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A B S T R A C T   

Scanning electron microscopy-based energy dispersive X-ray spectroscopy (SEM-EDS) is proposed as a versatile 
tool for quantifying surface area coverage (SAC) by magnesium stearate (MgSt) on pharmaceutical tablets and 
particles. Our approach involved fast elemental mapping and subsequent SAC quantitation by image analysis. 
The study was conducted using a multi-component system, but the particle-level mapping was limited to active 
pharmaceutical ingredient (API) crystals. For both tablets and API particles, the calculated SAC against MgSt 
loading afforded a positive linear correlation over the range of MgSt levels examined in this work. On the tablet 
surface, MgSt was found to be preferentially concentrated at or in the close vicinity of grain boundaries, sup
porting the idea of compression-driven migration and relocation of MgSt within the tablet. On the particle 
surface, only discrete aggregates of MgSt were observed, as opposed to the widely accepted phenomenon of the 
formation of a thin lubricant film around host particles. The selection of proper SEM-EDS operating conditions 
and the challenges confronted in particle surface mapping are discussed in detail.   

1. Introduction 

Problems due to poor powder flowability, high tablet ejection force, 
abrasive tool wear, frictional heating, and punch sticking are 
commonplace in tablet manufacturing. Hence, lubricants are incorpo
rated in tablet formulation to form an “internally lubricated” powder 
blend prior to compaction (Li and Wu, 2014; Miller and York, 1988; 
Morin and Briens, 2013; Strickland and Higuchi, 1960; Wang and Wen, 
2010). The presence of a lubricant reduces inter-particulate and particle- 
tooling friction and adhesive interactions, which minimizes, if not 
eliminates, the above-mentioned issues. 

While facilitating the manufacturing process, lubricants may also 
exert some negative impacts on the structural integrity and the perfor
mance of tablets. It is well known that magnesium stearate (MgSt), one 
of the most widely used solid lubricants in oral solid dosage forms, can 
reduce tablet mechanical strength and delay disintegration and disso
lution (Strickland et al., 1956; Shotton and Lewis, 1964; Levy and 
Gumtow, 1963; Paul and Sun, 2018; Zuurman et al., 1999; Jarosz and 
Parrott, 1984). Moreover, the severity of those undesired effects 

depends markedly on both material properties and processing parame
ters, especially upon the degree of mixing (Kushner and Moore, 2010; 
Ganderton, 1969; Paul and Sun, 2017; Dun et al., 2020; Bolhuis et al., 
1975; Lerk and Bolhuis, 1977; Lerk et al., 1977; Shah and Mlodozeniec, 
1977; Johansson and Nicklasson, 1986; Lakio et al., 2013; Abe and 
Otsuka, 2012; Otsuka et al., 2004; Kikuta and Kitamori, 1994; Bolhuis 
et al., 1987; Ragnarsson et al., 1979; Bolhuis et al., 1981; Murthy and 
Samyn, 1977; De Boer et al., 1978). Hence, understanding the behavior 
of MgSt at the microstructural level is of paramount importance for 
effective development and optimization of formulations and drug 
product manufacturing processes. 

Previous studies suggest that MgSt acts largely as a boundary lubri
cant, forming a hydrophobic, low-shear thin film around substrate 
particles that provides a sacrificial interfacial layer against rubbing/ 
shear stresses (Bolhuis et al., 1975; Johansson and Nicklasson, 1986; 
Hussain et al., 1990; Hussain et al., 1988; Roblot-Treupel and Puisieux, 
1986; Pintyehodi et al., 1981). During compression, however, an 
anisotropic re-distribution of MgSt from bulk to the periphery of the 
tablet can be expected, owing to its stress-induced deformation and 
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delamination, heat-induced melting/softening and subsequent flowing 
(Sun, 2015; Szalaya et al., 2004; Rubinstein and Moody, 1985). There
fore, in order to gain a more complete insight into the origin of its 
multifaceted functions, desired and undesired, it is important to study 
the distribution of MgSt at pre- and post-compression stages, that is, on 
both particle and tablet surface. 

