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A B S T R A C T   

Scanning electron microscopy (SEM) has long been a standard tool for morphological analyses, providing sub 
micrometer resolution of pharmaceutical formulations. However, analysis of internal morphologies of such 
formulations can often be biased due to the introduction of artifacts that originate from sample preparation. A 
recent advancement in SEM, is the focused ion beam scanning electron microscopy (FIB-SEM). This technique 
uses a focused ion beam (FIB) to remove material with nanometer precision, to provide virtually sample- 
independent access to sub-surface structures. The FIB can be combined with SEM imaging capabilities within 
the same instrumentation. As a powerful analytical tool, electron microscopy and FIB-milling are performed 
sequentially to produce high-resolution 3D models of structural peculiarities of diverse drug delivery systems or 
their behavior in a biological environment, i.e. intracellular or -tissue distribution. This review paper briefly 
describes the technical background of the method, outlines a wide array of potential uses within the drug de
livery field, and focuses on intracellular transport where high-resolution images are an essential tool for 
mechanistical insights.   

1. Introduction 

As highlighted by two Nobel prize recipients in recent years [1,2], 
improvements in microscopy have the potential to invigorate many 
research areas [3,4]. Drug delivery research utilizes a large variety of 
microscopy techniques, due to sample heterogeneity and the broad 
range of magnifications used in the field [5]. Various light microscopy 
techniques, such as polarized light microscopy and confocal laser 
scanning microscopy (CLSM) are routinely used in drug delivery 
research. Additionally, electron microscopy (EM) based techniques are 
frequently used, especially when resolutions below the diffraction limit 
of light are required [6,7]. Many small structures of interest, especially 
in the field of nanomedicine, are below the limit of light microscopical 
techniques since the size of the particles used in nanomedicine is often 
smaller than this diffraction limit of light [8,9]. As a consequence, such 
small particles can only be resolved as blurred spots in a given field of 
view [6,10,11]. Furthermore, another issue is that many nanoparticle 
imaging techniques rely on the use of contrast agents or dyes which can 
potentially leach from the particles of interest [12], potentially con
founding the localization of nanomedicines [13–15]. Thus, EM is a 

commonly used imaging tool for the characterization of drug carriers 
[5,16]. Although transmission electron microscopy (TEM) surpasses 
scanning electron microscopy (SEM) in terms of resolution, however 
TEM has narrower sample stipulations and has especially cumbersome 
sample preparation requirements. For example, TEM requires ultra-thin 
samples for analysis, often below 100 nm [17]. As such, larger or bulky 
samples need to be sectioned using an ultramicrotome. Typical samples 
are ultra-thin sections of polymers [18–20], embedded biological sam
ples [21,22] or samples in the nano-sized range, such as dried suspen
sions of nanoparticles [23–25] or viruses [26], both of which can be 
dispersed on to TEM grids prior to imaging. When considering phar
maceutical dosage forms for TEM imaging, only a limited number of 
samples meet these requirements or can undergo suitable sample 
preparation without the formation of image artifacts. The use of SEM is 
more common, due to its ease of use and broad applicability to a wide 
variety of sample types. However, despite these advantages SEM depicts 
only surfaces or subsurface features, making its suitability dependent 
upon appropriate sample selection and preparation. The appropriate 
sample preparation is essential for the successful imaging of sample 
features like internal structures of a drug delivery system, such as pores 

* Corresponding author at: Department of Pharmaceutics, Institute of Pharmacy, Gerhard-Domagk-Straße 3, 53121 Bonn, Germany. 
E-mail address: alf.lamprecht@uni-bonn.de (A. Lamprecht).  

Contents lists available at ScienceDirect 

Journal of Controlled Release 

journal homepage: www.elsevier.com/locate/jconrel 

https://doi.org/10.1016/j.jconrel.2023.12.048 
Received 15 November 2023; Received in revised form 23 December 2023; Accepted 26 December 2023   

mailto:alf.lamprecht@uni-bonn.de
www.sciencedirect.com/science/journal/01683659
https://www.elsevier.com/locate/jconrel
https://doi.org/10.1016/j.jconrel.2023.12.048
https://doi.org/10.1016/j.jconrel.2023.12.048
https://doi.org/10.1016/j.jconrel.2023.12.048
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jconrel.2023.12.048&domain=pdf


Journal of Controlled Release 366 (2024) 312–327

313

[27,28] or drug-excipient distributions [29–31]. Such internal struc
tures are either created purposely as a part of formulation strategy, or 
are introduced unintentionally during their production. For such small 
internal structures, there is a greater challenge in obtaining a suitable 
image, especially with advanced delivery systems such as micro- or 
nanoscale systems [32–34]. For example, in the case of polymeric 
nanocapsules, the microstructure is of crucial importance for the pro
posed delivery mechanism [33,35]. 

Only when structural properties are resolved, a direct relationship 
between structure and function can be established; and assumptions can 
be made about how a drug delivery vehicle might fulfill its delivery 
purpose, e.g., delivery across biological barriers [36]. Since, some in
ternal features of drug formulations are too small to be analyzed by light 
microscopy and there are drawbacks of using TEM, sufficient resolution 
can be achieved with sample cross-section analysis using SEM. Standard 
approaches for the preparation of sample cross-sections are grinding, 
cutting, or (cryo)-fracturing procedures. However, each of these prep
aration methods present a risk of artifact generation. Such artifacts 
commonly include the obscuration of cross-sectional features due to 
smearing of sample material, the deposition of fragments, or the creation 
of uneven surfaces [27,37–41], as indicated (Fig. 1 A,B). The stability, 
size, and physical state such as, brittleness or elasticity of many phar
maceutical samples can present challenges in sample cross-sectional 
preparation [32]. For example, polymers represent a commonly used 
class of pharmaceutical excipients that should be cut by ultramicrotomy 
below their glass transition temperature due to their rubber-like nature 
[42], or at cryogenic temperatures to avoid smearing/dragging artifacts 
caused be compression forces associated with the use of a microtome 
blade [20]. This represents a major hurdle in sample preparation, as 

most polymeric systems contain glass transition temperature-lowering 
components such as, an active pharmaceutical ingredient (API), resid
ual moisture, or other plasticizing agents [43,44]. Depending on size or 
stability, some drug delivery vehicles may need to be embedded prior to 
ultramicrotomy or fracturing, with the risk of artifacts being caused by 
the embedding medium or solvents used during preparation. Other 
commonly used excipients are not solid at standard operating temper
atures (i.e. room temperature), and therefore require the maintenance of 
cryogenic conditions throughout the preparation or even the analysis 
[24,45,46]. As a consequence artifact free preparation of cross-sections 
is challenging, if it is possible at all [42,47]. Most of the aforementioned 
preparation methods have the additional disadvantage of not being site- 
specific, as it is difficult to precisely create the cross-section at the 
desired location. Additionally, most of these techniques require expe
rience, so results can vary greatly due to the operator or analysis facility, 
since everyone performs these tasks differently. Thus, the ability to 
generate clean cross-sections without artifacts is of great interest in 
pharmaceutics, and is a fundamental requirement for precise analytics 
using SEM. 

