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ABSTRACT: Surface biofunctionalization with proteins is the key
to many biomedical applications. In this study, a solvent-free
method for the controlled construction of protein thin films is
reported. Using large argon gas cluster ion beams, proteins are
sputtered from a target (a pool of pure proteins), and collected on
a chosen substrate, being nearly any solid material. Time-of-flight
secondary ion mass spectrometry (ToF-SIMS) revealed the T 5 2w 2sg
presence of intact protein molecules on the collectors. Further- T o
more, lowering the energy per atom in the cluster projectiles down
to 1 eV/atom allowed more than 60% of bradykinin molecules to
be transferred intact. This protein deposition method offers a
precise control of the film thickness as the transferred protein
quantity is proportional to the argon clusters ion dose reached for
the transfer. This major feature enables building protein films from (sub)mono- to multilayers, without upper limitation of the
thickness. A procedure was developed to measure the film thickness in situ the ToF-SIMS instrument. The versatility and potential
of this soft-landing alternative for further applications is demonstrated on the one hand by building a protein thin film at the surface
of paper, a substrate hardly compatible with solution-based adsorption methods. On the other hand, the possibility to achieve
alternated multilayer buildup is demonstrated with the construction of a bilayer composed of bradykinin and Irganox, with the two
layers well separated. These results lay the first stone toward original and complex multilayers that could previously not be
considered with solution-based adsorption methods, and this regardless of the substrate nature.

KEYWORDS: gas cluster ion beam (GCIB), (bio)functionalization, proteins, thin films, ToF-SIMS, solvent-free deposition, multilayers
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Bl INTRODUCTION targeting covalent bonding to the substrate via prior protein
modifications,”*>° even though a few other original strategies
were reported, such as that relying on the adsorption of protein
supramolecular assemblies at interfaces.”' ~** These methods,
achieved in an aqueous solution, have the advantage for some
of them to be straightforward (spontaneous adsorption and
LBL) and reliable for a large variety of proteins. However, they
may suffer from some limitations and disadvantages. Of main
concern, protein activity may be altered upon immobilization
and dewetting because of conformational changes or due to
reactive groups added to the protein to promote specific
binding.>*** In addition, the deposited quantity is not always
easily controlled and is usually restricted to one monolayer
maximum.*® Furthermore, there is a lack of spatial distribution

In the past decades, the study of surfaces has gained an
enormous interest, and it has dramatically evolved, from basic
surface characterization and most simple modifications, to
characterization techniques that are at the cutting edge of
technology, and to fabrication of nanostructured functional
materials.' ~* A multitude of surface modification techniques
have been applied to inert materials to provide them with
specific physical and chemical properties, leading to ground-
breaking advances in many scientific fields.””® More
specifically, surface biofunctionalization has become a corner-
stone technology for a wide range of applications including
cosmetics,” food 6packaging,10_12 biocatalysis,ls_15 and bio-
medical devices.'™"” For the preparation of biomaterials,
proteins, due to their myriad of different functionalities, are
molecules of choice to be immobilized on surfaces. There are Received:  February 23, 2022
several well-established methodologies for the construction of Accepted: June 28, 2022
protein thin films at interfaces, mostly relying on spontaneous Published: July 8, 2022
adsorption,”*™** or on the so-called layer-by-layer assembly

method (LBL).*® Most recent developments toward controlled

protein immobilization involve more complex procedures,
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control, which mainly relies on patterning approaches.”’ ™’

Therefore, the development of alternative biofunctionalization
methods offering a fine control over the resulting biofilm in
terms of total protein amount, thickness, activity, patterning,
mono- or multilayers composition and organization, and
protein—surface interaction is highly desired.

Meanwhile, ion soft-landing, a sub-category of preparative
mass spectrometry defined as the deposition of intact mass
selected ions onto surfaces, has been developed as a promising
and versatile tool for the solvent-free immobilization of non-
volatile organic and inorganic materials.*’~** This technique
(thoroughly reviewed),””™*” usually performed under vacuum,
has demonstrated its capability to soft-land proteins with
retention of their activit]y, using electrospray ionization (ESI)
as an ion source." " Soft-landing also surpasses other
deposition methods as it enables a precise control of the
size, shape, position, and kinetic energy of the beam at the
surface. Yet, a few obstacles still prevent soft-landing to reach
commercial coating applications. These include low protein
ionization yield and ion transmission, ultimately leading to very
low absolute ion current and thus deposition rate.*® Moreover,
at high fluences, like-charge accumulation at the surface, may
induce undesired phenomena such as repulsion effect,
unfolding of proteins and uncontrolled self-organization of
the layers.*

In the meantime, another powerful and versatile tool for
processing surfaces of materials has emerged, namely gas
cluster ion beams (GCIB).”> Bombardment of surfaces by
GCIB offers unique features beneficial for various industrial
applications such as surface smoothing, shallow implantation,
low-damage surface modification, or thin film deposition.**”>°
It also participated to the expansion of a widely used surface
analysis method, time-of-flight secondary ion mass spectrom-
etry (ToF-SIMS). The development of large argon GCIB came
as a major breakthrough in the field of ToF-SIMS analysis> >
where it simply revolutionized the study of organic and
biological materials.”” ®* Owing to their low energy per
constituent atom, large argon clusters display unprecedented
capabilities of eroding biomolecular films without fragmenta-
tion.”” Recent studies have shown that proteins as large as
about 12 kDa could be desorbed intact and ionized under Ar-
GCIB bombardment.®*