Scanning electron microscopy (SEM) is an invaluable tool for 
microstructure analysis of pharmaceutical systems, including tablets 
and powders (Klang et al., 2013). Thanks to its high resolving power, 
magnification range and focal depth, SEM can afford sharper images 
with fine structural details that are not visible with traditional optical 
microscopy. In SEM, the sample is irradiated with a finely focused, high- 
energy electron beam having a well-defined de Broglie wavelength. The 
interactions between this incident electron beam and atoms on the 
sample surface induce the emission of a number of different signals, 
carrying important information about the specimen. By scanning the 
electron beam/probe across the sample and by collecting a certain type 
of those signals, an image of the surface can be produced. For instance, 
secondary electrons (SEs), originated from the sample surface due to 
electron–electron inelastic scattering, can provide three-dimensional 
topographical contrast. Backscattered electrons (BSEs), that is, pri
mary electrons elastically scattered by the atomic nuclei, can provide 
compositional contrast (Z-contrast) in the image where brighter regions 
correspond to high atomic number elements. 

Inelastic scattering of primary beam electrons in SEM also induces 
the emission of X-rays from the sample, which serves as the basis for 
energy dispersive X-ray spectroscopy/spectrometry, commonly abbre
viated as EDS or EDX (Goldstein et al., 2003). Incoming electrons collide 
with the electrons in low-lying orbitals of the atoms and eject them. 
Upper-level electrons then relax into those inner-shell vacancies, 
releasing the excess energy as X-ray photons. Since the energies of these 
emitted X-rays are characteristic of the material present, EDS effectively 
takes a fingerprint of the sample. By examining the intensity of the 
emissions, it is possible to determine how much of each element is 
present (Newbury and Ritchie, 2013). In EDS mapping, the electron 
probe moves over the surface in raster fashion, thereby compiling a map 
of surface composition (Friel and Lyman, 2006). Hence, when coupled to 
EDS, SEM can reveal the elements present, their concentrations and 
spatial distribution on the sample surface. 

The initial applications of SEM-EDS in the field of pharmaceutical 
analysis can be traced back to the late 1970 s wherein the distribution of 
colloidal silica on sodium chloride particles was studied (Lerk and Bol
huis, 1977). Over the past few decades, its use has been continued in the 
field, either as a sole surface analytical method (Hussain et al., 1988; 
Roblot-Treupel and Puisieux, 1986; Pintyehodi et al., 1981; Steffens 
et al., 2020; Abreu-Villela et al., 2018; Sarecka-Hujar et al., 2017; Liu 
et al., 2009; McDermott et al., 2011; Nevsten et al., 2005; Ensslin et al., 
2008; Seitavuopio et al., 2006) or in tandem with other related tech
niques (Gupta et al., 2022; Abreu-Villela et al., 2018; Katewongsa et al., 
2017; Scoutaris et al., 2014; Vajna et al., 2011; Edge et al., 2002; Widjaja 
et al., 2011; Pajander et al., 2013), such as Raman chemical imaging 
(RCI) and time-of-flight secondary ion mass spectrometry (ToF-SIMS). 
Here we attempted to quantify the surface area coverage (SAC) by MgSt 
on tablets and active pharmaceutical ingredient (API) particles using 
SEM-EDS, which involved fast elemental mapping and subsequent 
image analysis. 

2. Materials and methods 

Ertugliflozin-pyroglutamic acid (1:1) co-crystal (ERT, Pfizer) was 
selected as a model drug (Duggirala et al., 2020). Excipients used in the 
study, microcrystalline cellulose (MCC; Avicel PH-102, DuPont), dical
cium phosphate anhydrate (DCPA; A-Tab, Innophos), crospovidone 
(Kollidon CL-SF, BASF) and magnesium stearate (MgSt; HyQual 5712, 
Mallinckrodt Pharmaceuticals), were all used as received. 

2.1. Particle size analysis 

The particle size distribution (PSD) of powders (Table 1) was 
measured using a laser diffraction particle size analyzer (HELOS, Sym
patec Inc., Causthal-Zellerfeld, Germany). 

