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ABSTRACT
This study presents an in-depth mass spectrometric investigation of dexamethasone (DEX) distribution within pharmaceutical 
tablets using time-of-flight secondary ion mass spectrometry (ToF-SIMS) combined with gas cluster ion beam (GCIB) sputtering. 
Fragmentation mechanism of DEX was identified, which enabled the determination of three-dimensional chemical imaging of 
the active ingredient in both surface and subsurface regions. The data reveal that a 4-mg DEX formulation exhibits a continuous 
and extended distribution of the drug into the tablet matrix, while a 0.5-mg formulation shows DEX localized in distinct, isolated 
domains. Topographical features and the overall composition of the surface were confirmed by complementary analyses em-
ploying atomic force microscopy (AFM) and x-ray photoelectron spectroscopy (XPS). These results demonstrate how molecule 
distribution patterns can be linked to formulation heterogeneity using advanced mass spectrometric techniques, opening new 
possibilities for pharmaceutical manufacturing quality control and optimization.

1   |   Introduction

Dexamethasone (DEX) is a synthetic glucocorticoid with potent 
anti-inflammatory and immunosuppressive properties and is, 
therefore, important for modern clinical practice. For example, 
it is used in critically ill COVID-19 patients and has significantly 
reduced mortality by dampening excessive inflammatory re-
sponses, even though the exact molecular mechanisms remain 
under investigation. Beyond its role in respiratory distress sit-
uations, DEX is a key component of therapeutic regimens in 
various oncological settings. In hematologic malignancies such 
as B cell acute lymphoblastic leukemia and multiple myeloma, 
it induces apoptosis and enhances the efficacy of combination 
therapies. However, recent studies have highlighted complexi-
ties, such as the paradoxical activation of survival pathways that 
may contribute to drug resistance. Its application in managing 
brain metastases further highlights its utility. Perioperative 

administration alongside stereotactic radiosurgery has been 
shown to modulate local immune responses and improve patient 
outcomes. The versatility of DEX extends to innovative drug de-
livery approaches. Advances in implant technology now allow 
for controlled, sustained release of corticosteroids, potentially 
enhancing therapeutic efficacy while minimizing systemic side 
effects. Its applications from acute infectious and inflammatory 
conditions to chronic and neoplastic diseases demonstrate the 
critical need for further research. A deeper understanding of its 
diverse cellular effects will enable the refinement of dosing strat-
egies and the development of novel delivery systems, ultimately 
optimizing its therapeutic potential. In general, the central role 
of DEX lies in reducing mortality in severe inflammatory condi-
tions and complex action in oncological therapies [1–7].

Determining the exact spatial distribution of DEX within solid 
pharmaceutical forms (e.g., tablets) is essential for understanding 
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its clinical performance. Even minor variations in the localiza-
tion of the active ingredient can significantly affect drug re-
lease kinetics and stability, ultimately influencing therapeutic 
outcomes. By employing appropriate methods, researchers can 
correlate the tablet's surface features with its clinical efficacy, 
paving the way for more effective formulation strategies and im-
proved patient care.

Conventional analytical techniques, such as dissolution tests, 
which only provide bulk concentrations, are unable to provide 
the degree of detail that surface analytical techniques do when 
it comes to the heterogeneous distribution of active components 
and excipients in solid dosage forms. Due to the fact that dif-
ferences in component distribution might affect medication re-
lease patterns, stability, and overall therapeutic performance, 
this spatial information is essential. High-resolution chemical 
imaging of tablet surfaces is made possible by methods such as 
time-of-flight secondary ion mass spectrometry (ToF-SIMS), 
as opposed to wet analytics, which dissolve the entire sample 
and so lose any locational context. The very few reports in the 
literature indicate that ToF-SIMS is rarely used to investigate 
solid pharmaceutical forms, despite its potential to the show 
molecular-level distribution patterns essential for formulation 
optimization and quality control [8–16]. Only a few studies were 
reported that used ToF-SIMS for DEX investigation. ToF-SIMS 
was used to perform depth profiling to track the distribution of 
characteristic DEX ion signals within the scaffolds. In the scaf-
folds without sucrose acetate isobutyrate, the DEX signal was 
located at the surface but dropped significantly with depth, in-
dicating that the drug was mainly localized at the surface. In 
contrast, the ToF-SIMS analysis for scaffolds containing sucrose 
acetate isobutyrate showed a more homogeneous DEX distribu-
tion [17]. ToF-SIMS was also used to map the spatial distribution 
of DEX sodium phosphate within ocular tissues following intra-
vitreal injection. This analysis enabled the visualization of the 
drug located in the lens, vitreous humor, and retina [18].

