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In pharmaceutical development alternative drug delivery modalities are being increasingly employed.
One example is an implant, which achieves gradual drug release in patients over a period of many
months or years. Due to the complexity of these long-acting formulations, advanced physical charac-
terization methods are desirable as screening tools during protracted formulation development. Imaging
methods are of particular interest due to their ability to interrogate the structure and composition of
implants spatially across multiple length scales (macro, micro, nano). In this work, spatiochemical im-
aging is shown to interrogate many crucial drug product attributes of solid implants: overall implant
structure, drug distribution, micro-domain size and orientation, agglomeration, porosity and defects,
drug/excipient interface, dissolution process, and release mechanism. Imaging methods facilitate a
detailed understanding of the process/structure correlation to inform on formulation selection, process
parameter optimization, and batch consistency. Numerous case studies of implant applications with
imaging are discussed. Methods utilized are X-ray computed tomography (XRCT), scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS) imaging, and Raman microscopy. The
imaging data is complemented with solid-state nuclear magnetic resonance (ssNMR). Altogether, these
examples demonstrate that complementary imaging methods are highly effective for analyzing complex
and novel pharmaceutical modalities such as solid implants.

© 2020 Published by Elsevier Inc. on behalf of the American Pharmacists Association.
Introduction

In the pharmaceutical industry there is a strong drive towards
alternate drug delivery systems.1,2 Long-acting formulations are
intended to improve patients’ adherence to their medication and
prevent therapeutic failure.3-6 Pharmaceutical implants are of in-
terest because they gradually release drug in patients over a period
of many months or years.3 While implants afford extended drug
release, they are complex formulations that require protracted
development timelines. Sophisticated physical characterization
tools are needed to better understand the technical considerations
that underpin the workings of these formulations.

Imaging methods hold promise for materials physical charac-
terization of long-acting polymeric implants. In the pharmaceutical
space, imaging has been employed in an in-vivo and biological
setting7,8 and has also found ample applications in formulation
ki).
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development of tablets, capsules, coatings, and other materials by
various methods.9-11 In this work the applications of numerous
imaging techniques to long-acting polymeric implants are dis-
cussed for interrogating material aspects of formulations. The im-
plants are composed of polymer as well as a small molecule or
peptide drug. The techniques discussed are X-ray computed to-
mography (XRCT), scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy scanning electron microscopy
(EDS-SEM), and Raman microscopy. Solid-state nuclear magnetic
resonance (ssNMR) is also leveraged.

In the context of long-acting implants, many studies of have
been conducted which have emphasized in-vivo and in-vitro im-
aging applications.12-15 On the other hand, the exploration of ma-
terials imaging technologies to interrogate the influence of
manufacturing processes on solid implants is less well-treaded
territory. For example, in prior comprehensive summaries of the
effect of manufacturing processes on material attributes of poly-
merics fabricated by hot melt extrusion (HME)16 materials imaging
was not a major point of emphasis. Thus, material characterization
technologies for solid polymeric implants would benefit from
sociation.
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further method development and application to achieve more
widespread industrial adoption. To the best of our knowledge, the
comprehensive study of the influence of implant manufacturing
processes on a broad range of formulation material attributes for
solid subcutaneous implants and their effect on performance and
quality control, studied at multiple spatial length scales (macro/
micro/nano) usingmultiple advanced imaging techniques, provides
additional insights.

Imaging for materials characterization affords numerous bene-
fits towards pharmaceutical development of polymeric implants
which are discussed in detail. Broadly speaking, imaging can be
utilized to assist in selection of the lead formulation design and
preferred manufacturing process by evaluating the structure and
spatial composition of the formulations that are produced. Imaging
can aid in process parameter selection and optimization by inter-
rogating the impact of the operating conditions on the resultant
formulation. Imaging can also be used for quality control to ensure
that the formulations are structurally uniform and that different
batches are produced with consistent attributes. Furthermore,
imaging tools can be used to aid in an understanding of the drug
release mechanism and confirm that the drug releases in an ex-
pected way.

Materials and Methods

X-Ray Computed Tomography (XRCT)

XRCT was performed on a Xradia Versa XRM-500. The samples
were imaged as-received without additional sample modification.
The image acquisition and reconstruction software utilized was
VersaXRM and XMReconstructor, respectively (software revision
July 10, 3679.13921).

XRCT is utilized for 3D imaging. Whereas many other micro-
scopicmethodsprimarily investigate the surface regionofmaterials,
the X-rays penetrate the solid organic drug product formulation and
enable the reconstruction of a full three-dimensional representation
of the entire object. In so doing, it is possible to examine the interior
of drug products in a non-destructive manner. XRCT generates
intrinsic contrast differences between some features in a formula-
tion, which is dependent on factors including the physical density of
the material and the elemental atomic number of the substituents.
For example, in a typical XRCTgrayscale scan of a solid drug product,
it is common that low-density regions like air pockets will appear
with low intensity in the images (dark regions), whereas high-
density regions of metal excipients appear with high intensity
(bright regions). In this study, XRCT yielded contrast differences
between some of the formulation components. For example, crys-
talline small-molecule drug domains appeared with higher in-
tensity (brighter) than semi-crystalline polymer domains. Regions
of metal excipients such as barium sulfate appeared with higher
intensity (brighter) than either the crystalline API or the semi-
crystalline/amorphous polymer regions.