In 2016, Lorenz et al. showed that large argon clusters could
be used to transfer organic materials from one surface onto
another.”® Later, they developed an in situ matrix-enhanced
SIMS based on this transfer mechanism,®® which was further
exploited in our group.”’” Inspired by these promising results,
we took advantage of the outstanding characteristics of Ar-
GCIB to develop a soft-landing technique in situ a ToF-SIMS
instrument. This method, consisting of bombarding a sample
with an Ar-GCIB and collecting all ejected material on a
desired surface, differs from other soft-landing methods mainly
on two points: first, the target consists of a pure solid pool of
molecules, and second, neutral molecules are transferred
together with the ionized species. This latter evolution
overcomes the low ionization yield inherent to existing soft-
landing techniques. Previously, our group has published a
proof-of-concept, as an enzyme, lysozyme, could be desorbed
intact by an Arggy" 10 keV cluster beam and land on a surface
with retention of its activity.”® Here, using model peptides and
small proteins, we explore more in depth the impact of various
experimental parameters (Ar clusters size and energy, primary
ions impinging angle and collecting angle, and size of
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transferred biomolecule) on the efficiency of the transfer, in
terms of fragmentation, deposition rate, and homogeneity of
newly formed thin films. We reveal the great potential of the
method to build thin films containing intact peptides and
proteins, with precisely controlled thicknesses. Furthermore,
we demonstrate the applicability of this deposition process for
substrates that are not suitable for aqueous conditions, such as
paper, and for the construction of multilayers that are difficult
to obtain via other methods.

B RESULTS AND DISCUSSION

Proteins Can Be Transferred Intact. To assess the
feasibility to transfer intact proteins using large argon clusters,
peptides were chosen as first candidates, namely, angiotensin II
(human) (further referred to as angiotensin) and bradykinin,
having masses of 1046 and 1060 Da, respectively. The
molecular ions of these two peptides are easily detected by
ToF-SIMS within regular surface analysis experiments, easing
their detection on the collector after transfer. Transfer
experiments were all conducted in a commercial ToF-SIMS
instrument; however, the sample holder was specially desisgned
in-house. Based on the seminal study by Lorenz et al,* the
target was initially placed at 30° with respect to the horizontal
collector. The Ar-GCIB source was mounted at 45° with
respect to a flat sample surface, and the ion beam was
impinging the target with a grazing angle of 15°. This should
favor a forward emission of desorbed species. Figure 1 is a

Figure 1. Schematic representation of the initial transfer geometry.
The protein target is represented in orange, and the collector is
represented in gray. The collector is horizontal, and the target is
placed at 30° with respect to the collector. The cluster beams impinge
on the target with an angle of 15°.

schematic representation of this initial transfer geometry.
Throughout this article, all impinging angles are given with
respect to the target surface. Targets are always silicon (Si)
wafers covered with a thick layer of molecules to be
transferred. If not otherwise specified, collectors are clean Si
wafers.

In this first section, transfers were achieved with an Argyo"
10 keV beam. The collectors were then placed in the classical
analysis sample holder and first imaged with Big" 30 keV using
the 2D imaging mode of the instrument. It can be seen on the
angiotensin collector images in Figure 2a,b that material was
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Figure 2. Left: angiotensin collector ion images. (a) Substrate intensity image, represented by the summed intensities of Si* and SiOH" (at m/z =
28 and 45, respectively). (b) Amino-acid material image, represented by the summed intensities of CH,N*, C;HgN", and CoHgN"* (at m/z = 30, 70,
and 130, respectively). Right: ToF-SIMS spectra recorded on collectors after transfer of (c) angiotensin, (d) bradykinin, and (e) insulin,
respectively. In each case, the molecular ion is detected, demonstrating that at least a fraction of the peptides/proteins is transferred intact.

