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6 ABSTRACT: Gas-cluster -beam-assisted deposition is used to build
7 multilayered protein-based structures. In this process, Ar3000−5000

+ clusters
8 bombard and sputter molecules from a reservoir (target) to a collector, an
9 operation that can be sequentially repeated with multiple targets. The

10 process occurs under a vacuum, making it adequate for further sample
11 conservation in the dry state, since many proteins do not have long-term
12 storage stability in the aqueous state. First of all, the stability in time and
13 versatility in terms of molecule selection are demonstrated with the
14 fabrication of peptide multilayers featuring a clear separation. Then,
15 lysozyme and trypsin are used as protein models to show that the activity
16 remaining on the collector after deposition is linearly proportional to the
17 argon ion dose. The energy per atom (E/n) of the Ar clusters is a parameter
18 that was also changed for lysozyme deposition, and its increase negatively
19 affects activity. The intact detection of larger protein molecules by SDS-PAGE gel electrophoresis and a bioassay (trypsin at ≈25
20 kDa and glucose oxidase (GOx) at ≈80 kDa) is demonstrated. Finally, GOx and horseradish peroxidase, two proteins involved in the
21 same enzymatic cascade, are successively deposited on β-D-glucose to build an on-demand release material in which the enzymes and
22 the substrate (β-D-glucose) are combined in a dry trilayer, and the reaction occurs only upon reintroduction in aqueous medium.
23 KEYWORDS: gas cluster ion beam, multilayer, enzymatic cascade, glucose oxidase, lysozyme, trypsin

24 ■ INTRODUCTION

25 New routes for the creation of bioactive organic films hold
26 promise in the development of cutting-edge biomedical
27 applications.1,2 Proteins serve as crucial building components
28 for such films due to their unique ability to perform enzymatic
29 reactions that are essential for various functions. However,
30 immobilizing proteins onto surfaces poses challenges due to
31 inherent issues of spontaneous adsorption. This process often
32 leads to concerns such as denaturation (altering the protein’s
33 3D structure), which can potentially compromise their
34 bioactivity. Furthermore, the construction of complex multi-
35 layer structures comprising diverse biomolecules remains
36 difficult. To overcome these challenges, numerous advanced
37 methodologies have been devised. For example, the layer-by-
38 layer (LbL) techniques involving polyelectrolytes offer a
39 strategy, although it may require nonphysiological pH
40 conditions, leading to multilayer systems.3,4 However, there
41 are issues such as potential agglomeration and limited
42 applicability across multiple proteins. Indeed, the main driving
43 force for LbL assembly is electrostatic interactions, a parameter
44 hard to control and exhibiting significant variability across
45 different proteins. Within these innovative alternatives,

46preparative mass spectrometry techniques have emerged as a
47promising avenue,5 broadening the scope of possibilities.
48Methods such as electrospray ionization,6,7 matrix-assisted
49laser desorption/ionization (MALDI),8 and gas cluster ion
50beam (GCIB)-assisted deposition (iBeam method)9−11 involve
51transferring proteins in the ultrahigh vacuum and possibly
52redepositing them onto a surface. The gentle landing of
53molecules in a vacuum environment results in the creation of
54bioactive materials with controlled deposition.
55Using GCIB, it is possible to transfer intact molecules from a
56target to a collector. When the cluster projectiles impact the
57surface, if the energy per atom (E/n) of the cluster is low
58enough, the collision induces soft emission, with molecular
59internal energies precluding fragmentation.12 If E/n increases,
60the internal energy and the fragmentation of the sputtered
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61 molecules increase until it reaches a constant level for E/n
62 around 10 eV/atom. Moreover, other cluster parameters
63 influence the desorption efficiency of the GCIB such as the
64 impact angle11,13 or the cluster size (n), which determine the
65 momentum transmitted to the desorbing molecule.14,15 These
66 properties make the GCIB a valuable ion source for secondary
67 ion mass spectrometry (SIMS). In addition, a considerable
68 level of sputtered neutral species is increasingly used. The first
69 application of this soft desorption using large argon clusters
70 was to transfer small acidic molecules (MALDI matrices) on
71 samples for in situ matrix-enhanced SIMS (in situ ME−
72 SIMS).16−18 In parallel, Delmez et al.10 have shown that
73 biomolecules as large as 14 kDa (lysozyme) could be
74 transferred intact and with retention of their bioactivity,
75 upon reintroduction into solution. Then, the transfer of lipids
76 from a mouse brain tissue to a collector not only allowed to
77 demonstrate that the overall mass spectral signature was
78 preserved upon transfer but also showed that it is possible to
79 increase the ion signal of some lipids after transfer.19