For solid drug product formulations XRCT is used to assess the
global uniformity (porosity, deformities, etc.) and microstructural
features (domain size, shape, orientation, etc.). Another benefit is
that XRCT can be employed for characterization at multiple spatial
length scales. At a low magnification setting, the whole implant
drug product radial cross-section is imaged (2 mm diameter) and
macro-scale uniformity is assessed (pixel size 2.2 mm). At a high
magnification setting, higher-resolution images are acquired albeit
of a smaller region (650 mm diameter volume; pixel size 700 nm).

A major limitation of XRCT is that the method does not possess a
high degree of chemical differentiation (unlike chemical mapping
which is also discussed in this work). Therefore, some substituent
components of a formulation cannot be distinguished with XRCT.
Further, due to its spatial resolution limitation, micro-XRCT is not
capable of observing molecular-level structures and generally
resolved onlymicro-agglomerate particle structures in these studies.

Data representation and data analysis was performed with ORS
Dragonfly Pro v.2.0.0.0. For image segmentation of pertinent features
from X-ray CT images, different image analysis methods were
employed, including threshold-based segmentation and the Otsu
method.17 In Fig. 2, porosity was computed from XRCT of four sam-
ples using thresholding-based image segmentation. The measure-
ment carries an error bar for porosity of approximately ±0.5% due to
the limitations inherent to a thresholding segmentation approach,
though this analysis provedadequate anddidnot appreciably impact
the conclusions of this studyas the porosity differences cited in Fig. 2
variedgreatlybetween the samples tested. Further, theporositycited
captures macro- and micro-porosity only (not nano-porosity due to
the resolution limitation of XRCT).

Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray
Spectroscopy (EDS)

Due to its widespread utility, SEM has many applications. In this
work SEM is used to assess the local nanostructure of implants.
With SEM we can analyze the structure of materials with a much
higher spatial resolution than is possiblewith XRCT. For example, in
this study SEM was able to resolve single drug particles inside the
implant solid dispersion matrix (whereas XRCT could only resolve
micro-agglomerate clusters composed of multiple drug particles).
SEM examines regions at the surface of a material, but can also be
combined with destructive methods to dissect samples in order to
obtain structural information on the interior of the implants.

A further benefit is that SEM is paired with EDS for elemental
mapping to examine the local elemental distribution of substituent
components in the formulation. In this manner, the micro-
distribution of species can be more reliably determined; e.g.,
halogen-containing APIs and metal-containing excipients yield
distinct spectral signatures that can be mapped. A full review of
SEM is beyond the scope of this work and readers are encouraged to
reference a range of publications on this technique and its phar-
maceutical applications in the literature.

Samples were cryotomed using a metallic blade into thin sec-
tions and then fixed to an aluminum stub using double-sided car-
bon adhesive tape. Metallic coating of the samples was not
employed. Environmental scanning electron microscopy (ESEM)
was performed for implant imaging with a FEI Quanta 250 FEG.
Scanning parameters utilized include 20 kV, ~150 mA emission
current, large field detector, FEI Quanta 250 FEG beam spot size
setting #2, and 10.0 mm working distance. A controlled 0.75 Torr
water pressure was introduced into the chamber to minimize
charging of the sample during acquisition. Elemental analysis by
EDS was performed using an Oxford Instruments Energy Dispersive
X-ray (EDX) detector and an acquisition time of 2e5 min. Spectra
were collected for regions of interest and processed using the Ox-
ford Instruments INCA software suite, smoothing step, elimination
of Si escape peaks, Gaussian deconvolution, and the ZAF quantita-
tion method. For EDS mapping, to achieve adequate signal, the
water pressure inside the chamber was reduced to 0.3 Torr. The EDS
map was collected over a 350 mm region at a pixel mapping reso-
lution of 1024 � 704.

Raman Microscopy

Raman imaging is a chemical imaging method for quantitative
analysis of multi-component systems. It has been shown to possess
utility for the analysis of oral, inhaled, andother pharmaceutical drug
products.18 A primary benefit is that Raman is chemically sensitive



Fig. 1. Two implant designs comparing the intended design to the actual structure evaluated by X-ray CT imaging. Top row: Reservoir implant composed of a drug-rich core and a
drug release rate-controlling outer polymer layer (image dimension: 2 mm). Bottom row: Matrix implant composed of a solid-dispersion of drug in a polymer matrix (image
dimension: 0.6 mm).
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(unlike XRCT). Further, Raman is sensitive to different moieties of
organic pharmaceutical materials which elemental mapping cannot
distinguish. Thus, the tool can be used to spatiochemically map
complex pharmaceutical drug product compositions.

Raman microscopy was conducted on a Renishaw Invia Qontor
microscope with a 785 nm line-focused laser, a 50� objective, an
acquisition step size of 5 mm, and a mapped area size of
500 � 500 mm2

. Reference standards were prepared of the API, the
polymer (ethylene vinyl acetate), and barium sulfate (BaSO4),
which demonstrated effective spectral separation between the
components.

Sample Fabrication General Information

Most of the implant samples discussed in this work were pre-
pared using a hot melt extrusion (HME) process. For the HME
samples the API andmilled polymer were preblended and hot-melt
extruded to form rods of approximately 2mm in diameter. A couple
of implants discussed were prepared by a solvent casting method,
as outlined in the next section and explicitly noted in the manu-
script. One implant was made by a small-scale tubing process by
melting the polymer inside a hollow tube in order for it to attain its
desired cylindrical rod shape.