efficiently transferred from the target onto the collector.
Indeed, the substrate signal intensity (Figure 2a), characterized
by Si* and SiOH' (at m/z = 28 and 45, respectively), is
attenuated on the collector, showing that an overlayer was
deposited on top of it. The image of characteristic fragments of
amino acids (Figure 2b), which are CH,N*, C,HgN*, and
CyHgN* (at m/z = 30, 70, and 130, respectively) confirms the
protein nature of the deposited film. These specific fragments
were selected as they display a high intensity in the SIMS
spectra in comparison with the molecular ion. Similar results
were obtained for the other transferred proteins (Figure S1).
Static spectra (60 s, 30 keV Bis*) were further acquired on the
collectors to investigate the presence or absence of the
molecular ion and thus of intact peptides. In both cases, the
intact molecular ion was detected on the collector as shown in
Figure 2¢,d, with the usual isotopic distribution. In addition, if
one compares the small mass region (<100 m/z) of the
spectrum obtained on the collector with that of a reference
spin-coated sample, one can observe very close resemblance in
the fragmentation pattern and relative peak intensities. An
exception is made for the sodium peak at m/z = 23, which
sometimes displays a massive enhancement on the collector
(yet never at the point where it would dominate the
spectrum). In most cases, it is likely due to surface
contamination of the collector prior to the protein deposition,
or arises from contamination occurring between the deposition
and the analysis as the samples are exposed to air when
transferred to the analysis sample holder (random distribution
of the sodium on the collectors). Yet, for some proteins, the
sodium seems to originate from the target (sodium distribution
mirroring that of the protein material). In these cases, the
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contamination may have occurred during the preparation of
the protein stock solution. Other effects typically encountered
in SIMS such as thickness, diffusion, or matrix effects may play
a role in the sodium intensity variations that were observed. An
example is shown for angiotensin in the Supporting
Information (SI, Figure S2). These two observations
demonstrate that peptides can be deposited intact using large
argon clusters under UHV conditions. The challenge was then
to verify this for larger biomolecules, starting with small
proteins. To progress gradually, insulin, with a mass of 5808
Da was the next protein to be transferred. At the ToF-SIMS
scale, insulin is already quite a large molecule, hardly detected
with monoatomic beams or small clusters such as Bi;_¢*. As
demonstrated previously,’’ insulin can however be detected
upon bombardment by large argon clusters. In this case, insulin
was transferred using the same beam as the previous one,
Argo00" 10 keV, but the collector was analyzed with Arsg," 10
keV. Once again, the molecular ion, corresponding to the
intact protein could be detected on the collector, as depicted in
Figure 2e. As for references, the fragment corresponding to the
P-chain of insulin is present. The very low intensity of the
intact insulin peak in the SIMS spectrum may be due to
various causes and raises several comments and questions. At
first glance, one may be tempted to attribute that simply to a
larger fragmentation upon transfer than that observed for
smaller proteins. If this is very likely to have an impact, it is
certainly not the only effect to take into account. First, it
should be kept in mind that even on thick reference samples,
insulin is quite poorly detected in ToF-SIMS due to its mass.
Second, it is expected that larger molecules are transferred with
less efficiency than smaller ones (this will be discussed later),
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and thus the amount of material available for analysis may be
much smaller in the case of insulin. More experimental work
would be required to precisely attribute the influence of each
parameter. However, this illustrates the difficulties and
limitations that are imposed by the analytical constraints of
ToF-SIMS when working with larger molecules. To evaluate
the transfer of larger proteins, other methods are required, as
was demonstrated by our group earlier.’”® In the following
sections, peptides that are easily detected in SIMS will be used
as a model to study the influence of various parameters on the
efficiency of transfer and to find optimized conditions that
could be further used for the construction of more complex
multilayers or for the transfer of larger and more complex
molecules.

Primary lon Beam Energy Effect on Fragmentation.
Strictly regarding the analysis of proteins and other organic
materials, argon clusters have been widely investigated and
characterized. It has been demonstrated on numerous
occasions that fragmentation induced during sputtering is
mainly a function of the energy per atom ratio (E/n) in the
clusters.”*®” Experimental results are supported by molecular
dynamic simulations.”” It is thus expected that bombarding the
target with clusters having lower E/n would prevent
fragmentation and favor the transfer of intact peptides and
proteins. Bradykinin (1060 Da) was transferred using Ar
beams of various sizes and energies (Table 1). All Argon

Table 1. Summary of the Different Cluster Beams Used to
Investigate the Influence of E/n on the Fragmentation
during Transfer

cluster beams distributions are shown in the SI, Figure S3. The
collectors were then analyzed by ToF-SIMS using the 30 keV
Bi;" beam. In Figure 3, the normalized percentage of intact
peptides molecules detected on the collectors is plotted in blue
for each transfer condition (the reference is in green). This
fragmentation is measured as the ratio “molecular ion intensity
to total ion intensity” and normalized to the reference, a fresh
bradykinin spin-coated sample, which is considered as 100% of
intact peptides molecules. The orange closed circles represent
the E/n of the clusters used for transfer. In good agreement
with the literature, fragmentation of the transferred material is
maximal when E/n is high (here, the highest for Ar 5" 10
keV, 6.67 eV/atom) and then decreases with decreasing E/n,
being minimal for Argpy,* S keV (1 eV/atom). For the latter
argon beam, it can be concluded from the comparison with the
analysis of the reference that more than 60% of the collected
materials are intact peptide molecules. The authors would like
to emphasize on the trend of the fragmentation, clearly
demonstrating that reduced fragmentation can be reached by
using less energetic clusters. The values should be taken as
rough estimations. Indeed, it could be biased due to different
sticking coefficients of small fragments versus intact peptides or
by fragmentation induced on the collector by backscattered Ar
atoms, especially intense at low impinging angles such as 15°
(see later). Other typical SIMS effects such as the thickness or
matrix effect may influence the ionization probabilities during
the analysis. In addition, an important comment must be made
regarding the Arso00" S keV sample. It turns out that reducing
the cluster total energy and therefore the energy per atom to
such a low value significantly deteriorates the transfer efficiency
at this grazing impinging angle. This observation is in line with
the results obtained by Seah et al.”’ in their study of angle
dependence of argon gas cluster sputtering. They showed that
sputtering yields of clusters with low E/n values were much
more sensitive to impinging angle variations, leading to much
reduced sputtering yields at angles away from 45°. In our case,
this leads to transferred quantities that are too small to be
analyzed quantitatively within reasonable transfer durations. In

cluster beam energy energy per atom beam current
beam (keV) (eV/atom) intensity (nA)
Aryg0” 10 6.67 ~11
Arsp00" 10 333 ~8.5
Arso00 10 2.00 ~1.4
Arzg0 S 1.67 ~1.4
Ar;00 10 1.43 ~0.3
Arso0 S 1.00 ~0.2
120 4
e
\
\
\
\
100 A \
\
\
\
\
\
\
80 \

% of intact proteins (normalized to reference)

\ *

60 \ i

o :
\\ I

\\
\\

40 A \\\ :
-~ __ i L2

e :