The use of a focused ion beam (FIB) is an alternative technique for 
producing site-specific cross sections. FIB accurately removes sample 
materials precisely at the desired location due to acceleration of high 
atomic mass ions focused at a given sample substrate surface. This 
process is referred to as FIB milling with material removal caused by ion 
impact, FIB-milling is considered a sputtering process [48–51]. Material 
removal by lasers is based on ablation, and is therefore based on 
different physical process. The amount of sample removal is highly 
dependent on the type of ions used, with gallium, argon, or xenon ions 
being the most common sources. These ions can also be used for 

Fig. 1. Comparison of classical fracturing (A,B) with a FIB prepared cross-section (C–D) of double emulsion prepared poly(lactic-co-glycolic acid) (PLGA) micro
particles (water in oil in water). (A) An overview of the particle’s fracture edge. (B) An uneven surface with sample preparation artifacts caused by sample debris, 
hiding void structures or making them difficult to analyze. (C) FIB-SEM image where the cross-section through a particle was prepared using FIB-milling, then imaged 
using the integrated SEM. No artifacts are visible on the cross-section of the particle. (D) Higher SEM magnification of the FIB-milled sample demonstrating the high 
resolution afforded with no artifact interference. It shows an internal cavity with interconnecting pores (polygon), nanosized closed pores between the larger cavities 
(square), and a thin polymer membrane with a pore spanning across a void with no apparent distortion in membrane or pore shape (star). 
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imaging, but due to their destructive nature, material removal or 
manipulation is usually their main purpose. If the main purpose is im
aging, helium ions are regularly used, e.g., in a helium ion microscope 
[52,53]. Alternatively, FIB can be combined with an electron micro
scope to create a focused ion beam scanning electron microscope (FIB- 
SEM). The standard configuration of a FIB-SEM consists of a gallium 
liquid metal ion source (LMIS) [54], and an electron source combined in 
a single microscope. This combination unites high resolution electron 
microscopy and FIB-milling in the same device [55], which will be 
described later in detail. When using FIB for material manipulation, as 
with any preparation technique, the process must be optimized for each 
sample depending on its specific composition, since ion milling is a 
destructive high-energy process. If the milling settings are adjusted 
accordingly [56], clean and flat cross sections can be prepared almost 
independent of the material, whilst still preserving complex micro
structures (Fig. 1 C,D). 

One of the first uses of FIB-SEM in pharmaceutical sciences was in 
2006 to image the internal structure of microspheres prepared by a 
conventional double emulsion technique [57]. Since then, the technique 
has been applied to other areas of drug delivery such as, the analysis of 
coatings, microparticles, implants, and tablets. It is most commonly used 
for detailed examination of micro/nanopores to determine spatial 
location and dimensions in certain drug delivery systems (DDS) [58,59]. 
The true potential of FIB-SEM is not solely the ability to ablate most 
materials at the exact point of interest, but to perform FIB-SEM to
mography using FIB-milling and SEM imaging in an alternating manor 
to transpose 2D images into 3D volume analysis for model re
constructions. This tomography technique can be used to generate 2D 
image stacks with a known slice thickness that can be aligned, 
segmented, and finally combined and reconstructed in an 3D image. This 
type of precise structural investigation has demonstrated great impor
tance in structural biology, with its ability to generate high resolution 
3D models of tissues and cells [60,61]. This approach is equally appli
cable in drug delivery, for example to enable the investigation of cellular 
nanoparticle uptake and determination of their intracellular fate in 3Dor 
study the drug carrier itself [29], thereby demonstrating a wide range of 
possible applications within the field of pharmaceutical technology and 
drug delivery. 

This review aims to introduce recently reported additional visuali
zation options using FIB-SEM imaging approaches across the field of 
drug delivery. We present research with a fundamental technical back
ground of the method, to enable the reader to assess the potential 
applicability of FIB-SEM in their own research. Additionally, this review 
will give an overview for applications of FIB-SEM in areas of advanced 
drug delivery, especially in the context of intracellular trafficking of 
nanosized drug delivery systems. 

2. FIB-SEM sample preparation and workflow 

In general, sample preparation methods for FIB-SEM are comparable 
to standard SEM techniques, for example affixing a formulation to a 
sample stub then sputter coating it using a carbon, gold, or platinum 
target to make the sample surface conducting. Biological samples are 
typically fixed and stained using TEM staining and embedding protocols. 
Such samples must be dehydrated with organic solvents such as ethanol 
or acetone before embedding in a resin to allow thin sectioning with 
(ultra)microtomy. In the case of FIB-SEM biological sample preparation 
is similar, but further optimization may be needed, for example with 
successive osmification steps due to weaker signal strength, compared to 
TEM. In addition, FIB SEM samples are larger because they are analyzed 
as bulky samples rather than ultra-thin sections, making them more 
susceptible to charging. [62–64]. 

2.1. Special aspects of FIB-SEM investigations 

For FIB-SEM investigations, the microscope is operated much like a 

standard SEM. When a region of interest (ROI) is found, a sample is 
positioned at the eucentric point (the sample stage position where the 
electron beam and the ion beam focus on the same point). For this 
purpose, the sample stage is oriented at a precise angle, dependent on 
the microscope manufacturer specification (e.g., 52◦ could be the stan
dard sample tilt for Dualbeam™ FIB-SEMs (Thermo Fisher, Eindhoven, 
Netherlands [former FEI-Company])) or dependent on the sample pre
tilt. Depending on the durability of the sample to the ion beam, a pro
tective platinum pad may be applied. Such a pad is prepared by FIB- 
assisted chemical vapor deposition of an organo‑platinum compound 
(e.g trimethyl–methylcyclopentadienyl–platinum) which is volatilized 
using heat and the high vacuum conditions of the microscope chamber, 
it is released by a gas injection system near the ROI. The organic 
framework of the organo‑platinum compound is decomposed by the ion 
beam resulting in local platinum deposition [65] in a selected area. The 
platinum deposition is especially important when performing FIB-SEM 
tomography, since the tomography application acquires several hun
dred or thousand images with the ion beam from the same region. As 
every ion beam image damages the surface within its field of view, the 
ROI is thus protected from the unintentional beam damage (Fig. 3). As 
outlined below, there are two possible procedures to prepare a sample 
for imaging, depending on the sample size and morphology. 

2.1.1. Small or particulate samples 
If the sample is free standing and directly visible (Fig. 2 A), it can be 

directly milled. This type of sample is easily accessible when using FIB- 
SEM (Fig. 2B), because the structures of interest are visible and not 
obscured by embedding resin or the sample material itself (Fig. 2C); 
which could be the case when probing a region within a bulky sample 
such as a tablet. This direct accessibility is often the case for particulate 
samples of a suitable size range, or for biological samples prepared using 
a minimal resin embedding procedure [66,67]. If the goal is to prepare a 
cross-section for qualitative analysis, larger samples of about 100 μm 
may still be acceptable. However, for volume analysis by acquiring a 2D 
image stack, much smaller sample sizes are preferable since the pro
cessing time required increases considerably. 