80 Therefore, the GCIB-assisted deposition method, coined
81 iBeam, has already demonstrated numerous benefits that can
82 be summarized as follows:11 (i) the versatility of the chosen
83 deposition surface (collector), (ii) the precise control of the
84 thickness which is proportional to the Ar cluster ion dose used,
85 (iii) the potential to create alternate multilayers using any type
86 of biomolecule, even heavier than 10 kDa, (iv) and the absence
87 of solvent or matrix intermediate that increase the degradation
88 rates by surrounding the proteins molecules.20 These features
89 pave the way toward the creation of complex multilayer
90 systems containing enzymes and their substrates together.
91 To achieve that outcome and formulate a comprehensive
92 and applicable method, several essential questions still request
93 answers. How far can we push the complexity boundaries with
94 these multilayers? Can a control be exerted over the protein
95 activity remaining on the collector? Ultimately, is it feasible to
96 extend this approach to larger proteins, potentially allowing an
97 enzymatic cascade to be performed? To answer these
98 questions, the first section focuses on constructing multilayers
99 using molecules around 1 kDa. These molecules were selected
100 because their molecular ions can be detected in ToF−SIMS.
101 The objective of this section is to assess the structure and
102 stability of these multilayers after long storage periods by
103 performing ToF−SIMS depth profiles. The following section
104 will be centered on measuring the remaining activity of
105 proteins (lysozyme and trypsin) after their transfer to a
106 collector. For these measurements, two parameters of the
107 GCIB beam will be manipulated: the total cluster ion dose
108 impacting the target and the energy per atom of the clusters
109 (E/n). Finally, glucose oxidase (GOx) and horseradish
110 peroxidase (HRP), two proteins involved in the same
111 enzymatic cascade, are successively deposited on β-D-glucose
112 in order to build an on-demand release multilayer. β-D-Glucose
113 is the first substrate of the enzymatic cascade. An absorbance
114 measurement and a ToF−SIMS depth profile will be
115 performed first on a bilayer GOx/β-D-glucose and then on a
116 trilayer HRP/GOx/β-D-glucose. The choice of these proteins
117 was motivated by MD simulations that predicted the intact
118 desorption of GOx from an organic film.21

119 ■ EXPERIMENTAL SECTION
120 Transfers Using Argon Clusters. The transfer experiments were
121 performed using the GCIB source of a TOF·SIMS 5 (ION−TOF
122 GmbH, Münster, Germany) time-of-flight secondary ion mass

123spectrometer. The instrument is equipped with a Bi-liquid metal
124ion gun and Ar-GCIB source primary ion sources providing cluster
125beams oriented at 45° to the surface normal. For the Ar-GCIB source,
126the selection of the cluster size is done with a Wien filter and a 90°
127pulsing system allowing to center the mass distribution of the clusters
128around a specific value (e.g., Ar3000+ with a full width at half-maximum
129around 1300 atoms). The argon cluster ion dose was determined by
130measuring the current of the beam using a Faraday cup close to the
131target sample, and it will be specified for each experiment in the
132Results and Discussion section. The target and the collector were
133fixed on a 3D printed sample holder described elsewhere.11 A
134schematic representation can be found in the Figure S1B. Targets can
135either be powder-deposited onto a tape or as a solution left to dry on
136a silicon wafer. In both scenarios, they are constructed to be
137sufficiently thick to not reach the support during the transfer. In the
138experimental results presented here, a solution was dried on silicon
139surfaces, with five consecutive depositions of 20 μL from a 20 g/L
140concentration. The targets were thick (0.73 mm) 4 × 4 mm2 square
141silicon wafers. Collectors were silicon wafers cleaned for 15 min in a
142piranha mixture (sulfuric acid/hydrogen peroxide, 4:1) or PE sheets
143cleaned for 15 min in an ethanol ultrasonic bath. For GOx transfers
144on β-D-glucose, 50 μL of a 90 g/L β-D-glucose solution was drop-
145casted on a cleaned Si wafer.
146ToF−SIMS Measurements. The depth profiles were performed
147on the same instrument as for the deposition via a dual beam method.
148A 10 keV Ar3000+ beam was employed to sputter the material with a
149raster fixed at 600 × 600 μm2, whereas 30 keV Bi5+ ions were used as
150the analysis beam to record the profiles (current of 0.05 pA for a cycle
151time of 150 μs). The sputter current was adjusted between 0.07 and
1520.22 nA depending on the sample thickness. Charge compensation
153was conducted using 5 eV electrons. Noninterlaced dual ion beam
154mode was used. A sputtering time of 1.5 s was applied between each
155analysis frame, along with a variable pause time based on the sample
156thickness. Calibration of the mass spectra was performed by using the
157SurfaceLab software. CH−, C3H−, C4H−, and C6H− were used in
158negative mode and CH3