20 - Rk P

I i
o L mEm - H L o

r7

E/n in the clusters (eV/atom)

Ar1500 10 keV Ar3000 10 keV Ar5000 10 keV Ar3000 5 keV Ar7000 10 keV Ar5000 5keV : Reference

Argon beam used for transfer

Figure 3. Fragmentation induced during transfer. For each Argon beam used for transfer, the relative percentage of intact peptides is plotted in
blue. The E/n of each argon beam is plotted in orange. It is observed that the percentage of intact peptides on the collector increases as E/n
decreases. *The sample Argygo S keV was prepared using a transfer geometry in which the target is bombarded at 45° instead of 15°.
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fact, a minimum layer thickness is required to avoid bias in the
fragmentation measurements due to the influence of the
underlying hard Si substrate. As detailed by Cristaudo et al,
fragmentation of organic molecules induced during analysis is
favored on hard substrates for ultrathin films.”" To tackle this
issue and improve the transfer efficiency for low energy
clusters, other transfer geometries in which targets are
bombarded at higher angles were developed and investigated
further in this study. One of these geometries showed
significant improvement of the transfer efficiency and allowed
a sufficient amount of proteins to be transferred using Arsgpy" S
keV. This specific sample was therefore prepared using another
geometry, which is believed to have a negligible effect on
fragmentation itself. Despite these geometrical details, one
must keep in mind that lowering the E/n of the clusters largely
favors the deposition of intact bradykinin molecules, up to
>60% in the mildest conditions investigated (Arsgoo" S keV, 1
eV/atom). Knowing that a large fraction of peptides/proteins
molecules can be transferred intact, the next section aims at
controlling the amount of proteins that is transferred and
therefore the resulting film thickness.

Control of the Deposited Film Thickness and
Influence of Cluster Size on Deposition Rate. As was
briefly mentioned in the Introduction, controlling the quantity
of deposited proteins is among the main limitations of other
existing protein deposition techniques. The ones relying on
spontaneous adsorption are usually restricted to the con-
struction of a maximum of one monolayer, while the ones
relying on soft landing display a very low deposition rate as
only ionized species are deposited. The proposed transfer
technique should allow overcoming limitations inherent to
both existing methodologies. First, it is expected that the
transferred amount of peptides/proteins is linearly correlated
to the transfer primary ion dose. As long as the target is not
depleted, there should not be a limit to the thickness that can
be reached on the collector. Second, in contrast with ESI-based
soft-landing, the transferred molecules are not selected in mass
and therefore do not require to be ionized. All emitted species
are transferred and collected, regardless of their charge state.
This substantially enhances the deposition rate, enabling the
construction of mono- to multilayers within a reasonable
experimental time.

To ease and accelerate the thickness measurements of the
deposited layer, a protocol to measure the protein thickness
directly using ToF-SIMS was devised. It has been previously
demonstrated in the literature that when a layer of
polyelectrolytes or frozen water was deposited on top of a
flat inorganic substrate, the SIMS substrate signal intensity
showed an exponential decay with increasing layer thick-
ness.”””? To our knowledge, this has not yet been generalized
to all organic materials. Therefore, we first demonstrate that
this relationship is verified in the case of peptides and proteins.
For this purpose, fresh lysozyme solutions of increasing
concentrations were spin-coated on silicon wafers. Their
thickness was measured using ellipsometry (SI, Figure S4).
These samples were then analyzed by ToF-SIMS, using the
monoatomic 30 keV Bi;" beam. Figure 4 shows the relative Si*
peak intensity as a function of protein layer thickness. In good
agreement with previous results, an exponential decay is
observed, covering three orders of magnitude. One may notice
that at both ends of this calibration, the data points are
somewhat out of the exponential decay line. At very low
thicknesses, this is explained by specific substrate effects on
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Figure 4. Exponential decay of the ToF-SIMS Si* substrate intensity
as function of the protein layer thickness deposited on top of it. In this
case, the Si* intensity was normalized to the spectrum total intensity
to further avoid bias due to differences in the analysis conditions.

sputtering, fragmentation, and ionization, which ultimately
affect the ion fractions. At thicknesses above 8 nm, the data
points tend to form a plateau (not shown on the graph),
mirroring the loss of the silicon signal in the noise of the
spectra. Therefore, the method is not valid for thicknesses
below 0.2 nm or above 7 nm. Yet, this range is sufficient to
demonstrate our hypothesis that the deposited thickness is
linearly correlated with the transfer ion dose and therefore can
be precisely controlled.

