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Abstract
The size, shape, and spatial distribution of active pharmaceutical ingredient (API) are important physical characteristics of drug delivery systems that can affect the performance, stability, appearance, and even bulk properties of the end product. This study explores the feasibility of using time-of-fight secondary ion mass spectrometry (ToF-SIMS) for the 3D characterization of API particles in two commercially available oral dissolvable drug delivery films. It was found that ToF-SIMS imaging with Argon gas cluster ion beam (GCIB) sputtering allowed production of 3D chemical maps that could be utilized to obtain size distributions of buprenorphine particles whose effective diameters ranged from approximately 6 µm to 41 µm, with shapes that were generally spherical with a few non-spherical structures. The particles were heterogeneously distributed both laterally and as a function of depth in the film. In addition, ToF-SIMS was able to differentiate between different oral drug delivery films based on differences in the spatial distribution of buprenorphine; in one case, the particles were distributed throughout the depth of the film whereas the particles in the other case were localized close to the surface. Preliminary studies suggest that ToF-SIMS with argon GCIB sputtering may also allow us to provide a very rough estimate of the concentration of the APIs (factors of 2 to 4), namely buprenorphine and naloxone, at pharmacologically relevant concentrations inside organic drug delivery systems with a thickness of hundreds of micrometers. 













Introduction
The particle size, shape, and spatial distribution of active pharmaceutical ingredients (APIs) are important physical characteristics that can affect the performance, processability, stability, appearance, and even bulk properties of the pharmaceutical end product. Many APIs possess poor water solubilities, posing absorption and bioavailability issues that are often  addressed by changes in API particle size and shape.1-4 Though effective, this can lead to changes in pharmacokinetics, and given the increasingly potent APIs being developed, it can significantly affect variability in the effective dosage within each capsule, tablet, or film. This variability is referred to as content uniformity (CU), and as effective dosages become smaller or potency increases, CU values can deviate significantly due to the inherent size distribution of API particles, where the presence of a single large API particle can cause super-potent dosage units.5, 6 Therefore, particle size distribution analysis is one of the most important factors in process validation by the US Food and Drug Administration (FDA), accomplished using a variety of methods such as x-ray diffraction and light scattering. This particle characterization typically occurs prior to formulation, since measurements of particles buried in solid matrices or encapsulated in polymeric scaffolds are challenging.
With increased interest in personalized medicine, where the emphasis is on directing the patients to the “right drug at the right dose at the right time”,7 measurement of CU as well as the method of producing end products with flexible dosage units become essential. One popular formulation approach that combines dosage flexibility with rapid manufacturing time, as well as patient compliance and improved efficacy due to ease of use and rapid onset of action, is dissolvable oral thin films for mucosal drug delivery (sublingual and buccal). In these materials, the morphology of the API prior to integration into the drug film would be characterized using existing infrastructure and established techniques, but their validation once it has been integrated into the film is also of equal importance as any unintended changes in dosage or morphology of the API during production could be detrimental to patient health. There is a need for a technique that can characterize and potentially quantify the API post-production, without having to dissolve the matrix and likely affecting the morphology of the particles. This study explores the potential of using time-of-flight secondary ion mass spectrometry (ToF-SIMS) equipped with the argon gas cluster source for the characterization and quantification of API particles within two different formulated drug delivery films.
The argon gas cluster source has revolutionized SIMS depth profiling capabilities for organic molecules. The inert chemistry and large cluster size combine to minimize damage accumulation,8-10 helping to preserve sputter rate and chemical information allowing for molecular  depth profiling of a  range of sample chemistries such as conjugated polymers that were previously not feasible using SF5+ or C60+.11-13 These features allow ToF-SIMS to  produce accurate 3D maps of drug particles embedded in a very thick organic matrix without the use of markers. In addition, a constant sputter rate with negligible damage accumulation makes quantification of buried analyte species possible, creating the opportunity for the technique to contribute to the biomedical community where quantification is often required. Since depth profiling of ultrathick organic films (>100 µm) is just now being explored, parameters such as sputter rate, damage accumulation, and topography generation in these materials have not yet been carefully studied. For example, redeposition of the sputtered flux along the crater bottom14 occurs due to the low sputter take-off angles of the cluster source,15, 16 but its effect on quantification or the quality of the image remains unclear. As such, studying the effects of these parameters is an important step in developing the SIMS technique for biomedical device validation and quality control.  
  In this initial study, the commercial drug delivery films Suboxone® and Bunavail® with thicknesses of 156 µm and 230 µm, respectively, were depth profiled to characterize the size and spatial distribution of API particles, buprenorphine and naloxone, in 3D space. Attempts to estimate API concentrations in the film were explored using inkjet printing of dissolved API films, producing calibration curves17 that can relate measured secondary ion intensity of the API in the films to the standards prepared with the same matrix composition. Suboxone and Bunavail represent interesting examples for characterization due to their difference in film thickness, structure, spatial distribution of the API particles, and their particle size. ToF-SIMS is able to clearly visualize the 3D distribution of the API particles in the film, but additional work will be needed to provide direct quantification. 





