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ABSTRACT: The bombardment of a protein multilayer target by
an energetic argon cluster ion beam enables protein transfer onto a
collector in the vacuum while preserving their bioactivity (iBEAM
method). In parallel to this new soft-landing variant, protein
transfer in the gas phase is a prerequisite for their characterization
by mass spectrometry. The successful transfer of bioactive
lysozymes (14 kDa) by cluster-induced soft landing and its
mechanistic explanation by molecular dynamics (MD) simulations
have sparked an important inquiry: Can heavier biomolecules be
desorbed while maintaining their tridimensional structure and
hence their bioactivity? To address this question, we employed
MD simulations using a reactive force field (ReaxFF). Specifically,
the Ar cluster-induced desorption of glucose oxidase from either a
gold substrate or a lysozyme underlayer was modeled using the LAMMPS code. First, the force field parameters were trained by
computing the dissociation energetics of a series of organic molecules with ReaxFF and DFT, in order to realistically describe N−S
and O−S interactions in the bombarded glucose oxidase molecule. Second, bombardment simulations investigated the effects of
cluster size (ranging from 1000 to 10000 Ar atoms) and kinetic energy (1.5 and 3.0 eV/atom) on the structural features and
energetics of the desorbing glucose oxidase. Our results show that large argon clusters (≥7000) are needed to desorb glucose oxidase
from a gold surface, yet protein fragmentation and/or pronounced denaturation occur. However, the transfer of structurally
preserved glucose oxidase in the gas phase is predicted by the simulations when an organic layer is used as a substrate.

1. INTRODUCTION
Engineering surfaces with lipids or proteins plays a crucial role in
diverse applications. For instance, the anchoring of lipids in
biosensors can enhance the detection of cancer.1 Proteins, on
the other hand, find applications in electrocatalysis such as
hydrogen evolution reactions2 and hydrogen oxidation reac-
tions,3 and they are also employed in biocatalysis for biofuels
production.4,5 Enzymatic reactions offer several advantages over
inorganic catalysts including higher efficiency, specificity, and
selectivity. In particular, glucose oxidase (GOx) catalyzes the
oxidation of β-D-glucose to gluconic acid by exploiting molecular
oxygen as an electron acceptor, simultaneously producing
hydrogen peroxide.6 The enzymatic activity of the protein on
a substrate depends on the binding reaction rate, the charges’
conformation, and the accessibility of active sites.7 Therefore,
the bioactivity of the protein is directly influenced by
nanoconfinement or the surface-to-volume ratio.8

Typically, the proteins’ confinement is restricted to single
layers because of their weak bonding beyond the first layer and/
or their loss of functionality in the bulk, promoted by the
changes in conformation and charge orientation.9,10 While
chemical grafting of large biomolecules can ensure better
attachment to the surface, it may lead to denaturation or
undesired reactions with functional groups and adsorption

remains restricted to a monolayer.11 On the other hand, proteins
such as lysozyme (Lyz) and GOx can be immobilized using a
layer-by-layer deposition approach involving polyelectro-
lytes.12,13 Although layer-by-layer is an advanced technique for
biofilm fabrication, the adsorption of proteins from solution
shows some drawbacks, for example, the effect of competition in
mixtures and agglomeration during drying.14,15 Alternatively,
the nanofabrication of biofilms can be performed in the vacuum
using preparative mass spectrometry techniques, such as
electrospray ionization (ESI) and matrix-assisted laser desorp-
tion/ionization (MALDI).16−18 These soft-landing methods
allow the construction of complex peptide and protein layers
with a high deposition control, yielding intact molecular
structures.16 Introducing a new variant of soft landing, large
argon gas cluster ion beams (GCIB) have been successfully used
recently to transfer biomolecules and proteins (iBEAM
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method19). Even the transfer of Lyz, which poses a challenge due
to its substantial weight (14 kDa), was accomplished using argon
GCIB and the bioactivity of the deposit could be demon-
strated.20 The versatility of GCIB allows to nanofabricate
biomolecular multilayers from a solid sample target (a >μm
thick film or possibly a pressed powder), without solvent or
matrix intermediate.21 In parallel, in the analysis mode, the MS
instruments using GCIB can also detect and identify large
fragments and protein sequences (∼103 Da) when combined
with an Orbitrap analyzer, paving the way to high-resolution 3D
images of biosurfaces.22,23