+, C2H5
+, C3H5

+, and C4H7
+ in positive mode.

159Activity Bioassays. The lysozyme activity was tested using the 4-
160methyllumbelliferyl β-D-N,N′,N″-triacetylchitotrioside compound as
161substrate. Active lysozyme hydrolyzes one or more glycosidic bonds
162releasing the fluorescent 4-methylumbelliferyl moiety. 200 μL of
163distilled water were used to put the lysozyme drop-casted or
164transferred on the Si collectors back into solution (four successive
165washing with a drop of 50 μL). A pipet tip was used to scratch the
166surface to solubilize the maximum amount of protein. These 200 μL
167were directly put in a 96-well opaque microplate. Then, 20 μL of 4-
168methylumbelliferyl β-D-N,N′,N″-triacetylchitotrioside (0.1 g/L,
169Steinheim, Germany) in dimethyl sulfoxide/water 2:1 (v/v) solution
170were added as lysozyme substrate in each well. The fluorescence was
171measured after 24 h of incubation at 40 °C using a SPECTROMAX
172id3 microplate reader (excitation/emission = 360/450). Lysozyme
173was purchased from ThermoFischer (89,833, ±20,000 units/mg) and
174from Sigma-Aldrich (L6876, ±40,000 units/mg) and used without
175further purification.
176The enzymatic activity of trypsin was measured using the Thermo
177Scientific Pierce Fluorescent Protease assay kit (ref 23,266) including
178a fluorescein-labeled casein. Fluorescence was measured after 50 min
179of incubation at room temperature using a SPECTROMAX id3
180microplate reader (excitation/emission wavelengths = 485 nm/538
181nm). The calibration curve was performed by letting dry increasing
182known amounts of trypsin on silicon wafers. Then 100 μL of buffer
183were used to put back the protein in solution within each well of a
184microplate. The same volume was used to recover the proteins from
185the transferred samples. The stock of used trypsin was a lyophilized
186powder (97%) having an activity of 309 TAME units/mg of protein.
187The enzymatic activity of GOx was measured by using the
188Megazyme assay kit. This protein is involved with HRP in the
189following enzymatic cascade
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192 The quantitative formation of the quinoneimine dye complex was
193 measured by absorbance. The difference between the absorbance after
194 20 min of reaction and at the beginning (ΔA510nm/20 min) was
195 measured at 510 nm using a SPECTROMAX id3 microplate reader.
196 GOx used for the target and the transfers is from Sigma-Aldrich
197 (49,180, ±200 units/mg) and was used without further purification. If
198 GOx was directly transferred on the support, collectors in PE could be
199 used and were directly wrapped in the microplate wells. The presence
200 of the PE sample does not affect the linearity of the absorbance
201 measurements (see Figure S5). For GOx transferred on a layer of β-D-
202 glucose, silicon collectors were used and 100 μL of distilled water was
203 used to solubilize GOx and glucose (two successive washings with a
204 drop of 50 μL each). The other molecules needed for the enzymatic
205 cascade came from the addition of 200 μL of the kit mixture
206 (containing the HRP + p-hydroxybenzoic acid +4-aminoantipyrine +
207 preservatives). For the HRP/GOx/β-D-glucose trilayer, GOx and
208 HRP were both transferred using argon clusters on a layer of β-D-
209 glucose. HRP (P8125, ≥50 units/mg) and 4-aminoantipyrine
210 (A4382) were bought from Sigma-Aldrich. 100 microliters of distilled
211 water were used to solubilize the trilayer. 200 microliters of a buffer
212 containing p-hydroxybenzoic acid and 0.625 g/L of 4-aminoantipyrine
213 were added.
214 SDS-PAGE Gel Electrophoresis. SDS-PAGE was performed in
215 4−20% iD polyacrylamide gel. 50 microliters of water were used to
216 solubilize the proteins from the collector and 10 μL of Laemmli buffer
217 (without DithioThreitol) were added. The solution was then heated
218 for 15 min in a warm bath at 56 °C and centrifuged for 1 min. The
219 current of the electrophoresis cell was set at 55 mA, and the cell was
220 filled with a 1× MOPS running buffer. Prestained Protein Ladder
221 (Thermoscientific, USA) was loaded as molecular weight markers.
222 Protein detection was performed using a colloidal Coomassie Blue
223 staining protocol (see in the Supporting Information).

