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4 ABSTRACT: Reactive molecular dynamics (MD) simulations
5 were conducted to investigate the soft and reactive landing of
6 hyperthermal velocity proteins transferred to a vacuum using large
7 argon clusters. Experimentally, the interaction of argon cluster ion
8 beams (Ar1000−5000

+) with a target biofilm was previously used in
9 such a manner to transfer lysozymes onto a collector with the

10 retention of their bioactivity, paving the way to a new solvent-free
11 method for complex biosurface nanofabrication. However, the
12 experiments did not give access to a microscopic view of the
13 interactions needed for their full understanding, which can be
14 provided by the MD model. Our reactive force field simulations
15 clarify the landing mechanisms of the lysozymes and their
16 fragments on collectors with different natures (gold- and
17 hydrogen-terminated graphite). The results highlight the conditions of soft and reactive landing on rigid surfaces, the effects of
18 the protein structure, energy, and incidence angle before landing, and the adhesion forces with the collector substrate. Many of the
19 obtained results can be generalized to other soft and reactive landing approaches used for biomolecules such as electrospray
20 ionization and matrix-assisted laser desorption ionization.

1. INTRODUCTION
21 The advancement and industrial development of biosensors,
22 biocatalysts, bioanalytical tools, and drug delivery systems
23 often require the enhancement of immobilization and
24 preservation of protein bioactivity on a surface.1−4 While
25 these proteins can be deposited using solution-based
26 techniques, their specific affinity with the surface or charge
27 accumulation, often leads to diminished bioactivity and limits
28 their deposition to a singular layer.5,6 The adsorption process is
29 strongly surface-dependent and the subsequent drying process
30 may also interfere with the production of uniform layers.7−9

31 Achieving more complex multilayer assemblies necessitates
32 binding the proteins in a step-by-step process utilizing
33 polyelectrolytes,10,11 covalently coupling the proteins or using
34 ligands.12−14

35 Alternatively, within the realm of mass spectrometry
36 methods, beyond their primary role in the analysis and
37 identification of biomolecules, lies the capacity to deposit
38 proteins onto a surface under vacuum conditions15 using a
39 technique known as ion soft landing (SL). Protein ion SL can
40 be executed using various methods, such as electrospray
41 ionization (ESI) and matrix-assisted laser desorption ionization
42 (MALDI), both able to produce large molecular ions that are
43 then mass-selected and guided to a collector surface with a
44 lateral resolution defined by the beam focus.16−18 Cooks et
45 al.19 have categorized the processes of collision and landing.
46 Here, we emphasize SL as the deposition of molecules/clusters

47without surface reaction, reactive landing (RL)20,21 as the
48deposition involving surface reactions, and surface-induced
49dissociation (SID) as the process where collisions induce
50fragmentation upon molecule/cluster landing. In the landing
51process, the translational velocity of the molecules colliding on
52the surface is distributed as internal energy, which can induce
53local unfolding, disorder, and reactions.22 The landing
54efficiency minimally depends on the proteins’ charge states,
55instead, the landing energy and type of surface are critical for
56fragmentation to occur.23 The simple acceleration of a
57molecule onto a surface can induce a nonselective reaction24

58and the energy transferred from the collision can produce
59further reaction on the surface.25 Alternatively, different
60molecule orientations in the collision can induce diverse
61reaction pathways.26 Molecule orientation can be guided using
62optical27 or hexapole fields.28 In addition, conformation and
63reaction stability of proteins can be improved by cryo methods,
64that reduce thermal diffusion and structure fluctuations.29,30
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65 During the ion SL process, charges accumulate on the
66 surface over extended periods of time, a phenomenon that can
67 be mitigated through electron transfer or proton migration.
68 Despite the presence of charges, the proteins’ bioactivity may
69 remain intact, plausibly due to inherent refolding mecha-
70 nisms.31−34 Remarkably, the proteins’ folded structures can
71 endure even after SL, notwithstanding the loss of attached
72 water molecules.35,36 Increasing the collision energy and/or the
73 proteins’ landing temperature typically induces protein
74 fragmentation (SID) and reactions with the substrate
75 (RL).37−39

76 A novel method known as the iBEAM technique40,41 has
77 emerged as an innovative approach for the soft landing of
78 proteins irrespective of their charge state, employing large
79 kiloelectronvolt argon gas cluster ion beams (GCIB) to
80 transfer proteins in a manner akin to SIMS. Compared to
81 sample sputtering by isoenergetic atomic and small cluster
82 ions, protein desorption through iBEAM is characterized by
83 inducing minimal damage to the molecules and has showcased
84 its ability to transfer bioactive lysozymes (14 kDa) from a
85 source (target) to a recipient surface (collector).41 Moreover,
86 it has demonstrated precision in constructing multilayered
87 structures at the nanoscale,42 while computational simulations
88 indicated promising prospects for the successful transfer of
89 even larger proteins, such as glucose oxidase (64 kDa).43

90 Notably, the extent of protein damage during desorption
91 depends significantly on the kinetic energy per atom (E/n) of
92 the GCIB, with considerable reduction in internal energy
93 (thereby fragmentation) observed for E/n values smaller than
94 2 eV/atom.42,44 However, our simulations also accentuated the
95 role of cluster size (i.e., the number of nuclei n) as a secondary
96 factor in exacerbating fragmentation at constant E/n.45 Given
97 its lineage from SIMS, efforts to further limit fragmentation
98 through the application of cryogenic methods might also be
99 promising for iBEAM soft landing.46,47