The ability of GCIB-SIMS to identify the sequence of the
protein or to transfer intact molecules is directly influenced by
the fragmentation process that the biomolecules undergo upon
collision with a cluster projectile. Consequently, the rate of
fragmentation is connected to the parameters of the GCIB, such
as kinetic energy, size, and incidence angle. Generally, as the
kinetic energy per atom of the cluster (E/n) increases, the
internal energy of the molecules increases monotonically within
a range of 2−10 eV/atom until it reaches a constant level.24 At
lower E/n values, the collision between the cluster and the
surface results in soft emission generating internal energies
equivalent to the ones of ions formed in MALDI. Nonetheless,
the Ar cluster impact still induces high pressures and
temperatures locally in the biofilm.25,26 In addition to E/n, the
molecular desorption efficiency of the GCIB is influenced by
other cluster parameters. For instance, the maximum desorption
yield is achieved around 45° incidence,27,28 while the cluster size
(n) determines the momentum transmitted to the desorbing
molecules.

Computational methods, particularly molecular dynamics
(MD), have proven to be essential for the understanding of
sputtering and desorption mechanisms. These methods have
shed light on various phenomena by providing detailed
microscopic insights. For instance, MD has highlighted the
dependence of desorption and fragmentation processes of
polymer molecules on factors such as the substrate nature and
the region of the collision.28 Remarkably, the reactive force field
(ReaxFF) can perform bond-order calculation and reactions on
the fly,29−31 which includes the fragmentation processes
occurring during the sputtering of biomolecules by argon
GCIB. Since recently, algorithms implemented in the ReaxFF
can simulate the behavior of electrons and electrons−holes as
semiclassical particles,32−34 opening up perspectives to study ion
formation induced by a collision with Ar clusters. Notably,
ReaxFF simulations have demonstrated a relationship between
fragmentation upon impact and distribution of bond types. For
example, polymers with a higher proportion of C−O bonds tend
to experience greater fragmentation compared to those with C−
H bonds.35 Furthermore, the mass peaks of fragmented
molecules obtained through ReaxFF simulations align well
with experimental SIMS analyses.36

In a recent investigation, our group conducted an experiment
to explore the desorption and transfer of Lyz using argon
GCIB.20 To gain a deeper understanding of how the cluster
parameters (size and E/n) influence the process, we modeled

the bombardment of a gold substrate decorated by one or more
Lyz using Ar clusters.37 Our simulations were consistent with
experimental findings, revealing the desorption of intact Lyz. In
addition, the simulations also highlighted the effect of the
substrate nature and the cluster parameters on fragmentation,
denaturation, and desorption.37 Following that study, one
question persists: Can argon GCIB effectively transfer heavier
biomolecules such as GOx (65 kDa) while preserving their
integrity and bioactivity? To answer this question, MD
simulations of GOx desorption upon Ar cluster impact were
conducted. The size of the argon clusters (1000, 3000, 7000, and
10000 atoms) and their kinetic energy (1.5 and 3.0 eV/atom), as
well as the sample structure, were varied, while keeping the
incidence at a 45° angle from the surface normal (optimal for
desorption and widespread in SIMS setups). The desorption
and fragmentation processes are rationalized using the depend-
ence of the GOx internal energy on the initial conditions of
cluster impact.

2. COMPUTATIONAL METHODS
The Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) code38 was used to parametrize the force field and
conduct molecular dynamic simulations of argon cluster-
induced desorption of GOx. The force field employed was
pure ReaxFF,39 and the charge equilibration method utilized was
the electronegativity equalization method (EEM).40 The
ReaxFF parameters were divided into three sections: C/H/O/
N/S parameters,41 Au/X parameters (X = C/H/O/N/S),42 and
repulsive parameters for Ar atoms.43

To address the absence of the O−S and N−S interaction
parameters in the combined force field, additional para-
metrization was conducted to train the bond dissociation in an
organic molecule (Figure S1). The energy profile for bond
dissociation was acquired through density functional theory
(DFT) calculations performed using the Orca software.44,45 The
M062X method46 and DEF2-TZVP basis set47 were employed
in these calculations using standard convergence criteria, which
are 5 × 10−6 hartree for energy, 3 × 10−4 hartree/bohr for
energy’s gradient, and 4 × 10−3 bohr for maximum displace-
ment. Initially, each molecule underwent optimization using
DFT calculations, followed by scanning the distance between
two atoms (N−S or O−S) and optimizing the molecular
structure while maintaining the bond distance to achieve a bond
dissociation energy profile. By taking the initially optimized
molecule as a reference, the energy difference (ΔE) between the
reference (Eref) and the scanned molecule (Ei) was computed for
both DFT and ReaxFF, as described in eq 1.