The active pharmaceutical ingredient (API) primarily utilized in
this study is a highly-soluble BCS class 1 compound. The API is
highly stable in the crystalline form. Due to the high solubility of
the API, it would be completely dissolved in the pure powder form
in a matter of seconds or minutes.
Sample Fabrication by Hot Melt Extrusion (HME)
Micronized polymer and API were blended with a Turbula T2F

mixer at various ratios. Two screw configurations were used, both
predominately consisting of conveying elements with different
mixing sections. The less aggressive screw design (“HME low
shear”) contained a mixing section consisting of conveying,
kneading elements each 15 mm in length, with offset angles of 30�,
60�, and 60�. The more aggressive screw design (“HME high shear”)
included additional mixing segments after the mixing section used
in the less aggressive design: conveying, kneading elements each
15mm in length, with an offset angle of 90�. For both extrusion set-
ups, the strands were then air-cooled and pelletized to form
micropellets. The pellets were then extruded with a ½” American
Kuhne single screw extruder to form a 2 mm diameter filament.

A complementary spectroscopic method, solid-state nuclear
magnetic resonance (ssNMR), was used to confirm formation of a
phase-separated system.

Sample Fabrication by Solvent Casting
Miniature cylindrical implants were prepared using solvent-

casting methods analogous to those previously described by other
authors.19-21 Polymer (PCL, PLA, or PLGA) was dissolved in a volume
of organic solvent (e.g., acetone, dichloromethane) to form a solu-
tion of appropriate viscosity to allow for extrusion and solid
implant formation. API was added to the polymer solution as a solid
or in solution with a second organic solvent (e.g., methanol).
Depending on the properties of API and solvents used, this resulted
in either a suspension of API in the polymer solution, a solution of



Fig. 2. X-ray CT 3D reconstructions of matrix implants produced by four different implant fabrication methods. (a) Mixed solvent-cast method (31% porosity). (b) Single solvent-cast
method (18% porosity). (c) Tubing process and melting the polymer inside the tube (7% porosity). (d) Good manufacturing process (GMP)-scale hot melt extrusion setup with
optimized process conditions («1% porosity). The spatial resolution pixel size of the XRCT data is 2.2 mm. Each cylindrical implant has a cylindrical diameter of ca. 2 mm.
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API and polymer in a single-solvent system, or a solution of API and
polymer in amixed-solvent system. This mixturewas extruded into
silicone tubing (inner diameter ¼ 1.6 mm) using a needle and sy-
ringe at a flow rate of approximately 0.1 mL/min, until the tubing
was completely full. The ends of the tubing were sealed, and the
systemwas then dried under vacuum at room temperature for 48 h
(The tubing is semi-permeable to gas and the solvent escapes
through the tubing. Also, the seals at the end of the tube are not
entirely impenetrable to the air while drying.) Once dry, the tubing
was removed and the resulting rigidminiature implant was cut into
segments of desired length for analysis.

Solid-State NMR Spectroscopy

13C cross polarization (CP) magic angle spinning (MAS) spectra
are acquired at a 400MHz Bruker Advance III HD spectrometer in the
Fig. 3. X-ray CT of a solid-dispersion matrix implant. (a) A 650 mm volume of a virtually diss
analysis and examine the micro-structure on the interior of the implant non-destructively. (b
polymer matrix is shown by the darker color.
Pharmaceutical NMR lab of Preclinical Development at MRL (Merck
& Co., Inc.,West Point, PA, USA). A 1.2ms CP contact time, 50 s recycle
delay, 83 kHz SPINAL decoupling are utilized. All experiments are
carried out using a Bruker 4 mm HFX MAS probe in double-
resonance mode tuned to 1H and 13C, at 12 kHz MAS spinning and
at 294 K. Typical pulse powers are 3 us and 4 us for 1H and 13C,
respectively. The 13C chemical shifts are referenced externally by
using tetramethylsilane (TMS). All spectra are processed in TopSpin.

Results and Discussion

Macro-Scale Imaging for Formulation Design and Manufacturing
Process Selection

In the late stages of pharmaceutical drug discovery and early
stages of implant development, when the aim is to design
ected implant, demonstrating how it is possible to “slice” implant samples by software
) 2D cross-sectional image. The crystalline drug domains appear as white dots and the



Fig. 4. X-ray CT reconstruction of a 650 mm volume inside a matrix solid-dispersion
implant showing the drug domain structure in 3D. The drug domains are shown in
white. The polymer was digitally omitted for clarity. The drug loading by weight is 10%.
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prototype formulations to achieve long-acting release, we
demonstrate that imaging can be applied to aid in the selection of
the formulation design for solid polymeric implants by evaluating
the feasibility of the manufacture of a particular design as well as
the preferred manufacturing method.

In Fig. 1 a comparison is shown of two implant formulation
designs along with corresponding X-ray CT images. One example is
a reservoir system composed of a core enriched with drug and a
polymeric outer shell. This design is reliant upon diffusion of drug
through the shell which acts as the rate-limiting step towards
gradual release over time. The image confirms that that the core
and shell were fabricated and that the targeted shell thickness was
achieved (in this case, 60 mm). The second example is a matrix
design which is composed of a solid dispersion of drug particles
Fig. 5. XRCT 2D cross-sections showing defects that may be observed in implants fabricated
(c) Drug agglomerates (green circle).
inside a polymer matrix. The image shows that drug domains are
uniformly dispersed in the formulation. The two formulation de-
signs have fundamentally a completely different mechanism of
release. These examples illustrate that 3D imaging can be used to
confirm that the physical structures of fabricated implants conform
to their intended designs. The remainder of this work is focused
principally on implants of the solid-dispersion matrix design.

