (SIMS)
principles, employs argon gas cluster ion beams (GCIB) to
achieve soft desorption through low energy-per-atom im-
pacts.27,28 This technique has successfully deposited bioactive
proteins such as lysozyme and glucose oxidase while
maintaining their native functionality.26,28 Further progress in
fragmentation control may be achievable through cryogenic
techniques adapted from SIMS methodology.29,30 Current
research indicates that protein fragmentation during desorp-
tion exhibits correlation with three key parameters: organic
film thickness, cluster size, and cluster velocity (or energy per
atom, E/n).31,32

Computational methods have been extensively employed to
study surface phenomena, particularly in sputtering and
desorption processes,33−36 as well as in investigations of soft
and reactive landing on self-assembled monolayers
(SAMs).37,38 Notably, the Reactive Force Field (ReaxFF)
methodology49,50 and its recent algorithmic developments39−42

have enabled detailed investigations of polymer surface
fragmentation during cluster collisions43 and the sputtering
dynamics of amino acids from bulk solids and graphite
substrates using gas cluster ion beams (GCIB).44,45 In our
previous work,46 we employed computational simulations to
examine the soft and reactive landing of lysozyme desorbed by
argon GCIB onto rigid gold and hydrogen-terminated graphite
collectors. These studies revealed the influence of protein
structure, energy, and angle of collision, and the substrate
nature, where the substrates were rigid. Building upon these
findings, the present work systematically investigates the effects
of velocity, impact angle, and temperature on lysozyme
(1GXV)47 and neurotensin sequence PLYENKPRRPYIL48

interactions with gold, employing configurations representative
of GCIB-assisted molecular transfer (iBEAM) but also similar
to electrospray ionization (ESI) and matrix-assisted laser
desorption/ionization (MALDI) based landing techniques.
The iBEAM desorption technique generates hyperthermal
protein species with flight characteristics that are fundamen-
tally governed by two key parameters: (1) the physical
properties of the molecular target substrate and (2) the
incident argon gas cluster ion beam (GCIB) conditions.

Notably, the translational energy and thermal state of desorbed
biomolecules exhibit a direct dependence on these parameters,
while the collision angle can be precisely controlled through
collector rotation. Motivated by this parallel control mecha-
nism, for the different molecular vacuum deposition
techniques, we systematically investigated the effects of varying
collision velocity, impact angle, and temperature on desorption
dynamics. Our analysis encompasses the complete spectrum of
collision outcomes, from peptide/protein fragmentation and
backscattering to the transition between surface-induced
dissociation and soft-landing.

Computational Methods. Classical Molecular Dynam-
ics. We previously investigated the landing of lysozyme
proteins onto a rigid collector,46 where the proteins’ positions
were obtained following argon cluster bombardment from a
gold surface.32 In this study, we systematically examine the
landing of a neurotensin cluster composed of five molecules
(attracted by the Coulomb and van der Waals interaction), as
well as a single lysozyme protein, which contains 5 water
molecules confined, onto a gold surface. To achieve this, we
modified the velocity, angle, and temperature of the protein or
peptide cluster colliding from the same initial configuration.
Specifically, we used collision velocities of 1, 2, 3, 3.5, 4, and 5
km/s; polar angles of 15°, 30°, 45°, 60°, 75°, and 90° (with
respect to the surface); and temperatures of 300, 400, 500,
600, 700, 800, 900, 1000, and 1200 K.

To simulate the molecular dynamics of protein landing and
fragmentation upon collision, we used the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) code,
applying reactive force fields (ReaxFF) within the framework
of the electronegativity equalization method (EEM). The
parameters for the proteins (C/H/O/N/S) were parametrized
by Zhang et al., and we added the missing parameters of the
gold atoms interacting with the protein (Au-X, where X is C/
H/O/N/S) derived by Monti et al., thus combining ReaxFF
force fields. By adding the Au parameters, some differences
appear in the calculated atomic charges, when compared to the
parameters used for Monti et al., as observed in Figure S1,
although the charges tend to be generally similar.49,50 We
conducted the simulations using a microcanonical ensemble
(NVE) with a time step of 0.1 fs and a maximum simulation
time of 500 ps. Periodic boundary conditions were applied in
the directions parallel to the surface (XY), while the Z
direction (perpendicular to the gold slab) was set as
nonperiodic. Before the collision, the proteins and the gold
slab were equilibrated at 300 K for 20 ps, separated and in
vacuum, and no further relaxation was performed on the
proteins, unless otherwise explicitly mentioned. From the
relaxed protein structure, a new temperature was set by a
random algorithm. The gold slab was created by cleaving an
Fm3m gold crystal with a lattice parameter of 4.08 Å along the
⟨543⟩ direction, to contain step defects on the surface, also
because gold collectors are used in the iBEAM technique, as
well as silicon.51 The slab configuration included one frozen
layer, one Langevin layer maintained at 300 K, and three free
layers with a factor of 100 steps. While the thin layer
approximation may result in a more rigid substrate compared
to bulk gold, potentially enhancing the fragmentation
propensity, we are confident that this effect is negligible in
our system. This conclusion is supported by the minimal
perturbation of the vibrational energy in the upper gold layers
induced by collision propagation waves, as evidenced by our
computational analysis. The final slab dimensions were 240 ×
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247 Å2, and the initial configuration of the system prior to the
collision is shown in Figure 1.
Comparison of DFT and LAMMPS. The DFT calculations

