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A B S T R A C T   

The intra-sphere and inter-sphere structural attributes of controlled release microsphere drug products can 
greatly impact their release profile and clinical performance. In developing a robust and efficient method to 
characterize the structure of microsphere drug products, this paper proposes X-ray microscopy (XRM) combined 
with artificial intelligence (AI)-based image analytics. Eight minocycline loaded poly(lactic-co-glycolic acid) 
(PLGA) microsphere batches were produced with controlled variations in manufacturing parameters, leading to 
differences in their underlying microstructures and their final release performances. A representative number of 
microspheres samples from each batch were imaged using high resolution, non-invasive XRM. Reconstructed 
images and AI-assisted segmentation were used to determine the size distribution, XRM signal intensity, and 
intensity variation of thousands of microspheres per sample. The signal intensity within the eight batches was 
nearly constant over the range of microsphere diameters, indicating high structural similarity of spheres within 
the same batch. Observed differences in the variation of signal intensity between different batches suggests inter- 
batch non-uniformity arising from differences in the underlying microstructures associated with different 
manufacturing parameters. These intensity variations were correlated with the structures observed from higher 
resolution focused ion beam scanning electron microscopy (FIB-SEM) and the in vitro release performance for the 
batches. The potential for this method for rapid at-line and offline product quality assessment, quality control, 
and quality assurance is discussed.   

1. Introduction 

Poly(lactic-co-glycolic acid) (PLGA) is a popular polymer for 
controlled release (CR) drug products due to its biocompatibility and 
biodegradability [1–5]. Over the past 30 years there have been >20 
PLGA-based CR products approved for use by the FDA in the US. Over 
half of the aforementioned PLGA products are CR microspheres, where 
the drug is dispersed in a polymer matrix formulated as spherical par-
ticles [6]. PLGA microspheres are a well-known platform for CR prod-
ucts owing to their ability to encapsulate a wide range of drugs 
(including small molecules and peptides), easy local administration (e. 
g., using a syringe), as well as sustained release for long periods of time 
[7]. Despite the advantages of the PLGA microsphere platform, there is a 
scarcity of PLGA microsphere drug products on the market. The diffi-
culty in reliably relating the structural critical quality attributes (CQAs) 

to formulation, process conditions, and performance presents a signifi-
cant barrier to the development of new and generic PLGA microsphere 
products [6–10]. 

Recognizing the critical role that microstructures can play in the 
performance of complex drug products (e.g., topical dermatologic 
products), the FDA has recommended comparative characterization of 
microstructure (Q3) studies as part of bioequivalence assessment when 
applicable, i.e., the demonstration of “a similar arrangement of matter” 
between a proposed generic product and the reference listed drug (RLD) 
[11]. In the case of PLGA microspheres, a major factor governing drug 
release and performance is the underlying structure of the formulation, 
including the microsphere size distribution, distribution of active 
pharmaceutical ingredient (API) within the spheres, and the presence of 
any porosity [12,13]. Accordingly, characterization of the microstruc-
ture of these microspheres can serve as a quantitative pathway toward 
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establishing Q3 bioequivalence. 
Traditional bulk techniques such as laser diffraction, porosimetry, 

and particle imaging, can be used to rapidly determine microstructure 
characteristics such as microsphere size distribution and surface fea-
tures. Figs. 1a-b show example scanning electron microscopy (SEM) 
images of microspheres where the size distribution and surface features 
can be readily observed. However, these techniques are surface limited, 
and unable to directly measure and quantify the underlying distribution 
of API, porosity, or excipients within the microspheres. Imaging of 
microsphere products allows for a direct visualization of the micro-
sphere’s microstructure in its final product form. From these images the 
drug loading, spatial distribution as well as porosity distribution are 
directly quantified. With these characteristics, a true mechanistic un-
derstanding of product performance can be obtained. For instance, a 
microsphere might have an internal polymer barrier between the loaded 
API and the surface of the sphere, which may result in a slower release 
rate. Direct visualization via microstructure imaging allows for explicit 
characterization of this inherently structural feature, which is nearly 
impossible to characterize by current surface methods. 