2.2. Mixing and tableting 

Eight different formulations were prepared with varying amounts of 
MgSt, from 0% to 4%, while keeping the API level constant at 40% 
(Table 2). Batch size was 5 g, and mixing was done in 20-mL containers 
(approximately 45 % headspace) at 49 rpm using a 3D shaker mixer 
(Turbula T2F, Willy A. Bachofen AG, Muttenz, Switzerland). First, ERT 
and all the excipients except MgSt were mixed for 30 min and, after 
adding MgSt, mixing was continued for 5 additional minutes. 

Tablets were prepared using a compaction simulator (Styl’One 
Evolution, MedelPharm, Beynost, France) equipped with 8.00 mm, 
round flat-faced, TSM B-type tooling. A sample of ~ 100 mg was 
removed from each of the respective final blends and was manually 
filled into the die. A symmetrical, force-controlled, single compression 
cycle at 250 MPa was employed to compress the blend into a cylindrical 
tablet. The entire compression event consisted of a 1 s rise and a 1 s fall 
without holding at the maximum force, followed by 3 s relaxation, and a 
2 s ejection step. Tablets were made following the order from F1 to F8, 
and the upper and lower punches and the die were thoroughly cleaned 
between formulations using isopropanol followed by acetone. 

2.3. Scanning electron microscopy (SEM) 

A field-emission SEM (JSM-6500F, JEOL ltd., Akishima, Tokyo, 
Japan) was used to collect images in the secondary electron image (SEI) 
mode. Samples were immobilized on aluminium stubs by means of 
double-sided carbon conductive tape and, prior to imaging, were coated 
with ca. 5 nm thick platinum using a high vacuum sputter coater (Leica 
EM ACE600, Leica Microsystems GmbH, Vienna, Austria). 

2.4. Energy dispersive X-ray spectroscopy (EDS) 

Samples for EDS mapping were mounted onto aluminium stubs using 
carbon conductive tape and coated with a thin layer of carbon using the 
Leica EM ACE600 coater via carbon thread evaporation. Mapping was 
performed on an Oxford Instruments microanalysis system consisting of 
an 80 mm2 silicon drift detector (X-Max80, Oxford Instruments plc, 
Tubney Woods, Abingdon, UK) attached to the JEOL JSM-6500F FE- 
SEM. Its in-built AZtec 4.2 software (Oxford Instruments Nanotech
nology Tools Limited, Tubney Woods, Abingdon, Oxon, UK) was used 
for image capturing and preliminary processing. 

Tablet samples were coated with ca. 5 nm thick carbon film before 
mapping. For each tablet, three randomly chosen sites on the surface 
were mapped using the following settings: acceleration voltage of 10 kV, 
probe current of 16 (corresponding to ca. 8nA), working distance of 10 
± 1 mm, magnification of × 500 (corresponding to a field of view, FOV, 
of 254 µm × 190.4 µm), resolution of 2048 × 1536, frame count of 3, 
process time of 4, and pixel dwell time of 20 µs. 

Samples of final blends for EDS mapping were coated with ca. 10 nm 
thick carbon before being analyzed. Imaging was performed with the 

Table 1 
Particle size distribution data of materials used in this work.  

Material D10 (µm) D50 (µm) D90 (µm) D[4,3] (µm) 

ERT 7 43 111 52 
MCC 31 108 234 122 
DCPA 50 191 301 184 
Crospovidone 6 20 54 26 
MgSt 1.8 6.1 12.8 6.8  
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following system parameters: acceleration voltage of 10 kV, probe cur
rent of 13 (corresponding to ca. 0.6 nA), working distance of 10 ± 1 mm, 
magnification of × 2000 (corresponding to a FOV of 63.5 µm × 47.6 
µm), resolution of 1024 × 768 pixels, frame count of 2, process time of 6, 
and pixel dwell time of 50 µs. 

2.5. Image analysis 

All captured magnesium (Mg) maps were saved in TIFF format 
without any annotations, while preserving the original resolution and 
aspect ratio. Further processing (sharpening the boundaries of Mg- 
containing domains and removing the background noise) and the 
quantification of SAC was done with Fiji software (Schindelin et al., 
2012). For the SAC quantification on tablet surface, each original Mg 
map was smoothed by applying the “Gaussian Blur…” filter with a 
standard deviation (σ) of 4.00 pixels and then converted into grayscale 
(8-bit). After auto-thresholding with the “Yen” method in black back
ground, the area fractions were directly obtained. Particle surface im
ages were treated in the same manner except that a σ radius of 6.00 was 
used in the blurring step. Detailed workflow can be found in SI. 