were performed in Vienna Ab-initio Simulation Package
(VASP)52,53 within the plane-wave basis set approach,54,55

gamma point sampling, 400 eV energy cutoff, and self-
consistent electronic converger set to 10−4 eV and 10−3 eV/Å
for energy and force, respectively. Electron−ion interactions

were modeled using PAW pseudopotentials56,57 from the
VASP databases and 0.05 eV with Gaussian smearing.

To compare fragmentation in classical and quantum
mechanics, we chose a peptide sequence (YES) to collide
with a gold slab, performing the collision in a small model
(Figure S2) using LAMMPS. From this, frames were selected,
and a single-point calculation was used to determine the
energy of each frame, conducted by both Density Functional

Figure 1. Initial and final configuration of the neurotensin cluster and lysozyme impinging on the gold target. Different collision velocities at 45°
and 1000K represent the landing (2 km/s) and fragmentation (4 km/s) regimes for both biomolecular projectiles.

Figure 2. Time evolution of the number of fragment species created upon impact in different scenarios. Landing at constant temperature and angle,
varying the collision velocity of (A) neurotensin and (B) lysozyme. Then the effect of changing the collision angle with respect to the surface in the
soft landing regime is shown for (C) neurotensin and (D) lysozyme.
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Theory (DFT) and ReaxFF. The analysis shows that while
ReaxFF tends to stabilize fragmentation products and lower
energy barriers compared to DFT, both methods predict
similar qualitative energetic profiles during the fragmentation
process (Figure S2). This indicates that despite differences in
absolute energies, ReaxFF effectively captures the basic
fragmentation dynamics seen at the DFT level. Therefore, it
will be used exclusively in this article.

■ RESULTS AND DISCUSSION
Fragmentation and Denaturation. The collision of a

neurotensin cluster and a lysozyme with a gold surface can be
categorized into two distinct regimes based on collision speed:
soft landing at lower velocities or cluster separation (weak
bond cleavage) and fragmentation (including covalent bond
breaking) at higher velocities (Figure 1). The strong
electrostatic interaction between the gold surface and the
proteins or peptides facilitates their adhesion to the target
surface, causing them to spread out in order to maximize the
contact area between the gold and the biomolecules. As a
result, at low velocity (2 km/s), lysozyme tends to denature
upon landing, while the neurotensin molecules within the

cluster separate and lie flat on the surface. Proteins are
expected to undergo denaturation on the gold surface, at least
during the initial film formation. The degree of denaturation
can be quantified by the change in the protein’s surface area,
calculated as the ratio of the final to the initial area (Af/Ai)
represented by the Connolly surface (the accessible surface
area).58 For neurotensin and lysozyme, these values are 1.79
and 1.97, respectively, indicating significant denaturation in
both cases, with lysozyme showing a greater extent of
denaturation due to its larger initial volume and mass
compared with the neurotensin cluster. This happens because
of the development of the Connolly surface of the peptide
chains initially enclosed by the peripheral parts of the protein
chains (larger volume/surface ratio).

In the fragmentation regime (4 km/s), fragments generated
by the impact may be expelled from the system, while some
remain on the surface. Hydrogen atoms can also penetrate the
metal surface, forming dissociated hydrogens within the gold
slab. Previous studies have observed hydrogen penetration into
gold upon protein bombardment by argon cluster, and protein
landing, where the hydrogen was removed from the protein to
the bulk slab.31,32 The bond cleavage patterns observed in this

Figure 3. Time evolution of the number of fragment species after impact, for velocities close to and above the transition from soft landing to
fragmentation (3.0 and 4.0 km/s). Landing is analyzed at constant temperature and different angles (A, B, and D), or at constant velocity of 4 km/s
and angle of 45°, changing the temperature (C). Thus, lysozyme at 1000 K collides at (A) 4 km/s and (B) 3 km/s. (D) The neurotensin cluster
collides at 1000 K and 3 km/s, for varying angles with respect to the surface.
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investigation align with trends seen in earlier studies.46 In
surface-induced dissociation mass spectrometry, where protein
fragmentation is induced by collisions with hard targets (e.g.,
gold) to detect ions,59 repeated impacts may then lead to
target degradation over time, due to hydrogen gas formation in
the surface. Both soft landing and SID may involve protein or
fragment backscattering, and these phenomena are influenced
by specific collision parameters, including velocity, angle, and
temperature.