High resolution electron imaging combined with ion milling, i.e., 
focused ion beam (FIB) SEM, and AI image analytics have been shown to 
be powerful tools for directly quantifying the intra-sphere microstruc-
ture of PLGA microsphere samples [12,14]. Fig. 1c shows a represen-
tative image of a microsphere cross-section obtained using FIB-SEM, 
while Fig. 1d shows the AI assisted 3D reconstruction of hundreds of FIB- 
SEM images of the microspheres. Despite the powerful elucidation and 
quantification of intra-sphere microstructures, FIB-SEM is limited by its 
throughput as the technique requires several hours of imaging and 
analysis to determine the microstructure of one microsphere [12,13,15]. 
The time and cost required to determine the microstructure of a statis-
tically representative number of microspheres would be prohibitive. A 
complimentary approach is needed to determine the overall micro-
sphere structural uniformity efficiently. X-ray microscopy (XRM) is an 
imaging technique that has recently gained attention for its ability to 
non-invasively characterize the microstructure of pharmaceutical sam-
ples. XRM is a technology in the family of X-ray micro-computed to-
mography (microCT) and operates under the same principle as medical 
CT scans, with 3 orders of magnitude of resolution improvement. XRM 
has recently been demonstrated as a powerful tool in quantifying the 
microstructure of long-acting implants, oral solid tablets, and a variety 

of spray dried intermediates, granules, and raw compound powders 
[16–19]. Compared to FIB-SEM’s one particle characterization at a time, 
XRM is capable of imaging hundreds to thousands of micron sized spray 
dried particles in less than half the amount of time needed to conduct a 
full 3D FIB-SEM image collection for a single particle [16]. 

In this work, XRM was utilized to characterize the structures of eight 
batches of PLGA microsphere samples manufactured under different 
process parameters. All polymer properties (e.g. molecular weight, L:G 
ratio, etc.) and drug properties were kept the same among the eight 
microsphere batches, thus ensuring that the only differences among the 
spheres would be due to the processing conditions of each sample. These 
processing condition changes will promote variations in the internal 
structure such as relative fractions of each phase, phase size and spatial 
distributions which have been shown to impact in vitro release perfor-
mance [12,14,15,17]. XRM was utilized here to characterize the impact 
of these structural changes through AI-based analysis of the signal in-
tensity of the microspheres. Through high resolution XRM and AI ana-
lytics, the XRM signal intensity and intensity variation of the 
microsphere samples were measured for thousands of microspheres per 
batch to achieve a statistically representative sampling. The intensity 
and intensity variation were assessed to determine similarity in micro-
structures of microspheres intra-batch and inter-batch. The average in-
tensity variation for the batches was correlated to their in vitro release 
profiles to connect the microstructure properties to the final product 
performance. Four of these samples have been previously investigated 
using FIB-SEM and AI-image analytics to quantify their underlying 
microstructure attributes and relate those to their process parameters 
[14]. By correlating the previous FIB-SEM microstructure character-
izations to this XRM investigation, a correlative workflow was proposed 
that synergizes rapid assessment of many microspheres using XRM with 
detailed characterization using FIB-SEM. Use of this correlative imaging 
approach to quantitatively compare the Q3 attributes of microspheres, e. 
g., from different batches or different manufactures, will be discussed. 

2. Materials and methods 

2.1. Materials 

PLGA (Resomer® RG503H) was a gift from Boehringer-Ingelheim. 
Micronized minocycline hydrochloride was generously provided by 

Fig. 1. (a) Controlled release PLGA microspheres 
as viewed by SEM. (b) Individual microsphere 
sample. (c) Cross-sectional view of a microsphere 
after focused ion beam (FIB) milling showing the 
polymer phase, API phase, and porosity as indi-
cated. (d) Reconstructed 3D model of a FIB milled 
microsphere with the polymer phase (blue), API 
phase (green), and porosity (red). (For interpreta-
tion of the references to colour in this figure 
legend, the reader is referred to the web version of 
this article.)   
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Hovione (Loures, Portugal). HPLC-grade dichloromethane (DCM), and 
ethyl acetate (EA) and hexane were purchased from Fisher Scientific 
(Pittsburgh, PA, USA). Silicone oil (350 cSt and 1000 cSt), poly (vinyl 
alcohol) (PVA, Mw: 30–70 kDa), and phosphate-buffered saline (PBS) 
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Milli-Q® 
water was used for the preparation of in vitro release testing media. All 
other chemicals were purchased as analytical-grade reagents. 

2.2. Preparation of minocycline hydrochloride microspheres 

PLGA with molecular weight similar to the commercial product 
Arestin® was used to prepare compositionally equivalent minocycline 
hydrochloride microspheres using the coacervation method [14,20]. 
The process conditions of the eight microsphere formulations are listed 
in Table 1. Briefly, PLGA was dissolved in either DCM or EA, then the 
micronized minocycline hydrochloride powder was suspended in PLGA 
solution, followed by transferring into a vessel equipped with an over-
head stirrer. Silicone oil was added to the solution while stirring to 
induce coacervation. The dispersed coacervate was subsequently dis-
charged into hexane for solidification. Following solidification, the mi-
crospheres were washed and dried in vacuo prior to final collection. All 
the prepared microspheres showed similar drug loading and can be 
considered compositionally equivalent. 