100 Computer simulations offer a distinctive advantage by
101 facilitating an understanding of fundamental concepts that
102 are either prohibitively expensive or unfeasible to explore solely
103 through experimental means, particularly within the domains
104 of sputtering and desorption48−51 but also molecular landing.
105 Various methodologies, encompassing quantum mechanics
106 (QM), molecular mechanics (MM), and QM/MM ap-
107 proaches, have been employed to simulate the intricacies of
108 SL and RL. In the context of SL, these simulations explored the
109 modifications in the structural features of proteins and peptides
110 across diverse substrates subsequent to the landing event.52,53

111 The configurations, or the entropies associated with the
112 peptide’s configurations, are particularly dependent on whether
113 the initial structures are helical or globular.54 The sticking
114 efficiency of landing peptides exhibits a dependence on
115 collision energy, which, in turn, may be dependent on the
116 collision angle. The process of landing can induce reactions by
117 augmenting vibrational energy and instigating fragmentation
118 along diverse pathways.55−59 Notably, the reactivity of peptides
119 is amplified in the presence of neutral species, and their
120 fragmentation is intricately linked to proton transfers, with
121 oxygen and nitrogen emerging as the principal sites for
122 transfer. The RL efficiency is also dependent on the terminal
123 groups of the surface,60,61 while the particular side chains of the
124 peptides also directly influence the RL efficiency. For example,
125 a lysine shows more efficiency to react than an RGDGG side
126 chain.62 Investigating RL simulations, a delineation of the
127 structural characteristics of deposited films unfolds, elucidating

128the polymerization of deposited molecules and the generation
129of amorphous carbon materials during the landing proc-
130ess.63−66 Less computer intensive than QM methods (DFT),
131classical molecular dynamics (MD) using chemical reactive
132force fields (Brenner, COMB, AIREBO, ReaxFF) appears to be
133the method of choice to study soft and reactive landing (and
134the transition between the two) for large systems, long times,
135or repeated impact simulations. In particular, the implementa-
136tion of ReaxFF67−69 has emerged as a fitting methodology for
137investigating protein SL and RL, having been effectively
138employed in studying various phenomena, such as the
139fragmentation of polymer surfaces during cluster collisions70

140or the sputtering of amino acids by GCIB from bulk solids and
141from graphite substrates.71,72 Additionally, recent enhance-
142ments in the ReaxFF code display promising advancements by
143enabling explicit simulation of electrons and accelerating the
144computation of charges.73−76

145Recently, ReaxFF simulations focusing on the desorption of
146lysozymes (Lyz) and glucose oxidase (GOx) from a gold
147substrate were conducted in our group, revealing the potential
148for intact protein desorption and the dependence of
149fragmentation on the bombardment conditions.43,45 An
150important aspect of those investigations was to shed light on
151the difference in molecular desorption from gold, producing
152proteins with high internal energies, prone to fragmentation,
153and desorption from a protein matrix, leading to the emission
154of (clusters of) proteins with comparatively lower internal
155energies, even with minimal denaturation. Incidentally, our
156simulations highlighted intriguing aspects of reactivity, such as
157the formation of Au−S and H−S bonds attributed to the
158presence of cysteine amino acids, mirroring experimental
159observations.77,78 The present study capitalizes on these results
160to delve into the investigation of lysozyme soft and reactive
161landing, examining diverse scattering angles and protein
162configurations obtained from our previous desorption
163simulations in order to elucidate the influence of these
164variables on the landing process. Moreover, we explore two
165different substrates; gold and hydrogen-terminated graphite
166(HTG) serve as examples of rigid surfaces, where electrostatic
167and van der Waals interactions govern the interactions with the
168landing protein.

2. COMPUTATIONAL METHODS
169The soft landing of lysozymes on a substrate was achieved
170through the utilization of the large-scale atomic/molecular
171massively parallel simulator (LAMMPS) code, employing
172reactive force fields (ReaxFF).79−81 The characteristics of the
173proteins used in these soft and reactive landing simulations
174were derived from a prior study involving the desorption of
175lysozyme by large argon clusters,45 employing the same force
176field.82−84 These lysozyme proteins were categorized into three
177 f1groups: isolated (Figure 1A), cluster (Figure 1B), and fragment
178(Figure 1C). The clusters of lysozymes were desorbed from a
179lysozyme bilayer situated on top of a gold substrate; in this
180case, the clusters contained 5 and 3 lysozymes each. In
181contrast, the isolated lysozymes were desorbed from a gold
182substrate by various-sized argon clusters with low-impact
183kinetic energy, so that each system desorbed a single lysozyme
184(see Table S1). As the desorption of lysozyme can be
185correlated with the experimental parameters of iBEAM (Ar
186clusters size and velocity or protein layer thickness), here the
187simulations of landing can be directly correlated with the
188previous output.45 The fragments consisted of amino acid
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189 chain segments desorbed from gold with argon clusters having
190 high impact kinetic energy (>2 eV/atom). All simulations were
191 conducted with a time step of 0.1 fs, employing the NVE
192 (microcanonical) ensemble, over a total simulation duration of
193 150 ps. Here, although the settings are NVE ensembles, the
194 Langevin thermostat applied at the bottom of the slabs will
195 drag the energy of the system, transferred through phonons
196 interaction.
197 The translational and (internal) kinetic energy per unit mass
198 and the translational velocity of each cluster and isolated

t1 199 lysozymes are reported in Table 1. Calculating the energy per
200 mass, it is possible to compare various protein structures, since
201 different systems can exhibit small or large differences in terms
202 of atom numbers and element types. The small difference in
203 the total mass of lysozymes is due to the loss of water
204 embedded in the structure and/or H atoms upon desorption.
205 For the simulations of soft and reactive landing, the internal
206 energy was preserved while the direction of the translational
207 velocity vectors was adjusted to enable collisions with the
208 substrate at various angles, while keeping the vector’s
209 magnitude constant. To redirect the translational velocity of
210 each protein and cluster, the center-of-mass velocity of the
211 ensemble was subtracted from each atom’s velocity, and a new