With a formulation design identified and confirmed, Fig. 2
demonstrates the utility of imaging to compare different
manufacturing methods. The formulations are solid-dispersion
matrix implants composed of drug and polymer, but were fabri-
cated using different manufacturing techniques. Imaging is used to
assess the overall structural uniformity of the resultant formula-
tions. Specifically, through image analysis segmentation of regions
of low physical density (air cavities) from regions of higher physical
density (drug/polymer material), the total macro- and micro-
porosity in the implant is computed quantitatively (details of the
porosity computation are provided in the XRCT methods section).
This methodology affords a more benign assessment of internal air
pockets compared to, e.g., mercury porosimetry. A high porosity
decreases the absolute quantity of drug and polymer in the solid
implant and, if pore formation is poorly controlled and uninten-
tional, holds the potential to increase variabilities between batches.
It is also understood that, for a solid-dispersion matrix implant, the
porosity can have a significant impact on the drug release rate by
altering the available surface area for dissolution.

The first set of examples of implants in Fig. 2a and b were man-
ufactured with solvent casting using a mixed solvent and single
solvent system, respectively. Solvent casting is a simple and low-cost
method that can be applied to understand the suitability of a
particular drug for an implant formulation. Imaging reveals that the
formulation thatwas produced fromamixed solvent system (Fig. 2a)
contained very large air cavities. The porosity of the implant in Fig. 2a
is 31%. On the other hand, the formulation produced from a single
solvent system (Fig. 2b) was found to contain a reduced propensity
towards air pockets (18% total porosity). A single-solvent method
thuswas identified to hold promise for preliminary screening efforts
of the implant formulations. Another case is presented in Fig. 2c of an
implant fabricated from a small-scale tubing process by melting
polymer inside a hollow tube to attain the desired cylindrical rod
shape. Imaging confirms that the resultant formulation does not
possess major macro-scale defects. Furthermore, the volume
consumed by air pockets in this formulation is substantially reduced
(7% total porosity). However, this process still introduces some im-
perfections which are unrepresentative of commercial-scale
under un-optimized process conditions. (a,b) Air pockets of varying sizes (red circles).



Fig. 6. (a) SEM secondary electron image of a cross-section of an implant formulation. (b) 13C CP-MAS NMR spectra indicating effective phase separation between drug and polymer
in the implant, as suggested by the imaging data.
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extrusions. Lastly, the sample in Fig. 2d is an implant generated from
a good manufacturing practice (GMP) HME instrument utilizing
optimized conditions. Imaging reveals that the resultant implants
possess a high degree of structural uniformity («1% total porosity).
The results demonstrate that XRCT is an effective first-pass assess-
ment of general formulation uniformity during the implant formu-
lation screening phase. Themacro-uniformity has a direct impact on
release performance and product quality. In our experience, for the
solid dispersion implants studied, formulations possessing large in-
ternal air cavities exhibited a faster release rate due the increased
surface area for dissolution. Additionally, it can be challenging to
control air pocket formation reliably during manufacturing, and
therefore amore uniform implant is preferred from the standpointof
achieving long-term formulation quality control and robustness.
Formulation Micro-Structural Uniformity and Batch Consistency

In the prior section imaging was applied to understand different
implant designs andmanufacturingmethods. Having examined the
Fig. 7. X-ray CT 2D cross-sections of a matrix implants composed of a solid-dispersion of cry
drug). (b) 20% drug. (c) 50% drug.
macro-scale structure of the formulations, the objective now is to
understand the micro- and nano-scale structure of these solid
dispersion matrix implant formulations.
Micro-Scale Uniformity
Imaging methods enable evaluations of the micro-scale struc-

ture of implants, which we demonstrate can be an important factor
impacting the drug release profiles (as will be further discussed in
subsequent sections). Micro-imaging is used to confirm a spatially
uniform distribution of drug and excipients in the formulation. In
addition, other defects can be evaluated, such as the extent of drug
agglomeration and presence of small micron-sized air pockets.

Fig. 3 highlights a 3D XRCT reconstruction (Fig. 3a) and a single
representative 2D cross-section (Fig. 3b) of a segment of an implant
containing a crystalline small-molecule drug in a semi-crystalline
polymer. In accord with studies varying the drug loading in the
formulation (refer to section Drug Loading and Polymer Type), the
brighter contrast features are identified as drug domains and the
darker regions correspond to the polymermatrix. From the imaging
stalline drug in a polymer matrix with varying drug loadings. (a) polymer placebo (0%



Fig. 8. X-ray CT images of implants manufactured from three different polymers. (a) PCL. (b) PLA. (c) EVA. (a) and (b) are biodegradable, but (c) is a non-biodegradable polymer.
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it is confirmed that the drug domains in the polymer are regionally
distributed in a relatively uniformmanner throughout the implant.
Furthermore, large agglomerates exceeding 30 mm in size are not
observed. Micro-porosity in the implant is minimal (<0.3%). It is
also apparent that the drug domains have some degree of mild
preferred alignment, being oriented in a circular pattern in accord
with directionality imparted by the fabrication method.

In addition to demonstrating the micro-domain structure in 2D,
it is also possible to plot the drug distribution in 3D as shown in
Fig. 4. The polymer has been digitally omitted from the represen-
tation by utilizing a simple software algorithm based on contrast
segmentation. The white material is representing the 3D drug
structure which can be used to study the spatial distribution and
inter-domain connectivity (as will be discussed more in section
Stages of Drug Release).