Experiment
	 Sample Preparation. Suboxone® (Indivior Inc.[footnoteRef:1], Richmond, VA) is a (156 ± 33) µm single layer sublingual film containing 12 mg of buprenorphine and 3 mg of naloxone, and Bunavail® (BioDelivery Sciences International, Inc., Raleigh, NC) is a (230 ± 41) µm bi-layer buccal film containing 6.3 mg of buprenorphine and 1 mg of naloxone, both distributed by MonoSol Rx (Warren Township, NJ) were used as received. The exact physical and chemical structure of the film was not available from the manufacturer. 10 cm Si(100) wafers were diced into 15 mm × 15 mm square pieces using a dicing saw equipped with a 15 µm diamond impregnated metal blade, and cleaned sequentially in a sonicated bath for 10 min in methylene chloride, acetone, and methanol to serve as substrates. Three Suboxone films were dissolved in ultrapure water to make solutions with buprenorphine concentrations of 1.0 mg/mL and 0.05 mg/mL to create a matrix-matched ink for printing (corresponding naloxone concentrations were 0.25 mg/mL and 0.0125 mg/mL, respectively, assuming 100 % dissolution). Bunavail was not used to make the ink since the backing layer would not dissolve completely. These solutions were printed onto Si substrates using a Jet Lab 4 (MicroFab, Plano, TX) piezoelectric drop-on-demand materials deposition printer system equipped with a 50 µm ID orifice print head. Operating conditions for the printer varied slightly day-to-day, but typically were 19 µs for Dwell time, 3 µs for the Rise, Fall, and Rise2 times, 6 µs for Echo time, 23 V for the Dwell voltage, and -9 V for the Echo voltage. The droplet frequency was kept at 250 Hz. Masses of the drug molecules deposited were determined by weighing the drops with an analytical microbalance; the mass of a burst of 20,000 drops in 100 drop intervals were obtained and averaged to determine the average mass of a single drop after correcting for solvent evaporation. The average droplet contained (2.51 ± 0.1) pg of buprenorphine per drop, and the number of drops were varied to print an array with mass loadings ranging over three orders of magnitude, from 2.51 pg/spot to 4,900 pg/spot. All samples were analyzed within 2 days of production or seal opening, at room temperature. [1:  Certain commercial equipment, instruments, or materials are identified in this paper to adequately specify the experimental procedure. Such identification does not imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the materials or equipment identified are necessarily the best available for the purpose.] 