212velocity vector with the same modulus but a selected direction
213was added. When the collision angle between the substrate’s
214plane and the protein’s translational velocity vector reaches
21590°, it is referred to as a “normal landing”, and angles other
216than 90° are termed “oblique landings”.
217Finally, three distinct substrates were examined under the
218conditions of periodic boundaries in all directions: gold, H-
219terminated graphite (HTG), and defective H-terminated
220graphite (defects on the basal plane), where after equilibration
221at 300 K, the same positions and velocities were replicated to
222build the systems. The gold substrate possesses dimensions of
223239.8 × 247.2 Å2, featuring cleavage along the <543>
224direction, with one frozen layer, one Langevin damping layer
225at 300 K, and 100 steps of damping factor. It also incorporates
2263 layers of free gold atoms for a total thickness of 12 Å (Figure
2271A). The HTG substrate is terminated with hydrogen atoms
228and comprises various graphene layers on its surface, with an
229area of 136.9 × 108.6 Å2 and a thickness of 77.1 Å. In this
230setup, one hydrogen-terminated region is held fixed alongside
231one aromatic sequence, while two aromatic sequences serve as
232a damping Langevin region at 300 K with 100 steps factor,
233both regions set at the slab’s bottom. The remaining part of
234graphite remains free (Figure 1B). The large vacuum region
235that separates the slabs and their thickness guarantee a
236negligible interaction between the top and bottom layers, and
237it also assures that phenomena occurring in the top layers
238(landing) do not interact with ones in the bottom of the slab
239(landing of backscattered molecules). Defects are an intrinsic
240property present in graphite; here, they were introduced by
241randomly removing two carbon atoms from each graphite layer
242far away from each other (Figure 1D), therefore guaranteeing
243that proteins land over a defective layer. Due to the periodicity
244of the cell, the vacuum separates the bottom and the top
245surface by a size of 238 and 143 Å in the gold and HTG slabs,
246 t2respectively. Furthermore, Table 2 provides a summary of the
247substrates, protein structures, and incident angles with respect
248to the surface plane used in the study.
249The adsorption energies were calculated by the difference
250between the initial and final average energy of the relaxed

Figure 1. Configuration of the unit cells used to simulate soft landing.
(A) Gold surface and isolated proteins. (B) Graphite (HTG) surface
and clustered proteins. (C) HTG surface and large fragments. (D)
Examples of carbon atoms removed (red) from the graphite to create
defects. (E) Highlighted structure of the protein cluster. (F, G)
Highlighted structures of the isolated proteins showing different
points of view. The damping and frozen layers on gold have a darker
contrast, and the frozen layer is darker than the damping layer. On
graphite, the frozen atoms have a purple color for H and pink for C,
while the damping C atoms have an orange color.

Table 1. Energies and Velocities of the Lysozyme Clusters,
Isolated Proteins, and Group of Fragments

reference
mass
(Da)

translational
energy
(eV/Da)

internal
energya
(eV/Da)

translational
velocity (Å/fs)

cluster 1 42 966 0.63 × 10−2 1.14 × 10−2 1.10 × 10−2

cluster 2 71 681 0.31 × 10−2 1.06 × 10−2 0.77 × 10−2

isolated 1 14 297 1.55 × 10−2 1.35 × 10−2 1.72 × 10−2

isolated 2 14 296 1.26 × 10−2 1.45 × 10−2 1.55 × 10−2

isolated 3 14 297 3.01 × 10−2 2.04 × 10−2 2.40 × 10−2

isolated 4 14 297 2.33 × 10−2 1.44 × 10−2 2.11 × 10−2

isolated 5 14 266 2.99 × 10−2 1.93 × 10−2 2.39 × 10−2

isolated 6 14 265 2.32 × 10−2 1.84 × 10−2 2.10 × 10−2

fragment 1 13 087 2.31 × 10−2 2.23 × 10−2 2.10 × 10−2

fragment 2 9438 3.20 × 10−2 2.59 × 10−2 2.47 × 10−2

fragment 3 13 883 6.81 × 10−2 2.45 × 10−2 3.61 × 10−2

fragment 4 9135 9.04 × 10−2 2.84 × 10−2 4.16 × 10−2

fragment 5 4515 12.18 × 10−2 3.26 × 10−2 4.82 × 10−2

fragment 6 11 770 8.65 × 10−2 2.35 × 10−2 4.07 × 10−2

fragment 7 9435 12.04 × 10−2 3.09 × 10−2 4.80 × 10−2

fragment 8 4723 17.38 × 10−2 4.31 × 10−2 5.76 × 10−2

aInternal energy contains only rotation and vibration kinetic energies.
All the energies are divided by the total mass.