Micro-imaging can also be utilized to study micro-scale defects.
Fig. 5 shows examples of small micro-cavities and drug agglomer-
ates. As with large cavities, the micro-cavities appear as dark spots
(low density regions) in the CT images. The pores shown range from
100 to 200 mm (Fig. 5a) to a few microns in size (Fig. 5b). Drug
agglomerates, on the other hand, appear as sizable bright “islands”
in the formulation (Fig. 5c). In this case, the agglomerates are
attributed to drug due to the intrinsic contrast difference of drug/
polymer and the absence of additional excipients in that particular
formulation. The contrast between drug and polymer is discussed
in more detail in section Drug Loading and Polymer Type and
identification of features in complex multi-component composi-
tions by chemical mapping is discussed in section Other Excipients
and Chemical Mapping. The various defects can potentially impact
Fig. 9. X-ray CT images of matrix implants manufactured using different temperatures du
pockets that form (red circles). (b) Medium-temperature manufacturing condition indicatin
agglomerates (blue circles). Major defects were absent in the implant show in panel (b). Th
formulation and quality control aspects in different ways. Metals
can also be observed when introduced purposefully into the
formulation as excipients, as discussed in section Other Excipients
and Chemical Mapping.

Nano-Scale Structure
In the prior sections, micro-imaging has been shown to afford

several applications towards the study of implant formulations.
XRCT is a particularly convenient method due to its applications as
a multi-scale imaging tool able to examine both the macro-scale
(device-level) as well as the micro-scale (drug domain-level).
However, a number of characteristics of implants can only be un-
derstood by detailed investigations of their nano-structure. In
solid-dispersions, due to their limited resolution, micro-imaging
methods are unable to resolve individual drug particles if the
drug particle sizes are small (less than a fewmicrons). On the other
hand, nano-imaging techniques can resolve such small features.
Furthermore, as we demonstrate, nano-imaging provides detailed
information about the interface of the drug and polymer. We can
infer information about the drug and polymermixing by examining
the encapsulation of the drug particles inside the solid dispersion.

In Fig. 6 nano-scale SEM and solid-state NMR are shown of a
solid-dispersion composed of crystalline drug particles in a polymer
matrix. The SEM secondary electron image in Fig. 6a resolves indi-
vidual crystalline drug domains with high resolution, which appear
as sharp-edged rectangular particles embedded in mold of polymer
material (use of backscatter electron imaging could further improve
the contrast between drug and polymer). While the drug domains
are partly covered by polymer, there are many nano-separations
ring hot melt extrusion. (a) Low-temperature manufacturing condition indicating air
g a uniform implant. (c) High-temperature manufacturing condition indicating sizable
e image dimensions are 2 � 2 mm.



Fig. 10. X-ray CT images of matrix solid-dispersion implants produced under different shear force conditions. (a,b) Low-shear. (c,d) High-shear.
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between the drug and polymer regions indicating that drug do-
mains are not perfectly coated by the polymer. The image paints a
qualitative picture that the system studied is predominantly phase
separated. Indeed, solid-state NMR is used as a complementary
spectroscopic tool to evaluate the extent of drug/polymer mixing by
evaluating the crystalline-to-amorphous conversion. Fig. 6b shows
the 13C CP-MAS spectra of the implant sample of interest, reference
sample composed of 100% amorphous drug, as well as physical
mixtures of crystalline API and polymer with 0%, 8%, and 15%
amorphous contents spiked in. The spectral comparison evidences
that this system has less than 8% amorphous content, corroborating
the effective phase separation between crystalline drug and poly-
mer that is suggested by the SEM data.

Formulation Composition Selection and Process Parameter
Optimization

Having established imaging as a toolkit for analysis of phar-
maceutical implants, a few case studies are highlighted examining
specific variations to the formulation, e.g., drug loading, excipient
type, and manufacturing process conditions, and influence on
implant structure.

Drug Loading and Polymer Type
Imaging can be utilized to evaluate the impact of variations in

drug loading and polymer type on the formulation. In Fig. 7multiple
formulations are examined by XRCT varying the content of drug in
the formulation. In the polymer placebo (Fig. 7a) there is a relative
uniform background signal. With addition of 20% drug (Fig. 7b) in-
dividual drug domains appear with bright contrast relative to the
background. As drug loading is further increased to 50% (Fig. 7c) the
abundance of the drug domains correspondingly increases. (It is
noted that drug loadings estimated from images are calculated on a
by-volume basis, as compared to the values for drug loading that are
keyed into the formulation fabrication process on a by-weight basis.
The drug loadings on a volume percentage basis depend on the
density of the materials. For the crystalline, small molecule phar-
maceutical compounds studied here, the volume percentages are
significantly lower than the drug loadings on a weight percentage
basis.) This trend in contrast aligns intuitively with theoretically
expected trends, as XRCT provides higher contrast for physically
dense materials (such as crystalline drugs versus polymers con-
taining amorphous regions) and those materials containing high
atomic number species (such as halogens often found in pharma-
ceutical drugs). The inherent image contrast between drug and
polymer can be used to study the impact of drug loading on the drug
spatial distribution. The effect of drug loading variations from CT
imaging can also be related directly to the drug release mechanism
of the implants (as will be discussed in section Stages of Drug
Release).