3. Results and discussion 

3.1. Optimizing EDS mapping parameters 

When performing SEM-EDS analysis, one needs to consider the 
operating conditions of both SEM and EDS, which are often interrelated 
in a rather complicated manner. Hence, they need to be carefully opti
mized, on a case-by-case basis, according to the nature of the sample 
being analyzed and the level of information needed. One of the key 
parameters is the beam energy, or the accelerating voltage. In SEM, 
higher accelerating voltage results in smaller probe size and, hence, 
higher spatial resolution. However, it can also lead to reduced image 
contrast, disappearance of fine structural features, and more interfer
ence from the bulk of the sample for surface imaging and mapping, 
because of the diffusion of the beam over a large volume. 

A lower accelerating voltage is preferred in EDS analysis because of 
some key benefits, namely enhanced spatial resolution, sensitivity, and 
surface selectivity, all linked to the reduced spread of electron beam 
within the sample (Wuhrer and Moran, 2016). Low-kV EDS also lessens 
the risk of charge build-up, heating and sample damage. For particle- 
level analysis, it helps to reduce the mass and absorption effects and, 
hence, the associated uncertainties (Small, 2002). The electron beam 
should, however, have sufficient energy to overcome the electron 
binding energies and to allow atomic transitions that produce charac
teristic X-rays from all the elements of interest. It is common practice to 
keep the overvoltage (i.e., the ratio between the beam energy and the 
critical excitation energy/ionization potential of the analytes) some
where around two to three. Considering all these facts, an accelerating 
voltage of 10 kV was used throughout this study for EDS mapping on 
tablets and particles. 

The system dead time, expressed as a percentage of real time (i.e., 
100(ICR–OCR)/ICR, where ICR and OCR are input and output count 
rates, respectively), should also be maintained within an appropriate or 
recommended range. It is a measure of the length of time when the EDS 

pulse processor is occupied processing the X-ray signals (or rejecting 
them in case of pulse pile-up) and is not available for incoming X-rays. 
Dead time can be controlled primarily by adjusting the probe current 
and/or the process time. Increase in probe current increases the signal- 
to-noise ratio (SNR) but deteriorated spatial resolution (due to larger 
spot size), sample charging, and beam damage would be concerns. In 
EDS, higher probe current is particularly useful to increase the X-ray 
throughput (high ICR) and, hence, the dead time. The process time (or 
the time constant) is a measure of the length of time the EDS pulse 
processor spent in measuring the incoming X-ray signals and in reducing 
the noise. A longer process time decreases the OCR, thereby increasing 
the dead time. It also increases the energy resolution but at the expense 
of the throughput, that is, the actual time required for the analysis. In 
our study, the probe current and the process time were adjusted so as to 
obtain a dead time of 35–40% during mapping. An ICR of around 65,000 
counts per second (cps) and an OCR of around 40,000 cps were observed 
for the tablet samples, whereas those for the ERT particles were around 
15,000 cps and 9000 cps, respectively. 

When mapping, the electron beam dwells on each pixel for a speci
fied length of time while collecting X-rays and then moves to the next 
one. In order to further reduce the temporary sample strain from the 
electron bombardment and potential radiation damage, frame averaging 
with shorter dwell time per pixel (i.e., several fast scans) was employed. 
For every image, three cycles of acquisition per image were taken by 
using 20 µs dwell time. The working distance was kept constant at 10 
mm because the system, including the X-ray detector, sample chamber, 
etc., was configured to achieve the optimum detection efficiency at that 
value. With the final set of system parameters used (see Section 2.4), the 
total acquisition time per image for tablet and particle samples were 
around 5.5 and 3.5 min, respectively. 