[bookmark: _Hlk520284919]Sample Analysis. ToF-SIMS depth profiles were performed using an IONTOF IV (Münster, Germany) equipped with a 15 keV Bi3+ liquid metal ion source for analysis and a 20 keV Ar2700±800+ source for sputtering, both sources striking the sample surface at an angle of 45°. For 2D image scans, the analysis was kept inside a (500 × 500) µm area in a random raster and 50 scans were integrated to generate an image and mass spectrum. The corresponding ion dose was 8 × 109 ions/cm2 (0.04 pA). Depth profiling was performed in non-interlaced mode with 1 analysis scan and 2 sputtering scans per cycle, where the analysis scan was kept inside a (500 × 500) µm area in a random raster, while the sputter crater sizes were varied between (200 × 200) µm to (500 × 500) µm. To generate profile data, the acquired data was reconstructed using a region of interest wherein the dimension of the analysis scan was reduced to half of the sputter crater to minimize any edge effects. The ion doses were 1.6 × 108 ions/cm2 for Bi3+ per cycle, and between 2.5 × 1013 ions/cm2 to 3.1 × 1014 ions/cm2 (3 nA to 6 nA) per cycle for the argon cluster source due to the day-to-day fluctuations in the beam current. The sputter beam was rastered in sawtooth mode, scanning from the trailing-edge to the leading-edge of the beam in each scan with a frequency of 0.6 Hz. The beam profile was Gaussian in shape with a diameter of roughly 20 µm (FWHM) determined from a secondary electron image of the Cu A-grid supplied by the manufacturer. Crater shape measurements were performed using a Dektak XT stylus profilometer (Bruker Corporation, Tucson, AZ) equipped with a 2.5 µm radius stylus tip, having a vertical resolution of 1 nm, and a lateral resolution of 16 nm. A 2 mm line scan was used to ensure that a large enough region outside the crater was measured to provide sufficient area for leveling. For all analyses, values are averages of at least four measurements and the error represents the standard deviation unless otherwise noted.
 For comparison and correlation with SIMS data, 3D images of the drug films were also obtained using an x-ray microcomputed tomography (µCT) to visualize the distributed particles. 2D cross-sectional slices were generated and then stacked into 3D representations. The µCT conditions for Bunavail imaging were a 40 kV, 76 µA source filtered by air, exposure time 15.0 s, no ring removal, optical magnification 4.0085x, producing 1.0065 µm voxels. The conditions for Suboxone imaging were a 40 kV, 75 µA source filtered by air, exposure time 12.0 s, no ring removal, optical magnification 4.0085x, producing 1.2743 µm voxels.  For both samples, each image slice was 964 pixels x 1010 pixels x 16 bit. 3D µCT information was explored using the software package Image Pro Plus v7.0 running the 3D Constructor module (Media Cybernetics, Rockville, MD USA). Visualization and understanding of spatial relationships was performed using simple 3D reconstructions of x,y,z stacks, virtual cross sections, rotations, contrast manipulations, anaglyphs, and iso-surface renderings. 