2.3. Particle size distribution 

The particle size distribution of the prepared microsphere formula-
tions was tested using an AccuSizer autodiluter particle sizing system 
(Nicomp, Santa Barbara, CA, USA) under light extinction mode. Briefly, 
approximately 8 mg of microspheres were dispersed in 0.6 mL of 1% (w/ 
v) PVA solution. 100 μL of the dispersion was then injected into the 
system for particle size analysis. 

2.4. In vitro release testing of prepared minocycline microspheres 

The in vitro release testing of the prepared minocycline hydrochlo-
ride microspheres was conducted using a previously developed sample- 
and-separate method [21]. Briefly, approximately 4 mg of microspheres 
were dispersed in PBS (10 mM, pH 7.4) containing 0.02% (v/v) Tween 
20 at 37 ◦C. At predetermined time intervals, the release media was 
tested via HPLC to determine the cumulative drug release. All in vitro 
release tests were conducted in triplicate and the results were reported 
as mean % cumulative release ± standard deviation. 

2.5. X-ray microscopy (XRM) 

A Zeiss Xradia Versa 520 X-ray microscope (Carl Zeiss Microscopy, 
USA) was used to obtain the sample images. A schematic of the image 
acquisition is shown in Fig. 2a. The microsphere samples were loaded 
into a plastic tube as a powder bed, and mounted vertically on a rotating 
sample stage between the X-ray source and the X-ray detector. To avoid 
imaging artifacts arising from the sample container, the X-ray source 
was focused to only the interior volume of the sample holder that con-
tained the microspheres. An initial X-ray radiograph was taken at the 

beginning of the scan using an exposure of 0.5 s and an X-ray source 
energy of 80 keV. 

Following this initial exposure, the sample container was rotated by 
0.09 degrees before acquiring another radiograph at the same exposure 
time and X-ray source energy. This procedure was iterated to obtain 
4000 radiographs. Scanned radiographs were reconstructed into 3D 
cross sectional images with 1000x1000x1000 voxels using a filtered 
backward projection algorithm with a bin averaging value of 2, resulting 
in an effective voxel size of 0.5 μm. Fig. 2b shows a representative 2D 
cross section of the scan. All imaging and subsequent analysis were 
conducted in 3D. 

2.6. Image analytics 

Image analytics were performed using DigiM™ I2S cloud-based 
image analysis platform (DigiM Solution, USA). The 3D XRM images 
were subjected to an initial intensity normalization procedure using the 
sample container and the inter-sphere air as the calibration standards. 
Following the image intensity normalization, the images were 
segmented into either the microsphere phase or inter-sphere air phase 
using iterative supervised machine learning and deep learning methods 
[22–24]. In brief, a small crop of a 2D cross sections of the XRM scan 
from one sample was used to train a supervised machine learning model 
based on the Random Forest classification algorithm. Once the training 
is considered satisfactory, it is applied to 5 arbitrarily selected cross 
section images from the XRM scans of each sample. The segmentation of 
40 cross section images from 8 samples was used as a training dataset to 
train a neural network deep learning model, which was then used to 
segment the 3D images of all 8 formulations. An example of the AI 
segmentation for a single 2D image (Fig. 2b) is shown in Fig. 2c, and the 
full 3D rendering of the segmented microspheres in the entire imaged 
volume is shown in Fig. 2d. From this initial segmentation, the micro-
sphere size distribution is obtained. During X-ray imaging, X-ray 

Table 1 
PLGA microsphere samples and preparation conditions.  

Sample ID Solvent Stirring speed (RPM) Silicone oil η (cSt) 

FA DCM 350 350 
FB DCM 350 1000 
FC DCM 600 350 
FD DCM 600 1000 
FE EA 350 350 
FF EA 350 1000 
FG EA 600 350 
FH EA 600 1000  

Fig. 2. (a) Cartoon schematic demonstrating the principal of operation of XRM. 
(b) 2D slice of a reconstructed XRM image of a microsphere sample with (c) an 
example segmentation of the microspheres (green) from the surrounding air 
(blue). (d) 3D rendering of the imaged XRM volume showing all segmented 
microspheres. (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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photons will diffract on the structures of the imaged object, resulting in 
constructive interference of the X-ray wavefronts which produces a 
significant brightening of the edge of the imaged object [25]. To miti-
gate the impact of diffraction enhanced edge intensity on subsequent 
analysis of the microsphere intensities, the segmentations of micro-
spheres were eroded by five pixels from their peripheral edges. 
Following this correction, the average greyscale intensity and standard 
deviation of intensity for every imaged microsphere was measured. 