X-ray photoelectron spectroscopy (XPS) can provide quantita-
tive elemental and chemical state information from the sample's 
topmost position a few nanometers in depth, thus offering high 
surface sensitivity. Because changes in oxidation states, bonding 
conditions, or chemical interactions at the tablet surface might 
affect drug release patterns, stability, and overall therapeutic 
performance, this level of control is crucial [19].

Moreover, nanoscale resolution of the surface topography is not 
possible with conventional analytical methods but can be stud-
ied by atomic force microscopy (AFM). The latter is particularly 
important for tablet analysis. Surface heterogeneities that can 
have a substantial impact on a tablet's stability and performance, 
such as microstructural flaws, recrystallization events, and 
phase transitions, can be directly visualized by AFM. It can offer 
data that is essential for manufacturing and formulation process 
optimization. Recent research has shown that AFM is useful in 
ensuring consistent product quality and improved therapeutic 
efficacy by monitoring surface crystallization in cocrystal com-
pacts and evaluating the impact of processing-induced disorder 
on tablet surfaces [20–23].

This study shows the surface characteristics of DEX tablets by 
comparing formulations with differing drug concentrations 

from different manufacturers by employing 3D profilometry, 
AFM, XPS, and ToF-SIMS. Additionally, gas cluster ion beam 
(GCIB) sputtering was used for nondestructive depth profiling, 
enabling the investigation of the active ingredient and the excip-
ients throughout the tablet matrix.

2   |   Experimental

2.1   |   The Samples and Standard for Surface 
Analysis

The DEX tablets contained 4 mg of DEX (hereinafter referred 
to as 4-mg DEX tablets) and were obtained from a pharmacy 
in Maribor, Slovenia. According to the manufacturer, the 
DEX tablet's excipients included lactose, corn starch, SiO2, 
and Mg stearate, although their exact concentrations were not 
specified.

Lactose serves as a filler to add bulk, corn starch functions as a 
binder and a disintegrant, SiO2 acts as a glidant and anticaking 
agent, while magnesium stearate is used as a lubricant to facili-
tate tablet manufacturing.

For comparison, tablets containing 0.5-mg DEX were also ana-
lyzed (hereinafter referred to as 0.5-mg DEX tablets). They were 
obtained from a pharmacy in Berlin, Germany. The reported 
excipients (by the manufacturer) were lactose monohydrate, 
carboxymethyl starch sodium (disintegrant), hydroxypropyl 
cellulose (binder), Mg stearate, and SiO2. The content of these 
excipients was also not reported.

For all analyses, both the 4-mg DEX tablet and the 0.5-mg DEX 
tablet, the entire tablets were used without any pretreatment, 
such as cutting. The tablets were removed from the aluminum 
blisters by cutting the foil along the edge, ensuring no direct 
contact with the tablet surface. Each tablet was then positioned 
on the holder for analysis without touching the surface.

DEX reference standard (white powder, US Pharmacopeia ref-
erence standard, pharmaceutical primary standard) was pur-
chased from Sigma-Aldrich. This DEX reference standard was 
pressed to obtain a DEX tablet of the standard (hereinafter 
referred to as DEX standard) 5 mm in diameter and approxi-
mately 2 mm thick using an Atlas 25 T hydraulic press (Specac, 
Orpington, United Kingdom).

2.2   |   3D Profilometry and AFM Measurements

Large area surface topography analysis and the determination 
of the depth of the craters formed after GCIB sputtering using 
XPS and ToF-SIMS were performed using a DektakXT stylus 
profilometer (Bruker, Karlsruhe, Germany). After the 3D pro-
file acquisition, a software operation termed form removal was 
performed using Mountains Map Imaging Topography (Digital 
Surf, Besançon, France). This was done to flatten the concave or 
convex shapes of the tablet surfaces.