3.2. Tablet surface mapping 

ERT, DCPA and MgSt are readily identifiable from the mapping im
ages (Fig. 1) since they all have unique element(s) with non-overlapping 
peaks. The main analyte, MgSt (Mg(C18H35O2)2), gives a distinctive 
peak at 1.253 keV for magnesium. Chorine in ERT 
(C22H25ClO7⋅C5H7NO3) and, calcium and phosphorous in DCPA 
(CaHPO4) show up at 2.621, 3.690 and 2.013 keV, respectively. How
ever, MCC ((C6H10O5)n) and crospovidone ((C6H9NO)n), are not distin
guishable unambiguously from EDS mapping. Consistent with the 40% 
w/w loading, ERT grains occupy approximately half of the image area. 
Even though the original ERT particles are highly deformed after 
compaction, their cross-sectional shape is mostly retained. Interestingly, 
MgSt seemed to reside mostly at or near the grain boundaries, sup
porting the common belief of compression-driven migration and relo
cation of MgSt within the tablet (Sun, 2015; Rubinstein and Moody, 
1985). 

Fig. 2 shows a collection of Mg maps obtained for tablets with 
different MgSt contents. As expected, SAC on tablet surface by Mg 
gradually increases with the MgSt concentration (from left to right). 
However, all maps comprised a significant amount of background noise 
that could interfere with the image analysis based SAC quantification. A 
number of de-noisification methods were assessed, by using the images 
of the tablet with 0% MgSt as a guide (negative control). The protocol 

Table 2 
Components and composition of the different formulations prepared.  

Ingredient Amount (%) 

F1 F2 F3 F4 F5 F6 F7 F8 

ERT  40.00  40.00  40.00  40.00  40.00  40.00  40.00  40.00 
MCC  30.00  30.00  30.00  30.00  30.00  30.00  30.00  30.00 
DCPA  27.00  26.85  26.70  26.50  26.00  25.00  24.00  23.00 
Crospovidone  3.00  3.00  3.00  3.00  3.00  3.00  3.00  3.00 
MgSt  0.00  0.15  0.30  0.50  1.00  2.00  3.00  4.00  
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outlined in Section 2.5 offered the best results with near-zero SAC for the 
tablet containing no MgSt. The same mapping and post-processing pa
rameters along with a predetermined image size throughout helped to 
avoid any subjective artifacts, which may occur, for example, when 
defining regions of interest (ROIs) manually. The SAC calculated in this 
manner correlates linearly with the MgSt concentration (Fig. 3a), even 
though there are relatively large standard deviations. 

3.3. Particle surface mapping 

Mapping and subsequent quantification of SAC at particle level was 
quite challenging due to a series of factors. First, all types of particles in 
our formulation have a variety of sizes and shapes, and their surfaces are 
quite rough (Fig. 4). EDS, like many other surface imaging and mapping 
techniques, requires the sample surface be flat and smooth. In fact, 

Fig. 1. A representative set of EDS images obtained for a single site on a tablet surface (×500, image area = 254 µm × 190.4 µm, see Figure S1 for the complete 
series). (a) electron image, (b) composite image, (c) chlorine map, (d) magnesium map, and (e) calcium map. Phosphorous map, which is virtually identical to the 
calcium map, is omitted for clarity. 

Fig. 2. EDS Mg maps of the tablet surface for five selected MgSt levels (×500, image area = 254 µm × 190.4 µm, see Figure S2 for the complete series). The three 
images in each column represents the three sites mapped on the tablet surface. All images have been binned (binning factor = 4) to improve the contrast 
and brightness. 

Fig. 3. Relationship between surface coverage and MgSt loading for (a) tablets and (b) ERT particles. Error bars indicate the standard deviation (n = 3).  
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performing EDS analysis on a coarse, uneven surface creates its own 
inherent artifacts, namely shadowing and topographic effects. Shad
owing arises from the partial or complete blockage of X-rays from 
reaching the detector by adjacent surface asperities and/or neighboring 
particles. Complex topography causes fluctuation of incident and take- 
off angles from one point to another, which in turn influences the 
characteristic peak intensities. Secondly, unlike tablet samples, all par
ticles exhibited a relatively high susceptibility to charge build-up and 
beam damage, which is likely promoted by surface asperities. 