3. Results and discussion 

3.1. Particle size distribution characterization 

2D cross-sectional images of the XRM scans for the eight microsphere 
samples are shown in Fig. 3a-h. All eight samples have similar sphere 
morphologies, displaying both individual microspheres as well as oc-
casional fused particles. Porosity is visible in the XRM images; however, 
no large void spaces nor cavities were observed, confirming good 
encapsulation coherency of the drug within the microspheres. 

Following AI segmentation of the microspheres from the inter-sphere 
air, the microsphere particle size distributions (PSD) were determined 
and are shown in Figs. 4a-b. The PSDs shown in Figs. 4a-b represent the 
cumulative volume distributions as determined from the XRM images. 
The volume distribution was used as opposed to the number distribution 
due to the method of measurement from the images. After the AI seg-
mentation, the individual microspheres are determined by using 
watershed algorithms which then determine the number of voxels that 
make up a given microsphere. Combined with the knowledge of the 
voxel resolution, this returns the volume of each sphere, and the sub-
sequent equivalent spherical diameter. From these data, calculation of 
the volume distribution is straightforward. Samples formulated in DCM 
(FA-FD) show very similar distributions (Fig. 4a), with sample FC 
showing the largest size spheres of these four batches. For samples 
formulated in EA (FE-FH) (Fig. 4b), the distributions show a greater 
range compared to the previous four samples. The particle size distri-
bution was also independently measured using an AccuSizer system 
under the light extinction mode. The D10, D50, and D90 values deter-
mined from XRM were plotted as a function of the corresponding 
AccuSizer measurements (Fig. 4c). 

XRM particle size measurements can allow rapid and accurate in-line 
quality control tests for microsphere formulations. XRM-based PSD is a 
complimentary, and possibly improved, means of measuring sphere 
sizes compared to the AccuSizer light extinction method. While the D10 
values are fairly comparable, the D50 and D90 from the XRM 

measurements are significantly smaller than the values determined 
using the AccuSizer as seen by the deviation of the data points from the 
one-to-one line in Fig. 4c. For accurate measurements of particle size 
using laser diffraction, lihgt extinction, or light obscuration, it is crucial 
to ensure the particles are well dispersed during measurement [26]. If 
the particles aggregate, the measurement will overestimate the true 
particle size distribution by reporting these aggregates as large indi-
vidual particles. XRM combined with AI-analytics does not require that 
the microspheres be well dispersed as the AI segmentation can recognize 
individual spheres within particle aggregates. Furthermore, XRM is a 
non-invasive technique and can image the microspheres as is, whereas 
for AccuSizer measurements, the spheres must be dispersed in suitable 
media often involving use of either surfactants or sonication, both of 
which may affect the PSD measurement. 

The PSDs of microsphere formulations as a function of their solvents 
as well as coacervation process parameters offers deeper insight into the 
impact of manufacturing parameters on final product characteristics. 
Interestingly, regardless of solvent used, the microspheres prepared 
using the silicone oil with lower viscosity were larger as shown in Fig. 4. 
This is true for both the AccuSizer and the XRM measurements, indi-
cating that the viscosity of silicone oil is a critical process parameter that 
controls particle size. Samples FD and FH are consistently the smallest 
microspheres for the DCM and EA samples respectively, indicating that 
the higher stirring speed and silicone viscosity produce smaller micro-
spheres regardless of the solvent used. The inter-play between process 
parameters, microsphere microstructure, and release performance are 
subjects of an on-going modeling investigation. For the XRM measured 
PSD, the rank order of the D50 is FA > FC > FB > FD and FE > FG > FF 
> FH for the DCM microspheres and EA microspheres, respectively. In 
the case of the AccuSizer measurements, these rank orders are slightly 
different with FC > FA > FB > FD and FG > FE > FF > FH. This switch in 
rank ordering between XRM determined PSD and AccuSizer determined 
PSD may result from a greater tendency of samples FC and FG to form 
aggregates, for which the AccuSizer is more biased to identify particle 
aggregates as individual particles. 