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

https://doi.org/10.1021/acs.jpcb.4c01698
J. Phys. Chem. B XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.4c01698?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
delcorte
Texte surligné 
guarantees



251 system, comparing the adsorbed protein and the protein in a
252 vacuum, consequently reducing artifacts that could be
253 generated due to the electronegativity equalization method
254 (EEM) when performed by ReaxFF. The adsorption energy
255 using the density functional theory (DFT) method was
256 calculated by optimizing the whole system and the isolated
257 subsystems (slab and protein). In order to reduce computation
258 costs, the DFT simulations used neurotensin instead of
259 lysozyme with a reduced-size slab. The FCC gold cell was
260 cleaved in the <100> direction, with two frozen bottom layers
261 and two free top layers with the protein located on top of the
262 slab for a total size of 19.85 × 19.92 × 37.05 Å3 (Figure S7A).
263 A similar configuration was used for HTG, represented by two
264 aromatic rings with the bottom two carbon sequences frozen,
265 for a total size of 22.18 × 20.83 × 30.00 Å3 (Figure S7B). On
266 gold and graphite, neurotensin was randomly added to the
267 system, and the same peptide configuration was equally set for
268 both substrates. Additionally, another orientation was tested
269 on gold. The DFT calculations were performed by Quantum
270 Espresso 7.2 using Perdew−Burke−Ernzerhof (PBE) and
271 Projector-Augmented Wave (PAW) with an energy cutoff of
272 60 Ry, γ points and further standard values.85,86 The charges
273 were calculated using Bader charge.87 The methodology for
274 amino acid (AA) identification and color type sequence is
275 described in the Supporting Information.
276 In every figure, the atoms are colored by type or by
277 sequence. The type color code is H is white, C is gray, N is
278 blue, O is red, S is yellow, and Au is golden; while carbon and
279 hydrogen from the HTG can be colored green and cyan,
280 respectively. The sequence color code is nonidentified amino
281 acid is gray, glycine is white, alanine is red, serine is orange,
282 proline is yellow, valine is green, threonine is blue, cysteine is
283 purple, leucine is pink, isoleucine is brown, asparagine is cyan,
284 aspartic acid is dark green, glutamine is light red, lysine is light
285 orange, glutamic is light yellow, methionine is light green,
286 histidine is light blue, phenylalanine is light purple, arginine is
287 light pink, tyrosine is light brown, and tryptophan is light cyan.

3. RESULTS
288 3.1. Landing on Gold. One question that arises during the
289 landing of a protein on a collector is whether the process is
290 reactive. To investigate the potential damage caused by the
291 landing to the protein, we monitored the number of species
292 over time as a measure of protein fragmentation, which
293 increases as more species form. The number of species formed
294 upon the impact of lysozyme clusters on gold remains

f2 295 relatively constant over time (Figure 2A). In contrast, for the
296 group of isolated proteins, the number of species increases
297 monotonically during the landing and the number of produced

298fragments depends on the angle (normal or oblique) with
299which the proteins collide with the gold substrate (Figure 2A).
300Initially, the normal impact induces a faster increase in the
301number of species because of the shorter distance traveled by
302the protein compared to the oblique impact. In the normal
303impact, the number varies from 15 to 40 species at the end of
304the collision, while in the oblique impact, it reaches 48 species.
305However, after the end of the collision phase, the rate of
306fragmentation continues to depend on the angle of impact,
307with a larger value for the oblique landing. At the end of the
308trajectory (150 ps), the numbers finally reach ∼50 species for
309the normal landing and ∼80 species for the oblique landing.
310The difference in the fragmentation between the cluster and
311the isolated proteins may be associated with the difference in
312internal energy and translational velocity, which are higher in
313the isolated lysozymes. We consider that the translational
314energy is predominantly affecting fragmentation because it is
315primarily transformed into internal energy during the collision
316with the surface. However, a more systematic procedure would
317be necessary to fully investigate the effect of translational
318energy on the fragmentation of the proteins.

Table 2. Configuration of the Computed Systems Including
the Substrate Nature, the Structure of the Proteins, and the
Incidence Angle

substrate protein structure incident angle

gold cluster 90°
gold isolated 90°
gold isolated 30°
HTG cluster 60°
HTG isolated 90°
HTG isolated 60°
HTG fragments 60°
HTG with defects cluster 60°

Figure 2. Time evolution of the number of species formed upon
landing on (A) gold and (B) H-terminated graphite. Data points are
shown in light colors, and the average line is shown in dark colors.
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319 When the lysozymes come into contact with the gold
320 substrate, they undergo compression and transfer a portion of
321 their kinetic energy to the substrate. Simultaneously, the gold
322 substrate exerts an elastic reaction against the proteins. As a
323 result, portions of the proteins may be backscattered and not
324 adsorbed on the substrate, depending on the protein’s initial
325 structure (isolated or clustered). In the case of lysozyme

f3 326 colliding as clusters (Figure 3A,B), the proteins adsorb
327 completely, although certain portions of the protein chains
328 can momentarily reflect and later readsorb onto the substrate.

329Of note is that the water molecules remaining trapped in the
330protein cluster structure after desorption are entirely expelled
331into the vacuum upon impact (Figure S1); therefore, water is
332eliminated from the lysozyme 3D structures after desorption or
333landing. The backscattering phenomenon becomes more
334pronounced when isolated proteins collide with the gold
335substrate. In those cases, not only water but also fragments are
336reflected from the surface (Figure 3C−F). The impact angle
337also affects the behavior of isolated proteins: in oblique
338landing, more fragments, including large ones, are generated

Figure 3. Landing, backscattering, and denaturation on gold for normal collision of protein clusters, (A) front and (B) top view; oblique collision of
isolated proteins, (C) front and (D) top view; and normal collision of isolated proteins, (E) front and (F) top view.