224 ■ RESULTS AND DISCUSSION
225 Multilayer Construction and Stability. Multilayer
226 construction using large argon clusters ions has already been
227 achieved.11 Here the purpose is to explore the limits of these
228 multilayers concerning aging and molecular diversity. First, a
229 bilayer of two peptides, both soluble in water, was built.

230Targets of bradykinin and neurotensin were successively
231bombarded with a 10 keV Ar3000+ beam with a dose of 5 ×
232 f11014 ions each. Figure 1A,B show the positive depth profile and
233its 3D reconstruction performed on the bilayer after the
234transfers. The profile shows that the peptide layers feature a
235clear separation. Indeed, the molecular signal [M + H]+ of
236neurotensin significantly decreases within the bradykinin layer,
237and vice versa. The sputtering rate of these two peptides
238should be close since they have comparable masses (1673 Da
239for neurotensin and 1060 Da for bradykinin); thus, the
240thickness of both layers should be comparable because the
241same cluster ion dose was used for the transfers. In positive
242mode, the mass resolving power at m/z 28 (Si+) is around
2435000, which is not sufficient to totally resolve the CO+ ions
244coming from the organic layer from the Si+ ions. This is why
245there is a plateau of Si+ in the peptide layers in the positive
246mode. The negative depth profile is available in Figure S2.
247Figure 1C shows the same depth profiling conducted 516 days
248after the bilayer construction, during which the sample was
249preserved without any specific conditions (ambient atmos-
250phere). The fluence required to reach the silicon layer in the
251profile varies a little because the local thickness of the deposit
252is influenced by the angular distribution of the molecules,
253making it slightly thicker at the center and thinner at the
254edges.11 The profile on day 1 was performed at the center of
255the collector, whereas the profile on day 516 was performed at
256some distance. After that storage period, the bilayer retained its
257integrity with three distinct zones. However, there is a decrease
258of the neurotensin molecular signal at the surface and an
259increase of the CO+/Si+ signal. This indicates a change of
260composition at the surface that might result from deposition of
261other organic molecules (contamination) or from the peptides’
262degradation. A common contaminant observed in ToF−SIMS
263spectra is poly dimethylsiloxane (PDMS) that contaminates
264sample surfaces by simple exposure to laboratory air.22 After
265516 days, the intensities of two prominent peaks of PDMS, Si+
266and Si2O2C5H15

+ (m/z 147), increased at the sample surface.
267Moreover, there is also a decrease in the bradykinin signal [M
268+ H]+ in the bulk. Despite the signs of peptide degradation, it
269is worth noting that most decomposition reactions should be
270slowed in the dry state. Indeed, these reactions are minimal at
271or below the monolayer level of hydration because the lower