3.2. Intra-batch microstructure characterization 

In transmissive X-ray imaging, X-rays pass through an object and are 
recorded at the detector which measures the total X-ray photon count. 
The more X-ray photons that arrive at the detector, the greater the signal 
intensity and the brighter the subsequent reconstructed image will be. 
As the photons pass through the material, they interact with the atoms 
present within the sample, and will be attenuated or absorbed 

Fig. 3. Cross sectional XRM images of the eight different microsphere samples corresponding to Table 1, with examples of fused microsphere particles circled in red. 
(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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depending on the incoming photon energy and the specific atomic 
species that the X-ray interacts with [27,28]. The measured X-ray signal 
intensity will therefore depend on the specific elemental composition of 
the material as well as how many absorbing atoms are in the photon’s 
path (i.e., the material’s density). If the elemental composition is iden-
tical between two samples, then variations in the X-ray signal intensity 
will arise primarily from spatial variations in the density of the two 
samples. In the particular XRM system used in this study, denser mate-
rials are brighter in the reconstructed image. For microspheres within 
the same batch, the elemental composition will be identical. Any vari-
ations in XRM signal intensity will therefore arise from variations in 
either the porosity of the microspheres or the amount of drug 
encapsulated. 

For the microsphere samples studied, the intensity of the image 
signal of each observed microsphere is measured following AI- 
segmentation. Fig. 5a shows the measured signal intensity for all eight 
microsphere samples with the curves vertically shifted for clarity. For all 
eight samples, the intensity varies strongly for small microspheres below 
10 μm and then levels off for the larger microspheres. The variation of 
intensity at small diameters arises for two reasons. When the micro-
spheres are small, one drug particle, or one large pore, can significantly 
alter its average intensity. Additionally, smaller microspheres are 
further influenced by the image resolution. At 0.5-μm resolution, the 
intensity of these small spheres is subject to lower signal-to-noise ratio 
(SNR). As the diameter of the observed spheres increase, the SNR in-
creases proportionally to the total number of voxels of the imaged 
sphere. Above 20 μm in diameter, the microsphere signal intensity 
shows little to no variation. This indicates that the spheres >20 μm 
within a batch have the same X-ray signal intensity, due to similarity in 

both drug loading and porosity/void fraction, confirming excellent 
intra-batch structural uniformity. Furthermore, the total number of 
imaged microspheres (indicated parenthetically in Fig. 5a) is in the 
thousands, signifying the statistical representativeness of this 
measurement. 

While the measurement of the X-ray signal intensity can inform on 
the similarity in the microstructure of microspheres intra-batch, it is 
limited by the inability to compare the value of the signal intensities 
between batches. The overall distribution of pixel intensities of the 
samples will have the same shape due to the same material composition. 
However, slight variations in sample preparation and imaging condi-
tions, such as the packing density in the microsphere powder bed, will 
result in slightly different histogram distributions, which prevents a 
direct sample-to-sample comparison of different batches. For a more 
direct, quantitative comparison, multiple intensity calibrants need to be 
employed to properly match the intensity histograms. Ideally this would 
be achieved via reference standard materials that can be co-imaged with 
the microsphere samples and provide scan-to-scan intensity calibration. 
Furthermore, if these standards had well-known densities, then the X- 
ray intensity signal could be converted into a density measurement, 
allowing for determination of the individual microsphere density and 
phase identification. This quantitative density characterization method 
with a systematic calibration will be reported in a follow-up publication 
[29]. The new method will include a diffraction artifact correction 
improved from the more empirical five-pixel erosion approach used in 
this study. 

Fig. 4. Particle size distributions quantified from XRM for (a) dichloromethane (DCM) samples FA-FD, and (b) ethyl acetate (EA) samples FE-FH. (c) Plot of the D10 
(shaded squares), D50 (open circles), and D90 (filled diamonds) measured by XRM as a function of the AccuSizer measurements, with the dotted line corresponding 
to the one-to-one agreement between the two measurements. Microspheres prepared in DCM are marked in magenta, and those prepared in EA are marked in green. 
(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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3.3. Inter-batch uniformity 

While batch-to-batch variations of microsphere microstructures 
cannot be assessed from the X-ray signal intensity itself, it can be 
assessed from the variance of signal intensity per microsphere. The 
variations of the intensity of a microsphere will not depend on an exact 
match between the different sample X-ray intensity histograms and can 
therefore be directly compared. The standard deviation of the XRM 
signal intensity for a microsphere informs on the variation and distri-
bution of the material phases that comprise the microsphere. If the 
microsphere has a perfectly even distribution of phases, then every voxel 
(3D version of an image pixel) will have the same intensity value and the 
standard deviation will be zero. If the phase distribution is highly non- 
uniform, then there will be a wide range of voxel intensity values, 
thus resulting in a large standard deviation. This non-uniformity can 
arise from variations in the spatial distribution of the material phases 
which have been demonstrated to be a potential CQA for these micro-
spheres [14]. 