Figure 4. Time evolution of the number of bonds. (A) N−C and C−C bonds, (B) O−H and C−H bonds, (C) N−H and C−O bonds, and (D)
C−S, H−S, and S−S bonds.
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339 and ejected into the vacuum (Figure 3C) while in normal
340 landing, only small fragments are backscattered (Figure 3E). As
341 a consequence, the growth of the adsorbed protein layer occurs
342 more rapidly when proteins collide as clusters and more slowly
343 when they collide as isolated lysozymes in an oblique collision
344 (Figure 3A−C). Two distinct backscattering mechanisms were
345 observed in the simulations. The first involves fragmentation,
346 where a portion of the protein becomes adsorbed on the gold,
347 while another part of the polymeric chain is cleaved as a result
348 of the intense stress, ejecting fragments into the vacuum. The
349 second mechanism occurs when a lysozyme collides in an area
350 already occupied by a protein, causing it to rebound without
351 undergoing further fragmentation (Figure S2).
352 The surface-induced dissociation of proteins onto the gold
353 substrate generates chemical changes, primarily due to
354 fragmentation reactions. In the case of protein clusters, the
355 only bonds formed are the O−H bonds. Beyond reaction, this
356 phenomenon can also be attributed to the formation of
357 hydrogen bridges, fluctuations in temperature, and the
358 specified cutoff distance (Table S2) utilized in the calculations.
359 The numbers of other bond types remain relatively constant
360 over time (Figure S3). Variations in the number of bonds are
361 more noticeable in oblique collisions (Figure S3) compared to
362 normal collisions (also illustrated in Figure S3). In the case of
363 oblique collisions, the numbers of bonds associated with the
364 breaking of the protein backbones, namely, N−C and C−C

f4 365 bonds, decrease over time (Figure 4A). The abstraction of
366 hydrogen atoms during the collision and their recombination
367 tend to increase the number of O−H bonds (Figure 4B). In
368 general, the primary source of hydrogen is the breaking of C−
369 H (Figure 4B) and N−H bonds (Figure 4C). However,
370 around 48 ps, the number of N−H bonds begins to increase
371 again, suggesting that C−H bonds are the primary source of
372 hydrogen for forming other hydrogen bonds. The higher
373 amount of C−H bonds compared to N−H bonds could
374 explain why C−H bonds are the main source of hydrogen
375 atoms. With smaller numbers in comparison to other bonds,
376 C−S and S−S bonds tend to break to create S−H bonds
377 (Figure 4D). The C−O bonds experience slight oscillations
378 over time but can generally be considered as remaining
379 constant.
380 3.2. Landing on H-Terminated Graphite (HTG). The
381 lysozyme clusters also adsorb on HTG without fragmentation,
382 as measured by the time evolution of the number of species
383 (Figure 2B). The reduced van der Waals interactions between
384 HTG and lysozyme also limit the proteins from spreading
385 across the surface. The resulting arrangement is therefore more
386 condensed than that on gold and resembles the original cluster

f5 387 structure (Figure 5A). Neglecting the variance in the oblique
388 incidence angle between HTG and gold (60° versus 30°),
389 there is an inversion in terms of fragmentation, with the normal
390 collision generating a higher fragmentation ratio than the
391 oblique collision on HTG (Figure 2B). Furthermore, the data
392 suggest that a higher number of fragments can be formed while
393 landing on the HTG substrate (normal impact).
394 The initial configuration of the system (isolated or cluster,
395 normal or oblique impact) also has an impact on the
396 backscattering from HTG. In our simulations, the reflected
397 molecules and fragments can be captured by an additional
398 layer of graphite, because periodic boundary conditions were
399 used (top of the frames in Figure 5). When the proteins land as
400 clusters, only water is stripped from the lysozymes, but no
401 protein backscattering occurs (Figure 5A). During oblique

402collisions of isolated proteins on HTG, some of them ricochet
403into the vacuum, also generating smaller fragments (Figure
4045B). However, in parallel with the larger number of fragments
405generated upon the normal impact of isolated lysozymes, more
406protein fragments are backscattered compared to oblique
407landings, as indicated by the more pronounced accumulation
408on the top graphite layer (Figure 5C). Moreover, after landing,
409the proteins tend to move across the HTG surface until they
410equilibrate, which is independent of the collision angle of the
411protein’s initial structure.
412In a reactive scenario, three distinct types of reactions are
413possible: protein fragmentation, protein reaction with the
414substrate, and protein reaction among themselves. While
415fragmentation reactions were observed on the gold substrate,
416lysozymes also engaged in reactions with the graphite
417substrate. This is exemplified by the formation of an N−C
418bond following the landing of the protein cluster on HTG

Figure 5. Perspective view of landed and backscattered proteins on
HTG (repeated 3 × 3 × 1 times). (A) Landing of protein clusters
under normal incidence, (B) landing of isolated proteins under
oblique incidence, and (C) landing of isolated proteins under normal
incidence.
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419 (Figure S4A,C,D). In the same context, there is evidence of
420 hydrogen migration from one protein to another, emphasizing
421 the potential for proteins to react with each other. The
422 presence of defects in the HTG surface does not suggest any
423 increase in the reactivity of the slab. As a matter of fact, the
424 clusters did not form any bonds with the defective HTG in our
425 simulations (but this might be a matter of statistics). In
426 addition, fragments from different lysozymes can recombine to
427 form a new molecule, as observed in an aggregate formed upon
428 reflection from the HTG after a normal collision (Figure S4B).
429 As explained in the Methods Section, the initial state of the
430 lysozyme molecules, clusters, and fragments used for soft and
431 reactive landing or surface-induced dissociation in the current
432 simulations were obtained from previous calculations of large
433 argon cluster impacts on lysozyme molecules and clusters
434 adsorbed on gold.45 The formation of fragments during the
435 desorption of single lysozymes adsorbed on gold is mainly
436 induced by higher velocity Arn cluster impacts (higher E/n)
437 and also by larger Arn cluster size (higher n). Consequently,
438 the fragments fly from the target with high translational
439 velocity and internal energy (Table 1). As a result, many of the
440 fragments further break down upon impact with the surface,
441 with some pieces being backscattered in the gas phase while