An MFP 3D Origin Plus (Asylum/Oxford Instruments, Santa 
Barbara, California, United States) was used for the AFM 
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analyses. The measurements were conducted in tapping 
mode utilizing OMCL-AC240TS-C3 cantilevers coated with 
reflective aluminum (Olympus), with a resonant frequency 
of 70 kHz, a spring constant of 1.7 N/m, and a scan rate of 
0.65–0.75 Hz. The images were measured with a resolution of 
256 by 256 pixels. Igor Pro software was employed to generate 
AFM images.

2.3   |   XPS Measurements

XPS measurements were performed by means of a Supra+ de-
vice (Kratos, Manchester, United Kingdom) using an Al Kα ex-
citation source. The spectra were corrected using the C-C/C-H 
peak located at 284.8 eV in the C 1s spectra. Charge compen-
sation was performed using a neutralizer. XPS acquisition and 
data processing were performed using ESCApe 1.5 software 
(Kratos). The 4-mg DEX tablet, 0.5-mg DEX tablet, and the 
DEX standard were attached to the sample holder using double-
sided Si-free tape. The spectra were measured at a 90° take-off 
angle at a spot size of 110 μm in diameter. High-resolution and 
survey spectra were measured at 40 and 160-eV pass energy, re-
spectively. Depth profiling was performed with 10-keV Ar1000

+ 
GCIB sputtering targeting a 2 by 2 mm spot size. Shirley back-
ground correction was performed for quantification.

GCIB sputtering was employed to remove surface layers of 
organic materials chemically nondestructively. GCIB sputter-
ing minimizes damage to the organic compounds, preserving 
their molecular integrity during depth profiling. Such sputter-
ing is essential for analyzing both the active ingredients and 
excipients in pharmaceutical tablets using XPS and ToF-SIMS 
techniques.

2.4   |   ToF-SIMS Measurements

ToF-SIMS measurements were conducted using an IONTOF 
M6 instrument (IONTOF, Münster, Germany). The 4-mg DEX 
tablet, 0.5-mg DEX tablet, and DEX sample were mounted in a 
top-mount sample holder. To counteract charging effects during 
measurements, a flood gun was employed. A 30-keV Bi3

+ pri-
mary ion beam with a 0.6-pA target current, generated by a 
Nanoprobe 50 liquid metal ion gun (LMIG), was used for analy-
sis. The surface potential was adjusted as required depending on 
the analyzed spots. Mass spectra were calibrated using known 
secondary ion peaks at defined mass-to-charge (m/z) ratios: 
C3H7

+ (m/z 43.05), C4H7
+ (m/z 55.05), C5H9

+ (m/z 69.07), and 
C8H9

+ (m/z 105.07).

Depth profiling was performed using 10-keV Ar2000
+ GCIB sput-

tering with a target current of 10 nA. GCIB sputtering was ex-
ecuted over a 500 by 500 μm area, with simultaneous analysis 
focused on a 200 by 200 μm region at the center of the sputtered 
area. Data acquisition and processing, including multivari-
ate curve resolution (MCR) analysis, were conducted using 
SurfaceLab 7.3. MCR calculations employing a random initial-
ization approach and an arbitrarily small epsilon value as a con-
vergence criterion.

3   |   Results and Discussion

Surface characterization is essential for elucidating pharmaceu-
tical formulations' microstructure and chemical heterogeneity. 
In this study, a combination of 3D profilometry, AFM, XPS, and 
ToF-SIMS was employed because each technique contributes 
distinctively to understanding the tablets' physical and chemi-
cal properties. 3D profilometry and AFM provide detailed infor-
mation on surface topography (also morphological information) 
and roughness, while XPS and ToF-SIMS reveal elemental and 
molecular compositions. Incorporating GCIB sputtering further 
allows for the chemically nondestructive removal of surface lay-
ers, which is critical for preserving the integrity of organic com-
pounds during depth profiling.

A comparative analysis of a 4-mg DEX tablet and a 0.5-mg DEX 
tablet was performed for two primary reasons. First, it is aimed 
at evaluating the impact of varying drug concentrations on tab-
let composition and surface characteristics, which can influence 
drug release and stability. Second, as these tablets originate from 
different manufacturers, the study also examines how distinct for-
mulation practices affect the distribution of the active ingredient 
and excipients. For the scientific community, such analyses can 
provide valuable insights into formulation optimization, quality 
control, and the relationship between tablet microstructure and 
therapeutic performance, ultimately supporting the development 
of more consistent and effective pharmaceutical products.