Fig. 5b shows the measured standard deviation in X-ray signal in-
tensity of each microsphere for all eight samples with the curves verti-
cally shifted for clarity. For all eight batches the standard deviation is 
nearly constant across all microsphere sizes within a batch, offering 
further confirmation of the good intra-batch uniformity of the micro-
sphere samples. Fig. 6 shows the average value of the standard deviation 
for all eight batches compared to each other. FC shows the largest 

average standard deviation value among the eight batches while FB 
shows the smallest average standard deviation. 

To better visualize the physical meaning of the standard deviation of 
the microsphere XRM image signal intensity, the samples with the 
greatest difference in standard deviation (FB and FC) are shown in 
Fig. 7a and d, respectively. The microspheres of sample FB seen in 
Fig. 7a show a uniform signal intensity with little variation in greyscale 
intensity. A zoomed in view of an example microsphere is shown in 
Fig. 7b, demonstrating the relatively uniform signal intensity. 

In contrast, sample FC shown in Fig. 7d, displays mottled micro-
spheres, with the microspheres showing regions of high X-ray signal 
(bright spots) and low X-ray signal (dark spots). This signal variation is 
more clearly seen in the zoomed in view of an example microsphere 
shown in Fig. 7e. Signal intensity is directly proportional to the under-
lying density of the region, therefore, a significant variation in signal 
intensity would mean a non-uniform distribution of phases within the 
microspheres. To confirm this, Fig. 7c and f show a representative FIB- 
SEM cross sectional image of a single sphere from samples FB and FC, 
respectively. The different material phases identified using machine 
learning are shown, with the polymer phase in blue, API phase in green, 
and porosity in red. Sample FC shows significantly non-uniform distri-
butions of both API and porosity, whereas sample FB shows API and 
porosity uniformly dispersed throughout the microsphere. These FIB- 
SEM images confirm that variations in X-ray signal intensity in a given 
microsphere are indicative of non-uniformity in the phase distributions 
within the microspheres. Bright and dark pixel regions in XRM arise 
from dispersion of primary API particles and pores in drug-rich and 
drug-scarce domains, respectively. Furthermore, the constant standard 
deviation across all microsphere sizes indicates the underlying micro-
structure of the spheres shown in Figs. 7a-b and 7d-e are representative 
of the overall batch. The result of these analyses suggests that the eight 
batches have substantial differences in inter-batch microstructure. This 
observation is consistent with the variations in the process parameters, 
which were designed to promote microstructure variations between the 
batches. 

3.4. Correlation between XRM signal intensity variation and in vitro 
release 

The standard deviation of the X-ray signal intensity can be treated as 
a quantitative representation of the difference in the underlying struc-
ture of the microspheres. A greater standard deviation implies a greater 
degree of difference in the distribution of the active ingredient, polymer, 
and porosity. It has previously been shown that variations in the dis-
tribution of the API and pore phases of PLGA microspheres can greatly 

Fig. 5. (a) Average XRM intensity as a function of microsphere diameter for the 
eight different samples, with the total number of microspheres indicated 
parenthetically. (b) Standard deviation of the XRM intensity as a function of 
microsphere diameter for the eight different samples. For both plots, the sam-
ples above the dotted line were synthesized in DCM, and below the dotted line 
synthesized in EA. Curves have been vertically shifted for clarity. 

Fig. 6. The mean standard deviation of XRM intensity of all microspheres for 
the eight samples. Samples prepared using DCM are to the left of the dotted line 
and those synthesized in EA are to the right. 
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impact their in vitro release performance [14]. Correlating the average 
standard deviation of the X-ray signal to the in vitro release performance 
can allow for rapid assessment of overall batch quality. Fig. 8a and b 
show the in vitro release profiles for the eight samples. All eight for-
mulations show distinctly varied in vitro release profiles. In order to 
verify that these variations arise from the processing conditions and not 
batch-to-batch variations, the batches were manufactured on different 
days and their in vitro release profiles were compared. An example of this 
is shown in the Supporting Information (Fig. S1) for formulation FE. The 
in vitro release profiles are identical indicating that the formulation 
preparation process is stable and repeatable. From the release profiles in 
Fig. 8a-b, samples FF and FG demonstrate highly similar release profiles 
with comparable initial release and time to complete release. This would 
suggest that the standard deviation of the XRM intensity between these 
two should be nearly identical, and indeed they are very similar as 
shown in Fig. 6. To obtain a quantitative representation of the in vitro 
release performance, the release profiles are fit at early time points (t <
1 day, 5 time points) and late time points (t > 1 day, 26 time points) to a 
Higuchi model [30,31]: 