f6 442 some other parts react with the HTG surface (Figure 6). After
443 reflection, small fragments may decelerate the proteins that
444 have not yet landed on the substrate. The number of reactions
445 increases proportionally to the number of colliding fragments.
446 Although the majority of fragments impinging on the graphite
447 reflect into the gas phase, the likelihood of surface adsorption
448 increases with the mass of the fragment. With time, the

449fragments accumulate on the surface, resulting in the formation
450of numerous covalent bonds with the HTG. Diverse types of
451bonds can be formed with the HTG, for example, C−C, C−N,
452C−O, and C−S bonds (Figure 6B−G). Small fragments and
453amino acids chemisorb on the surface, normally bonded by
454carbon from the substrate; however, hydrogen from the surface
455can migrate to the fragment landed. Not only chemisorbed but
456also physisorbed fragments stick to the surface. This is
457especially valid for larger fragments, which land on the surface
458with minimal fragmentation. Moreover, some fragments can
459penetrate a few Angström in the slab (Figure 6G), though no
460further interstitial migration is observed in the graphite
461promoted by the presence of fragments.
462Initially, the entire lysozyme sequence consists of a single AA
463chain internally connected by sulfur−sulfur bonds involved in
464the cysteine residues. When intact lysozymes undergo reactive
465landing combined with surface-induced dissociation, the
466changes in the structure can form different amino acid chains
467in the same protein but not necessarily (Table S3). One
468 f7example of this is shown in Figure 7A, where three AA chains
469coexist in the same protein structure after landing. The
470interruptions in the initial sequence can be due to the removal
471of oxygen from a C−O bond, damaging the AA structure
472without breaking the polymeric chain (Figure 7B), or the chain
473can be connected by two cysteine AA bonds (Figure 7C).
474Another type of fragmentation reaction is the one that turns an
475AA into another one, as in the transformation of the sequence
476from -Tyr-Asp-Thr-Ser-Gly- to -Tyr-Ram-Thr-Gly-Gly- (Fig-
477ure 7D−G), where Ram is a ramification interconnecting two
478AAs. In this sequence, the fragmentation of the AA serine

Figure 6. Chemisorption of fragments on HTG. (A) Perspective view of the slab and the chemisorbed fragments; (B−G) examples of fragments
chemisorbed at the surface.
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479 transforms it into a glycine, while the break in the asparagine
480 transforms the AA into a non-AA structure containing two
481 carbons but connecting the whole structure.
482 3.3. Comparison between Gold and HTG Substrates.
483 As suggested in the previous sections, the substrate’s nature
484 influences the landing process. Both substrates are rigid, with
485 Young modulus being ∼80 GPA88 and ∼1008 GPa89 for gold
486 and HTG, respectively. Consequently, differences in the
487 landing and/or scattering are mainly governed by the binding
488 energies per unit area after optimization of the protein
489 adsorbed and in a vacuum, which amounts to 3.41 × 10−2

490 and 0.98 × 10−2 eV/Å2 for lysozyme adsorbed on gold and
491 HTG, respectively, in our simulations using ReaxFF. In
492 comparison, DFT calculations give adsorption energies for
493 neurotensin of 1.20 × 10−2 eV/Å2 for gold and 0.25 × 10−2

494 eV/Å2 for HTG, while another configuration on gold gives a
495 value of 1.19 × 10−2, which can be considered a negligible
496 difference. Additionally, the total charge between the substrate

497and the neurotensin, calculated by DFT methods, shows a
498higher transference of charge from neurotensin to the slab on
499gold than in HTG, −1.72 and −1.18 |e|, respectively. The
500charge distribution on the substrate tends to accumulate
501negative charges on the gold surface atoms, while no clear
502tendency is observed on HTG (Figure S7C,D).
503Even though the absolute values of binding energy are larger
504for the ReaxFF calculations with lysozyme than the DFT
505calculations involving neurotensin, the binding energy is much
506larger on gold in both models (by a factor of ∼4). Although
507the adsorption energies obtained by DFT for neurotensin can
508only constitute a crude approximation of our lysozyme
509systems, the purpose was indeed to confirm the significant
510difference in adsorption energy of such molecules toward the
511two substrates. The effect of the substrate’s nature is expressed
512by the sticking coefficient (mlanded/mtotal, the mass of the landed
513proteins and the total mass of proteins) that varies with the
514 t3substrate and the collision angle (Table 3). In agreement with