Figure 1 presents 3D surface topography profiles (Figure 1a,b) 
and AFM images (Figure  1c,d) for the 4-mg DEX tablet 
(Figure  1a,c) and for the 0.5-mg DEX tablet (Figure  1b,d). 
Based on the 3D profiles in Figure  1a,b (measurement on 
three different tablets), the average mean surface rough-
ness (Sa) ± standard deviation values were calculated to be 
1.844 ± 0.264 μm for the 4-mg DEX tablet and 2.211 ± 0.061 μm 
for the 0.5-mg DEX tablet, suggesting minor differences in 
surface roughness.

The height (topography) and amplitude images from the AFM 
analysis offer a comprehensive view of the surface morphology. 
Darker regions in these images signify lower regions (valleys), 
whereas brighter areas indicate elevated features. A rougher 
surface, with distinct peaks and valleys, suggests irregular ma-
terial deposition or phase separation, potentially affecting tablet 
uniformity. On the other hand, a smoother surface indicates a 
more homogeneous excipient distribution, which may enhance 
drug stability and dissolution characteristics.

Both the 4-mg DEX tablet and the 0.5-mg DEX tablet exhibit 
relatively rough surfaces, highlighting differences in excipient 
distribution. The presence of heterogeneous regions suggests 
phase separation or uneven material dispersion. Figure 1c,d and 
Figures S1–S4 (Supporting Information) show that the structural 
components at different places of the tablets vary significantly, 
ranging from a few nanometers to several hundred nanometers, 
contributing to the surface morphology differences.

Below, the XPS and ToF-SIMS analyses provide insights into 
the chemical composition of the tablets. The XPS measurements 
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detail the elemental composition and chemical states present on 
the surface, highlighting variations in C, O, Si, and F signals, 
among others. Simultaneously, ToF-SIMS provides complemen-
tary molecular-specific information by identifying characteris-
tic ion fragments associated with DEX and the excipients.

Figure  2 presents the XPS results. The dashed-line spectra in 
Figure  2a–c,g represent the survey and high-resolution spec-
tra measured on the DEX standard after 10 min of 10-keV 
Ar1000

+ GCIB sputtering, which was employed to eliminate 
potential surface contaminants before XPS analysis (to remove 

adventitious carbonaceous species). For the 4-mg DEX tablet, 
the solid-line spectra were collected before and after sputtering 
over specified time intervals (with each sputtering duration in-
dicated in Figure 2h) in order to generate a depth profile. The 
highest spectra in Figure 2 correspond to a location 15 μm be-
neath the surface of the 4-mg DEX tablet, as determined by 3D 
profilometry by measuring the depth of the sputter crater.

The survey spectra in Figure 2a show signals for C 1s, O 1s, F 1s, 
Si 2s, Si 2p, and Mg 2p, along with XPS-excited Auger signals (O 
KLL and F KLL).

FIGURE 1    |    (a, b) 3D surface topography profiles measured over a 3 by 3 mm area and (c, d) AFM images acquired from six different spots over a 
1 by 1 μm area. The images in (a, c) correspond to the 4-mg DEX tablet, and the images in (b, d) correspond to 0.5-mg DEX tablet, highlighting dif-
ferences in surface topography, morphology, and roughness. The scale bar represents 200 nm.
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FIGURE 2    |    XPS (a) survey and high-resolution (b) C 1s, (c) O 1s, (d) Si 2p, (e) Mg 2p, (f) Ca 2p, and (g) F 1s spectra. The lowest spectra (solid lines) 
represent the surface before sputtering; sputtering is represented by the spectra from the bottom up. (h) The surface atomic concentration determined 
during depth profiling using 10-keV Ar1000