First, we systematically analyzed the effect of the protein or
peptide cluster velocities on the fragmentation (Figure 2A,B).
Initially, the number of fragments produced after collision
increases exponentially, then the fragmentation rate slows
down, eventually tending to reach a plateau, at least for
lysozyme. The number of fragments at a specific time also
grows drastically as a function of collision velocity, regardless
of the specific biomolecule impacting the target surface.
However, fragmentation does not occur at lower velocities
(Figure 2C,D), similar to the correlation between fragmenta-
tion and E/n observed in desorption of biofilms using argon
cluster.31,32 Our results suggest that the transition to significant
fragmentation could also be linked to the mass of the protein.
For instance, neurotensin exhibits minimal fragmentation at
velocities below 3 km/s, whereas lysozyme already undergoes a
marked increase in fragmentation when it collides with the
gold surface at the same velocity. The number of species
normalized by the total mass is larger for the neurotensin
cluster than that for lysozyme.

Under landing conditions where fragmentation occurs, the
collision angle does affect the number of fragments produced

(Figure 3A,B,D). Fragmentation becomes dependent on the
impact angle at intermediate velocities (∼3 km/s) or higher.
Generally, more pronounced fragmentation is observed at
larger impact angles with the surface, particularly as the
collision angle approaches the surface normal. This pattern is
evident for both neurotensin clusters and lysozymes (Figure
3A,B,D), particularly at high velocity (Figure 3A). It is
plausible that the velocity component perpendicular to the
surface promotes fragmentation, while velocities parallel to the
surface can transfer momentum more efficiently to fragments,
which then backscatter from the target surface. Notably, our
results differ from a previous study,46 where reduced
fragmentation of lysozyme was observed at angles closer to
the normal surface. While this may seem contradictory,
potentially collisions between the proteins while landing
could affect the fragmentation in different angles, or stochastic
effects were critically affecting the results (see infra). Here, we
consider the statistical effects as the intrinsic randomness
present in each simulation due to the distribution of velocity
per atom to set the temperature, while a single collision was
performed for each simulation.

At intermediate velocities (Figure 3B−D), fragmentation
becomes prominent at larger angles, but additionally,
stochastic effects are evident in the simulations. For neuro-
tensin, at 3 km/s, a 45° angle results in a higher fragmentation
ratio than a 60° angle, with maximum fragmentation occurring
at 75° rather than 90° (Figure 3D). In contrast, for lysozyme at
the same velocity, the greater mass induces fragmentation even
at smaller angles, and the stochastic effects are less
pronounced. For lysozyme, the highest fragmentation is

Figure 4. Isosurface of the number of species at 250 ps of simulation upon impact of a neurotensin cluster with the gold target: (A) at a constant
temperature, changing the velocity and angle; (B) at a constant angle, modifying the temperature and velocity; (C) at a constant velocity (4 km/s),
varying the angle and temperature. (D) Isosurface for the lysozyme changing the angle and velocity at a constant temperature. Purple points are
input values, and the colored surface is a fit function.
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observed at 90° (Figure 3B). At higher velocities (4 km/s), the
stochastic effects diminish even for neurotensin. The initial
temperature of the proteins also affects fragmentation,
generally enhancing the number of fragment species (Figure
3C), where each species represents one molecule. However,
stochastic fluctuations can still occur, as seen with neurotensin
at a velocity of 3.5 km/s (Figure S3), where the highest
temperature does not necessarily lead to the greatest
fragmentation in the simulation.

As was previously considered, the velocity, angle, and
temperature of the colliding protein all influence the
fragmentation. However, our study analyzed these factors
independently, without exploring their simultaneous inter-
action, as shown in Figure 4. Among these variables, collision
velocity is the primary determinant of fragmentation, while
angle and temperature have comparatively lesser effects.
Furthermore, fragmentation appears to be initiated only after
a minimum velocity threshold is reached, with this threshold
varying based on the biomolecule’s size but also the angle and
temperature of collision. Consequently, lysozyme requires a
lower minimum velocity to trigger fragmentation than the
neurotensin cluster (Figure 4D). The fragmentation isosur-
faces with respect to angle exhibit a curve-like pattern (Figure
4A−D), potentially following a sine or cosine function, while
temperature isosurfaces tend to follow a more linear
progression (Figure 4C,D). At higher velocities (4 km/s),
variations in angle and temperature begin to influence
fragmentation more significantly. For instance, at small angles
(<30°), fragmentation is minimal or absent, but increases as
the angle widens, even when the temperature remains constant
(Figure 4). Similarly, the temperature amplifies the fragmenta-
tion process, provided that the angle and velocity are sufficient
to induce fragmentation.