=E E Ei ref (1)

An in-house code was implemented to minimize the overall
error when comparing the ΔE values between DFT and ReaxFF,
as shown in eq 2.

=e w E E( )DFT ReaxFF (2)

Figure 1. Schematic flowchart of ReaxFF parametrization and bombardment simulations.
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Here, e represents the sum of errors, w denotes the weight
assigned to the error, and ΔEDFT and ΔEReaxFF correspond to the
ΔE values obtained from DFT and ReaxFF, respectively.

Figure 1 illustrates the sequential steps undertaken in this
study. Initially, a variety of molecules containing O−S and N−S
bonds were carefully chosen to assess bond formation and
dissociation by using DFT calculations (Figure 1, Molecule
dissociation). In the subsequent phase, the ReaxFF parameters
were subject to random modifications, and the most favorable
set of parameters, minimizing the overall error, was selected
(Figure 1, Parametrization). Next, a first test MD simulation of
the bombardment of GOx was conducted, resulting in the
generation of amino acids (GOx fragments) involving reactions
with O−S or N−S bonds during bombardment (Figure 1,
Bombardment). These newly formed amino acids were
incorporated into the training process, leading to the
reparametrization of ReaxFF (Figure 1, Fragments). This
process was recursive and test MD simulations were performed
until the final force field was obtained. The molecules used as
input for the ReaxFF training were selected to cover a range of
modifications of the bond order spectrum, including phenyl,
ethyl, and methyl groups which are commonly present in amino
acids and form different bond orders in the whole molecule
(sigma, pi, and double pi bonds). Thus, we account for
molecules structures that can be formed during the GOx’s
fragmentation. Finally, the optimized ReaxFF parameters were
employed to carry out the bombardment simulations described
in this study (Figure 1, Results). As was justified in detail
previously,37 we made the choice not to modify the low
interdistance region of the force field using a ZBL repulsive
potential function. The main reason is that the energy of the
projectile atoms in these simulations remains very limited, and
we could demonstrate that implementing such a repulsive wall
had a negligible effect on the final results. In addition, it
somewhat disturbs the shape of the ReaxFF in the region of the
junction, which could even have detrimental effects on the
quality of the reactive potential.

Initially, hydrogen atoms were added to GOx (1CF348)
through pymol algorithms.49 Then, the gold slab was cleaved in
the [543] direction from the crystal structure Fm3̅m, with a
lattice size of 4.17 Å, while the spherical argon clusters were
extracted from the crystal structure Fm3̅m, with a lattice size of
4.08 Å. They consisted of 1000, 2988, 5017, 6986, and 10380
atoms (∼1000, ∼3000, ∼5000, ∼7000, and ∼10000 atoms).
Following the generation of the final ReaxFF parameters, all
proteins and the gold slab were relaxed in a vacuum at 300 K
with 100 fs damping factor within the NVT (canonical)
ensemble, until the system’s energy was fully stabilized (15 ps).
The Nose−́Hoover algorithm was used as thermostat.50−52 The
same relaxation procedure was applied for adsorbing GOx onto
the gold slab or on top of a lysozyme monolayer, hence forward
called organic layer, which was constructed based on a previous
publication.37 Thus, the gold slabs have the dimensions of 353 ×
237 Å2 (single protein slab) and 327 × 314 Å2 (organic layer),
cleaved perpendicular to the [543] direction, and have 3 free
layers, 1 Langevin damping layer at 300 K with a 100 fs damping
factor, and 1 frozen layer. The bond interactions between the
protein and the gold slab are shown in Figure S10 and the bond
distance cutoff in Tables S1 and S2. Once the system reached a
relaxed state, the argon clusters were positioned in close
proximity to the surface, with velocities set to 1.5 or 3.0 eV/atom
and angled to 45° with respect to the surface normal. The Ar
clusters did not undergo prior relaxation due to the absence of