The impact of different polymer moieties on the implant
structure can also be examined. Different polymer materials impact
the manufacturing process, formulation, and performance in
numerous ways. For example, different polymers can have varying
degrees of miscibility with the drug. From a manufacturing
standpoint, the process conditions and physicochemical properties
of the resultant formulations are also impacted. In Fig. 8, implants
are shown manufactured from three different polymer moieties:
Polymer A (PCL) and Polymer B (PLA) are two biodegradable and
amorphous polymers. Polymer C (EVA) is a non-degradable and



Fig. 11. X-ray CT 2D cross-sections comparing two formulations produced by different hot melt extrusion setups. (a) Single-step extrusion setup. (b) Two-step extrusion setup.
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semi-crystalline polymer. The drug is identical in all three cases
(crystalline small molecule). The preferred extrusion temperatures
increased across the series from A - > B - > C (75 �C -> 100 �C ->
125 �C). In all three cases, drug domains (bright dots) are resolved
as distinct features embedded in the matrix (note that the instru-
ment conducted an auto-calibration of overall intensity between
the datasets to optimize image quality; hence the intrinsic contrast
difference between Polymer A vs B vs C across the data sets may not
necessarily be solely due to differences in material properties). The
Fig. 12. X-ray CT images of implants containing drug, polymer, and a metal sulfate (BaSO4).
the metal in the formulation. (a) Co-mill polymer and BaSO4. (b) Similar as in (a) but wit
additional kneading blocks.
data is consistent with an understanding obtained from other
physical characterization methods (e.g., X-ray diffraction and
ssNMR) that the physical state of the high-melt drug crystals is
relatively stable during the manufacturing process and drug/poly-
mer mixing is minimal. Thus, the data speaks to the feasibility of all
three polymer moieties towards generating structurally uniform
implants by a holt melt extrusion process. However, it is noted that
Polymer A (extruded at the lowest temperature) exhibits the
highest porosity and Polymer C (extruded at the highest
Formulations were made with different process conditions examining the dispersion of
h addition of a simple shear extrusion screen pack. (c) Alternative screw design with



Fig. 13. Energy-dispersive X-ray spectroscopy (EDS) SEM imaging of a matrix solid-dispersion formulation composed of drug, polymer, and a radiopaque agent (barium sulfate). (a)
SEM image. (b) Carbon EDS. (c) Barium EDS. (d) Sulfur EDS.
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temperatures) exhibits the lowest porosity. Further, it is of note that
the nature of the porosity is different for Polymer A (total micro-
porosity ca. 1%; spherical cavities) and Polymer B (total micropo-
rosity ca. 0.5%; elongated crack-like cavities; refer to the supporting
information). This data proved to be a key input informing process
development studies and adapting the process to give the preferred
outputs. The temperatures and process conditions used for two of
the polymers A and B were inadequate and were needing to be
adjusted to account for the different inherent properties of the
polymers. The effect of temperature on the porosity of HME-
manufactured implants is further discussed in the next section.
Process Conditions (HME Setup, Temperature, Shear Force)
After key implant formulation aspects are solidified (overall

formulation design, manufacturing method, composition), impor-
tant questions in mid- and late-stage development are centered
around defining the range of manufacturing process parameters
which yield comparable drug release performance within defined
specifications. Problematically, for long-acting formulations
acquiring in-vitro and in-vivo drug release profiles for all tested
Fig. 14. Raman mapping data of a matrix solid-dispersion implant composed of 40% drug,
conducted on a by-volume basis.
formulations is extremely time-consuming. Imaging can be lever-
aged as a screening tool to select the most promising formulation
candidates for further release testing.

The first example of utilizing imaging to inform process engi-
neers and scientists on process parameter selection is a variation in
the processing temperature for hot melt extrusion (Fig. 9). Within a
fixed formulation composition (same polymer and same drug
loading), a clear difference in macro-scale uniformity is observed as
a function of temperature. Lower temperature extrusions (Fig. 9a)
yield formulations with a significant proportion of defects in the
form of air cavities (shown by the red dots). At those low temper-
atures the polymer viscosity is still rather high which hinders the
filling of air pockets during the HME manufacture. On the other
hand, at high temperatures (Fig. 9c) porosity is minimal but there is
an increased propensity towards drug agglomeration (shown by
the blue dots). The optimal formulation structural uniformity was
attained in the intermediate range (Fig. 9b).

The second example demonstrates the effect of shear forces
during the manufacturing process on the implant micro-structure.
In Fig. 10 an example is shown comparing lower shear forces
10% barium sulfate, and 50% polymer by weight. The image component analysis was



Fig. 15. Complete 3D representation of matrix solid dispersion implants after different stages of drug release. (a) Implant as-fabricated prior to undergoing the release process. (b)
Implant that has undergone 18% drug release shows a dissolution front, indicated by the yellow arrow, penetrating into the interior of the implant. (c) After 100% drug release, only
the porous husk of the polymer remains behind. In this case the polymer is non-biodegradable. The implant rods have a cylindrical diameter of 2 mm.
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(Fig. 10a) versus higher shear forces (Fig. 10b). The differences be-
tween the shear conditions are explained in the experimental
section. The effect of shear rate was found to be significant on the
microdomain structure. The higher shear forces significantly
Fig. 16. X-ray CT images 2D cross-sections and high magnification images of a matrix solid
pre-release state. (c,d) After 18% of drug has released. (e,f) After 100% of drug has released. T
dimensions are 2 � 2 mm.
decreased drug agglomeration. The high-shear manufacturing
condition yielded for the implant an approximately two-fold
increased release rate as compared to the implant manufactured
under low-shear manufacturing conditions.
dispersion implants at different stages of release. (a,b) As-fabricated; i.e., at the initial
he released implants were imaged after removal from the dissolution bath. The image