The Effect of the Time-of-Flight. In the previous
simulations, relaxation was conducted at 300 K, and then the
temperature was raised to a higher value without further
equilibration. A complementary series of simulations was
performed with a time of equilibrium at high temperature,

reflecting the effect of the molecule’s time-of-flight toward the
collector.

When the lysozyme is relaxed for at least 50 ps, there is a
minimal change in conformation when comparing the
relaxation at 300 and 1000 K, although, at higher temperatures,
the protein gets completely dehydrated (Figure S4A,B).
Nevertheless, the relaxation during the time-of-flight is enough
to potentiate fragmentation for high temperature values such as
1000 K. This difference is observed when the collision against
gold is done in the lysozyme relaxed during the time-of-flight.
More fragments are generated when the lysozyme is relaxed
under time-of-flight of 50 ps than at 300 K (Figure S4C), as
observed by the number of fragments for 500, 800, and 1000
K, on different conditions of relaxation.

The difference scales proportionally to the difference
between the proteins’ temperatures and 300 K. The difference
between the number of species during the collision, comparing
the lysozyme relaxed at 300 K, and the relaxation considering
the time-of-flight is seen in Figure S4D. It is evident that the
time-of-flight becomes significant at temperatures above 800 K,
where the difference between the number of fragments
significantly changes comparing the two relaxation procedures,
while at 700 K the differences are small. Nevertheless, our
previous simulations indicate that the temperature of the
proteins in the iBEAM method is typically below 800 K.32

Therefore, the effect of the time-of-flight can be neglected in
the first approximation.

Sticking and Backscattering. When a protein collides
with a surface, part of it may adhere to the surface, while
another portion may be backscattered into the vacuum.
Fragmentation can facilitate the backscattering of a protein
or even individual molecules within a cluster, such as in the
case of neurotensin. The adsorption efficiency (Se) is calculated
as the fraction of mass that adheres to the surface per impact
(Se = mlanded/mtotal), and is primarily influenced by the collision
velocity (Figure 5), with temperature and angle contributing
statistically. In Figure 5, the mass landing does not discriminate
the chemical configuration of the molecules, consequently

Figure 5. Adsorption efficiency obtained from the landed and backscattered mass, changing the velocity and angle of collision at a constant
temperature (1000 K). (A) Isosurface and (B) profile of adsorption efficiency for neurotensin; and (C) Isosurface and (D) profile of adsorption
efficiency for lysozyme.
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including different fragments or molecules. At low velocities,
the molecules do not fragment and tend to stick to the surface;
therefore, Se is high. At high velocities, proteins tend to
fragment into smaller pieces, which are more likely to
backscatter as gas or short amino acid sequences. Additionally,
the neurotensin adsorption efficiency curve tends to have
larger variation as a function of angle than the lysozyme, due to
the backscattering that occurs to some molecules in the
neurotensin cluster at low velocities and low angles.

Backscattering is influenced by the nature of the molecular
projectile itself, with our simulations indicating that lysozyme
is more likely to adhere to the surface than neurotensin
clusters, possibly due to differences in mass, size, and
noncovalent interactions between neurotensin molecules. For
instance, at a velocity of 2 km/s, all lysozymes stick to the gold
surface, irrespective of the incidence angle, while about 20% of
neurotensin backscatters. In neurotensin clusters, molecules
located on the outer layers are more prone to backscattering
than adsorption (Figure S5), which may be related to changes
in attractive forces, moving from electrostatic (gold and
peptide) to van der Waals interaction (covered gold and
peptide) and the absence of strong binding force between the
bottom and top neurotensin molecules in the same cluster.

One can expect a direct consequence of the molecule
sticking to the substrate in SID mass spectrometry. Indeed, in
the conditions of low protein fragmentation on a metal
substrate (e.g., for the structural analysis of noncovalent
clusters,59 that is at rather low velocity, a high degree of
sticking should be expected and the surface should be quickly
covered by a molecular layer. Then, the interaction nature will
change, and Semay also be affected, as proteins would no
longer collide directly with the metal but with adsorbed
organic molecules. In methods such as iBEAM where proteins
are transferred in a vacuum to a collector, our results indicate
that the transferred amount should be strongly dependent on
the velocity of the desorbed proteins.