Results and Discussion
[bookmark: _Hlk519263493]3D Profiling of Oral Drug Delivery Films.	Using a raster size of 350 µm, a depth profile through the Suboxone film took more than 7 h, during which time the instrument was disposed to fluctuating beam current and even drop outs. To decrease the likelihood of instrument instability affecting the data, the depth profiles were limited to sputtering 70 µm to 80 µm of the film but were performed from both the top and bottom side to detect any differences in API morphology or spatial distribution between the two sides. As seen in Figure 1, the intensity of naloxone was found to be relatively low and unchanging for the entire volume analyzed, with a peak-to-background ratio of above 4. Indeed, the API is uniformly distributed in the film (Figure S1 in Supporting Information), and may suggest that they are present as fine particles, which seem to be the preferred morphology for this drug to increase bioavailability.18 For buprenorphine, the profile intensity is a couple of orders of magnitude higher, and is marked by widely varying intensities as a function of depth regardless of the direction of the profile. Construction of the 3D image revealed that this variability is due to the presence of large semi-spherical particles with an equivalent spherical diameter ranging from 6.0 µm to 25.1 µm, based on area, with an average particle size of (15.2 ± 4.9) µm determined using x-y slices and x-z slices of the 3D image. Though particle sizes of buprenorphine in Suboxone could not be found in the literature, those within a tablet called Subutex® was available; buprenorphine in this system had a reported multimodal and polydisperse distribution with maxima at (2.6, 21.3, 47.2, and 143.1) µm in diameter with the 21.3 µm particles comprising 90% of the population,19 the size and distribution of which were similar to what was found here in Suboxone. Unfortunately, buprenorphine particles in the film could not be visualized by scanning electron microscopy (SEM) in either the ToF-SIMS generated crater or the film cross sections. 
	In addition to semi-spherical particles, unique shapes such as ellipsoids were seen in the 3D images, suggesting the possibility of an instrument artifact such as image distortion due to ion bombardment effects, an intended design consideration by the manufacturer to improve certain aspects of the API, such as its degradation profile,20 or an unintended consequence where the particles were physically altered during formulation. The former was difficult to isolate without a complementary technique that could image the particles in the film; SEM of the film cross sections could not discriminate the particles in the matrix, and µCT was unable to resolve individual particles (a magnified image of Figure 1d can be found in Figure S2, Supporting Information). Particle shape (and size) are important factors in drug delivery, and can affect in vivo half-lives through changes in degradation profiles,20, 21 as well as affect transport through blood vessels by altering particle velocity, diffusion, and even simple movement such as flow alignment and tumbling to evade filtering organs such as the liver or spleen.22 However, this was most likely not an intended design for buprenorphine due to the lack of uniformity in both size and shape, suggesting changes in particle shape during formulation.
In contrast, depth profiles of Bunavail were drastically different (Figure 2). Instead of buprenorphine particles incorporated throughout the film, the profiles showed a high concentration close to or at the surface, with secondary ion images of the virgin surface confirming their presence (Figure 2c). The particles, both on the surface and in the film, had equivalent circular diameters, using 2D area, ranging from 25.6 µm to 40.8 µm with an average size of (36.0 ± 4.9) µm. Most of the surface particles captured in the image had a step-height of just (3.7 ± 0.4) µm as measured using a stylus profilometer (Figure 2d). Increasing the stylus weight up to 10 mg failed at dislodging them, suggesting partially embedded particles, which was also indicated by the lack of pancake-like particles in the µCT image of Bunavail in Figure 2e. Interestingly, in addition to the large particles, a uniform distribution of buprenorphine in the ToF-SIMS secondary ion image was seen at the surface (peak-to-background of at least > 10) potentially due to a fine powder of buprenorphine dispersed in the film, or due to its partial dissolution by the solvent used for casting the top layer. As stated on the company website, Bunavail uses a bi-layer film technology called the BioErodible MucoAdhesive (BEMA®)23 where the water-soluble top layer contains the API and the bottom provides a structural support to provide twice the bioavailability of Suboxone.24, 25 The patent does not mention how the particles are incorporated  in the film and no literature could be found describing the characterization, but it seems likely that the localization of API closer to the film surface in the form of particles and fine powder is the strategy for improving bioavailability. An µCT scan of the film also revealed the presence of partially embedded particles in the top layer, as can be seen in Figure 2e. The slightly lighter color of the top 50 µm of the film was thought to be associated with higher density material, and it may also indicate the presence of a uniform distribution of buprenorphine in the form of very fine microparticles. The image also shows the visibly large particles extending to a depth of about 30 µm to 50 µm, with an occasional particle falling below this lighter-gray area. This was in contrast to ToF-SIMS depth profiles where the buprenorphine signal did not continue past 25 µm to 30 µm. Perhaps the thickness of the top layer was not uniform across the film, or there was film-to-film variation in the top layer. Afterall, the variation in total film thickness was about 18% RSD (230 ± 41 µm) using the stylus profilometer, and no references point to any requirements regarding film thickness as a criterion for the performance of drug delivery devices.
[bookmark: _Hlk15564439]Analysis of API in Inkjet Printed Standards.  Figure 3 shows the calibration plots relating the inkjet-printed amount of buprenorphine and naloxone to their secondary ion intensities. The plots show a linear dynamic range between loadings of (2.51 to 4,910) pg for buprenorphine and (4.19 to 1,760) pg for naloxone, and covers the loading that one would see during depth profiling of the drug films studied; an analytical volume of (150 × 150 × 1) µm within the Suboxone film correspond to loadings of 4.84 ng for buprenorphine and 1.21 ng for naloxone, and 2.54 ng and 0.40 ng in Bunavail, respectively. While static-SIMS can be used to estimate the amount of material given the relationship between deposited volume and diameter of the resulting droplet,17 the calibration curve was not optimal due to its nonlinear relationship and large relative standard deviations likely originating from the heterogenous distribution of the API within the droplet (Figure 3c). A better calibration was constructed by performing a depth profile whereby the material was entirely consumed; a calibration curve could be generated based on the concentration per volume, in addition to accounting for matrix effects from the bulk drug delivery material that could have affected the measured intensity (Figures 1a and 1b). For depth profiling, it was assumed that the morphology of the printed droplet (e.g., curvature, density, etc.) had negligible effects on the sputter rate since sputter yield volumes determined using profilometry were (18.1 ± 1.6) nm3/ion for the printed droplet versus (17.9 ± 2.7) nm3/ion for the bulk Suboxone film, which were slightly lower than those obtained for pure polymer films of around 25 nm3/ion.12, 26, 27 The Bunavail was a bilayer film, with the top and bottom films having different sputter yield volumes of (9.9 ± 1.7) nm3/ion and (19.9 ± 3.2) nm3/ion, respectively. For both films, the large errors may be due to the presence of air bubbles within the film. Another assumption is the complete dissolution of the buprenorphine particles in water; depth profiling of a large volume of the dried inkjet solution did not reveal any particles.  
Using the ToF-SIMS intensity obtained from the inkjet-printed standards, the estimated total amount of API in the Suboxone film was notably different from what was expected; the empirically determined amount of buprenorphine and naloxone were (29.7 ± 10.3) mg and (0.7 ± 0.4) mg, respectively, compared to the target value of 12 mg and 3 mg. Overall, the main reason for the inconsistency can be attributed to sampling error; with a relatively small (150 × 150 × 90) µm analysis volume, not enough measurements were made to accurately capture the heterogeneous population of the particles or their distribution inside the film. As evidenced by the µCT cross section in Figure 1d, the spatial distribution of the API particles can vary widely both laterally and in depth depending on the location analyzed. The size of the particles was also not uniform across the volume, and this was reflected in the ToF-SIMS depth profiles as well as the quantitated results of each run in Table 1. Another possible confounding issue was the change in sputtering yield caused by topography generation at the crater bottom or redeposition of sputtered neutrals, both of which have been observed to occur at these depths.28 As topography is generated, the slowing sputter rate would be expected to yield changes in the measured intensities. While the roughness at the crater bottom was seen to increase by a factor of 10 to tens of micrometers due to roughness buildup from the cluster bombardment (Profilometer traces in Figure S3, and SEM images in Figure S4, Supporting Information), the constant intensity of naloxone as a function of depth in Figure 1a, as well as the linearity of the sputter rate through the bulk film (up to about 80 µm) shown in Figure 4, suggest that this effect was minor. Yet another possibility was the difference in sputtering yield between the particles and the bulk film, which would lead to distortions in the observed particle shape in the 3D image, as well as changes in the measured intensities. However, no obvious changes to the particle shape could be determined, since the particles in the 3D images appeared to be consistent in shape with those in the ToF-SIMS 2D images obtained from cross sections of the film (Figure S5, Supporting Information), which appeared to be elongated circles or spheroids. Another possibility included deviations in the advertised amount of drugs present in the film, since the FDA allows drugs and drug products with variable CUs to have a bioequivalence range of 80% to 125%,29 based on expert medical judgment and FDA experience with thousands of drug products where they concluded that a difference of less than 20% in drug exposure was not clinically significant for most drugs.30 The 80% limit indicates that the test product is no less than 80% of the reference, while the 125% limit indicates that the reference product is no less than 80% of the test product (a 4:5 reference to test ratio is a 5:4 test to reference ratio). 
	According to several references, the bottom layer of Bunavail acts purely as a structural backing layer to prevent API diffusion back into the mouth cavity, and is also capable of maintaining a pH difference between the two layers to improve absorption and bioavailability.24, 25, 31 Consistent with this information, the quantity of buprenorphine and naloxone in the backing layer of Bunavail measured using ToF-SIMS was very low, with measured values of (0.7 ± 0.1) mg and (0.3 ± 0.1) mg for buprenorphine and naloxone, respectively. The values were much higher in the top layer, with measured values of (18.6 ± 6.7) mg (0.6 ± 0.1) mg for buprenorphine and naloxone, respectively. These values were noticeably different from the advertised dose of 6.3 mg for buprenorphine and 1 mg for naloxone, but this may have been due to the use of Suboxone as the ink for calibration. As mentioned above, sputtering yield differences could have contributed to changes in the measured intensities, but the 3D image of the buprenorphine particles did not show any obvious distortions in the particle shape caused by sputter-related artifacts (Figure S6, Supporting Information). Other factors of error include sampling errors in trying to capture an API with a large variation in size and spatial distribution within a relatively small volume. For example, in films containing large lone particles such as those seen in the µCT image at depths of (100, 150, and 200) µm from the surface in Figure 2e, the small sampling volume would be expected to produce large errors in the measurement. Although in this particular case, these particles may be contaminants since the CT images do not provide chemical information, and they were not observed in any of the bottom-up 3D ToF-SIMS images. It would be interesting to know the identity and the origin of these particles and whether their presence negatively affects the performance of the device.