2.1.2. Large or bulky samples 
Large samples like tablets, implants, resin embedded cells or tissues 

(Fig. 3 A) need additional preparation steps. These samples typically 
require the construction of front and side trenches (Fig. 3B) to aid in the 
visualization of internal structures of interest (Fig. 3C). In particular, a 
front trench is important because it allows the electron beam to access 
the sample cross section. Trench development ensures that sufficient and 
unhindered electron signals can be collected directly from the prepared 
cross-section. Additionally, trenches ensure that milled material is 
cleanly removed at the cross-section surface, which is especially 
important when performing FIB-SEM tomography. The preparation of 
cross sections, especially for FIB-SEM tomography, in a bulky sample is 
inherently more time consuming due to the need for trenching in a larger 
sample. 

2.1.3. FIB-SEM lift-outs 
The available SEM resolution might be not sufficient for every 

sample situation, since the imaging of the cross-section using FIB-SEM is 
still reliant and limited to the inherent resolving power of the SEM used. 
The FIB-SEM technique also permits side-specific sample preparation of 
thin lamellas for TEM investigations. To achieve this, a thin piece of the 
sample can be cut out using the FIB and then lifted out using a micro
manipulator, a dedicated device installed in a FIB-SEM microscope that 
allows high precision sample maneuvering within the microscope 
chamber. The lamella can then either be transferred to a sample prep
aration grid, and then be investigated using a standalone TEM, or 
directly measured if the FIB-SEM is equipped with a transmission de
tector. Such sample lift-outs can enable advanced analytical techniques 
like electron diffraction, for crystal structure analysis. [55,57,68–70]. 
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Lamellae lift-outs at cryogenic temperatures can enable the investiga
tion of vitrified or environmentally sensitive samples (e.g. thermally 
labile structures). The extensive capabilities of the lift-out technique 
have not been thoroughly investigated in the field of pharmaceutics, and 
to-date it has only be used for the investigation of PLA microparticles. In 
that study, the lift-outs were analyzed for crystallinity using electron 
diffraction and high resolution TEM imaging [57]. 

2.2. Limitations of the FIB-SEM technique and alternatives 

Since many pharmaceutical samples contain liquid or semi-solid 
excipients, analysis may need to be conducted under cryogenic condi
tions. Cryo-electron microscopy requires even more specialized equip
ment, experienced operators, and complex sample preparation methods. 
The most significant limitation of a typical gallium LMIS-based FIB-SEM 
microscope in the field of drug delivery science, is the size of the cross 
sections that can be produced in a reasonable amount of time, since a 
100 μm wide and 50 μm deep cross-section could easily take several 
hours. Therefore, the technique provides high resolution images but is 
only suitable to a limited imaging area in larger samples such as tablets, 
pellets, granules, capsules, or implants and these systems need to be 
fragmented before being examined locally. 

In a case, where volume imaging is not essential but only high cross- 

sections are sought, broad ion beam (BIB) devices may be a suitable 
alternative, which are capable of processing larger samples with an 
unfocused broad beam of ions, usually argon. These systems are offered 
as stand-alone sample preparation devices and can be combined with 
any suitable microscope, such as a SEM [33,37]. As indicated, BIB 
milling systems are far from being a standard preparation technique in 
drug delivery [33,37], but are well established in other fields such as 
geology [71–75], dental research [76,77], or materials science [78–80]. 
To date, BIB milling has not been commercially available as a tomog
raphy tool for EM investigations [81], and is therefore limited to 2D 
cross sections. 

2.3. Pitfalls and artifacts 

Since any imaging and sample preparation technique carries the risk 
of generating artifacts, identifying such artifacts, and understanding 
their causes is critical for successful image interpretation and method 
development. This is also true for the FIB-SEM technique. Artifacts 
include those commonly associated with standard SEM imaging 
(Fig. 4D, F), such as charging [82], carbon contamination [83,84], 
shadowing [85], or electron beam damage [86]. Additionally, the 
focused ion beam itself can cause its own set of artifacts, since ion im
aging and milling a sample is destructive process as can be seen in the 

Fig. 2. Schematic overview (Fig. 2A) of an FIB-SEM prepared free standing particle for acquisition of a 2D image stack. Showing the FIB perpendicular to the particle 
so that it can image and mill the particle from top view (Fig. 2B). The electron beam images the revealed cross sections through the particle in tilted state (Fig. 2C). 

Fig. 3. Schematic overview (Fig. 3A) of an embedded cell culture sample prepared with the FIB-SEM, showing all the preparatory steps required to acquire a 2D 
image stack. The schematic shows the sample in a tilted state, perpendicular to the FIB and already protected with a platinum pad and the necessary trenches to give 
the electron beam access to the cross-section. The FIB image (Fig. 3B) shows a typical fully prepared sample prior to acquisition of the 2D image stack, with the 
platinum-protected square shaped VOI in the center of the image and the front and side trenches surrounding it. On the left side of the FIB image is a typical fiducial 
mark in the form of an underlined X, which the automatic imaging software needs to recognize the position. The backscattered electron image (Fig. 3C) shows the 
embedded cell with inverted contrast to mimic the cell images normally obtained in TEM examinations. The dark area at the top of the image, where the cell appears 
to be growing on, is the electron-dense platinum protective layer. 
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surface damage of a tablet after imaging (Fig. 4C). The most common are 
redeposition, curtaining, gallium ion implantation, and heat-related 
damage. Heat-related damage includes melting, amorphization, or 
degradation [85,87–90]. Additional artifacts involve embrittlement or 
phase changes due to ion irradiation [91,92], but these are not as rele
vant for pharmaceutical samples. Redeposition can occur on all surfaces 
in proximity the ion beam milling site [93,94]. Depending on the ion 
beam current applied, the redeposition may have the appearance of a 
pattern covering the surfaces and reducing image contrast, essentially 
making the image have a more grayish hue. Large-scale redepositions 
can appear as droplet-like structures formed by high-current FIB-milling 
[85] (Fig. 4A) on surfaces near the milling site, as seen on the adjacent 

porous silicate particle. Furthermore, in the presence of a porous matrix, 
accumulation within the pores is possible, manifesting as an electron- 
dense pattern that can be confused with encapsulated material [95] 
(Fig. 4E). Fig. 4E shows a commercial tablet with voids observed in the 
coating, some of which have dense electron deposition inside. To reduce 
redeposition, less material must be milled per unit time, so that the 
vacuum of the system is able to adequately remove the sputtered ma
terial. Curtaining, as the name suggests, has the appearance of a wavy 
curtain or cascading waterfall (Fig. 4 B, E encircled areas) which can be 
seen on the cross-section of the porous silica carrier (Fig. 4 B) and on the 
tablet bevor low current FIB-polishing manifesting as vertical stripes 
(Fig. 4D and E encircled areas). There are many possible causes for 