Amino Acid Sequencing and Fragment Analysis.
Identifying and counting amino acids and analyzing their
arrangement helps determine which ones are more prone to
fragmentation and whether breaks occur in the main or side
chains. Here we define the main chain as the continuous
structure -NH-HCR-CO- of the amino acids and R as the side
chain. For example, consider a hypothetical neurotensin
sequence (PLYENKPRRPYIL), labeled according to the
IUPAC-IUBMB standards. Any change in the number of
amino acid pairs (sequence of 2 amino acids) indicates a break
in the main chain, such as PLYENKPRRPYIL fragmenting into
PLYENK and PRRPYIL, independently of the number of
amino acid units changes or not. A side chain break occurs
when a specific amino acid is altered without disrupting the
overall sequence, such as PLYENKPRRPYIL becoming
PLYENGPRRPYIL. In this case, the number of amino acid
units and pairs remains unchanged, but the identity of a
particular amino acid is modified. Thus, a single fragmentation
on the side chain will vary the number of particular amino
acids, possibly creating one and destroying another without
necessarily modifying the number of amino acid units.

However, if the number of amino acid units changes, it
signifies a discontinuity of the amino acid sequencing in the
main chain, which could occur at the chain’s termini, for
instance, PLYENKPRRPYIL becoming PLYENKPRRPYI by
removing a pair. Alternatively, the chain could break in the
middle, removing two pairs, as seen when PLYENKPRRPYIL

becomes PLYEN and PRRPYIL with K being removed from
the original amino acid. Lastly, a chain sequence break can
occur internally without generating two distinct fragments. In
this case, a new chain is formed, and a bridge (chemical bonds)
between the two sequences exists, but it is no longer an amino
acid, e.g., PLYENKPRRPYIL to PLYEN*PRRPYIL. In this
example, two new chains belong to the same molecule;
however, we are not analyzing here the number of species.

To clarify changes in the amino acid structure, we calculated
the fractional change in the number of units and pairs from the
start of the simulation, and we counted changes in each amino
acid unit and pairs. Main chain breaks can be quantified by
changes in the number of pairs over time as eq 1, once every
single break on the pairs is a break in the main chain. Side
chain breaks are based on variations in the number of units and
the specific amino acids. For instance, if amino acid L changes
to A, then there is no net change in the number of units. Side
chain breaks can be expressed as eq 2:
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Changes in the fractional units indicate overall fragmenta-

tion, while modifications in fractional pairs suggest alterations
in the amino acid’s main chain. The different fragmentation
regimes can be expressed as in eq 3. Once an amino acid unit is
destroyed, generating only one single pair change, as if the
fragmentation is on the termini, then Bregime is 0.5. However,
this contribution to the whole process can be neglected due to
the small number of termini compared to the number of amino
acids in the main chain. If the break is only in the side chain or
there is no fragmentation, Bregime is 0. A break in the main chain
can be divided into two regimes, separation and destruction.
The separation regime consists of breaking the connection
between two amino acids without destroying any amino acid,
therefore reducing a single pair without affecting the number of
units, giving Bregime equal to 1. While in the destructive regime,
one single unit and two pairs disappear, resulting in Bregime = 2.
Consequently, the higher the Bregime value, the more damage is
produced in the main chain, and its values multiplies if there
are simultaneous ruptures in the chain. If there are multiple
units being separated or destroyed simultaneously, the higher
the Bregime value at a specific time. Since the number of possible
breaks is proportional to the molecular size, to better compare
different proteins or peptides, the Bregime can be normalized by
the number of initial amino acids contained in the system
(initial units).

It is not clear if a specific amino acid sequence preferentially
breaks, because it depends not only on the structure of the
amino acid but also on the position of the AA in the protein
chain and the collision conditions. For example, amino acids
close to the beginning/ending of the chain tend to break more
easily. Additionally, the sequences that follow an AA
potentially can affect the fragmentation of a specific AA.
Thus, further systematic investigation should take into account,
also accounting for stochastic effects.
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The detailed fragmentation results based on the amino acid
sequencing of the two types of molecules and the
aforementioned indicators are presented in Figure 6. Aside
from a few small amino acids (G and A), amino acid counts
generally tend to decrease over time (Figure 6A,B). Both
neurotensin and lysozyme exhibit a similar tendency to
fragment within the chain, as reflected in their comparable
unit/pair fraction ratios (Figure 6C,D). In absolute numbers,
greater fragmentation of the main chain and side chains occurs
in lysozyme, likely due to its larger size. Once the initial

number of units and pairs are normalized, the unit/pair
fraction ratio reduces the effect of the mass, and both proteins
display a similar behavior, with lysozyme showing a slightly
more intense unit/pair fraction ratio, which could suggest a
more intense reduction of amino acids amount. In parallel, side
chain fragmentation is proportionally more pronounced in
lysozyme than in neurotensin as shown by the orange versus
blue curves in Figure 6C,D. Bregime gives a better idea of the
whole fragmentation process (Figure 6E), once more amino
acids are available to break and increase the number of the