Figure 7. Amino acid sequencing of lysozyme and its fragments. (A) Landed protein where three different chains coexist. (B) Ramification
connecting two chains created by the scission of a C−O bond. (C) An S−S bond connects two different amino acids. (D) Isolated lysozyme
protein before landing, where a sequence highlighted as balls indicates where it will change after landing. (E) Before landing, the chain region where
the protein changes its sequence is colored by atoms, and (F) colored by sequence. (G) After landing, the chain region where the protein changes
its sequence colored by atoms and (H) colored by sequence. The fragment that does not belong to any amino acid is hidden, and the ramification
(Ram) receives the colors of the connecting amino acids.
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515 the higher binding energy, the sticking coefficient tends to be
516 higher for gold than for HTG, on average, and for all impact
517 angles. However, the impact angle also affects the sticking
518 coefficient and in an opposite fashion for gold and HTG. In
519 both cases, the angle-induced variation of the sticking
520 coefficient (Table 3) corresponds to an inverse change in the
521 number of fragments in the gas phase (Figure 2). In our
522 simulations, the total atomic kinetic energy of a protein
523 encompasses its translational, vibrational, and rotational
524 velocities. As collision progresses, the kinetic energy of the
525 lysozymes gradually diminishes over time until it stabilizes at a

526constant value. Consequently, due to this inelastic impact, the
527protein imparts energy to the gold slab, which is subsequently
528dissipated through the Langevin layers within gold or HTG,
529and a portion of the translational kinetic energy remains with
530the backscattered fragments (Figure S5). Interestingly, the
531kinetic energy transferred to the substrate or kept in the system
532at the end of the collision does not seem to correlate strongly
533with the angular dependence of the fragmentation or reflection
534capacity for each substrate (Figure S5A−C). Instead, it appears
535more influenced by the substrate’s nature, certainly for normal
536impacts (Figure S5B). Therefore, backscattering is induced by
537the difference in adhesion forces and perhaps, to some extent,
538by the comparatively higher Young modulus of HTG (as the
539sticking coefficient for normal impacts).
540Another effect of the different attractive forces of the two
541substrates is visible in the conformation of soft-landed proteins.
542In the case of gold, the robust electrostatic interactions
543between the substrate and the proteins cause the proteins to
544denature and flatten over the surface to maximize interactions,
545whereas the weaker van der Waals interactions of HTG allow
546the proteins to better keep their conformation and to migrate

Table 3. Sticking Coefficient and Denaturation Ratios of
Landed Proteins

substrate protein configuration sticking coefficient denaturation ratio

gold clustered 1.000 1.720
oblique 0.784 1.306
normal 0.964 1.310

graphite clustered 1.000 0.759
oblique 0.687 0.652
normal 0.475 0.815

Figure 8. Mass spectrometry of landed proteins on gold and HTG. (A) oblique incidence on gold, (B) normal incidence on gold, (C) oblique
incidence on HTG, and (D) normal incidence on HTG.
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547 across the surface after landing. For comparison, the total
548 charge of the protein clusters landed on gold and HTG are
549 −347.7 and −16.9 |e|, respectively. The denaturation ratio (Af/
550 Ai, final and initial solvent accessible surface area) also varies
551 based on the substrate’s nature and the initial protein structure
552 during flight (Table 3). On gold, the denaturation ratio
553 exceeds 1.0, indicating greater protein unfolding compared to
554 its initial flying state. In contrast, on HTG, the denaturation
555 ratio is below 1.0, suggesting that the proteins compress and
556 revert to a state that is more globular and thereby probably
557 closer to their native state after landing. On HTG, the
558 reduction of the molecular surface area upon landing is slightly
559 more pronounced for the clustered than for isolated proteins
560 upon normal incidence, perhaps indicating that the structuring
561 effect of forces within the group of proteins dominates over the
562 protein−substrate interactions. Additionally, the temperature
563 dragged from the protein to the substrate should influence the
564 denaturation ratio. Conversely, on gold, the increase of the
565 molecular surface area is the highest for the initially clustered
566 proteins, condensing and then spreading across the gold
567 surface, which can be explained by the prevalence of the
568 protein−substrate interactions over the cluster structuring
569 forces (and the intramolecular nonbonding forces supposed to
570 maintain the secondary and tertiary structures of the proteins).
571 An effect of the landing angle of isolated molecules on the
572 denaturation ratio is measurable only for HTG, likely linked to
573 the larger fragmentation computed for normal impacts.
574 In the case of isolated lysozyme landing, the distribution of
575 molecular masses observed between landed and reflected

f8 576 molecules (Figure 8) indicates first that both intact lysozyme
577 and large fragments can adsorb on both surfaces. Typically,
578 small fragments are predominantly reflected away from the
579 surface, though larger fragments can also be backscattered in
580 some cases. On gold, oblique landing does not seem to result
581 in the reflection of large fragments (while a fragment weighing
582 around 2000 Da is seen in the backscattered flux for normal
583 incidence) and there are also more occurrences of adsorbed
584 larger fragments (>8000 g/mol) for normal impacts. In
585 general, the angle of incidence has a more significant impact
586 on fragment backscattering for HTG substrates, with a
587 comparatively higher number of heavy fragments being
588 reflected from the surface during normal collisions. Overall,
589 the distribution of reflected fragments extends to higher masses
590 for HTG than for gold, regardless of the collision angle. Figure
591 S6 highlights the mass distributions of small fragments (<250
592 Da). It is noticeable that small fragments are more prevalent in
593 the backscattered than the adsorbed species for both
594 substrates. For gold, the number of small fragments varies
595 with the landing inclination angle, with larger numbers for
596 oblique incidence. Finally, HTG generally yields fewer small
597 fragments compared to the gold substrate