Fig. 4. Various imaging and preparation artifacts (unpublished data) from several DDS, with (A,B) being a porous silica sample, (C-E) a tablet and (F) a PLGA 
microparticle prepared by double emulsion technique. Figure section (A) shows a milled mesoporous silica sample with clearly visible porous platelet-like structure. 
At the lower edge and at the neighboring particle electron dense material redeposited during milling. The redeposition shows a characteristic drop shape structure 
with a grainy surface. Section (B) demonstrates severe curtaining after high current milling, which intensifies with milling depth. The right particle side was 
additionally fine polished with a lower current ion beam, reducing the curtaining immensely. On image section (C) the surface damage of a tablet caused by the Ion 
beam. Segment (D) shows the same region after milling an insufficient front trench, shadowing can be seen at both edges of the cross section, as well as at the bottom 
due to the insufficient length of the trench. Section (E) the final prepared cross-section of the tablet, in which all features are clearly visible, from the pigment- 
containing coating with voids containing bright redeposition artifacts to the excipient particles. The double emulsion microparticle (F) displays various electron 
imaging artifacts especially in the large intraparticular voids from bright and dark charging artifacts. 
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curtaining, including uneven surfaces, a porous material, or composites 
of soft and hard material [96]. The ripples associated with curtaining 
influences the image quality of the cross section and can obscure small 
features, rendering cross-sections “noisy”. The curtaining effect tends to 
be more prominent with increased milling depth. Heat damage can be 
minimized either by reducing the current and dwell time of the ion 
beam, or by working at cryogenic temperatures. Thermal influence can 
be difficult to detect and can have the appearance of an amorphous- 
looking surface with rounded rather than sharp edges, or structures 
appearing to be bent or deformed due to softening or melting [97–100]. 
Shadowing is a phenomenon which happens when the generated elec
tron signal does not reach the detectors adequately, thus giving the 
appearance of darker regions (Fig. 4 D). Shadowing is caused by struc
tures blocking the signal after insufficient trenching, and occurs espe
cially near sample edges. 

Current challenges in pharmaceutics when using EM techniques to 
characterize drug formulations is the low contrast between most phar
maceutical excipients and APIs, their non-conductive nature, and the 
overall complexity of drug formulations as well as their size and physical 
state. The low contrast differences can be partly compensated using EDS 
systems [29] or by the development of staining protocols, since they are 
often used with biological or polymeric samples for EM investigations. 

3. Applications of FIB-SEM in drug delivery 

To date the FIB-SEM technique has mostly been used for the 
morphological characterization of DDS, mainly focusing on internal 
structures of polymeric sustained release dosage forms, such as micro
spheres, implants, or the polymeric coatings of controlled release for
mulations. In addition, further studies have been conducted on spray- 
dried, mesoporous particles, and tablets. This section describes the 
various application fields of FIB-SEM within drug delivery. 

3.1. Depot formulations 

Long-acting microspheres are complex drug carrier particles with 
have a variety of internal features that cannot be adequately captured by 
SEM because many critical features are localized within the carrier itself; 
including pores and API crystals generally distributed throughout a 
polymer matrix. As several studies have shown, FIB-SEM is very useful in 
characterizing the internal structure of such microspheres. The first 
application of FIB-SEM was performed on polylactic acid (PLA) micro
spheres loaded with naltrexone, prepared using a double emulsion sol
vent evaporation method [57]. Here, microsphere particle surfaces were 
peeled off by scanning an ion beam over the surface. Although this 
method removes material from the surface, it did not provide the quality 
of images obtained when using the FIB as a tool for cross-sectioning, 
because the material was not removed homogeneously. This early 
approach for pore analysis of the carrier made it difficult to assess exact 
pore size and morphology, since this type of surface milling does not 
result in a clean sample cross-section. In such instances, deformation of 
the particle can be caused by the ion beam, obscuring morphological 
features, with the authors reporting that the first pores became visible 
after milling to a depth of about 4 μm. In addition to surface peeling, 
TEM lamellae were prepared at various locations on the sphere, lifted 
out and then transferred to a TEM. TEM examination of the lamellae 
revealed no observable atomic order and no distinct electron diffraction 
patterns, from which the authors concluded that the probed regions 
were amorphous. 

Preparation of cross-sections for pore analysis has been established 
for micro- and nanoparticles made from various materials, including: 
chitosan [101], PLGA [29,32,102–104], PLGA-lipid mixtures [58], or 
mesoporous silica nanoparticles [105]. One research group used phase- 
contrast nano-computed tomography (CT) to compare pore size results 
from FIB-SEM studies for PLGA-lipid microspheres and confirmed the 
concordance of results between the two techniques [58]. Furthermore, 

owing to the high resolution of the FIB-SEM, it was possible to detect 
anisotropic material in the pores that was not clearly visible using the 
nano-CT data [58]. FIB-SEM has also been applied to study the degra
dation process of levofloxacin loaded PLGA microspheres over 5 days 
under drug release conditions. And, while the shift from spherical to 
collapsed particles was well known before, using standard SEM meth
odologies [106], FIB cross-sections could be used to elucidate the 
progress of the internal porosity change over a 5-day period [102] 
(Fig. 5). The pore size increases over this time significantly with a 
change in shape from round to corrugated particles. The major benefit of 
the FIB technique in this context, is the possibility to image internal 
structures that are not accessible with the same level of resolution with 
the use of alternative techniques such as CT. A comparable experiment 
on the morphological changes of the microspheres was performed before 
and after 5 days of drug release [29]. In this study, 3D structures were 
generated from microspheres before and after drug release and used for 
various calculations and numerical simulations. For example, the au
thors were able to determine the drug diffusivity from the resulting drug 
particle/pore networks within the matrix. It was also found that the 
embedded drug particles within the microsphere are dissolved from the 
outer to the inner layers. 

In addition to 2D cross-sectioning, FIB-SEM tomography can enhance 
the depth of information from such investigations. For example, it is 
possible to use the 2D image stacks to render 3D models which can be 
analyzed for further information (Fig. 6). FIB-SEM tomography has 
garnered recent interest for studying implants or long-acting injectable 
microspheres composed of PLGA. After this stacking/segmentation of 
microsphere images, critical quality attributes (CQAs) can be better 
described by observing the 3D rendered datasets, rather than an isolated 
standard unprocessed 2D section. This approach to whole particle 
modelling allows the user to assess among other things, the amount of 
embedded drug particles and their size, the porosity of the particle 
matrix, as well as a quantitative assessment of the amount of polymer 
present. Especially, the porosity can be much better evaluated in a 3D 
model compared to the conventional 2D slices [32]. 

Comparable studies have been performed on hot melt extruded PLGA 
[30] or ethylene vinyl acetate (EVA) implants [31]. In these studies, a 
combination of X-ray microscopy or micro-CT and FIB-SEM was used to 
create 3D models for predicting drug release profiles of the formulations. 
The results of the X-ray microscopy-based models and drug release 
prediction agreed well with an observed initial burst release of the 
active, but was not suited to describe the entire dissolution profile. 
Image-based drug release prediction profiles using additional FIB-SEM 
data sets in the prediction model were able to predict drug release 
with up to 5% accuracy compared to measured release [30,31,104]. 
When the FIB-SEM data were neglected, the accuracy of the prediction 
was worse. As an alternative to X-ray microscopy, micro-computed to
mography (micro-CT) can be used to image larger samples. Both tech
niques, FIB-SEM and X-ray-microscopy/micro-CT applied in a 
correlating imaging workflow could be used to analyze DDS, not only in 
terms of porosity and dispersed drug particle size, but also to create drug 
release prediction models. FIB-SEM provides the necessary resolution to 
analyze smaller features in carrier systems that are not visible from the 
surface, and cannot be detected by other volume imaging methods. In 
these studies, the observed microstructures proved essential in predict
ing drug release successfully. Since FIB-SEM is unable to characterize 
large sample volumes due to its slow processing speed, the combination 
of FIB-SEM with micro-CT or X-ray microscopy can be used to describe a 
drug carrier system in a way the prediction of its drug release may be 
possible. Such observations could be used to enhance the understanding 
of a drug release profile from microparticles, or other types of depot 
formulations. 