Conclusions	
The unique capabilities of the argon cluster source made visualization and sizing of pharmaceutical particles possible in ultrathick complex organic matrices using ToF-SIMS, by minimizing artifacts such as damage accumulation and changes in sputter yields. The same qualities could be extended to quantification, at least for very well controlled analytes deposited on the surface, as a linear calibration curve could be obtained for loadings that extended roughly 3 orders of magnitude, from a few picograms to nanograms. However, 3D quantification of real-world drug delivery films was semi-quantitative at best; it was possible to obtain an estimated amount of both buprenorphine and naloxone in the drug delivery films using the calibration curve, but the errors were very high. This was most likely due to very small analytical volumes sampled for quantification in a system with heterogenous particle size-, shape-, and spatial-distributions. Given a relatively large and thick specimen, quantification of API’s would be more appropriate using a bulk technique such as liquid chromatography. Therefore, the novelty of ToF-SIMS for this application was in the ability to resolve the API particles and to characterize their size and spatial distribution in situ, without the need for markers or dissolution of the film, which could negatively affect their measured size.
ToF-SIMS using argon GCIB cluster sputtering  also had disadvantages, as depth profiling of the drug delivery films beyond 80 µm in depth resulted in development of beam induced topography with features on the order of tens of micrometers and consequently changed the sputtering yields. The roughness at the crater bottom would be expected to deteriorate the depth resolution at these depths and lead to possible distortions of particle images, which would further affect quantification. However, the data seemed to suggest that as long as the analyzed volume was within the linear region of the sputter rate, semi-quantitative analysis would be possible since obvious distortions in the particle shape or size was not be observed.
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Table 1. Amount of APIs determined empirically in 6 depth profiles through Suboxone and Bunavail films. 3 profiles were obtained from the top side of the film, and 3 were obtained from the underside. 
	