Figure 6. Counts of amino acid units in (A) neurotensin and (B) lysozyme. A fraction of the count from the initial configuration of the number of
units and pairs, together with the accumulation counts of breaks in the protein’s main (Bmain) or side chain (Bside), counted for (C) neurotensin and
(D) lysozyme. (E) Counts and cumulative value of Bregime of neurotensin and lysozyme, and (F) value Bregime normalized by mass.
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Bregime. Even when Bregime is normalized by the initial amount of
units, lysozyme still shows more intense peaks (Figure 6F).
Thus, we can consider that lysozyme has more fragmentation
on the main chain than neurotensin, which could be due to its
specific structural features or to the higher energy of impact
when comparing the same velocity of collision.

Repeated Impacts and Accumulation. The deposition
of a protein layer on a surface occurs through successive

protein collisions, leading to gradual accumulation until the
desired thickness is attained. Upon initial contact, the first
protein adheres to the gold surface, forming strong electro-
static interactions with surface atoms. Subsequent protein
adsorption is primarily driven by van der Waals interactions or
hydrogen bonds, in contrast to the electrostatic forces that
dominate gold-protein interactions. To investigate this
mechanism, we conducted additional collision simulations

Figure 7. Multiple collisions of lysozyme and neurotensin clusters on a gold substrate. (A) Structure of lysozyme on gold after 10 ps of the 5th
collision. (B) Structure of neurotensin on gold after 10 ps of the 5th collision, cyan color highlights a backscattered neurotensin. (C) Index of
adsorption for neurotensin. (D) The 5th collision of a neurotensin cluster occurring at 3.5 km/s in different angles.
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under controlled conditions. The process was repeated at the
same initial collision point to ensure consistency. Lysozyme
adsorption was simulated over five sequential collisions (Figure
7A), while neurotensin clusters were subjected to ten collisions
(Figure 7B). These simulations provide insight into the
dynamic assembly of protein layers under defined physical
parameters.

As successive lysozyme molecules accumulate, the initially
two-dimensional adsorption pattern evolves into a distinct
three-dimensional architecture (Figure 7A). This structural
progression contrasts markedly with that of the flat monolayer
observed following the initial collision event. The emerging
three-dimensional configuration suggests progressive multi-
layer formation mediated by protein−protein interactions, in
addition to protein−surface binding.

The neurotensin cluster exhibits significantly lower surface
adsorption efficiency compared to lysozyme. Our collision
simulations reveal a distinct spatial dependence in adsorption
behavior: peptides located at the cluster base demonstrate
higher adsorption propensity, while those in upper regions
show greater backscattering tendency (Figure 7B). This
differential behavior likely stems from the absence of covalent
linkages between neurotensin peptides, in contrast to
lysozyme’s unified polypeptide chain structure. Quantitative
analysis shows that the adsorption efficiency per impact (Se)
decreases markedly during initial collisions (first and second
impacts) at each impact (Figure 7C). After a certain number of
collisions at 2 km/s, the cluster of neurotensin completely
backscatters. These findings suggest two critical conditions for
successful neurotensin layer deposition: (1) Optimal collision
velocity must be sufficiently low to permit adsorption; (2)
Impact angle must favor surface retention over scattering.
Since the iBEAM deposition method provides neurotensin
layers that grow rather efficiently with increasing ion dose, one
must assume that the energy/velocity of the transferred
molecules is sufficiently low to avoid predominant scattering
even in the accumulation regime. In this respect, an interesting
effect was observed in the experiments, namely that the ion-
dose dependent thickness of layers of the peptide bradykinin
(1060 Da) was increasing between 10 keV Ar5000+ (2 eV/
atom) and Ar3000+ (3.3 eV/atom) and then decreasing
drastically when going to Ar1500+ (6.6 eV/atom).25,26,28,60

Since it was shown experimentally that, between 1 and 10 eV/
atom, there is correlation between the energy of the Ar beam
and the kinetic energy (velocity) of the sputtered molecules,61

it is probable that the comparatively lower efficiency observed
with the Ar1500+ beam was at least partly due to backscattering
effects [54]. Analysis of the backscattering index for the second
collision of the neurotensin cluster across varying angles,
temperatures, and collision velocities (Figure S6) reveals that
the index decreases for collisions below 3 km/s. Notably,
values at 0.5 km/s and 1.0 km/s are comparable. In contrast,
collision angle and temperature exhibit stochastic effects on the
backscattering, as increases in these variables do not
consistently correspond to either an increase or decrease in
the index.