Figure 1. Positive depth profile (A) and reconstructed 3D SIMS image (B) of a bilayer constructed by successive transfers of bradykinin and
neurotensin (5 × 1014 ions of 10 keV Ar3000+ beam). The thickness of the bilayer (140 nm) was measured by profilometry using the crater induced
by the depth profile. (C) Positive depth profile conducted 516 days after the bilayer fabrication, during which the sample was stored in a drawer
without any additional specific care.
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272 amount of adsorbed water reduces the conformational
273 flexibility of the peptide/protein and limits the mobility of
274 reactants.20,23 This experiment shows that the GCIB-assisted
275 layer deposition method provides two advantages compared to
276 other building methods. First, the process operates under
277 vacuum conditions, potentially enhancing the pharmaceutical
278 stability of the final product due to reduced water content.
279 Second, reactive compounds can be brought into close contact
280 and deactivated until a substantial amount of solvent is
281 introduced into the system.
282 To validate the versatility of the method regarding molecule
283 selection and transfer, depth profiles were performed on a
284 trilayer composed of neurotensin, IRGANOX 1010 and
285 bradykinin (Figures S3 and S4). IRGANOX 1010 is an
286 antioxidant and polymer additive with a low solubility in water
287 compared to those of the other two peptides. Each layer was
288 deposited using the same dose of 3 × 1014 ions of a 10 keV
289 Ar3000+ beam. Depth profiles conducted on day 1 and after a
290 storage period of 611 days reveal a clear demarcation between
291 each layer, indicating that time has not impacted their
292 delineation. The molecular ion signal intensity of each
293 molecule decreases over time due to inevitable degradation
294 reactions, even in the dry state. However, separated
295 unfragmented molecules are still detected. This outcome
296 indicates that numerous multilayer arrangements are feasible.
297 Moreover, since the quantity of molecules within each layer is
298 proportional to the Ar ion dose used for the transfer,11 it
299 enhances the potential utility of this approach. Subsequently,
300 the upcoming sections aim to study the transfer of proteins and
301 investigate the feasibility of establishing bioactive multilayer
302 systems.
303 Control of the Enzymatic Activity. It was shown that
304 lysozyme can be transferred intact on a collector and that the
305 protein is active when it goes back into solution.10 However,
306 this result was obtained with a transfer geometry that was not
307 optimal (Figure S1A), corresponding to an exceedingly long
308 transfer duration to obtain only an activity level roughly
309 equivalent to that of 0.9 μg of fresh lysozyme. Following this
310 result, three objectives were targeted in this section: (i)
311 Demonstrate that utilizing the new sample holder with an
312 impinging angle of 45° (Figure S1B) allows one to achieve
313 higher activity levels more effectively. (ii) Show that the
314 activity of the collector could be finely controlled with the Ar
315 cluster ion dose. (iii) Explore the feasibility of transferring
316 proteins of higher masses by reducing the energy per atom of
317 the cluster or increasing the transfer time.
318 For this purpose, fluorescence-based enzymatic activity
319 assays were performed on the collector after several transfers
320 of increasing dose. This experiment was performed for two

f2 321 proteins, lysozyme (≈14 kDa) and trypsin (≈25 kDa). Figure
f2 322 2 shows that the measured fluorescence increases linearly with

323 the Ar cluster ion dose for both proteins. For these bioassays, a
324 calibration was performed using drop-cast proteins on Si
325 wafers (Figure S5). The drop-casting of fresh lysozymes and
326 trypsin was used to mimic the collectors that are obtained after
327 the transfers. Indeed, as described in the Experimental Section,
328 a small volume of buffer was used to solubilize the collected
329 proteins. During this step, it is expected that at least a
330 monolayer of protein material will remain attached to the
331 collector and will no longer participate in the enzymatic
332 reaction. This hypothesis is confirmed by comparing the
333 calibration of the drop-casted layer (Figure S5) with a direct
334 calibration, for which all of the proteins participate in the

335enzymatic reaction. Moreover, a 3D mapping of the thickness
336of the protein layer remaining on the Si collector shows that a
337monolayer, approximately 2−3 nm in thickness, is adsorbed at
338the surface of the collector after solubilization (Figure S6).
339The term “equivalent mass” is employed on the right axis of
340the plots in Figure 2. This term “equivalent” is utilized because
341it is likely that the specific activity could differ between the
342reference proteins used for the calibration and the transferred
343proteins. Indeed, slight composition changes are induced by
344the transfer due to fragmentation but also differential
345sputtering that may occur between the protein and the
346impurities. Moreover, it is highly possible that the proteins
347unfold upon the impact with the Ar cluster (hypothesis
348supported by MD simulations for lysozyme).24 The protein
349unfolding may expose amino acid residues, which could
350facilitate further inactivation such as aggregation and chemical
351modification. However, protein unfolding is a reversible
352process.25,26 Even if the reduced amount of water and the
353collision tend to shift the equilibrium between native and
354unfolded toward unfolded, some of the transferred proteins
355may fold back once in solution. Considering these comments
356are considered, the trypsin and lysozyme equivalent masses
357that were deposited cannot be quantitatively compared.
358Moreover, the activity of the protein-covered collector will