ϕ(t) = kHt1 /

2 (1)  

where φ(t) is the fraction of drug released at time t, and kH is the Higuchi 
constant. A Higuchi model was chosen for these data as the primary 
release mechanism was assumed to be diffusion driven [31]. Fits to eq. 1 
are shown for both DCM synthesized microspheres and EA synthesized 
microspheres in Supplementary Figs. S2 and S3 respectively. The 
Higuchi constant for both early and late times is plotted as a function of 
the mean standard deviation in Fig. 8c and d. Both early and late time 
Higuchi rates show good inverse correlation with the mean standard 
deviation as shown by the dotted lines in Fig. 8c and d. In general, this 
trend signifies that samples with higher mean standard deviations, thus, 

greater intra-batch fluctuations in phase distributions from microsphere 
to microsphere show slower drug release. This holds true for both early 
and late release epochs, which implies that the phase distribution affects 
the overall release for these products irrespective of the specific release 
mechanisms (e.g., diffusion driven, erosion driven, etc.). While a ma-
jority of the samples show good correlation between XRM standard 
deviation and their Higuchi release rate constant, there are some notable 
exceptions. For the early times samples FF and FH show slower Higuchi 
rates than predicted from the XRM intensity analysis, indicating a slower 
than anticipated burst release for these samples. At late times, sample FD 
shows faster Higuchi rate than predicted, indicating faster late-stage 
release potentially arising from more significant polymer degradation. 
For both early and late release, sample FD does not agree well with the 
observed correlation. It is interesting to note that FD and FH were pre-
pared using identical higher viscosity silicone oil (1000 cSt) as well as 
higher stirring speed (600 rpm). Furthermore, these two samples differ 
quite significantly in overall release, with FD achieving nearly complete 
release after 7 days and FH completing release after 14 days. The sili-
cone oil viscosity and stirring speed used for these samples led to strong 
deviations from the XRM standard deviation prediction. The solvent 
used in microsphere preparation also impacts the drug release, with the 
DCM sample showing faster release (sample FD) and the EA sample 
showing slower release (sample FH). 

3.5. FIB-SEM/XRM correlative workflow 

The presented analysis using XRM imaging and AI image analytics is 
a powerful tool that allows for characterization of the intra-batch and 
inter-batch microstructure to better understand the impact of 
manufacturing parameters on microstructure, and the impact of 
microstructure on product performance. While the technique offers 
immediate insight into the microstructure of a controlled release 

Fig. 7. Example XRM images of (a) sample FB with lowest signal standard deviation and (d) sample FC with the highest signal standard deviation among the 
microspheres. Zoomed in view of example microspheres for both (b) FB and (e) FC highlighting the relative variations in signal intensity as shown by the variation in 
the greyscale intensity. FIB-SEM images of: (c) FB and (f) FC with the different segmented material phases shown in colour, demonstrating the uniform material 
distributions in FB and non-uniform distribution in FC (polymer phase = blue, API = green, pores = red). (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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microsphere product, there are several limitations to the method. At 
500 nm resolution, a feature must be 1–2 μm in size to be fully resolved. 
If the phase features such as API or porosity are below this limit, then 
XRM will rely on sub-resolution intensity variations which are suscep-
tible to XRM imaging artifacts like beam hardening, while increasing the 
uncertainty in assessment of the microsphere uniformity. Considering 
the limitations, it becomes clear that XRM cannot be the only tool to be 
used in characterizing controlled release microsphere products. The 
advantage of XRM imaging and characterization of microspheres lies in 
its ability to interrogate the microstructure of these products directly 
and non-invasively. In this light it serves as a powerful complimentary 
approach to the more traditional physico-chemical characterization 
methods including in vitro release testing, thermal analysis, and spec-
troscopy. Due to its resolution limitations, XRM is not intended to inform 
on any nanometer scale features, which is the scale of interest for higher 
resolution imaging like FIB-SEM [14]. XRM, however, is most powerful 
when characterizing inter- and intra-sphere uniformity at micrometer 
scale, thus opening up the potential of new suite of CQAs for micro-
sphere development and regulation. 