3.2. Tablets and compacts 

Tablets and compacts are well suited for analysis using other 
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standard analysis methods (e.g. micro-CT, or MIP) as these methods are 
capable of acquiring data for the entire dosage form or at least a large 
area of it, allowing the user to investigate most of the internal structure. 
However, FIB-SEM can be used to complement mercury intrusion 
porosimetry datasets, as it is able to view detailed porous structures 
[107]. In addition, it is possible to probe different areas of a tablet to 
investigate for example, magnesium stearate deposits [108]. 

Micro-CT or X-ray microscopy could be used to analyze the formu
lation as a whole and enable to detect specific regions of interest that 
subsequently can be depicted at highest resolution using FIB-SEM. Due 
to the non-destructive nature of micro-CT or X-ray microscopy imaging, 
it is theoretically possible to analyze a tablet with micro-CT, label a 
region of interest in the resulting data set and reanalyze this region with 
high-resolution imaging technique such as FIB-SEM. The potential 
advantage of the use of a combination of micro-CT and the FIB-SEM 
technique for larger samples is the ability to obtain a quick overview 
and further analyze particle interactions or nanostructures more 
precisely. 

3.3. Pharmaceutical coatings 

Coatings are widely used in the pharmaceutical industry, and range 
from aesthetic finishes to sophisticated controlled release encapsula
tions. As referenced earlier, the applicability of FIB-SEM for the analysis 
of microstructural features of microspheres also suggests that its use is 
suitable for the study of coatings for pharmaceutical applications. For 
the example with controlled release coatings, drug release can be 
influenced by the addition of pore-forming agents that form micro
structural porous networks during dissolution as the agent leaches from 
the applied coating [109–112]. For this reason, the study of these porous 
coatings is of interest and has already been investigated using SEM on 
either freeze-fractured films, microtome sections, or directly on coating 
surfaces [111,112]. Such studies have provided high quality visualiza
tion of pores, but have ultimately concluded that the analysis of pore 
shape, size and connectivity could be more accurately described if per
formed using a 3D structure. This type of analysis would further improve 
the understanding of the specific mechanism of drug release from porous 
systems in controlled DDS. Investigations with this aim were conducted 
recently using isolated pre-leached ethylcellulose (EC) films, which 
could be considered a challenging but typical model for electron 

Fig. 5. Drug release and structural changes of PLGA microspheres over the duration of 5 days investigated by SEM for surface morphology and FIB-SEM for the cross 
sections. Arrows indicate Internal (orange) and external (red) pores. Reprinted and adapted with permission from [102]. Copyright {2020} American Chemical 
Society.” (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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microscopy within pharmaceutics [85]. Pre-leached EC films were pre
pared using EC as a water-insoluble extended-release polymer and 
hydroxypropyl cellulose (HPC) as a water-soluble pore-forming polymer 
with three different HPC weight percentages, i.e. 22%, 30%, and 45%, in 
the dried film. The films were prepared by coating a rotating drum ac
cording to a previously described method [113]. These investigations 
describe the various steps of FIB-SEM from imaging and image stack 
alignment and segmentation [114], to the reconstruction and 3D 
modelling (Fig. 7) [115].Reconstructed 3D models were analyzed in 
terms of pore size and connectivity [116,117], as well as for simulations 
of mass transfer through the ethyl cellulose film, after permeability was 
measured experimentally with tritiated water in a two chamber diffu
sion cell [118]. 

In addition to the analysis of isolated polymer films described above, 
it is also possible to perform such studies on a finished drug delivery 
system, such as controlled release drug coated pellets The analysis of the 
finished pharmaceutical product allows investigations to be performed, 
both before and after drug release has occurred [119]. In a previous 
study, investigators were able to successfully observe the microstruc
tural changes of a coating before and after drug release, while simulta
neously quantifying coating thickness in the sample. In addition, models 

created using FIB-SEM tomography can better represent the pores and 
their distribution within a matrix system in greater detail than con
ventional SEM, allowing the user to analyze of the tortuosity of a pore 
network in a given sample coating. For example, a 2D surface or layer 
image is not able to resolve the complex nature of the pore networks in a 
controlled release coating or other porous matrix, because inter
connecting pores from deeper layers are not accessible or they may be 
too small for other volume imaging techniques. FIB-SEM can improve 
the understanding of porosity, pore size, and permeability, especially 
with respect to the interconnectivity of pores; resulting in a better un
derstanding of drug release from pore-forming systems such as 
controlled release coatings. Additionally, quantification of film thick
ness may also be performed at the nanoscale, even with nanosized 
particles, as seen with lecithin coated silica particles in another study 
[120] This example demonstrates the possibility to even investigate 
nanometer sized coatings on nanoparticles. Colored coatings often 
contain inorganic pigments that are easily detected with back scattered 
electrons due to their higher atomic number. Such pigments should be 
evenly distributed in a coating for pharmaceutical elegance, or even 
from a functional perspective to allow sufficient protection from light for 
stability purposes [121]. FIB-SEM enables the imaging of even 

Fig. 6. Digitally reconstructed polymeric microsphere from FIB-SEM 3D reconstruction, with (b) showing the drug crystals in green and (c) showing the isolated pore 
phase in red, combined with the polymer phase colored in teal (a). Reprinted from [32] with permission from Elsevier. Copyright (2021) Journal of Controlled 
Release. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. 3D Reconstructed models of the porous controlled release coatings. Pores are displayed in white and pore walls in grey. Scaling with increased leached pore 
former from (a) to (c). Reprinted from [116] under the terms of the Creative Commons CC-BY license. Copyright 2021 Journal of Pharmaceutical Sciences. 
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nanosized pigments within the coating directly on DDS, without the risk 
of generating cutting artifacts that may be a result of rigid pigment 
particles within film, whilst avoiding complex sample preparation 
methods [122–124]. 