Figure 2. (A) Lysozyme and (B) trypsin fluorescence measurements
for several transfers at different doses. Every dot represents a distinct
collector for which the material was redissolved to conduct the
bioassay. The pictures show the collectors after the transfer of trypsin
with a dose of 1.5 × 1015 ions and 3.5 × 1015 ions.
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359 depend on the purity and initial activity of the reference
360 protein used for the target.
361 SDS-PAGE gel electrophoresis was previously used to
362 confirm the presence of unfragmented lysozymes on the
363 collector.10 To be sure that the trypsin is also transferred intact
364 (in native and/or unfolded conformation), a SDS-PAGE was
365 also performed and can be found in Figure S7. Using a 10 keV
366 Ar5000+ beam with a dose of 2.1 × 1015 ions, a thin band was
367 visible at the same position as the reference (≈25 kDa),
368 indicating the presence of unfragmented trypsin on the
369 collector.
370 The correlation between fragmentation and energy per atom
371 (E/n) of the Ar clusters is well-established. It was previously
372 demonstrated for peptides that an increase in E/n induces
373 more fragmentation, resulting in decreased detection of intact
374 peptides after transfer.11 To investigate the hypothesis that a
375 more fragmented transferred protein may experience a decline
376 in activity, lysozyme (±40,000 units/mg) was transferred with

t1 377 different beam conditions. The findings, presented in Table 1,

378 confirm that a higher E/n, under the same ion dose, correlates
379 with a reduction in activity, as measured by fluorescence. This
380 reduction of activity is observed even if clusters featuring a
381 higher E/n value favor desorption and display higher
382 deposition rate.11

383 It is important to highlight that while beams with higher E/n
384 induce greater fragmentation, the significantly reduced transfer
385 time, due to a higher beam current, enables the rapid
386 attainment of higher activity levels in the samples. To reach
387 a cluster ion dose of 2 × 1015 ions with a 10 keV Ar3000+ beam
388 (9.4 nA), the sputtering lasts 9.5 h. At this point, enzyme-based
389 structures have been created, with their activity precontrolled
390 by the transfer dose.
391 Toward Larger Protein Transfer and On-Demand
392 Release Multilayers. In this section, the objective is to
393 investigate the real potential benefits of GCIB assisted
394 deposition as a solvent-free method, enabling the integration
395 of enzymes and their substrates into a dry multilayer.
396 The first step was to confirm the presence of intact GOx
397 molecules (≈80 kDa) on the collector. SDS-PAGE electro-
398 phoresis was conducted on the transferred material (Figure
399 S7). After several failures to detect a band at the same mass as
400 the reference, a high dose of 10 keV Ar3000+ beam (4.03 × 1016
401 ions) was used for the transfer. With the current performance
402 of the GCIB source, it represents a transfer time of about 185
403 h. It demonstrates a low transfer efficiency for such a large
404 protein, potentially due to high levels of fragmentation.
405 However, the limit of detection of the Megazyme assay kit is
406 low (linear range between 0.01 and 0.08 U/mL) allowing us to
407 work with this enzyme within a feasible time frame.
408 Therefore, GOx was deposited on a layer of β-D-glucose to
409 build an enzyme/substrate bilayer in a vacuum. First, the β-D-
410 glucose was drop-cast on silicon (50 μL at 90 g/L). β-D-

411glucose could also be transferred, but due to the large amount
412needed (4.5 mg per microplate well) and to ensure that only
413the enzymes are dependent on the argon dose, the first layer
414was drop-casted. Then, GOx was deposited on top of this layer
415 f3using 3 × 1015 ions of a 10 keV Ar5000+ beam. Figure 3A shows

416a picture of the bilayer after deposition of GOx. The white
417smear visible on the top corresponds to the deposited GOx.
418The glucose is the underneath translucid layer. Figure 3B
419shows a depth profile performed in the center of the sample.
420The GOx layer (as revealed by the signal of the CN− fragment)
421is well separated from the β-D-glucose layer. Another ion
422originating from the GOx sample is plotted (called the GOx
423frag.) This fragment, with a m/z value of 127.96, could
424correspond to either C4H2S2N− or C5H4S2− with deviations of
4258 and 90 ppm, respectively. This ion remains unassigned due
426to the uncertainty on its mass assignment. Nevertheless, it later
427served as a marker for the GOx layer. Both layers are clearly
428distinguishable, with no indication of reaction occurring at
429their interface. The observed plateau of β-D-glucose [M − H]−