Fig. 17. Chemical evidence for drug dissolution from EDS. (a) Scheme of the dissolution
front between regions where drug remains and regions where drug has been released.
(b) Corresponding to the scheme in (a), EDS mapping data of the fluorine signal (green)
which is a unique signature of the drug in this system. (c) Corresponding electron
image.
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A third example demonstrates a more drastic variation in hot
melt extrusion setup (Fig. 11). In Fig. 11a a single-step extrusionwas
performed, wherein a preblend was directly fed through a small
twin screwextruder. In Fig.11b a two-step extrusionwas performed,
where a preblend was fed thru a twin-screw extruder, pelletized,
and then fed through a single-screw extruder. These two conditions
impart different shear forces, heat history, and orientational effects.
These differences can be picked up as variations in the drug micro-
structure. In Fig. 11a various large agglomerates >30 mm in size are
observed, which appear aswhite islands in the implant. (The islands
appear to have a bright skin/boundary which is likely due to oper-
ating under conditions favorable for X-ray phase contrast, which
affords additional contrast at the edges/boundaries of materials.)
These large islands are absent in Fig. 11b. However, aside from the
large islands, other drug domain features are overall larger in
Fig. 11b. Furthermore, in Fig. 11b the drug domains are radially ori-
ented in the sample. The average size of agglomerate domains in the
low-shear case was ca. 30 mm, whereas agglomerate domains were
smaller in the high-shear case at ca. 15 mm. The microstructural
differences significantly impacted the release rate. The single-step
HME setup yielded for the implant an approximately two-fold
increased release rate as compared to the implant manufactured
from the two-step HME setup.

Other Excipients and Chemical mapping
Thus far, solid-dispersion matrix implants have been examined

that contained only two components: the active drug to achieve the
targeted therapeutic effect as well as the polymer to produce a solid
implant and slow the release rate. However, it is often desirable to
include in the formulation additional excipients. For example,
heavy metals may be utilized as a radiopaque agents for in-vivo
imaging of implants, as well as other excipients whichmay enhance
the formulation process in various ways.

Imaging techniques can help understand the impact of addi-
tional components on the formulation uniformity. In Fig. 12, a
heavy metal (BaSO4) is incorporated along with drug/polymer and
the degree of metal agglomeration/dispersion is studied under the
influence of different process conditions. In the XRCT images the
metal appears vibrantly bright and dotted throughout the formu-
lation. It is shown that some processes are better with respect to
dispersing the metal effectively to achieve a uniform micro-
distribution and reducing formation of large agglomerate clusters.
In Fig.12a, BaSO4 was blendedwith polymer and then subsequently
milled, with the intent to utilize shear from the milling process to
aid in the dispersion. In Fig. 12b, a similar process was used, but
with addition of simple shear extrusion screen pack to break apart
large agglomerates. The imaging results demonstrate that ag-
glomerates of BaSO4 were present under both processing condi-
tions in Fig. 12a and b. On the other hand, in Fig. 12c additional
kneading blocks in the mixing section were used to achieve more
aggressive shear. Thus, kneading blocks appear to have eliminated
large BaSO4 aggregates.

As has been shown, imaging techniques like XRCT can resolve
structural differences between components in an implant. How-
ever, reliable chemical differentiation of individual constituents in
many-component systems is challenging and requires methods
with higher chemical sensitivity. For this purpose, elemental and
chemical mapping methods are of interest. One example of
elemental mapping is EDS-SEM which can resolve the spatial dis-
tribution of elements in a material and can be applied to implants.
Elemental mapping is important when different substituent com-
ponents in an implant cannot easily be distinguished based on
structural attributes; e.g., for formulation components that have
similar particle sizes and morphologies. Elemental mapping can be
applied to both drugs as well as excipients. Small molecule drugs
frequently contain halogens that are drug-specific. The tracing of
drug after dissolution by elemental API-specific halogenmapping is
discussed in section Stages of Drug Release (see Fig. 17). As dis-
cussed previously, many pharmaceutical formulations also contain
metals that can be identified with elemental mapping. Fig. 13
shows nano-scale SEM-EDS images of a local region in a matrix
solid-dispersion implant containing drug, polymer, and BaSO4. In
the SEM image in Fig.13a numerous particles are resolved that are a
fewmicrons in size. Corresponding EDS information is provided for
carbon (Fig. 13b), barium (Fig. 13c), and sulfur (Fig. 13d), identifying



Fig. 18. X-ray CT images of implants manufactured using different drug loadings. A representative sub-volume of the whole implant is shown. Drug domain connectivity is shown in
white/gray. The polymer is digitally omitted. Each image is a representation of 30 2D slices, which construct a volume of 21 mm thickness. (a) Drug loading below the percolation
threshold. (b) Drug loading slightly above the percolation threshold. (c) Drug loading significantly above the percolation threshold.
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the domains as barium sulfate. Elemental mapping enables the
identification of excipient domains and can help understand their
structure and spatial distribution in the formulation, in a more
unambiguous assessment than is possible with less chemically
sensitive imaging methods.