■ CONCLUSIONS
Molecular dynamics simulations reveal that neurotensin
clusters and lysozyme exhibit distinct landing behaviors upon
colliding with a gold target, influenced by the protein’s
collision velocity, angle, and temperature. At lower velocities,
the proteins undergo soft landing deposition, while at higher

velocities, they enter a collision-induced fragmentation regime,
resulting in fragmentation. Within this regime, more
perpendicular collision angles and higher temperatures
enhance fragmentation, the latter effect being more pro-
nounced if a realistic time-of-flight is included in the
simulations. The protein’s size also plays a role; larger proteins,
such as lysozyme, undergo more pronounced fragmentation,
perhaps because of their greater kinetic energy upon impact or
specific structure.

Collisions with gold cause denaturation of the initial landing
molecules, spreading the proteins across the surface, which
could reduce the bioactivity of the deposited overlayer
(observed even at lower velocities). Using a molecular primer
layer should reduce that effect, but our accumulation results
indicate that it should be at the expense of a lower adsorption
efficiency if molecules stay flat on the surface. In surface-
induced dissociation mass spectrometry using a gold (or any
other hard solid) target for fragmentation, the collision velocity
can be controlled by adjusting the acceleration of a charged
protein, thereby modulating fragmentation intensity. Addition-
ally, controlling the collision angle by rotating the target
surface should influence protein fragmentation in vacuum
protein transfer techniques such as iBEAM, ESI, and MALDI.

In the particular case of the iBEAM method, the
biomolecule’s collision temperature and velocity may be
affected by the argon cluster parameters and surface character-
istics. For instance, we observe that in thinner layers the
desorbed molecules tend to have higher velocities and
temperature than in thicker layers, and consequently, higher
fragmentation rates should also be observed upon landing.
Also, larger argon cluster with smaller energy per atom (E/n)
can desorb more softly clusters of proteins,31,32 thereby
reducing the velocity and temperature during landing. The
active sites of the transferred biomolecular film could
potentially be better preserved by modifying the collision
angle of the collector, reducing damage during the collision.
Finally, in the cases of ESI and MALDI induced soft landing,
the collision velocity of the biomolecular ions can be tuned to
favor specific landing behaviors, going from soft and reactive
landing to fragmentation when the collision’s velocity is
increased.
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Eriksson, L.; Grabarics, M.; Fremdling, P.; Konijnenberg, A.;
Makarov, A.; Botman, A.; Peter, C.; Benesch, J. L. P.; Robinson, C.
V; Gault, J.; Baker, L.; Bharat, T. A. M.; Rauschenbach, S. Cryo-EM of
Soft-Landed β-Galactosidase: Gas-Phase and Native Structures Are
Remarkably Simi lar . bioRxiv , 2023. DOI: 10.1101/
2023.08.17.553673.
(31) Bertolini, S.; Delcorte, A. Unraveling the Molecular Dynamics

of Glucose Oxidase Desorption Induced by Argon Cluster Collision. J.
Phys. Chem. B 2023, 127 (42), 9074−9081.

Journal of the American Society for Mass Spectrometry pubs.acs.org/jasms Article

https://doi.org/10.1021/jasms.5c00174
J. Am. Soc. Mass Spectrom. 2025, 36, 2414−2425