+. The depth after 10 800 s of GCIB sputtering was determined using 3D profilometry to be 15 μm. The 
lowest spectra represented by the dashed lines in (a–c, g) describe the measurement of the DEX standard.
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The C 1s signal originates from DEX and organic excipients in 
the 4-mg DEX tablet. For the topmost position—the lowest spec-
tra (solid lines) in Figure 2a,b—the C 1s signal can also originate 
from adventitious carbonaceous species adsorbed on the tablet's 
surface. The removal of adventitious carbonaceous species by 
GCIB sputtering is also indicated in the insert of Figure  2h, 
where the surface atomic concentration of C decreases by about 
4 at.% after the first sputtering cycle for 20 s (simultaneously, the 
surface atomic concentration of O increases by about 4 at.%). No 
such sudden significant change was present when the surface 
was sputtered further (Figure 2h). On the other hand, Figure 2b 
shows three different C environments, that is, C-C/C-H at 
284.8 eV, C-O/C=O at approximately 286.5 eV, and COO/COOH 
at approximately 289.0 eV. The C-C/C-H can originate from Mg 
stearate, C-O/C=O can originate from lactose and corn starch, 
and COO comes from Mg stearate. Figure  2b shows that the 
spectral feature corresponding to C-O/C=O becomes more in-
tense with an increase in sputter time, most likely as more lac-
tose and corn starch were reached when the topmost layers were 
gradually removed.

The O 1s signal can originate from DEX, lactose, corn starch, 
Mg stearate, or SiO2, while for the topmost position—the lowest 
spectra for the 4-mg DEX tablet—the O 1s signal can also origi-
nate from adventitious oxidized carbonaceous species adsorbed 
on the tablet's surface. The position of the O 1s signal for SiO2 is 
at approximately 533 eV [24], which also corresponds to the posi-
tion of the O 1s signal for oxygen from organic compounds. This 
makes the differentiation of these species difficult using XPS. 
No significant change in the intensity and peak position of the 
O 1s spectra is present in Figure 2c by comparing the spectra for 
the DEX standard and O 1s spectra for the 4-mg DEX tablet mea-
sured before and after sputtering. However, the surface atomic 
concentration of O changes with sputter time (Figure 2h), which 
is a consequence of the change in the surface atomic concentra-
tion of other elements, as these concentrations are determined 
by normalization to 100.0 at.%.

Si 2s and Si 2p originate from SiO2 (Figure 2a,d). The position of 
the Si 2p peak corresponds to SiO2 at a binding energy of 103.3 eV 
[24, 25]. The shape of the Si 2p spectra is similar by going deeper 
into the subsurface region (Figure  2d); however, the intensity 
of this peak drops significantly, indicating that SiO2 is mainly 
present at the topmost position of the sample.

For the XPS measurements of the topmost positions, Mg 2p 
and Ca 2p signals were also developed (the lowest spectra in 
Figure 2e,f). The Mg 2p signal gradually decreases with sputter 
time, while the signal for Ca 2p disappears after the fifth sput-
tering cycle (after 120 s). The latter suggests that Mg stearate 
and Ca-containing species are more abundant in the topmost 
positions.

F 1s and XPS-excited Auger F KLL originate from DEX mole-
cules as they contain F (as shown in Figure  3). The intensity 
of the F 1s signal is high for the DEX standard as it contains 
only DEX. Compared to the DEX standard, the intensity of the 
F 1s signal for the 4-mg DEX tablet is lower as it also contains 
other excipients on the surface; thereby, the surface concen-
tration of DEX is lower, producing a less intense signal for F 
1s (Figure 2g). By means of GCIB sputtering of the 4-mg DEX 

tablet, the signal for F 1s decreases (Figure 2a,g), indicating that 
most of the DEX is located on the topmost position of the 4-mg 
DEX tablet. However, as represented below in the 3D ToF-SIMS 
images, the agglomeration density of DEX depends on the loca-
tion on the 4-mg DEX tablets.

In addition to the detailed XPS analysis of the 4-mg DEX tablet 
(Figure 2), a similar investigation was carried out on the 0.5-mg 
DEX tablet. The survey and high-resolution spectra for the 0.5-
mg tablet (shown in Figure S5) reveal notable differences in the 
elemental composition compared to the 4 mg tablet.

Compared to the 4-mg DEX tablet, the 0.5-mg DEX tablet ex-
hibits additional Na- and Cl-containing species. For the 0.5-mg 
DEX tablet, Cl 2p and Cl 2s peaks appear in the survey spectra 
of deeper subsurface regions (the upper spectra in Figure S5a), 
indicating that chlorine content increases with sputtering time.