3.4. Particulates 

3.4.1. Porous carriers for drug delivery 
Porous structures are not only suitable as coatings for the controlled 

release of drugs, but are also found in excipients and carrier materials for 
the delivery of active ingredients, nutraceutical oils, or liquid formula
tions such as self-emulsifying drug delivery systems [125–128]. These 
carriers can consist of for example, mesoporous silica [28], functional
ized calcium carbonate [129–131], or mesoporous magnesium carbon
ate [132,133]. Characterization of porous systems can be achieved using 
standard methods such as gas sorption analysis to obtain a quantitative 
description of surface area, or mercury intrusion porosimetry (MIP) to 
assess the radius of inlet pores in a sample. Although, MIP is a standard 
technique for determining the porosity of a sample, it is limited by the 
fact that only the size of the inlet pore can be determined and the pore 
shape is assumed to be cylindrical [134]. Furthermore, closed off or 
blocked pores can’t be reached by MIP and therefore not detected. In 
addition, porous samples can be compressed by high pressures, which is 
especially true for soft materials [135]. Electron microscopy techniques, 
can help to substantiate the findings obtained by MIP, as EM allows the 
study of pore shape and size. As previously discussed, to gain access to 
the internal pores with SEM or TEM the samples must be broken or cut, 
since SEM analyzes only surfaces and TEM requires ultrathin samples. 
Mechanical breaking or cutting might be possible, especially for pure 
(drug free) excipient particles [136], but is often accompanied by the 
preparation problems described earlier. With FIB-SEM, even fine porous 
particles can be imaged without distorting the pore structure to reveal 
internal morphology and composition localization. Some fundamental 
studies have been carried out to investigate the relationship between 
MIP and FIB-SEM 2D image pore analysis with drug loaded functional
ized calcium carbonate (FCC) carriers [129]. A further investigation has 
been conducted on proliposomal FCC carriers with the ability to form 
liposomes in situ [131]. The findings describe a data discrepancy be
tween MIP and FIB-SEM with respect to pore size determination. This 
discrepancy was most likely due to the small sample size of the FIB-SEM 
data and the fact that the image processing was performed on 2D image 
data, as well as the complications regarding MIP use described above. 
However, it is possible to evaluate the inner particle structure as well as 
to distinguish between empty and filled pores. Following the in
vestigations, the authors concluded that both methods should ideally be 
combined to adequality interpret the complex porous structures of the 
sample. 

3.4.2. Spray dried particles 
Another application for FIB includes the analysis of spray-dried 

particles. Depending on the spray drying conditions and the composi
tion of the material, particles can have a variety of structural features. 
These features include among others spherical particles with solid, 
hollow or porous interiors [137]. The size ranges of many spray-dried 
particles are well suited for FIB-SEM studies. Early FIB-SEM studies 
have been performed on particles for inhalation; demonstrating the 
general suitability of the technique in this field. In these early studies, 
the authors particularly highlight the ability to visualize internal pores, 
since these are important for aerodynamic behavior [138]. FIB-SEM 
combined with micro-CT was applied to investigate spray dried 
hydroxypropylmethylcellulose-acetat-succinate (HPMC-AS) amorphous 
solid dispersions (ASD). The investigators correlated structural pecu
liarities, such as the size of the internal voids and particle wall thickness 
to the exhaust temperature of the spray-dried product. And, while 
micro-CT data was found to be more suitable for obtaining data sets that 
allow statistical evaluation of quantitative differences, FIB-SEM was 

found to provide more valuable information on the inner morphology 
well below the resolution of micro-CT [139]. An earlier study investi
gated the morphological properties of felodipine-polyvinylpyrrolidone 
ASD prepared by spray drying. They found intra batch morphological 
differences of the particles dependent on their particle size. The 
morphology shifted from a solid particle for the smallest particle size 
fraction, to increasingly nanoporous structures with larger particle size 
fractions. Additionally, it was found that large particles had felodipine 
enriched areas within particles which were confirmed by energy- 
dispersive spectroscopy (EDS), which allows the analyses of elemental 
composition using secondary X-rays generated from the sample after 
electron beam excitation. In this case, characteristic X-rays of chlorine 
were used to analyze felodipine distribution given that it was the only 
chlorine-containing substance in the particle [140]. Another recent 
study used the FIB-SEM technique to assess the internal structure of 
spray dried powdered vaccines. In this study the investigators were able 
to link the interparticle surface to viral activity loss. The larger the 
surface area of the particle, especially the interparticle voids, the lower 
the viral activity. [59]. 

4. Applications of broad ion beam preparations in drug delivery 

Limitations described above regarding cross-section size are not as 
applicable for BIB milling, and as a result larger samples may be pre
pared with an increased cross section size; as compared to FIB-SEM. 
Nevertheless, the technique has not been regularly applied in pharma
ceutical science, but early investigations provide interesting results and 
insights. Previously, the FDA assessed the BIB technique under cryo
genic conditions, as a tool for PLGA microsphere investigation of ARE
STIN® (minocycline hydrochloride microspheres) [37]. They concluded 
that the method could indeed be used to determine microstructural 
equivalence between the reference listed drug and a generic equivalent 
product, and that it was especially useful in regard to complex DDS such 
as PLGA microspheres. Another investigation using BIB milling, inves
tigated polymer nanoparticles prepared using a double-emulsion tech
nique loaded with gold labeled bovine serum albumin (BSA). The study 
revealed that the postulated internal structure was only detectable 
above a certain nanoparticle diameter [33] (Fig. 8). As shown in the 
overview image of the cross-section (Fig. 8a), a BIB instrument was used 
to mill a wafer (bright area) with dispersed nanoparticles on its surface 
(grayish spheres). Looking at the higher magnification image (Fig. 8B), 
bright spots of gold labeled BSA are visible only on the surfaces, but not 
within the particles. 

5. Drug delivery systems in biological environments 

FIB-SEM studies can be used to analyze various biopharmaceutical 
processes, such as the uptake of colloidal carriers, or the interaction of 
tissues and cells with the substrates on which they grow. Imaging drug 
delivery phenomena at relevant biological barriers or targets will ulti
mately deepen our understanding of the underlaying mechanisms of 
drug transport and beyond. 

5.1. High resolution investigations of biological barriers 

In addition to the application of FIB-SEM tomography in the direct 
context of drug delivery, the technique can provide valuable insights 
into structural biology that can benefit the understanding of biological 
drug barriers, and thus how to overcome them. The better the under
standing of such barriers, either in healthy or diseased states, the better 
drug carriers and model systems can be developed to meet patient needs 
[141,142]. Tissues, cells, or ex vivo models being investigated include 
for example, alveolar epithelia cells [143], glomerular epithelia cells 
[144], skin [145,146], neuronal tissue [147,148], cornea [149,150] and 
bovine hoof sheets as an ex vivo model for permeation studies [151]. 
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5.2. Colloidal carrier interaction with cells and tissues 