To mitigate the resolution and field of view limitations from any 
single imaging method, a correlative workflow combining both the XRM 
inter-sphere analysis as well as in depth FIB-SEM intra-sphere micro-
structure characterization is proposed as shown in Fig. 9. The micro-
sphere batches were initially imaged using the XRM workflow as shown 
in left side of Fig. 9. This XRM imaging is followed by AI segmentation of 
the microspheres of the batch, which allows for quantification of the 
microsphere PSD as well as the evaluation of microstructure similarity 
as described in this paper. The overall time for XRM imaging depending 

on the specific instrument and desired resolution will take anywhere 
from 15 min to a few hours. The time required for AI analysis and 
quantification, while similarly dependent on the size of the imaging 
data, can be accelerated via parallel computing and automation. This 
means that within the span of several hours, the batch quality can be 
assessed via the XRM workflow. The FIB-SEM workflow (right side of 
Fig. 9) can be conducted in parallel to the XRM imaging as implied by 
Fig. 9 or can be conducted after the XRM determined batch assessment. 
The FIB-SEM imaging data is subjected to AI image analysis and seg-
mentation as in the XRM workflow, though the overall time is a few 
times longer than the XRM images, due to both longer data acquisition 
and more challenging imaging process. From the FIB-SEM data, the 
microstructure CQAs such as the phase fractions and size distributions of 
API particles can be computed. Additionally, the pore sizes and intra- 
sphere spatial distributions can be quantified, which enable the imag-
ing data to be used to simulate drug release. The FIB-SEM workflow has 
been established as a means of quantifying the precise intra-sphere 
microstructure of microsphere products [14]. The XRM workflow on 
the other hand, is able to establish the overall similarity in microstruc-
ture of a microsphere formulation (both intra-batch and inter-batch), 
addressing the question of the representativeness of the FIB-SEM 
imaged microsphere for the whole batch. While XRM allows for rapid 
characterization, the slower, destructive FIB-SEM workflow allows for 
in-depth quantification of the microstructure on selected representative 
microspheres from the samples. This correlative workflow offers the 
ability to quantify the microstructure CQAs (through FIB-SEM) and the 
intra- and inter-batch similarity (through XRM) and predict release via 
the extracted CQA and uniformity matrix. 

Fig. 8. In vitro release profiles for (a) samples FA-FD and (b) samples FE-FH. Higuchi rate determined from the in vitro release data plotted as a function of mean 
standard deviation for (c) early release (t < 1 day) and (d) late release (t > 1 day), with samples synthesized in DCM marked in magenta and samples synthesized in 
EA marked in green. (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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Correlating precise microstructure CQAs extracted from FIB-SEM 
with XRM analysis provides an efficient assessment of formulation and 
process parameters, eliminating, or reducing extensive FIB-SEM on large 
numbers of samples. Once the XRM signal intensity and intensity vari-
ation is correlated to the underlying microstructure determined by FIB- 
SEM, XRM can then be used as a rapid tool in identifying ideal formu-
lation and process parameters. Further, the size distribution calculated 
from XRM can be combined with the FIB-SEM based release prediction 
to understand how particle size dictates the duration and kinetics of 
drug release. The potential for XRM as a rapid microstructure quality 
control tool can greatly aid in cost-effective characterization of new and 
existing drug products with high throughput. 

This correlative workflow also provides a potential path to estab-
lishing microstructure similarity at both intra-sphere (FIB-SEM) and 
inter-batch (XRM) scales, which is helpful to explore in vitro bioequiv-
alence approaches. 

4. Conclusions 

X-ray microscopy (XRM) as a tool for assessing the intra-batch and 
inter-batch structural similarity of controlled release microsphere drug 
products has been demonstrated via analysis of x-ray intensity and its 
intra-microsphere variation. The particle size distribution determined 
by XRM imaging was similar to that determined by AccuSizer while XRM 
mitigates the impact of particle aggregation. Analysis of the XRM signal 
intensity showed that all eight formulations prepared using different 
manufacturing parameters had similar microstructure for microspheres 
with diameters of 20 μm or above. This observation quantitatively 
confirms the overall intra-batch similarity of microstructure in the mi-
crospheres intra-batch. In addition, the inter-batch similarity in 

microstructure assessed using variations in the XRM signal intensity was 
shown to be related to the microsphere internal structure and was suc-
cessfully correlated to the manufacturing parameters and release per-
formance as a gap-bridging quality attribute. 
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