4. DISCUSSION
598 According to our simulations, protein transfer induced by
599 GCIB can lead to both soft and reactive landing and/or
600 surface-induced dissociation, depending on the desorption
601 conditions. Clusters of lysozymes tend to promote soft landing
602 on both gold and HTG substrates, even though binding of one
603 protein to a C atom of the HTG is observed (Figure S4). In
604 contrast, isolated proteins are more prone to undergoing
605 reactive landing and surface-induced dissociation via fragmen-
606 tation when reaching the collector. The change in soft to
607 reactive landing is mirrored by the translational and internal

608energies per unit mass, which are higher for isolated lysozymes
609than for the protein clusters (Table 1). These clusters were
610emitted from a thick layer of lysozyme by Ar5000 clusters with
611rather low energy per atom, corresponding to the experimental
612case where soft landing could be assessed by measuring the
613bioactivity of the enzymes after landing.41

614In the desorption process, more fragmented molecules can
615originate either from hard bombardment conditions (E/n > 10
616eV) from a thick organic layer or, with comparatively lower E/
617n, from a (sub)monolayer adsorbed on a hard substrate like
618gold. In the latter case, the Ar cluster energy is indeed confined
619to the surface and the stronger binding of the molecules
620induces a larger stress upon desorption.45 This effect of the
621organic layer thickness was experimentally verified for thin
622polymeric layers on silicon.90 Thus, if the target becomes
623exhausted, proteins will tend to desorb with higher
624fragmentation and internal kinetic energy, causing further
625fragmentation upon landing. On the other hand, it can be
626speculated that, as proteins accumulate on the collector, their
627behavior during landing might change due to the transition
628from a rigid to a soft substrate. In this work, both gold and
629HTG substrates were rigid materials, so that case remains to be
630investigated. However, our data indicate that proteins landing
631on other proteins already immobilized on the gold collector
632tend to be more backscattered. The effect of the collector
633nature on the final conformation of the landed proteins is clear
634for both low-energy lysozyme clusters and higher-energy
635isolated molecules, irrespective of the incidence angle, as
636indicated by the calculated denaturation ratios. The stronger
637adhesion forces with the gold substrate induce denaturation,
638while the lower van der Waals forces of the HTG collector
639allow the proteins to keep or even recover a conformation that
640is closer to their native globular state. Similar effects of
641unfolding and refolding depending on the collector surface
642nature and the deposition parameters have been experimentally
643measured by AFM and STM in the case of protein ion soft
644landing using electrospray.91

645An extreme case studied in our simulations with HTG
646substrates is when the proteins are desorbed as fragments by
647more energetic Ar clusters. In that case, the reactivity is higher,
648potentially due to the under- or overcoordination of the
649fragments. While many fragments undergo further rupture and
650are backscattered from the substrate, a significant number of
651them establish new bonds with graphite. It is plausible that
652organic substrates, like polymers, could interact with such
653fragments, although this might also depend to some extent on
654the substrate’s rigidity. One aspect to be explored in future
655research is reactivity with soft collector materials, which would
656also mimic the case of a growing multilayer coating, where the
657substrate is already covered with a full layer of organic matter.
658The iBEAM technique represents an innovative approach to
659achieving soft and reactive landing. At this stage, in contrast to
660conventional methods, such as ESI and MALDI, iBEAM does
661not select charged proteins for landing. Instead, collisions with
662Ar clusters induce hyperthermal desorption of a majority of
663neutrals and only a fraction of ions that are all transferred to
664the collector, yielding less selectivity but much larger
665deposition rates. Nevertheless, strong similarities exist such
666as the propensity for proteins with higher internal energy and
667momentum to undergo surface-induced dissociation. Similar to
668the other methods, our results show that heavy proteins and
669their clusters can reactively land on graphite surfaces with the
670substrate directly influencing the landing process. The main
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671 advantages of iBEAM lie in the ability to tune the
672 fragmentation and internal energies of the transferred
673 molecules via the Ar cluster parameters and in the ease of
674 building multilayers with excellent nanoscale thickness control.

5. CONCLUSIONS
675 Molecular dynamics simulations of soft landing using ReaxFF
676 indicate that proteins like lysozymes desorbed by large Ar
677 clusters (GCIB) can undergo either soft landing or surface-
678 induced dissociation on gold and HTG collectors. The nature
679 of the landing is directly connected to the desorption process
680 from the target and to the substrate where the molecules land,
681 providing experimentalists in the field with a number of
682 parameters to control the quality of the deposited material.
683 Comparing gold and HTG, the latter tends to induce greater
684 protein fragmentation and backscattering. However, because of
685 stronger adhesion forces, gold causes complete denaturation of
686 the first layer of lysozyme on the substrate, while HTG tends
687 to foster the creation of more spherical protein structures. The
688 landing dynamics is also influenced by the angle of incidence of
689 the proteins on the collector. For example, the collision angle
690 can dictate the number of resulting fragments and the quantity
691 of proteins reflected on the surface. In the conditions of
692 reactive landing and surface-induced dissociation, the observed
693 reactions can be simple protein fragmentations, reactions
694 between the protein and the substrate (for HTG substrates),
695 reactions within the proteins (migration of hydrogen), or
696 reactions between parts of different proteins forming new
697 molecules.
698 Our computational studies reasonably predict the entire
699 process of molecular transfer and redeposition using large
700 cluster ion beams, from desorption to landing of lysozymes and
701 their noncovalent complexes, suggesting that the method could
702 be successful with larger biomolecules.43 Interestingly, it also
703 predicts a mechanism by which such hyperthermal velocity
704 proteins can covalently graft on a substrate with minimal
705 damage, a feature that might have significant relevance in
706 technological applications, e.g., for biosensors with improved
707 performance.92
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