attractive part in their force field. Each Ar cluster was placed in
the vicinity of the target protein and just far enough to first
interact with the substrate prior to the GOx, which corresponds
to the optimal situation for desorption according to our previous
simulations.28 When a single GOx was absorbed on a gold
surface (Figure 2A), it was termed the “single protein” system,

whereas when GOx was absorbed on top of a lysozyme
monolayer (Figure 2B), it was termed the “organic layer”
system. All the simulations were performed with a 1 fs time step,
and the bombardments were calculated using NVE (micro-
canonical) ensembles.

3. RESULTS
3.1. Training of the Force Field. The ReaxFF parameters

were trained to account for various scenarios in a molecule.
These include the possibility of overcoordination when two
atoms approach each other (Figure 3A,B), undercoordination
when two bonded atoms dissociate (Figure 3C,D), and valence
energy involving three atoms and the angle between them
(Figure 3E,F). It is important to note that no torsion parameters
were included in the training process.

All the energy profiles corresponding to bond dissociation,
bond formation, and change in the angle structure are shown in
the Supporting Information. When considering oxygen and
sulfur (O−S) calculations, only oxygen atoms bonded to sulfur
atoms are considered as terminal atoms (R−SOx−R), while
oxygen atoms bonded to other elements such as carbon are not
considered (R−S−O−R). However, despite this limitation, the
energy profiles obtained using both density functional theory
(DFT) and ReaxFF exhibit similar trends for the majority of the
molecules that were trained, with significant overlap. The goal of
simulating bond dissociation/formation in various organic

Figure 2. Initial model configuration used for protein desorption from a
gold surface upon collision with an Ar cluster. The gold surface consists
of a gold slab surrounded by three layers of Au. Two layers attenuate the
pressure waves via the Langevin algorithm, while the last layer is frozen
to represent the bulk gold. (A) Single GOx desorption and (B)
desorption of GOx (highlighted) from an organic layer. Color code: H
is white, C is gray, N is blue, O is red, S is yellow, Ar is green, and Au is
golden. The damping and frozen layers have a darker contrast, and the
frozen layer is darker than the damping layer.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.3c04857
J. Phys. Chem. B 2023, 127, 9074−9081

9076

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.3c04857/suppl_file/jp3c04857_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.3c04857/suppl_file/jp3c04857_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.3c04857/suppl_file/jp3c04857_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c04857?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c04857?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c04857?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c04857?fig=fig2&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.3c04857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


structures, including amino acids (Figure 3G), is to mimic the
potential fragmentation and recombination reactions that could
occur in GOx. During the process of fragmentation, under-
coordinated sulfur reacts with oxygen from a CO terminal,
resulting in the formation of SO gas (Figure S8). Additionally,
temporary N−S bonds are formed, serving as intermediate steps
in the formation of a ring structure. Subsequently, these bonds
break as hydrogen migrates to form HS bonds (Figure S9). We
believe that the new ReaxFF parameters are capable of
simulating protein fragmentation, but it is important to
acknowledge the possibility of artifacts existing in the
simulations. Future use of our trained force field should
therefore involve comparison with DFT calculation or
experimental data in order to identify and exclude possible
artifacts.
3.2. Cluster-Induced Desorption of GOx. Because Lyz

and GOx exhibit a similar adsorption energy per unit area on
gold (∼0.010 and ∼0.007 eV/Å2, respectively), the larger
contact area of GOx requires more energy for desorption. This
phenomenon is observed in the case of GOx since, as an isolated
protein on gold, it does not desorb for cluster projectiles smaller
than 7000 Ar atoms, whereas Lyz could desorb from gold for
clusters as small as 1000 atoms.37 With the selected impact
parameters (Table 1), the protein undergoes denaturation upon
collision with the argon clusters. Under a 1.5 eV/atom Ar3000
impact (Figure 4A), some of the polymeric chains of the protein
can be lifted from the surface, but they remain attached to the
protein, preventing complete desorption. Another scenario

occurs with a 3 eV/atom Ar3000 impact (Figure 4B), when the
collision fragments the GOx molecule and only one large
fragment desorbs while the main part of the GOx remains
attached to the surface. When the cluster size is sufficiently large
(Ar10000, Figure 4C), most of the GOx is ejected from the surface
even with 1.5 eV/atom, but the transferred energy remains