To demonstrate this hypothesis, we proceeded as follows.
For each specific cluster size, large numbers of transfers were
achieved with various transfer ion doses. The collectors were
then first imaged with 30 keV Bis* to ensure that deposition
was efficient and that no problem occurred. Then, in the
middle of the collector, successive 30 keV Bi,* static spectra
were acquired on a straight line, starting from the top (close to
the target) to the bottom (SI, Figure S5). At each point on the
collector, the Si* intensity of the recorded spectrum can be
transformed into protein thickness, ultimately yielding a
thickness profile of the collector, as can be seen in the SI,
Figure SS. The initial transfer geometry leads to a non-uniform
film thickness on the collector as more material is deposited
close to the target. Therefore, to compare the transferred
quantity on different samples, we compare the maximum
thickness measured on each collector (example given for
lysozyme transferred with 10 keV Arso" in SI, Figure S6).
Transfers were performed for bradykinin with various Ar,*
beams (n = 1500, 3000, and 5000) and various transfer ion
doses for each beam. All collectors were studied as described
above, and finally, the maximum thicknesses measured on each
collector were plotted as a function of transfer ion dose, as
shown in Figure 5. One can observe that for each cluster beam,
the maximum thickness of the deposited films is increasing
linearly with the transfer ion dose. This demonstrates that by
controlling the transfer ion dose, it is possible to finely tune the
thickness of the deposited films, from sub mono- to multilayers
of proteins. Lysozyme and bradykinin have sizes of roughly 3.5
and 1.1 nm, respectively, so that when a 7 nm film is deposited,
it corresponds to approximately 2 and 6 layers of each protein.
Regarding the efficiency of the transfer between different
cluster sizes at an equivalent total energy of 10 keV (and
therefore different E/n), it was expected that higher E/n
clusters would favor desorption and thus display a higher
deposition rate. If this was verified for the transfer of
bradykinin with Arspo0" and Aryg*, the deposition rate
observed for Arjs" was surprisingly low. Taking a closer
look at the amino acid material images of the collector, as
shown for example for the molecular ion image of angiotensin
transferred by 10 keV Argygo", Arzoot, and Aryso0" (Figure 6a),
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Figure 5. Linearity between the transfer ion dose and the amount of proteins deposited. The maximum thickness measured on each collector is
plotted as function of the transfer ion dose. In fact, each data point represents an individual transfer. In orange, gray, and yellow, bradykinin was
transferred using a 10 keV Ary0", Arsogo’, and Arsq0", respectively. In blue, lysozyme was transferred using a 10 keV Aryo*. In each case, the
maximum transferred thickness could be linearly correlated to the transfer ion dose.

a)  Argyget 10 keV

Arzp00" 10 keV
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b) Backscattered argon clusters effect

Figure 6. (a) Molecular ion images (ToF-SIMS) of angiotensin, transferred with various 10 keV Ar," beams. A shadowed area where fewer
peptides were deposited is observed for each transfer condition and is gradually increasing with increasing E/n in the clusters. (b) Schematic
illustration of the backscattering of argon particles (atoms and small clusters) to explain the presence of the shadowed areas shown in (a). Peptide/
protein materials are represented in orange, while the argon atoms are represented in blue.

one notices that an area in the center top of the collector is
shadowed, as if less material was deposited in that spot. This
effect may be attributed to the backscattered argon atoms and
small clusters, resulting from the dissociation of the large
primary clusters upon impact with the target surface. Indeed,
under this grazing angle impact, the backscattered particles
tend to keep a forward direction and so are sent toward the
collector, as illustrated in Figure 6b. This is supported by
molecular dynamic simulations.”* The shadowed area becomes
larger from Arggg* to Arjsqo", mirroring the increase of the E/n
of the clusters. Most likely, backscattered projectile atoms that
reach the collector with sufficient energy may lead to
degradation and further sputtering of the protein fragments
from the collector. The final deposited amount of material and
the deposition rate would then depend on the balance between
the total transferred quantity and the fraction desorbed from
the collector for each cluster impact. If the deposition is largely
favored for Argyyo" and Arso," due to their low E/n, deposition
and desorption seem to be more balanced for Ar gy,
explaining the low deposition rate observed in Figure 5.
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The same procedure was applied to lysozyme, with 10 keV’
Aryg0". Here, again, a linear correlation could be established
between the deposited thickness and the transfer ion dose
(Figure S, blue line). As expected, the deposition rate is lower
for lysozyme than for bradykinin, as lysozyme is roughly 14
times larger. This gives a first insight into a potential limitation
of the technique, if much larger molecules with lower
sputtering yields need to be deposited. Nevertheless, this
drawback could be compensated for by optimizing the transfer
geometry and consequently substantially enhance the deposi-
tion rate. This point is investigated in the following section.

Improved Transfer Geometries. As mentioned in the
previous sections of this paper, the initial transfer geometry
(Figure 1), that is, an incident angle of the Ar cluster beam of
15° and a collecting angle of 30° might not be optimal (see ref
56 and MD simulation).”* Most importantly, the sputtering
yield is low at such a low angle. In addition, a clear thickness
gradient is observed on the collectors, mirroring the angular
distribution of the ejecta. To improve both the deposition rate
and the thickness uniformity, a few other transfer geometries
were investigated. For each targeted geometry, a specific
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Figure 7. (a) Design of the PLA sample holder, with the horizontal target for an optimal desorption (argon clusters impact at 45°) and the
collector on a rotating part that allows a wide range of collecting angles. (b) Picture of the actual printed sample holder with here the collector set at
90°. (c) Representation of the transfer geometry with an Ar beam impact angle of 45° (dark yellow) and the collector, illustrated by the thickness
map of the deposition, placed at 90° from the horizontal target (black). The maximum of the distribution was observed at 25° (blue). In this case,
lysozyme was transferred with 10 keV Arygo0*.
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Figure 8. Comparison between Ar;og," transfer of lysozyme with incident angles of (a) 15 and (b) 45° for a dose of 1 X 10" jons (15 min). ToF-
SIMS chemical images of the Si* substrate intensity were acquired with 30 keV Bi,". The thickness maps were obtained using the MATLAB app
(AppTBB1). Both transfers were reproduced twice without any changes in the results.