Furthermore, the surface of the 0.5-mg DEX tablet shows a 
higher proportion of oxidized carbonaceous species (as seen 
in the lowest spectra in Figure S5b) relative to its deeper sub-
surface regions (the upper spectra in Figure S5b). This behav-
ior is in contrast with that of the 4-mg DEX tablet (Figure 2b), 
which highlights a compositional difference between the two 
formulations.

In the 0.5-mg DEX tablet, the O, Si, and Mg concentrations de-
crease with sputtering (Figure S5c–e,i), while the shape and po-
sition of the O 1s, Si 2p, and Mg 2p spectra remain unchanged. 
This consistency suggests that the chemical environments of 
these elements are preserved throughout the sputtering process.

Additionally, the topmost surface of the 0.5-mg DEX tablet 
exhibits a Ca 2p peak (the lowest spectra in Figure  S5f), con-
firming the presence of Ca. Due to the lower DEX content in 
the 0.5-mg DEX tablet, the surface atomic concentration of flu-
orine is lower. For such a low F content, the F 1s peak was not 
detected during the entire sputtering procedure (Figure  S5g). 
However, ToF-SIMS later confirms the presence of DEX in the 
0.5-mg DEX tablet as this technique has lower detection limits 
compared to XPS. Moreover, as the 0.5-mg DEX tablet contains 
carboxymethyl starch sodium, Na 1s and XPS-excited Na KLL 
peaks were detected (Figure S5a,h), with Na content increasing 
with sputtering time (Figure  S5h). Furthermore, similarly as 
found for the 4-mg DEX tablet, a decrease in C content and a cor-
responding increase in O content after the first sputtering cycle 
are evident for the 0.5-mg DEX tablet, likely due to the removal 
of adventitious carbonaceous species from the surface (see the 
insert in Figure S5i).

Next, ToF-SIMS was utilized to provide molecular-specific in-
formation that supplements the elemental and topographical/
morphological insights gathered by XPS, 3D profilometry, and 
AFM. First, characteristic ion fragments that act as molecular 
fingerprints for DEX and the excipients were determined. The 
assignment of signals for analytes is made possible due to mo-
lecular specificity, which enables tablets to be imaged in three 
dimensions and the mapping of the spatial distribution of DEX 
and excipients throughout the tablet matrix. Since it is difficult 
to accomplish such 3D molecular imaging using other analyti-
cal techniques, ToF-SIMS is an essential tool for establishing a 
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correlation between the chemical composition and the spatial 
arrangement of tablet components.

Figure  3 shows the proposed fragmentation pathway of DEX 
using ToF-SIMS. The assigned ion fragments were confirmed 
by comparing theoretical fragmentation patterns with the ToF-
SIMS spectra presented in Figure 4.

The parent ion ([M]+, i.e., C22H29FO5
+) has an m/z of 392.20 

(Figure  4j), which upon protonation forms [M + H]+, that is, 
C22H30FO5

+ at m/z 393.21 (Figure 4k). The fragmentation of 
[M]+ involves the loss of H2O, resulting in C22H27FO4

+ at m/z 
374.19 (Figure 4i). Subsequently, H2O is eliminated, produc-
ing a C22H25FO3

+ at m/z 356.18 (Figure  4g). However, [M]+ 
can fragment also by the loss of HF, resulting in C22H28O5

+ 
at m/z 372.19 (Figure 4h). Additional fragmentation of M+ in-
volves the loss of CO and CH3OH forming C20H25FO3

+ at m/z 
332.18 (Figure 4f). The fragmentation continues in two man-
ners, with the loss of H2O forming C20H23FO2

+ at m/z 314.17 
(Figure 4e) or with the loss of HF forming C20H24O3

+ at m/z 
312.17 (Figure 4d). The fragmentation of steroid DEX results 
also in a well-known fragmentation with ring cleavage pro-
ducing C8H9O+ at m/z 121.07 (Figure 4c) [26–31]. In addition, 

signals that confirm the dimer of DEX and protonated DEX 
dimer were detected at m/z 784.41 and 785.42 (Figure 4l,m), 
respectively. Moreover, the signal for the adduct of [M]+ 
with Na was detected, that is, C22H29FO5Na+ at m/z 415.19 
(Figure 4n) [32–36].