Figure 3. Profile energy changes by modification of the bond distance or angle between two or three atoms. (A) Interatomic distance energy profile of
S−N (see green arrow) in N-((S′-1formamido-2-oxoethyl)disulfaneyl)-3-oxobutan-2-yl)acetamide. (B) Interatomic distance energy profile of S−O
(see green arrow) in N-((S′-1formamido-2-oxoethyl)disulfaneyl)-3-oxobutan-2-yl)acetamide. (C) Bond dissociation of S−N in (S′)-
methanesulfinamide. (D) Bond dissociation of S−O in benzenesulfoamide. (E) Valence (angle) energy of C−S−N in benzenesulfoamide. (F)
Valence (angle) energy of O−S−O in benzenesulfoamide. (G) Fragmentation and formation of N−S and O−S bonds after fragmentation; red circles
represents the region on the reactant ((S)-2-((R)-2-((S)-2-aminopropanamido)-3-(((R)-2,3-diamino-3-oxopropyl)disulfaneyl)propanamido)-
succinimide) that participate in the reaction, and blue circles represent the S−N and S−O bonds formed in the products (succinimide, (4R,5R)-1,2-
oxathiolane-4,5-diamine, and (S)-2-amino-N-((R)-3-oxoisothiazolidin-4-yl)propanamide). Color code: H is white, C is gray, N is blue, O is red, S is
yellow.

Table 1. Argon Cluster Parameters Selected for the
Bombardment and Physical Condition of the Protein
(Desorbed and/or Denatured)

system
cluster size

(atoms)
E/n (eV/

atom)
total energy

(keV) desorbed denatured

single
protein

1000 1.5 1.5 no yes

single
protein

1000 3.0 3.0 no yes

single
protein

3000 1.5 4.5 no yes

single
protein

3000 3.0 9.0 no yes

single
protein

7000 1.5 10.5 no yes

single
protein

7000 3.0 21.0 yes yes

single
protein

10000 1.5 15.0 yes yes

single
protein

10000 3.0 30.0 yes yes

organic
layer

5000 3.0 15.0 yes no
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insufficient to desorb the full protein chain. In that case, the
departing protein gains sufficient momentum to severe one
covalent bond of its main chain, leaving one chain end attached
to the surface. Finally, the simulations demonstrate that GOx
can be desorbed from the gold surface by Ar7000 and Ar10000 with
a kinetic energy of 3 eV/atom (Figure 4D). Across all
investigated cluster sizes, little or no fragmentation upon impact
is observed for an energy per atom (E/n) of 1.5 eV, while
fragmentation is consistently observed for E/n equal to 3.0 eV.

The presence of a Lyz organic layer separating GOx from the
gold substrate has a direct impact on its desorption. When an
argon cluster collides with the Lyz layer, the layer is strongly
compressed (Figure 5 at 1.80 ps). Subsequently, the argon

atoms disperse across the surface, penetrating underneath the
GOx (Figure 5 at 4.55 ps). As the argon atom cloud expands, it
pushes the protein upward (Figure 5 at 8.00 ps) and ultimately
ejects GOx completely (Figure 5 at 11.20 ps). While on the gold
surface the Ar5000 at 3.0 eV/atom fails to cause desorption of
GOx, the presence of an underlying protein layer enables the
transfer of GOx as a whole. The simulation can also be visualized
by the video in the Supporting Information.