Another example of chemically-sensitive mapping for implant
applications is Raman imaging, which can be used to distinguish
regions of drug, polymer, and other excipients by taking advantage
of the high chemical sensitivity of Raman spectroscopy. In its ability
to resolve subtle differences in the chemical state beyond merely
elemental differences, Raman is an even more powerful tool for
spatiochemical mapping. In Fig. 14 an implant composed of drug,
polymer, and barium sulfate is shown. The chemical distribution of
the materials is visualized and the volume factions of each
component are computed from image analysis.

Stages of Drug Release

Another advantage of imaging is that it can help understand the
drug release process from implants. Imaging can be used to un-
derstand the mechanism by which drug diffuses through the
implant and to confirm that release is occurring in an expectedway.
It is noted that the investigation of implant drug release by in-vivo
imaging is beyond the scope of this work, being rather focused on
the effect that dissolution has on the formulation material itself.
Also, a detailed model for the drug release and its correlation to CT
micro-imaging data is presented in a separate publication.22

Fig. 15 shows 3D XRCT reconstructions of implants after
different stages of drug release. In Fig. 15a the implant has under-
gone partial release. A dissolution front has penetrated into the
implant from the surface exposed to the dissolution medium, as
indicated by the yellow arrow. In Fig. 15b an implant is shown after
complete release. The porous polymer husk is left behind after the
drug has completely diffused out of the implant into the dissolution
medium (the polymer in this case is non-biodegradable, which is
confirmed by imaging of the porous polymer matrix that remains
after complete drug release). A detailed look at the microstructure,
in 2D cross-sections with two different magnification levels (4�
and 20�), is provided in Fig. 16. In Fig. 16a and b the implant is
shown as-fabricated (prior to dissolution). In Fig. 16c and d the
implant is shown after 18% of the drug has released with the
dissolution boundary being readily apparent. In Fig. 16e and f the
implant is shown after complete release.
In comparison to traditional dissolution studies, which examine
the total amount of drug release over time, spatially-resolved im-
aging is helpful to verify that the drug release from the implants is
occurring in a structurally uniform manner. The dissolution front is
shown to be progressing though the implant equally and uniformly
from the circular perimeter of the implant. This type of analysis can
help diagnose unexplained behaviors that may be observed in
dissolution studies if release is structurally non-uniform.

Chemical mapping can also be utilized to confirm release of the
drug. In Fig. 17 EDS mapping of fluorine, an element specific to the
drug, is shown of a partially-release implant along with a corre-
sponding cartoon representation. The image shows a case that is
similar to the partially released implant in Fig. 16ced, but zoomed-
in at the dissolving boundary with higher resolution electron mi-
croscopy and added elemental mapping capability. The image looks
at the dissolution front separating the region where drug had
already released (the right side of the image) and the regionwhere
the drug remains (the left side of the image). The region fromwhich
drug was postulated to have been released was indeed depleted of
the drug-specific fluorine signal. EDS mapping provides compelling
chemical evidence that the drug release from the implant can be
monitored by imaging, corroborating the observations made by the
chemically less sensitive CTmethod in Figs. 15 and 16, and confirms
that there is uniform release.

Finally, quantitative imaging can also be applied to explain the
mechanism of drug release. Fig. 18 shows XRCT images of different
% drug loadings in a matrix solid dispersion formulation. The
formulation is a bi-component implant composed of drug and
polymer. In the experimental dissolution data it was found that
drug release does not increase linearly with drug loading. The drug
in this case has negligible diffusivity through the polymer material
and the polymer is non-degradable. It was hypothesized that this
non-linear correlation of drug loading and release was due to the
increase in long-range connectivity in the formulation. At low drug
loadings many drug domains are surrounded by polymer and those
drug domains are not accessible towards the dissolution medium.
As drug loading is increased, drug interconnectivity also corre-
spondingly increases resulting in channels for release. XRCT was
leveraged to provide experimental evidence for this hypothesis. In
the images, the entire implant is not shown, rather to reduce visual
clutter only a sub-volume of the whole implant structure is
analyzed. Furthermore, the polymer is omitted and only the drug
domains are presented (gray features). These sub-volume
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representations allow visualization of the local drug domain
interconnectivity. The images demonstrate that domain inter-
connectivity tracked qualitatively with increased drug loading in
a manner that is sensible when contrasted against the non-linear
release trends. We note that these phenomena are not new and
are well-known theoretically for the formation of long-range con-
nectivity in random systems. The novelty lies in the ability to
visually illustrate this effect by direct experimental observation
through imaging.

Conclusions

Materials imagingmethodologies are demonstrated to possess a
multitude of applications towards long-acting polymeric implants.
These tools can inform at different stages of pharmaceutical
development on formulation selection, process optimization, batch
consistency, as well as acquiring a detailed understanding of the
drug release mechanism. As a non-destructive and multi-purpose
3D method, X-ray computed tomography has broad utility to
interrogate key physical attributes of solid implants for quality
control and to evaluate the impact of manufacturing processes on
the microstructure and release performance. XRCT is an excellent
method to gain insights into solid pharmaceutical implant devel-
opment both during early formulation screening as well as later-
stage process robustness studies. The limitations of X-ray imag-
ing, specifically the lower resolution and limited chemical speci-
ficity, are overcome by use of complementary scanning electron
microscopy and Raman microscopy tools which provide further
insight into nanoscale and chemical aspects. Materials imaging
holds promise for continued expansion in the pharmaceutical in-
dustry with an ever-increasing push towards alternative and novel
drug delivery modalities.

Appendix A. Supplementary Data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.xphs.2020.05.031.
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