	
	Suboxone
	Bunavail

	Run#
	
	Bupre (mg)
	Nalox (mg)
	Bupre (mg)
	Nalox (mg)

	1
	Top side
	17.3
	0.6
	13.9
	0.8

	2
	
	29.3
	0.3
	26.2
	0.6

	3
	
	26.7
	0.8
	15.6
	0.6

	4
	Underside
	39.2
	0.5
	0.8
	0.3

	5
	
	44.3
	0.5
	0.7
	0.3

	6
	
	21.4
	1.3
	0.5
	0.2


		





















Figure Captions

Figure 1. Suboxone film. (a) ToF-SIMS molecular depth profiles showing the intensities of buprenorphine (5 profiles) and naloxone (one profile at the bottom) as a function of depth. (b) 3D ToF-SIMS image of buprenorphine within the analyzed volume of (150 × 150 × 90) µm. (c) x-y and y-z cross sections of the ToF-SIMS 3D image in (b), where each side is 150 µm with a pixel density of 128 × 128. (d) x-z cross section of the film obtained using µCT showing the buprenorphine particles in white against a black background. The top film surface is demarcated by the sudden drop off in signal near z = 20 µm.


Figure 2. Bunavail film. ToF-SIMS molecular depth profiles showing the intensities of buprenorphine and naloxone as a function of depth, analyzed from the (a) top and (b) bottom layers by flipping the film upside down. (c) ToF-SIMS image showing the distribution of buprenorphine at m/z 486 on the surface (500 × 500) µm, where the red background indicates uniform distribution of the API at a lower concentration. (d) Profilometer trace through one of the particles within a region of interested highlighted in blue in (c). (e) x-z cross section of the film obtained using µCT showing the buprenorphine particles in white against a black background. The large object on top of the film is a written label on the Bunavail film using a mixture of salts.

Figure 3. Calibration plots showing the relationship between integrated depth profile ion intensity and printed mass for (a) buprenorphine at m/z 468.22 for [M+H]+ and (b) naloxone at m/z 328.12 for [M+H]+, with an analytical range of (2.51 to 4,910) pg and (4.19 to 1,760) pg, respectively. The lower deposited mass regions are magnified and shown in the insets. In static SIMS mode (c), the secondary ion intensity of buprenorphine becomes nonlinear with deposited mass. The square data points represent droplet surface area determined from the secondary ion image at m/z 468.22. Error bars represent standard deviations from at least 5 measurements.

Figure 4. Combined sputter rate of the Suboxone film (filled circles) from top-down and bottom-up profiles, and individual sputter rates of the bilayer Bunvail film from the top-down (empty squares) and bottom-up (filled squares) profiles. For Suboxone, sputter rate is fairly linear up to a depth of about 90 µm.