Moreover, the analysis of 3D ToF-SIMS images using the above-
mentioned signals for DEX consistently showed that all signals 
colocalize at the same positions across six distinct spots—three 
tablets with two analyzed spots each. This consistent spatial cor-
relation strongly suggests that these fragments originate from 
DEX, thereby reinforcing the specificity of the molecular signals 
for DEX.

Next, MCR processing was performed to determine the MCR 
factor corresponding to DEX. MCR factors represent distinctive 
patterns from complex datasets that correspond to the individ-
ual components present in a sample. These MCR factors enable 
differentiation between the various ingredients within the tab-
let. By isolating these MCR factors, we can identify molecular-
specific signals characteristic of analytes. Furthermore, as 
spectral interferences can occur, uniqueness analysis was per-
formed. This means that the characteristic signals previously 

FIGURE 3    |    Suggested fragmentation pattern for DEX with fragments whose signals were confirmed in the ToF-SIMS spectra (Figure 4).
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associated with the MCR factor corresponding to DEX were 
checked to determine if they contribute solely to this MCR fac-
tor, and if they do, they are considered unique [11, 37]. This dif-
ferentiation confirms that the detected peaks are inherent to 
DEX, allowing for the exact mapping of its distribution within 
the tablet.

An analysis to determine the uniqueness of signals was per-
formed, and signals corresponding to m/z 121.07, 354.18, 372.19, 
374.19, 392.20, and 393.21 were determined to be unique. The 
signal at m/z 121.07, corresponding to C8H9O+, was the most in-
tense among all characteristic signals for DEX (unique and non-
unique signals). Based on that, C8H9O+ was selected to perform 
3D imaging to show the spatial distribution of DEX in the DEX 
tablets.

Figure 5 shows the distribution of 4-mg DEX tablet ingredi-
ents, that is, DEX, saccharides (lactose and starch), SiO2, and 
Mg stearate. DEX, saccharides, SiO2, and Mg stearate are rep-
resented by the signals for C8H9O+, C6H7O3

+, Si+, and Mg+, 
respectively. A signal for C6H7O3

+ at m/z 127.05 is a character-
istic of saccharides such as allose, glucose, fructose, mannose, 
and galactose [38]. As lactose is a disaccharide made of glucose 
and galactose and starch is a polysaccharide made of glucose, 
C6H7O3

+ was used as a marker to map the distribution of these 

two excipients (it is also for cellulose, made from glucose, as 
given in Figure S6).

The DEX-specific signal, represented by the signal for C8H9O+, 
is predominantly located in the upper layers but extends into 
subsurface regions up to 40-μm deep. In contrast, a saccharide-
related signal—attributed to lactose and starch—is more evenly 
distributed below the surface rich components. The signals 
for SiO2 and Mg stearate, identified through Si+ and Mg+, are 
mainly concentrated at the surface but are also visible at deeper 
subsurface regions. This spatial variation indicates that the 
manufacturing process may lead to nonuniform mixing or 
compression, which can affect the tablet's dissolution and drug 
release properties. Overall, the 3D imaging confirms that the 
active ingredient and excipients are not uniformly distributed 
throughout the tablet, offering critical insights into formulation 
quality and performance.

The distribution patterns observed in the 3D ToF-SIMS images 
of the 4-mg DEX tablet are further corroborated by the analysis 
presented in Figure S6, which illustrates the distribution of the 
components in the 0.5-mg DEX tablet. Similar to the 4-mg tab-
let, the molecular signal corresponding to DEX is also localized 
primarily in the upper layers of the 0.5-mg tablet, with decreas-
ing intensity as the sputtering progresses into deeper subsurface 

FIGURE 4    |    Wide-range ToF-SIMS spectra for (a) the 4-mg DEX tablet and (b) the DEX standard; a detailed view of the ToF-SIMS spectra mea-
sured for (c–m) the DEX standard and for (n) the 4-mg DEX tablet showing the signals as predicted in Figure 3. The red arrows in (c–n) show the the-
oretical m/z position of the corresponding signals. Spectra were acquired after 600 s of sputtering on an area of 500 by 500 μm using a 10-keV Ar2000

+ 
to remove adventitious carbonaceous species.
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regions. DEX appears as isolated spots, reflecting the lower ac-
tive ingredient content compared to that in the 4-mg DEX tablet. 
A notable distinction between the 4-mg DEX tablet and the 0.5-
mg DEX tablet is the different distribution of excipient-related 
signals.