Another interesting research field is the study of the interaction of 
drug delivery systems with biological systems, particularly using FIB- 
SEM tomography. Most studies in this area have been conducted using 
inorganic materials because standard lipid- or polymer-based materials 
are either soluble in the solvents used for standard EM sample prepa
ration procedures, or are difficult to observe due to their composition of 
low atomic weight elements; providing little contrast for distinguishing 
them from the surrounding sample material. FIB-SEM allows high- 
resolution imaging of particle uptake into cells, analysis of their intra
cellular fate, and localization using tomography. The interaction of 
drug-loaded PLGA-based multi-metallic polymeric microparticles with 
mycobacterium tuberculosis in THP1-macrophages has been investigated 
using FIB-SEM and other electron microscopy based techniques [152]. 
The investigators described various interesting aspects about sample 
preparation and particle uptake. In these studies, a Quetol-based EM 
embedding resin was used which dissolved the PLGA from the micro
particles during the embedding process, whereas a hydrophilic Unicryl 
resin allowed the identification of the PLGA (as it did not dissolve the 
PLGA microparticles within the cells), but the PLGA still had low 
contrast. These methods made it possible to image multi metallic poly
mer particle influence on intracellular located Mycobacterium tubercu
losis cells, resulting in increased rifampicin potency due to a decrease in 
bacterium cellular membrane integrity. Another study, employed FIB- 
SEM tomography as a technique to image nanoparticle uptake using 
non-functionalized gold nanoparticles on primary human umbilical vein 
endothelial cells. The data from this study indicated that the particles 

were most likely located in endo- or lysosomes within the cells, with a 
tendency to aggregate within these organelles. These organelles we 
shown to be clearly visible and distributed over the cellular volume as 
nearly all contained some amount of gold [153]. Most FIB-SEM studies 
have only performed cross-sections with 2D imaging, and have not 
investigated the uptake of the particles using 3D models. In general, 
particles used in localization studies have consisted of for example, sil
ver [152,154], gold [153,155,156], or iron oxides [157,158]. It should 
be noted that most of the data related to the fate of intracellular particle 
uptake has been performed using TEM studies with such 2D images. 

5.3. Interaction between surfaces with cells and tissues 

In addition to the importance of interactions between nanoscale 
particles and biological systems, it is also important to consider in
teractions of biological systems (e.g. with regard to biocompatibility) 
with larger particles or materials such as implants, stents, microneedles, 
or scaffolds used in tissue engineering. FIB-SEM can allow direct cross- 
sectional imaging of cells and tissues interacting with such substrates. 
Many of the aforementioned samples have properties that can make it 
difficult to obtain high-resolution cross-sections or 3D structures, as 
embedding processes could alter a given structure, potentially due to its 
physical instability [159]. On the other hand, some cell penetrating 
needles are composed of material which is challenging to cut by means 
of ultramicrotomy due to their hardness. Using FIB-SEM, it is possible to 
reconstruct osteoblasts grown on electro spun PLGA fibers at high res
olution in 3D [160], which would have been difficult to prepare using a 
different method due to its complex composition and softness. Another 
application demonstrating the capability of the FIB-SEM technique, is 
the fabrication of clean cross sections of nano and microneedles and 
their penetration of cells, e.g. for ex vivo gene manipulation [161,162]. 
In this example, the needles (comprising silicon dioxide a hard material) 
are difficult to cut, as a composite using ultramicrotomy, since there is 
risk of sample delamination or damage to the microtomy knives them
selves [163]. 

6. What are the challenges of FIB-SEM in drug delivery? 

Even though the use of FIB-SEM has long been established in semi
conductor science, and its outstanding imaging capabilities are proven 
in structural biology, its application in pharmaceutics is still sparse. The 
implementation of FIB-SEM within structural biology was achieved 
quickly because sample preparation protocols, especially for TEM in
vestigations, had already been established long ago. FIB-SEM or other 
advanced EM techniques used in pharmaceutics still need to be adapted 
to existing techniques from materials science and biology to adequately 
address issues such as localization of DDS in cells/tissues. This is espe
cially true in areas such as contrast generation and fixation, as most 
excipients/API do not have large differences in terms of average atomic 
number. 

6.1. Challenges in drug delivery 

With little exploration to-date, another highly relevant field of 
application is that of intracellular localization of lipoid or polymeric 
pharmaceutical excipients by means of EM, since light microscopy 
methods are more commonly used for imaging intracellular trafficking 
[164,165]. This is particularly relevant for intracellular delivery of 
sensitive APIs such as RNA, DNA [166–168], or proteins [169,170] that 
need access to the intracellular space for successful administration. 
However, most EM based cellular uptake studies have been performed 
with inorganic nanoparticles, since these already have highly electron 
dense properties and are not affected by most of the chemicals used in 
the fixation and staining of cells or are rapidly digested. Thus, a major 
challenge when investigating polymeric or lipid-based DDS is the lack of 
sample preparation protocols suitable in preserving both cellular 

Fig. 8. Broad ion beam milled PLGA nanoparticles containing gold labeled BSA 
dispersed on a wafer (Fig. 8 A). The gold labeled BSA is seen as bright dots on 
the surface (Fig. 8B). Reprinted from [33] with permission from Elsevier. 
Copyright (2015) European Journal of Pharmaceutics and Biopharmaceutics. 
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ultrastructure and particle morphology, while enabling the visualization 
of uptake and trafficking of the drug delivery vehicle with the electron 
microscope. Before issues of nanoparticle uptake and localization in 
cells and tissues can be comprehensively addressed, appropriate pro
tocols must be developed to ensure that the DDS and the respective 
biological materials retain their ultrastructural properties, whilst 
exhibiting sufficient contrast. There will most likely be cases where it 
won’t t be possible to retain both cellular ultrastructure and particle 
morphology. A promising approach to truly elucidate the localization of 
DDS within cells may be new techniques such as correlative light and 
electron microscopy (CLEM). [171–174] 

6.1.1. Correlative light and electron microscopy (CLEM) as possible 
solution 

CLEM is an approach in which the same cellular ROI can be visual
ized using light microscopy (often using some form of super resolution 
microscopy), before being subsequently imaged using electron micro
scopy [175]. This approach allows rapid screening of a sample initially 
using light microscopy to enable the tracking of, for example, a 
fluorescent-labeled component. A technique such as FIB-SEM or EM in 
general can then be used to image the same location. This correlative 
approach makes it possible to overlay both images. Here, it would still be 
possible to obtain the localization of the drug delivery system by its 
fluorescent label and to put this signal into an ultrastructural context 
after EM imaging. Suitable EM techniques could be TEM or FIB-SEM. 
FIB-SEM would allow correlation of fluorescence and EM ultrastruc
ture in a combined 3D model. Such an approach could also provide in
formation on whether the fluorescent tracer is still present in the DDS of 
interest or has been removed from the DDS, e.g., by digestion. 

7. Potential of FIB-SEM in drug delivery 

The use of FIB-SEM as a tool for characterizing long-acting PLGA- 
based injectable drugs and implants was recently evaluated by the FDA 
Center for Drug Evaluation and Research [37,176]. It was concluded 
that an ion beam prepared cross-section may be used to determine 
microstructural equivalency of PLGA-based microspheres, when 
comparing a generic drug product against a reference listed drug. This 
conclusion could be extended to a wider range of drug delivery systems 
whose microstructural characteristics are also critical to their perfor
mance. Many advanced drug delivery systems are complex in design, 
and may be sensitive to variation in manufacturing, for example for the 
various types of micro- or nano-capsules that have been used or inves
tigated. It is therefore important to verify the presumed structure of such 
drug delivery systems following their manufacture. It follows that If the 
actual structure does not match the anticipated one, then the assumed 
mode of action of the delivery system could be incorrect. Indeed, FIB- 
SEM has the potential to analyze these types of microstructural fea
tures with unprecedented precision, challenging the status quo in many 
aspects of drug delivery, because many hitherto unobtainable critical 
properties could be assessed in the final manufactured drug product. 
These properties, especially when nanosized, are often difficult to 
observe by other means and, are thus regularly neglected or ignored. In 
general, FIB-SEM may also be the most versatile and suitable electron 
microscopy-based volume imaging method for pharmaceutical samples, 
due to the largely material-independent milling process, as most other 
preparation techniques require an ultramicrotomy approach [177,178]. 