2424

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arnaud+Delcorte"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4127-8650
https://orcid.org/0000-0003-4127-8650
https://pubs.acs.org/doi/10.1021/jasms.5c00174?ref=pdf
https://doi.org/10.3390/s7123442
https://doi.org/10.3390/s7123442
https://doi.org/10.1016/j.jelechem.2006.07.025
https://doi.org/10.1016/j.jelechem.2006.07.025
https://doi.org/10.1016/j.electacta.2011.08.017
https://doi.org/10.1016/j.electacta.2011.08.017
https://doi.org/10.1016/j.electacta.2011.08.017
https://doi.org/10.1002/wnan.1758
https://doi.org/10.1002/wnan.1758
https://doi.org/10.1016/j.bioactmat.2020.06.021
https://doi.org/10.1016/j.bioactmat.2020.06.021
https://doi.org/10.1016/j.bioactmat.2020.06.021
https://doi.org/10.1016/j.jcis.2020.12.025
https://doi.org/10.1016/j.jcis.2020.12.025
https://doi.org/10.1002/smll.200500116
https://doi.org/10.1002/smll.200500116
https://doi.org/10.1016/j.jcis.2004.05.040
https://doi.org/10.1016/j.jcis.2004.05.040
https://doi.org/10.1016/j.colsurfa.2022.129059
https://doi.org/10.1016/j.colsurfa.2022.129059
https://doi.org/10.1016/j.colsurfa.2022.129059
https://doi.org/10.1021/acs.langmuir.2c00191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.2c00191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.2c00191?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr8004668?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr8004668?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ange.201805034
https://doi.org/10.1002/ange.201805034
https://doi.org/10.1021/ac102940q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac102940q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac302789c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.2675315
https://doi.org/10.1126/science.2675315
https://doi.org/10.1016/j.jsb.2010.03.004
https://doi.org/10.1016/j.jsb.2010.03.004
https://doi.org/10.1016/j.jsb.2010.03.004
https://doi.org/10.1021/cr0103773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0103773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jasms.2004.09.005
https://doi.org/10.1016/j.jasms.2004.09.005
https://doi.org/10.1016/j.jasms.2004.09.005
https://doi.org/10.1016/S1387-3806(98)14251-3
https://doi.org/10.1016/S1387-3806(98)14251-3
https://doi.org/10.1016/S1387-3806(98)14251-3
https://doi.org/10.1016/S0039-6028(01)01528-X
https://doi.org/10.1016/S0039-6028(01)01528-X
https://doi.org/10.1039/c2an35550g
https://doi.org/10.1039/c2an35550g
https://doi.org/10.1021/ja071804i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja071804i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja071804i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0168-1176(97)00305-4
https://doi.org/10.1016/S0168-1176(97)00305-4
https://doi.org/10.1021/jp0555044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0555044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CP02398A
https://doi.org/10.1039/D0CP02398A
https://doi.org/10.1021/acs.jpclett.0c02510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c02510?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s13361-018-2090-z
https://doi.org/10.1007/s13361-018-2090-z
https://doi.org/10.1007/s13361-018-2090-z
https://doi.org/10.1007/s13361-018-2090-z
https://doi.org/10.1021/acsabm.2c00169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.2c00169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.2c00169?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c03228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c03228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1101/2023.08.17.553673
https://doi.org/10.1101/2023.08.17.553673
https://doi.org/10.1101/2023.08.17.553673
https://doi.org/10.1101/2023.08.17.553673?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1101/2023.08.17.553673?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.3c04857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.3c04857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/jasms?ref=pdf
https://doi.org/10.1021/jasms.5c00174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(32) Bertolini, S.; Delcorte, A. Reactive Molecular Dynamics
Simulations of Lysozyme Desorption under Ar Cluster Impact.
Appl. Surf. Sci. 2023, 631, 157487.
(33) Delcorte, A. A Microscopic View of Macromolecule Transfer in

the Vacuum Using Gas and Bismuth Clusters. J. Phys. Chem. C 2022,
126 (16), 7307−7318.
(34) Paruch, R. J.; Postawa, Z.; Garrison, B. J. Seduction of Finding

Universality in Sputtering Yields Due to Cluster Bombardment of
Solids. Acc. Chem. Res. 2015, 48 (9), 2529−2536.
(35) Garrison, B. J.; Postawa, Z. Computational View of Surface

Based Organic Mass Spectrometry. Mass Spectrom Rev. 2008, 27 (4),
289−315.
(36) Postawa, Z.; Czerwinski, B.; Szewczyk, M.; Smiley, E. J.;

Winograd, N.; Garrison, B. J. Microscopic Insights into the Sputtering
of Ag{111} Induced by C60 and Ga Bombardment. J. Phys. Chem. B
2004, 108 (23), 7831−7838.
(37) Anggara, K.; Zhu, Y.; Delbianco, M.; Rauschenbach, S.; Abb, S.;

Seeberger, P. H.; Kern, K. Exploring the Molecular Conformation
Space by Soft Molecule−Surface Collision. J. Am. Chem. Soc. 2020,
142 (51), 21420−21427.
(38) Anggara, K.; Ochner, H.; Szilagyi, S.; Malavolti, L.;

Rauschenbach, S.; Kern, K. Landing Proteins on Graphene Trampo-
line Preserves Their Gas-Phase Folding on the Surface. ACS Cent Sci.
2023, 9 (2), 151−158.
(39) Islam, M. M.; Kolesov, G.; Verstraelen, T.; Kaxiras, E.; Van

Duin, A. C. T. EReaxFF: A Pseudoclassical Treatment of Explicit
Electrons within Reactive Force Field Simulations. J. Chem. Theory
Comput 2016, 12 (8), 3463−3472.
(40) Islam, M. M.; Van Duin, A. C. T. Reductive Decomposition

Reactions of Ethylene Carbonate by Explicit Electron Transfer from
Lithium: An EReaxFF Molecular Dynamics Study. J. Phys. Chem. C
2016, 120 (48), 27128−27134.
(41) Bertolini, S.; Jacob, T. Valence Energy Correction for Electron

Reactive Force Field. J. Comput. Chem. 2022, 43 (12), 870−878.
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