sample holder was 3D-printed in polylactic acid (PLA). from the target. As reported by Lorentz et al. for Irganox,*® the
Among all 3D-printed transfer sample holders, one stands out sputtered proteins are ejected at average polar angles smaller
by its simplicity of use, the versatility in the angles it allows, than 45° with respect to the horizontal target surface. Figure 7¢
and the results it yielded. This sample holder will be described illustrates this for lysozyme sputtered with 10 keV Ar;y,,", with
in more details and used to gather all data shown in the the maximum of the deposition detected at 25°. As observed in
following discussion. The others are presented in the SI, Table Figure 7c, all sputtered molecules are collected, as the collector
S1, with a short description and their advantages/disadvan- is larger than the ejection cone at the collecting distance. This
tages. In the sample holder of interest, depicted in Figure 7a,b, implies that the collecting angle (fixed angle of the collector on
the target is horizontal, for an optimal Ar beam incidence angle the sample holder) does not have a major impact. In the
(45°), and a rotating part allows the collection angle to be following, and strictly for technical reasons (ease of focusing
varied. In the first experiment, in order to observe the angular the Ar cluster beam impact point on the target), the collector
distribution of the proteins, the collector was placed at 90° was systematically placed at 45° from the target.
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Figure 9. ToF-SIMS depth profiles recorded on the collectors after deposition of bradykinin on paper by (a) transfer or by (b) drop-casting.

Note that the deposited film thickness maps, such as those
displayed in Figures 7 and 8, were obtained by imaging the
entire collector with 30 keV Bi;". This time-consuming analysis
generates a huge quantity of data. To facilitate the data analysis
and allow a rapid conversion of the Si signal intensity into
protein thickness, an application was developed in both
PYTHON (pyTBB1) and MATLAB (AppTBB1). These
platforms, Thickness By Bil, allow to load the raw substrate
intensity image, perform normalization, transform the Si
intensity into protein thickness using the calibration, and
offer a multitude of options to display the resulting thickness
maps in a user friendly way, as shown in Figures 7 and 8. These
tools could easily be used for thickness measurements of other
materials as parameters of the calibration can be tuned directly
in the app. The app and a discussion of the methods and
analyses are made available in the extensive Github platform
https://github.com/Benjamin-sc/TBBI.

Figure 8 compares two 10 keV Aryo," transfers of lysozyme
conducted with the same ion dose (1 X 10'* ions, equivalent to
approximately 15 min of sputtering). For an incident angle of
15°, the amount of transferred material is extremely small.
Moreover, a small crater is observed at the edge of the
collector, attributed to energetic backscattered argon particles
(as discussed earlier). For an incident angle of 45°, much more
material is transferred and the silicon substrate is almost
entirely covered. To characterize more precisely the deposition
rate enhancement, a series of transfers of lysozyme was
achieved with 10 keV Ar;o,%, in the same fashion as in Figure
S, blue data points. Using this 45° transfer geometry, an 8-fold
increase of the deposition rate was observed, as displayed in
the SI, Figure S7. In addition, there is no more cratering on the
collector. Indeed, at 45°, the argon clusters penetrate more
deeply in the target and therefore release more of their energy
during the impact.”* The backscattered particles thus have
little remaining energy and do not induce sputtering if the
collector is reached. Homogeneity of the deposited films is still
not perfect but is also largely improved using this geometry. It
could be further improved simply by moving the X and Y
positions of the Ar beam on the target during the transfer.

Toward Useful Applications: Substrate Versatility
and Mixed Multilayer Construction. In the previous
sections of the paper, we thoroughly investigated the technical
aspects and the effect of operational parameters on this argon
cluster-assisted protein deposition method. We already showed
that it could overcome limitations inherent to existing
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protocols such as aqueous adsorption or ESI-based soft-
landing by building multilayer regime thin films of precise
thicknesses in relatively short times. To further demonstrate
the potential of this deposition method, as well as its versatility,
this section focuses on the preparation of original samples that
would be otherwise very challenging to obtain using existing
methods. For example, the most widespread method,
spontaneous adsorption in solution, faces difficulties to build
alternated multilayers, and completely fails if the targeted
substrate is soluble or may be altered by the solution.

First, we illustrate the versatility of the method in terms of
the substrate nature by building a peptide (bradykinin) layer
on top of a sheet of paper, which is hardly compatible with
solution-based methods (swelling effect). We compare the
resulting sample with that obtained by drop casting a peptide
aqueous solution directly on the paper substrate to mimic
aqueous adsorption (not possible as paper would suffer
structural deformation, making further ToF-SIMS analysis
impossible). The transferred sample was prepared with a 10
keV Aryn" beam, while the drop-casted sample was prepared
by evaporating a 10 yL drop of a 20 mg/mL solution. Both
samples were analyzed by ToF-SIMS, using the 3D depth-
profiling mode that allows digging in the sample by removing
layers of material between sequential analyses. Figure 9 shows
the comparison of the depth profiles obtained for each sample.
The paper is identified in the spectra by the presence of the
hexosan peak [C¢HgO,]", a characteristic fragment of cellulose,
while bradykinin is identified by its molecular ion peak. When
the peptide is transferred (Figure 9a), the paper substrate
(orange signal) is covered by a layer of bradykinin (green).
After a certain fluence, the bradykinin signal drops drastically
until reaching the noise level. At the same time, the paper
signal increases and becomes constant at a high intensity. This
shows that the transfer method allowed the construction of a
peptide layer strictly on top of the paper, without diffusion into
the cellulose fiber network. In contrast, when the peptide is
drop-casted from water (Figure 9b), the signal of bradykinin
(green) instantly decreases and then levels off at a substantial
intensity. It remains constant up to a sputtering dose of 1 X
10'® jons/cm® The paper signal (orange) remains roughly
constant throughout the entire profile. If the initial drop of the
bradykinin signal may suggest a partial accumulation of the
peptide at the surface, the continuous detection of bradykinin
across the paper indicates that the peptides diffused between
the cellulose fiber of the network or directly in swollen fibers.
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Figure 10. (a) Positive and (b) negative depth profiles of a mixed multilayer constructed by successive transfer of Irganox and bradykinin on a

silicon substrate.