The potential of FIB-SEM is not limited to the analysis of drug de
livery. As described above, the ability to analyze biological materials in 
3D will improve understanding of nanoparticle uptake, particularly by 
combining light and electron microscopy techniques in a CLEM 
approach. FIB-SEM tomography can be used to describe the relationship 
between nanoparticles and cell organelles, especially for single cells or 
small cell clusters [179]. In general, electron microscopy techniques are 
better suited for imaging nanoparticles in a cellular context than stan
dard light microscopy techniques, as EM can be used to image a single 

cell down to their ultrastructural details [180]. This becomes apparent, 
as organelles can stretch over vast distances (in a cellular context), and 
possess dynamic morphological features. Imaging becomes even more 
complex when one considers aspects such as, cellular uptake and cellular 
degradation pathways like endocytosis and autophagy. Many of these 
organelles can only be characterized by their membrane organization 
using electron microscopy [165,181]. When nanoparticles are taken up 
by the cell by endocytosis, they may also trigger autophagy [182–185]. 
However, both processes can be consolidated when an autophagosome 
fuses with a late endosome leading to the formation of an amphisome 
[181,186] (containing both organelles and nanoparticles [187]) which 
is destined for degradation. Various studies have aimed to determine the 
co-localization of stained nanoparticles with intracellular organelles 
using light microscopy techniques. However, such stained structures 
may have already encountered one another within an amphisome, giv
ing a false impression of successful drug delivery. It is therefore 
important to visualize the cellular structures in detail to ensure that the 
particles are co-localized at the correct target; a possibility using elec
tron microscopy [173,174]. In this context, only EM can distinguish 
organelles by their morphology or membrane organization, as well as 
the particles themselves and their interactions [188]. In general, great 
caution should be taken when interpreting such images, as cells are 
capable of digesting pharmaceutical excipients and thus altering the 
expected DDS structure or forming vesicular structures such as lipid 
droplets or exosomes. Especially exosomes can easily be mistaken for 
liposomes or nanoemulsion droplets (Fig. 9B). 

FIB-SEM enables nanoparticle distribution studies over a whole cell 
or a larger cellular volume, highlighting specific locations across various 
organelles as well as their physical state for an accurate assessment of 
the functional principles. Depending on the proposed mode of delivery, 
only EM-based techniques have the necessary resolution to demonstrate 
that the drug delivery system reaches the target structure intact. EM 
examinations cannot prove the successful delivery of the API, nor can it 
negate previous results with positive treatment outcomes, as these re
sults are obtained with quantitative techniques that analyze the effect of 
an API. However, microscopy could allow the effect of the drug delivery 
system to be linked to its cellular localization. And, it may be possible to 
achieve the proposed effect without the suggested delivery mechanism. 
Nuclear delivery is such an example, where intranuclear presence or just 
being in outside vicinity of the nuclear membrane can lead to ambiguous 
interpretations. A light microscopy technique, especially a non-super 
resolution based technique, could be used to suggest particle localiza
tion in a cell nucleus, although the particle might actually just be in a 
nuclear envelope invagination [189–192] (Fig. 9A). 

Recently, several approaches have been tested for different DDSs 
such as liposomes, chitosan nanoparticles, or ethosomes [180,193–197] 
that take advantage of the affinity of EM contrast agents towards ex
cipients in these DDS. An optimal method would contrast the drug de
livery system material itself without affecting cellular ultrastructure, or 
better yet, contrast the biological material during the same process. 

8. Conclusions 

FIB-SEM has proven its value in pharmaceutical research, especially 
in recent years with a focus on the characterization of DDS. Nanoscale 
characterization of advanced DDS is of immense importance to draw 
conclusions about the mechanism of action. FIB-SEM is the most suitable 
volume electron microscopy technique for pharmaceutics, because it is 
capable of being used to analyze both DDS and biological samples due to 
its capacity for material-independent ion beam milling. Other volume 
electron microscopy techniques, while beneficial for biological sample 
analysis, are less suitable for analysis of DDS due to their dependance on 
ultramicrotomy. The study of nanoparticle uptake in cells and their 
respective localization in a cellular environment is of high interest, 
however, these studies usually rely on light microscopy techniques or 
inorganic electron dense particles for EM studies. Therefore, FIB-SEM 
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has the potential to play an extraordinary role in the future in studying 
the interaction of DDS with their respective targets, as well as uncov
ering structural features within advanced DDS. 
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Fast and slow sample preparation, in: Methods in Cell Biology, Elsevier, 2019, 
pp. 1–21, https://doi.org/10.1016/bs.mcb.2019.03.009. 

[64] A.A. Polilov, A.A. Makarova, S. Pang, C. Shan Xu, H. Hess, Protocol for 
preparation of heterogeneous biological samples for 3D electron microscopy: a 
case study for insects, Sci. Rep. 11 (2021) 4717, https://doi.org/10.1038/ 
s41598-021-83936-0. 

[65] K.A. Telari, B.R. Rogers, H. Fang, L. Shen, R.A. Weller, D.N. Braski, 
Characterization of platinum films deposited by focused ion beam-assisted 
chemical vapor deposition, J. Vac. Sci. Technol. B 20 (2002) 590, https://doi.org/ 
10.1116/1.1458958. 

[66] N. Schieber, P. Machado, S. Markert, C. Stigloher, Y. Schwab, A. Steyer, Minimal 
resin embedding of multicellular specimens for targeted FIB-SEM imaging, 
Microsc. Microanal. 23 (2017) 1274–1275, https://doi.org/10.1017/ 
S1431927617007036. 
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M. Persson, M. Stading, A. Larsson, The influence of the molecular weight of the 
water-soluble polymer on phase-separated films for controlled release, Int. J. 
Pharm. 511 (2016) 223–235, https://doi.org/10.1016/j.ijpharm.2016.06.058. 
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[117] C. Fager, S. Barman, M. Röding, A. Olsson, N. Lorén, C. von Corswant, D. Bolin, 
H. Rootzén, E. Olsson, 3D high spatial resolution visualisation and quantification 
of interconnectivity in polymer films, Int. J. Pharm. 587 (2020) 119622, https:// 
doi.org/10.1016/j.ijpharm.2020.119622. 
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[129] M. Farzan, R. Roth, G. Québatte, J. Schoelkopf, J. Huwyler, M. Puchkov, Loading 
of porous functionalized calcium carbonate microparticles: distribution analysis 
with focused ion beam Electron microscopy and mercury Porosimetry, 
Pharmaceutics. 11 (2019) 32, https://doi.org/10.3390/pharmaceutics11010032. 

[130] T. Stirnimann, S. Atria, J. Schoelkopf, P.A.C. Gane, R. Alles, J. Huwyler, 
M. Puchkov, Compaction of functionalized calcium carbonate, a porous and 
crystalline microparticulate material with a lamellar surface, Int. J. Pharm. 466 
(2014) 266–275, https://doi.org/10.1016/j.ijpharm.2014.03.027. 
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