Since ERT particles assumed a columnar (rectangular rod-like) habit, 
a reasonably flat surface was able to be brought to the field of view at 
higher magnifications (×2000 or higher), by choosing larger ERT crys
tals. Even though the surfaces still contained fine crystals, terraces, 
ledges and grooves, it was deemed effort-worthy to analyze at least a 
selected set of powder samples via EDS mapping. To avoid the shad
owing effects by neighboring particles, care was taken to sprinkle the 
powder on the adhesive tape as lightly as possible when preparing 
samples of final blends for mapping. Rather fast surface degradation was 
the next issue, where MgSt particles underwent easy deformation, and 
occasional detaching and drifting with prolonged exposure. Therefore, 
the carbon coating thickness was doubled and the probe current for 
mapping was reduced. To bring the dead time back to an acceptable 
range, process time was increased to its maximum. All these led to 

relatively low X-ray count rates and, to compensate for that, the dwell 
time was slightly increased. 

Only ERT crystals meeting certain quality criteria were mapped, and 
consequently sampling bias was inevitable. Moreover, each EDS map 
covered only a small area per image (63.5 µm × 47.6 µm) on the particle 
surface. Hence, results may not be representative of the bulk powder. 
Nevertheless, as for the tablet surface, a linear relationship between the 
level of MgSt used in formulations and percent area of ERT crystals 
covered by MgSt was found (Fig. 3b). Most importantly, particle level 
EDS mapping was able to offer new insights into the distribution of MgSt 
on particle surface. In contrast to previous studies that claim the for
mation of a thin, continuous MgSt coating around host particles (Bolhuis 
et al., 1975; Johansson and Nicklasson, 1986; Hussain et al., 1990; 
Hussain et al., 1988; Roblot-Treupel and Puisieux, 1986; Pintyehodi 
et al., 1981), here MgSt exists on ERT particles only as isolated units 
(Fig. 5), with no noticeable changes in original particle size or their 
rosette- or crumpled paper-like appearance. Since the formation of a 
thin lubricant film requires shearing off (or delamination) of MgSt 
particles during the mixing process (Ertel and Carstensen, 1988; Wada 
and Matsubara, 1994), its absence suggests that these events have not 
occurred under the mixing conditions used in this study. Factors that can 
affect the delamination and distribution of MgSt during mixing include 
batch size, headspace, and mixing time and intensity. Another 

Fig. 4. SEM images of formulation ingredients. (a) ERT (×120), (b) MCC (×120), (c) DCPA (×120), (d) crospovidone (×500), and (e) MgSt (×500).  

Fig. 5. Particle surface composite maps (×2000, image area = 63.5 µm × 47.6 µm, see Figure S3 for the corresponding Mg maps). The three images in each column 
represents three separate ERT particles chosen from the same final blend. Color coding: ERT (cyan), MgSt (yellow), DCPA (red). 
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possibility is the presence of an ultra-thin MgSt film (in addition to the 
discrete aggregates observed), with only a few molecular layers of 
thickness, which is below the limit of detection of EDS (Zhou et al., 
2011). 

3.4. Important considerations regarding EDS analysis 

Here EDS was used in its standardless, semi-quantitative mode, in 
which the peak intensities are normalized to 100% based on the ele
ments detected to determine their relative abundance. Our main 
objective was to quantify the area fraction or percentage covered by 
MgSt, rather than to determine the actual amount of MgSt present on the 
tablet or particle surface. Once the EDS elemental maps were collected, 
surface coverage was quantified separately by image analysis. It should 
be noted that the SAC calculations directly depend on the acquisition, 
processing and analysis parameters used. Hence, in order to produce 
unbiased and reproducible quantitative results and to enable reliable 
comparison among images, one needs to adhere to the same set of pa
rameters throughout. For the same reasons, it is crucial to report all 
relevant image analysis steps and parameters along with the results 
(Figures S4–S7). 