Different degrees of denaturation can be observed by
examining the GOx released by the cluster impact from the
underlying gold surface or the Lyz layer. Defining the
denaturation ratio as the ratio between the final and initial
Connolly surface areas of the proteins (Afinal/Ainitial, Table 2), we
find that the denaturation ratio of a single molecule of GOx on
gold, following collision with Ar3000 at 3 eV/atom, is much
higher than the denaturation ratio of GOx, desorbed from the
Lyz layer after collision with Ar5000 at 3 eV/atom. Similarly, we
detect a higher denaturation ratio for a single molecule of Lyz
desorbed from gold after collision with Ar5000 at 2 eV/atom,
compared to a cluster of Lyz desorbed from an organic layer after
collision with Ar5000 at 3 eV/atom. In our simulations,
denaturation occurs through partial or total unfolding of the
protein chains, involving the appearance of voids between the
initially closely folded protein backbone sections (Table 1),
which is mirrored by large Connolly surfaces and higher values
of the denaturation ratio (Table 2). In particular, we observe
that denaturation ratio values above 1.60 correspond to proteins
partially or totally denatured. Nevertheless, a systematic
investigation should be conducted to establish the denaturation
ratio threshold for each protein, as these values may vary across
different proteins.

Figure 4. Final configurations of the desorbing GOx, initially adsorbed onto the gold surface, after their interaction with argon clusters. (A)
Denaturation of the protein after collision with Ar3000 at 1.5 eV/atom. (B) Denaturation of the protein and desorption of a relatively large fragment
after collision with Ar3000 at 3.0 eV/atom. (C) Denaturation and desorption of the main part of the protein after collision with Ar10000 at 1.5 eV/atom.
(D) Denaturation, fragmentation, and desorption of the majority of the protein after collision with Ar10000 at 3.0 eV/atom Color code: H is white, C is
gray, N is blue, O is red, S is yellow, Ar is green, and Au is golden.

Figure 5. Movie snapshots showing the time evolution of the
desorption of a GOx molecule initially adsorbed on a lysozyme
monolayer by a 3.0 eV/atom Ar5000 cluster. Figures are labeled by
corresponding simulation time. Color code: H is white, C is gray, N is
blue, O is red, S is yellow, Ar is green, and Au is golden.

Table 2. Kinetic Internal Energy (IE*) per Unit Mass, Translational Velocity of the Center of Mass (Vt), and Denaturation Ratio
of the Proteins Desorbed from Different Systems

ref protein substrate Ar E/n (eV/atom) IE*/mass (eV/Da) Vt (Å/fs) denaturation ratio

1 lysozymea organic 5000 3.0 1.089 × 10−2 9.75 × 10−3 1.36
2 lysozymea gold 5000 2.0 1.655 × 10−2 3.07 × 10−3 1.73b

3 glucose oxidase organic 5000 3.0 0.910 × 10−2 10.82 × 10−3 1.41
4 glucose oxidase gold 3000 3.0 1.729 × 10−2 1.43 × 10−3 3.24b

5 glucose oxidase gold 7000 3.0 1.888 × 10−2 3.83 × 10−3 2.74b

6 glucose oxidase gold 10000 3.0 2.267 × 10−2 4.88 × 10−3 2.79b

aFrom ref 37. bPartially or totally denatured.
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In order to explain the changes in the denaturation degree, the
internal energy of the desorbing proteins (fragmented or not)
was analyzed. The initial step consisted of subtracting the
translational (center-of-mass) energy of the protein from its
total kinetic energy in each system to obtain the sum of the
rotational and vibrational kinetic energies (IE*), which are parts
of the internal energy. The potential energy increase upon
emission, which constitutes the other contribution to the
internal energy, was not taken into account because its final
value is also very dependent on the fragmentation and hydrogen
ablation reactions. This internal kinetic energy, IE*, was then
divided by the total mass of the protein to enable comparisons
between proteins of varying masses. According to Table 2, when
proteins are desorbed from an underlying soft organic layer,
their internal kinetic energy per unit mass is significantly lower
(∼1.7 times) compared to when they are individually desorbed
from the gold surface. These values of internal energy are
mirrored by the calculated denaturation ratios (last column of
Table 2). In parallel, the momentum of the argon cluster is more
efficiently converted in translational velocity (Vt) of the proteins
when emitted from the soft layer instead of increasing their
internal energy as for the bare gold substrate. Indeed, the
velocity of the center of mass is much larger (∼3 times), and
hence the translational energy of the protein, in the case of the
organic layer (Table 2, Vt). The Table 2 values should be
considered as qualitative values because one single sample was
considered for each simulation case and four variables are
accounted for cluster size, E/n, protein type, and substrate
nature.