Chemical images acquired at the surface and inside the paper
for both samples can be found in the SI, Figure S8. In addition,
the deposition of a drop on the paper causes mechanical
deformation of the paper and generates huge roughness. The
transfer method allows the deposition of peptides/protein thin
films on substrates that could not be considered when working
in an aqueous solution. This demonstration using paper paves
the way to many other original systems that could previously
not be envisaged, such as deposition on a sacrificial layer, for
further release applications, or simply on soluble substrates.
Second, we investigate the construction of mixed multi-
layers, composed of various species. In the present case,
bradykinin and Irganox 1010 (C;3H;3015 Mw = 1176.7 g/
mol) were chosen, as both molecular ions are detectable in
ToF-SIMS without interfering with one another. A 10 keV
Aryg00" beam was used to transfer both compounds, each time
reaching an ion dose of 5 X 10'* ions. In the first place,
bradykinin was deposited on top of Irganox. The two transfers
resulted in a total thickness of approximately 150 nm
(measured by profilometry), which makes the deposited film
visible to the naked eye (SI, Figure S9). The sample was then
depth-profiled by ToF-SIMS, in both positive and negative
polarities. The profiles are shown in Figure 10. As the
bradykinin molecular ion peak is not very intense in the spectra
in negative polarity, a characteristic fragment was added. The
same was applied for Irganox in positive polarity. The profiles
show that the multilayer was nicely constructed, as the two
layers are discernable. Yet, one may notice that the bradykinin
signal does not immediately drop to minimal intensity when
Irganox starts to be detected. A plateau of low intensity is
maintained through the Irganox layer. If the cause of this
observation is not yet undisputedly attributed, it may be
explained by inhomogeneity of the layers across the probed
area or by mixing, happening when bradykinin molecules are
landing on the Irganox layer. The same depth profiles were
performed after exposure of the sample to atmospheric
conditions for 7 days (SI, Figure S10). Those profiles look
the same as the ones performed on the fresh sample,
confirming the stability of the multilayer construction. The
reverse multilayer, with Irganox on top of bradykinin, was also
constructed. Once again, the profiles, shown in the SI, Figure
S11, confirmed that the two distinct layers could be obtained.
For this construction, a plateau of low intensity of Irganox is
visible through the bradykinin layer. This would favor the
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hypothesis that the species transferred in a second stage
impinge the collector with sufficient energy to penetrate in the
former layer and generate molecular mixing. Further
experimental work such as transfer with a lower E/n argon
beam would be needed to confirm this hypothesis and improve
layer separation. However, the mixing remains almost
negligible, as the intensity of the observed plateaus is very low.

B CONCLUSIONS

A versatile solvent-free method for the construction of
peptide/protein thin films was successfully developed. It
expands the scope of existing approaches with a straightfor-
ward control of the deposited thickness up to multilayers and
with its ability to build protein films on virtually any vacuum-
compatible solid substrate. In this method, large Ar-GCIBs are
used in vacuo to sputter proteins from a target onto a collector.
Three model peptides and proteins, which are angiotensin,
bradykinin and insulin, could be deposited intact as their
molecular ions were detected on the collectors by ToF-SIMS.
Soft transfer conditions were achieved by reducing the cluster
E/n to 1 eV, enabling bradykinin to be transferred with as
much as 60% of intact molecules. The exponential decay of the
SIMS substrate intensity with the growing thickness of the
protein overlayer enabled the establishment of a procedure to
measure the deposited film thickness directly using the ToF-
SIMS instrument. It was further demonstrated that as long as
the target is not depleted, the transferred quantity is linearly
correlated to the Ar cluster transfer ion dose, offering a precise
control over the deposited film thickness, without upper
limitation. Finally, the potential of this cluster-assisted
deposition method was exemplified in two ways. First,
flexibility toward the substrate nature was demonstrated by
deposition of a protein thin film on the surface of paper, a
material hardly compatible with the solution-based adsorption
method. Second, the possibility to build more complex
architectures was validated by the construction of a bilayer
composed of bradykinin and Irganox. This work provides an
alternative protein deposition method that will further lead to
preparation of original and complex sample architectures that
could not be considered previously.
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B MATERIAL AND METHODS

Targets and Collectors Preparation. Depending on the setup
geometry, the targets were thick (0.73 mm) 1 X 0.3 cm® rectangular
or 1 X 1 cm? square silicon (Si) wafers (for the 15 and 45° impinging
angle geometries, respectively). Prior to protein deposition, wafers
were cleaned for 15 min in a piranha mixture (sulfuric acid/hydrogen
peroxide, 4:1) and then underwent a UV-ozone treatment for 15 min.
Angiotensin II (human), bradykinin, insulin, and lysozyme were
purchased from Sigma-Aldrich (Steinheim, Germany) and used
without further purification. For each peptide/protein, a concentrated
aqueous stock solution at 20 g/L was prepared and stored at —20 °C.
Targets were prepared by three consecutive depositions of a 10 or 20
uL drop of this stock solution for the small and large targets,
respectively, resulting in a thick dry protein layer of about 23 and 15
um in thickness, respectively. Thickness data were obtained by
measuring the depth of the crater by profilometry (Bruker Dektak XT
0.7 pm, Bruker UK Ltd) after sputtering the target until the Si
substrate was reached. The targets were uniform in terms of thickness,
yet the surface roughness of these dried-drop thick layers was
relatively important. The topography was measured with the
profilometer prior to the transfer experiment and revealed a peak-
to-valley value of about 200 nm. Targets were kept at room
temperature for no longer than 7 days before use.