Not every inelastic scattering event leads to electronic excitation or 
ionization. Due to the electric field surrounding the nuclei of the atoms 
in the sample, the primary-beam electrons can decelerate, deflect and 
lose energy. Some of this energy is converted to X-rays with a range of 
energies/wavelengths, called bremsstrahlung or braking radiation (also 
commonly referred to as non-characteristic, polychromatic, continuous, 
white or background radiation). Hence, irrespective of the presence or 
absence of random noise, EDS spectra inherently consist of a broad, 
featureless bremsstrahlung noise, with high-intensity, sharp character
istic peaks from samples superimposed on it. Because of the brems
strahlung background, the identification of low-intensity characteristic 
X-ray peaks may become very difficult, which limits the sensitivity of 
EDS analysis. 

As mentioned earlier in Section 3.3, flat and polished sample surface 
remains a key prerequisite for eliminating the shadowing and topo
graphic effects for reliable EDS results. Experimental modifications, 
such as collecting a set of mapping images with sample/stage rotation 
and subsequent merging, or instrument modifications, such as multi- 
detector configurations, can lessen this effect when analyzing rough 
surfaces. 

It is also important to remember that EDS is not strictly a surface 
technique as the electron beam may penetrate further into the sample, 
generating X-rays from deeper subsurface regions. The penetration 
depth can be controlled to some extent by reducing the beam energy 
and/or by tilting the sample with respect to the electron probe. Overall, 
EDS is less surface selective than other related techniques, such as X-ray 
photoelectron spectroscopy (XPS) and scanning Auger microscopy 
(SAM). These latter techniques, however, have their own drawbacks. For 
example, XPS generally suffers from limited spatial resolution and high 
time-consumption. 

Apart from the disadvantages and complications highlighted above, 
modern SEM-EDS systems are capable of detecting elements from 
lithium and upwards. Thanks to silicon drift detectors (SDDs) with 
increased active areas, they have excellent energy resolution at high 
count rates, much improved signal collection efficiencies and, hence, 
better SNRs (Newbury and Ritchie, 2013). Windowless SDD detectors 
can deliver greater sensitivity towards light elements, especially from 
lithium to neon. The associated software offers advanced algorithms for 
peak deconvolution, background subtraction, and for correcting pulse 
pile-up, sample drift and matrix effects. Other valuable features include 
real-time chemical imaging and large area mapping capabilities. With 
all these advances, SEM-EDS possesses the ability to deliver fast and 
reliable results to be a powerful tool in characterizing pharmaceutical 
materials. It can certainly supplement and complement other commonly 
used chemical imaging and mapping techniques, such as Raman, near- 

infrared (NIR), and time-of-flight secondary ion mass spectrometry 
(ToF-SIMS). 

Finally, the approach that we have shown here can easily be 
extended to formulations containing other lubricants, such as sodium 
stearyl fumarate (SSF), hydrated magnesium silicate (talc), amorphous 
silicon dioxide (fumed silica), provided they contain no additional 
sources of respective element(s) of interest. The knowledge derived from 
an EDS-based method can then be used to elucidate the effect of a 
particular lubricant on pharmaceutically important properties, such as 
tablet ejection force, tensile strength, and dissolution rate. In this 
context, our current efforts are focused on exploring the impact of MgSt 
distribution on punch sticking propensity of sticky APIs. Mechanistic 
understanding from that work is expected to guide formulation design 
and process optimization to mitigate possible punch sticking problems 
during tablet manufacturing. 

4. Conclusions 

Scanning electron microscopy combined with energy dispersive X- 
ray spectroscopy (SEM-EDS) offers element specific mapping of a surface 
at the micro length scale. Such information can provide valuable insights 
into the bulk properties during pharmaceutical processing. Using 
ertugliflozin-pyroglutamic acid co-crystal as a model drug, we have 
demonstrated that EDS-based elemental mapping can be used to visu
alize, map, and quantify the common lubricant, magnesium stearate 
(MgSt), on multi-component tablets as well as on the surface of drug 
particles. Tablet surface analysis showed that MgSt occupies mostly at or 
near the grain boundaries, suggesting the occurrence of MgSt migration 
and relocation events during compression. Moreover, particle level 
mapping revealed that MgSt exists on the surface of ERT crystals only as 
isolated units, with no signs of the presence of a continuous lubricant 
film. 
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