Compared with the 4-mg DEX tablet, for the 0.5-mg DEX 
tablet, more SiO2 is present within the first few micrometer 
on the surface, which is most likely the reason that a depth 
of only 15 μm was sputtered off after 10 800 s, compared to a 
depth of 40 μm that was sputtered off for the DEX tablet con-
taining 4 mg of DEX as GCIB is less effective in sputtering the 
inorganic material (a lower sputter depth was also noted using 
XPS, when GCIB sputtering was performed for the 0.5-mg 
DEX tablet compared to the 4-mg DEX tablet after the same 
sputtering time periods).

Based on the surface analysis given above, it was shown that 
although both formulations exhibit heterogeneity in the dis-
tribution of the active ingredient, differences in formulation 
practices and drug concentration may yield variability in the 
spatial arrangement within the matrix. Comparing these dis-
tribution profiles across both tablet formulations provides 
insights into the effects of drug concentration and excipient 
composition on tablet heterogeneity, which impacts pharma-
ceutical performance.

4   |   Conclusions

This study provides new insights into the spatial distribution 
and chemical composition of pharmaceutical tablets by com-
paring 4-mg and 0.5-mg DEX formulations. The comparison of 
tablets from different manufacturers highlights the formulation-
dependent variability in the distribution of both the active phar-
maceutical ingredient and excipients. This study emphasizes 
the importance of optimizing tablet design to ensure consistent 
drug release profiles, stability, and performance across different 
batches and formulations.

The 4-mg and 0.5-mg DEX tablets show heterogeneous surface 
topographies and morphologies with similar overall roughness 
values. However, imaging reveals subtle local differences, indi-
cating that the distribution of tablet constituents varies at dif-
ferent places on the tablets and between the two formulations. 
These differences in surface texture may have implications for 
tablet uniformity and drug release behavior.

XPS results reveal formulation-dependent differences in sur-
face chemistry. For the 4-mg tablet, the presence of an intense 
F 1s signal confirms that most of the active ingredient is located 
in the upper layers, with sputtering removing surface contam-
inants and exposing underlying excipients. In contrast, the 
0.5-mg tablet shows additional Na and Cl signals and a higher 
proportion of oxidized carbon species at the surface, indicating 
different excipient compositions compared to the 4-mg DEX 
tablet. These differences highlight how variations in formula-
tion impact the elemental distribution and chemical states on 
tablet surfaces. For the 0.5-mg DEX tablet, XPS has a too high a 
detection limit to be able to detect the F 1s signal due to the low 
overall F surface atomic concentration, underlining its limiting 
surface sensitivity for detecting such low surface concentra-
tions. On the other hand, ToF-SIMS provided molecular-specific 
information that enabled the identification of characteristic ion 
fragments of DEX, even at low concentrations.

ToF-SIMS identified characteristic DEX ion fragments based on 
the DEX predicted fragmentation pattern, and MCR confirmed 
the uniqueness of particular signals. The most intense marker was 
identified to be the signal for C8H9O+ at m/z 121.07, which was 
used for 3D imaging of the spatial distribution of DEX.

By employing molecular-specific signals for DEX and tablet ex-
cipients, it was shown that the 4-mg DEX tablet exhibits a het-
erogeneous distribution of DEX and tablet excipients, with the 
active ingredient primarily located at the surface and extending 
into subsurface regions. In contrast, the 0.5-mg DEX tablet shows 
DEX confined to isolated spots, reflecting differences in both drug 
loading and formulation practices from different manufacturers.

FIGURE 5    |    3D ToF-SIMS images showing the distribution of DEX (green, represented by C8H9O+), lactose and starch (orange, represented by 
C6H7O3

+), SiO2 (blue, represented by Si+), and Mg stearate (red, represented by Mg+). 3D ToF-SIMS images were measured for three different 4-mg 
DEX tablets at two different locations. The depth after 10 800 s of sputtering was determined by using 3D profilometry to be 40 μm.
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These results offer new insights into the spatial distribution of 
the active ingredients and excipients in DEX tablets and show 
the importance of surface analytical techniques in pharmaceu-
tical research. The ability to correlate formulation heterogeneity 
with manufacturing practices and drug release behavior could 
have significant implications for quality control and the optimi-
zation of tablet performance.
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