430within the protein layer arises from interferences of ions with
431closely matching masses. However, the mass resolution of the
432instrument prevents differentiation of these contributions.
433After acquisition of the profile, the collector content was
434solubilized with 100 μL of distilled water and the absorbance
435was measured using the Megazyme protocol (see the
436Experimental Section). Figure 3C shows the ΔA510 nm/20
437min measurement of the transferred layer and compares it with
438a calibration obtained with free GOx in solution. This
439absorbance is equivalent to 0.28 mU of GOx used for the
440calibration. The experiment was reproduced twice, resulting in
4410.10 ± 0.01 mU for every 1015 bombarded cluster ions. Then,
442the same bilayer GOx/β-D-glucose was fabricated twice but
443using a 10 keV Ar3000+ beam to deposit the GOx. The result is
444found in the Figure S8. A higher dose of 4.39 × 1015 ions was
445used, resulting in a thicker deposition. However, even if the
446dose was higher than in the result of Figure 3, the measured
447absorbance is equivalent to 0.021 ± 0.011 mU for every 1015
448bombarded cluster ions. It shows once again that E/n is an
449important parameter.

Table 1. Fluorescence Measured from Lysozyme
Transferred upon Beam of Decreasing Energy per Atom

Figure 3. (A) Picture of the collector coated with a bilayer consisting
of a layer of drop-casted β-D-glucose and a layer of transferred GOx (3
× 1015 ions of 10 keV Ar5000+ beam). (B) ToF−SIMS depth profile
performed in the center of the sample. (C) Absorbance measurement
after solubilization of the collector (red) and the corresponding
calibration (blue).
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450 To progress further and particularly to move closer to a
451 multilayer with on-demand release capabilities, both enzymes
452 were transferred successively on the first substrate (β-D-

f4 453 glucose). Figure 4B,C shows the depth profile and the

454 absorbance measurement. The depth profile was normalized
455 by the total ion count due to small fluctuations of the bismuth
456 analysis beam current at the beginning of the profile. Two
457 arbitrary ions (HRP frag. at m/z 368.86 and GOx frag. at m/z
458 127.96) were chosen to distinguish both layers. A small
459 variation in the CN− ion intensity can be detected between
460 both layers. After acquisition of the profile, the layer on the
461 collector was solubilized using 200 μL of a buffer containing p-
462 hydroxybenzoic acid and 4-aminoantipyrine (0.625 g/L). The
463 reaction began directly as all the components needed for the
464 enzymatic cascade were present. The ΔA510 nm/20 min is
465 equivalent to 0.22 mU of the GOx used for calibration. This
466 amount is close to that measured with the bilayer. This was
467 expected, as the doses used for the transfer of the GOx were
468 close. Moreover, it is assumed that the amount of transferred
469 HRP is sufficiently large and that its final amount in the bilayer
470 is not the limiting factor of the cascade. To support this
471 hypothesis, the ΔA510 nm/20 min was measured for decreasing
472 amounts of HRP, added from diluted solutions. The
473 absorbance measurement is not affected by the amount of
474 HRP until it decreases to 10 ng by microplate well (Figure S9).

475 ■ CONCLUSIONS AND FUTURE PROSPECTS
476 This study presents the fabrication of on-demand release
477 multilayers composed of proteins using GCIB-assisted
478 deposition. The method has demonstrated the ability to
479 construct multilayers of distinct molecules without mixing and
480 without the use of solvents. The equivalent activity of the
481 collector, the newly constructed bioactive material, has been
482 demonstrated to be proportional to the Ar ion dose for two
483 different proteins, lysozyme and trypsin. Moreover, relatively
484 large proteins such as GOx (≈80 kDa) can be deposited
485 unfragmented and show bioactivity when placed in solution.
486 Multilayers composed of two enzymes involved in an

487enzymatic cascade were deposited on the first layer of
488substrate. The deposition in a vacuum led to an artificially
489inactivated stack of molecules. As a result, the reaction was
490shown to start when the stack was reintroduced in solution.
491Future prospects may involve the study of the sticking force
492or leaching speed of a multilayer, which may differ from other
493methods, such as LbL or spontaneous adsorption. Finally, the
494stability of large proteins in the solid state after the transfer
495should be assessed and compared with other fabrication
496methods.
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× 1015 ions of 10 keV Ar5000+ beam) and a layer of transferred HRP
(3.39 × 1015 ions of 10 keV Ar5000+ beam). (B) ToF−SIMS depth
profile performed in the center of the sample. (C) Absorbance
measurement after solubilization of the collector (red) and the
corresponding calibration (blue).
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