4. DISCUSSION
Our recent experimental results demonstrated the successful
transfer of bioactive Lyz (14 kDa), and the characteristics of the
desorption process were well explained by MD simulation
results.19,36 In turn, the present study anticipates future
experimental research by investigating the desorption of a
significantly larger enzyme, GOx (65 kDa). The simulations
predict that the GCIB-induced transfer method might
encounter some limitations when it comes to desorbing such
large proteins. Upon desorption from gold, GOx experiences
greater denaturation than Lyz when bombarded by Ar3000 with
energy values of 1.5 and 2.0 eV/atom (for GOx and Lyz,
respectively). It also tends to fragment more than Lyz for a
similar E/n ratio (Figure 4). The denaturation of the protein is
influenced first by its own internal structure, but also by the
interaction strength between the protein and the gold surface. In
our simulations, the desorption of chemically and structurally
intact GOx from gold appears unlikely due to the higher energy
required to desorb a larger contact area. The use of larger argon
clusters tends to facilitate the desorption of GOx, as the clusters
can effectively wash the protein away by spreading over the
surface before expanding. Desorption of full, but yet denatured
or fragmented, GOx from gold required clusters larger than or
equal in size to Ar7000, while Lyz could be desorbed using clusters
larger than Ar1000. Furthermore, the effect of the energy per atom
(E/n) on fragmentation was also observed in the case of GOx.
Notably, no fragmentation was caused by the impact in GOx
when the E/n value was 1.5 eV/atom. This suggests that the
transition to active fragmentation occurs between 1.5 and 3.0
eV/atom, as was the case for Lyz.

While desorption from a metal surface with step defects
(edges with (111) terrace orientation in our case) appears to be
problematic, MD simulations suggest the potential for intact

GOx desorption when adsorbed on an organic film such as a Lyz
monolayer (Figure 5). In that case, the argon cluster penetration
and motion underneath the GOx softly lift up the protein from
the surface, facilitating its emission in a globular shape, hence
less denatured, as a result of a lower internal energy transfer
(Table 2). The comparison of the two systems shows that the
denaturation process can be attributed to the nature of the
underlying layers. The mechanism responsible for the organic
layer’s ability to reduce GOx denaturation is related to the action
of the underlying Lyz layer as a buffer, storing the energy of the
impinging Ar atoms to redistribute it via collective molecular
motion as the impact crater forms and expands. In parallel, this
collective motion imparts more translational energy to the
departing GOx enzyme, in analogy with the so-called
cooperative uplifting mechanism first described for small
biphenyl molecules and styrene tetramers.53 Our previous
simulations showed the desorption of agglomerates of Lyz
molecules by a similar soft emission process, when bombarding a
bilayer made of pure Lyz.37 In both cases, the organic layer plays
a significant role by mitigating fragmentation and denaturation
processes while facilitating the desorption of large proteins and
agglomerates. Experimentally, protein denaturation could be
directly probed using ion mobility54 but unfortunately this
option is not available on commercial SIMS instruments. The
increase in fragmentation demonstrated in the literature for
thinner organic layers on a hard substrate55 corroborates our
conclusion that the substrate nature also influences fragmenta-
tion. In terms of experimentation, molecular transfer is
conducted using μm thick samples, involving a considerable
number of pure protein layers. Therefore, a real possibility of
transferring structurally preserved bioactive GOx by the iBEAM
method exists.

5. CONCLUSION
By conducting initial training of the Reax force field in this
investigation, we obtained parameters for which the ReaxFF
energy profiles reasonably mimic the computed DFT data for a
series of relevant molecules. With the application of these new
parameters, the formation of SO bonds in the presence of
undercoordinated sulfur could be observed as well as the
formation of NS bonds, which act as intermediate steps for
further reactions. This preliminary development stage of the
force field should enable future studies using ReaxFF to describe
the molecular dynamics of complex protein systems including
bond scission and formation processes.

Concerning GCIB-induced protein emission from surfaces,
the strong interaction between GOx and the gold surface inhibits
desorption and causes dramatic protein unfolding and
denaturation. Consequently, only massive argon clusters
(≥Ar7000) can desorb GOx from bare gold. However, desorption
from a soft organic layer imparts much less internal energy to the
biomolecule, suggesting the ability of the GCIB-induced transfer
and soft-landing method to be applied for proteins of this size.
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