If not otherwise specified, collectors were thin (0.31 mm) 1X 1 cm?
square Si wafers. Collectors were cleaned just before being inserted in
the SIMS, following the same cleaning procedure as for target
substrates.

Spin-Coated Samples. All protein reference SIMS spectra were
obtained on spin-coated samples of fresh protein, prepared with a
spin-coating instrument (WS-400B-6NPP/LITE, Laurell, USA). After
cleaning, a drop of 150 uL of a solution of fresh angiotensin,
bradykinin, insulin, or lysozyme (1 g/L) was deposited on the
collector, which was then spun at 3000 rpm for 1 min (acceleration
1064 rpm/ s).

Ellipsometry Measurements. Thickness measurements achieved
by ellipsometry were done using an Accurion EP3+ SW (Accurion
GmbH, Gottingen), with a refractive index (1) and an extinction
coefficient (k) fixed at 1.5 and 0, respectively, for the fitting process of
all proteins.

Molecular Transfer and ToF-SIMS Analysis. A TOF.SIMS $
(ION-TOF GmbH, Miinster, Germany) time-of-flight secondary ion
mass spectrometer was used both for transfer experiments and for
analysis of the collectors. The instrument is equipped with a bismuth
liquid metal ion gun (LMIG) and an argon gas cluster ion beam (Ar-
GCIB), both mounted at 45° with respect to the horizontal sample
surface. The time-of-flight mass analyzer is perpendicular to the
sample surface. Secondary ions are accelerated at a potential of 2 kV.

For the transfer experiments, the sample holder with target and
collector plates was aligned with the GCIB (Figure 1). The alignment
was done by sight for the x and y coordinates and using the laser that
is coaxial with the analyzer for the height z. The Ar-GCIB source was
operated at 5 or 10 keV, and the cluster distribution was selectively
centered on Ar; g5, Arygee’, Arsgeet, or Arsg". The Ar-GCIB was
used in interlaced sputter mode, with the analysis beam shut down
during the entire transfer. The current intensity was measured each
time prior to experiment and was slightly fluctuating around 12, 8, 1.4,
and 0.3 nA for 10 keV Ar;540", Arsooo", Arsope’, 0r Arsge" and around
1.4 and 0.2 nA for 5 keV Ar;p," and Argyy,", respectively. The beam
raster was fixed at 128 X 128 data points over an area of 700 X 700
um?. The total ion dose reached for the transfers was in the range of
10%-10" ions.

The analyses of the collectors were performed in a regular sample
holder, using static mode (defined by an ion dose <10" ions/cm?”)
and 2D imaging modes of the instrument. In this latter operating
mode, the beam moves automatically along the sample surface and
gathers multiple square images to build the total image of the
collector. The beam was either Bi," or Big" 30 keV having a current
intensity of about 1.4 and 0.1 pA, respectively, with a raster of 128 X
128 data points over an area of 500 X 500 um?®. Static spectra were
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acquired for 60 s. For the images, a single scan was performed, but 2
and 37 frames, for Bis* and Bi,*, respectively, were taken on every 500
X 500 pum?* patch to increase signal intensity. Except if otherwise
specified, only positive secondary ion species were analyzed. With Big*
30 keV, a resolving power of m/Am = 4300 at 30 m/z (corresponding
to CH,N") was maintained for spectra acquisition. In the case of Bi,"
30 keV, the resolving power was maintained around 6000 at 30 m/z.

SIMS depth profiles were recorded both in positive and negative
ion polarities. The dual beam mode was used (illustrated in the SI,
Figure S10d). A 10 keV Arsy" beam was employed to sputter
material with a raster fixed at either 600 X 600 or 1000 X 1000 gm?.
Depending on the sample thickness, the sputter beam current was
precisely adjusted between 0.017 and 0.053 nA. A 30 keV Bis" beam,
operated with a raster of 200 X 200 ym” and centered in the sputtered
area, was used to record high mass resolution profiles. Its current
intensity was precisely adjusted between 0.083 and 0.096 pA. On
thick or insulated samples, charging of the surface occurred upon
sputtering. When necessary, an electron flood gun was used for charge
compensation during the depth profiles. It was operated at S or 20 eV.

Design and 3D Printing of Additional Transfer Sample
Holders. Several sample holders were printed in polylactic acid
(PLA). The design was made with Solidworks, and a Makerbot 2X
Replicator (MakerBot Industries, Brooklyn, USA) was used for
printing. The different models of transfer sample holders as well as
their advantages and disadvantages are listed in the Supporting
Information (SI, Table 1). Small 3D print sample holders in PLA do
not require additional pumping time in the ToF-SIMS instrument, are
stable under vacuum, and allow us to quickly adapt to any type of
substrate and geometry.
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