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Abstract

Particle Size Distribution (PSD) is a critical quality attribute (CQA) for a wide
range of pharmaceutical drug substances and drug products, directly influenc-
ing dissolution, bioavailability, blend and content uniformity, stability, and
manufacturability. Laser diffraction has become the compendial and indus-
trial standard for PSD analysis, with the Malvern Mastersizer 3000 widely used
in pharmaceutical development and quality control laboratories. However,

regulatory inspections continue to identify deficiencies related to dispersion
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OMom

optimization, method validation, sampling representativeness, and lifecycle
management of PSD methods. This study presents a comprehensive evalua-
tion of PSD method validation using both dry and wet dispersion accessories
of the Malvern Mastersizer 3000, specifically the Aero S (dry dispersion) and
Hydro MV (wet dispersion) systems. Experimental datasets generated during
method development and validation were used to evaluate measurement per-
formance for two representative pharmaceutical materials: Drug substance
and Drug product. Key PSD parameters, including D10, D50, and D90, were
assessed under optimized dispersion conditions. Method validation parame-
ters such as repeatability, intermediate precision, and robustness were evalu-
ated using risk-based analytical validation principles aligned with ICH Q2
(R2). The study is further contextualized within the integrated pharmaceutical
quality framework described in ICH Q7-Ql11, linking PSD measurement to
drug substance characterization, process understanding, and lifecycle man-
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agement. The findings demonstrate that appropriate dispersion selection and
statistically justified validation are essential for ensuring reliable PSD control.
Overall, PSD measurement should be viewed not merely as an analytical test
but as a critical tool for process understanding and quality control within
modern pharmaceutical manufacturing systems. This article reviews the sci-
entific and regulatory basis of laser-diffraction PSD testing and presents a case
study validating dry and wet Mastersizer 3000 methods for a drug substance
powder and a cream drug product. The study applies dispersion optimization,
sampling controls, and precision, intermediate precision, and robustness as-
sessments within an ICH Q2 (R2)-aligned framework. The main conclusion is
that material-specific dispersion selection and lifecycle-based validation are
necessary for reliable PSD control.
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1. Introduction

Particle size is one of the most influential physical characteristics of a pharmaceu-
tical material. Although often viewed simply as a numerical distribution D10,
D50, or D90 particle size significantly influences how a drug behaves during man-
ufacturing, Dissolution/testing behavior, and bioavailability. From early-stage de-
velopment through commercial production, particle size distribution (PSD) serves
as a bridge between material science and clinical performance, and it impacts pro-
cess performance as well (flow, blending, milling etc.). A clear scientific connec-
tion between particle size and product performance can be found in the dissolu-
tion behavior as suggested by the Noyes Whitney equation: The dissolution rate
of a solid is directly proportional to its surface area. As the particle size decreases,
total surface area increases dramatically, often leading to a faster dissolution [1]-
[3]. For poorly soluble drug substances particularly those classified as Biopharma-
ceutics Classification System (BCS) Class II or IV, this relationship becomes crit-
ical. In such cases, dissolution is frequently the rate-limiting step for absorption.
Even modest changes in particle size can significantly alter bioavailability, sys-
temic exposure, and potentially clinical outcomes. Consequently, PSD control is
not merely a physical measurement; it is a clinically relevant parameter. Beyond
dissolution, particle size influences nearly every aspect of pharmaceutical pro-
cessing. During blending, differences in particle size and density can lead to seg-
regation, resulting in poor blend uniformity and potential content uniformity fail-
ures. Fine particles may adhere to equipment surfaces or larger particles, while

coarse fractions may settle preferentially. In solid oral dosage manufacturing, ac-
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tive pharmaceutical ingredient (API) particle size affects powder flowability, com-
pressibility, and tablet hardness [4]. Overly fine materials may exhibit poor flow
and electrostatic behavior, whereas excessively coarse particles may lead to weak
compacts or capping. Thus, PSD becomes an essential process variable, closely
tied to manufacturing robustness and batch-to-batch consistency. Given its wide-
spread impact, accurate and reliable PSD measurement is paramount. Among
available analytical techniques, laser diffraction has become the industry standard
due to its practicality, speed, and broad applicability. Modern instruments such as
the Malvern Mastersizer 3000 can measure particle sizes over a wide dynamic
range from submicron particles to millimeter-scale materials within seconds. This
broad measurement capability makes laser diffraction suitable for a diverse range
of pharmaceutical materials, including APIs, excipients, granules, and finished
dosage forms. Laser diffraction offers several practical advantages such as rapid
analysis and enabling high sample throughput both in development and quality
control environments. It demonstrates high reproducibility when methods are
properly optimized. Importantly, it reports volume-based distributions, which
align well with manufacturing considerations where bulk material behavior is vol-
ume-dependent. However, despite its technological maturity and widespread
adoption, PSD measurement by laser diffraction is not a “plug-and-play” test. The
technique is extremely sensitive to dispersion conditions and sample preparation.
In dry dispersion, excessive air pressure can fracture fragile particles, artificially
shifting the distribution toward smaller sizes. Inadequate pressure, on the other
hand, may fail to break apart agglomerates, resulting in false measurements. Sim-
ilarly, in wet dispersion systems, insufficient sonication can leave agglomerates
intact, while excessive sonication may induce particle breakage or alter surface
characteristics. Sampling presents an equally significant challenge. Powders are
inherently heterogeneous, and segregation can occur during storage, transport, or
handling. If sampling procedures are not carefully designed and validated, the
measured PSD may not represent the true bulk distribution. Even minor incon-
sistencies in sampling technique, sample mass, or feed rate can introduce variability
that rivals or exceeds true process variation. These realities underscore a critical
point: PSD analysis is not solely an instrumental measurement but rather a sys-
tem-dependent analytical process. Structured method development, dispersion
optimization studies, risk assessment, and lifecycle monitoring are necessary to
ensure reliability. Without such controls, PSD results may appear precise but lack
scientific robustness. In today’s regulatory environment, where lifecycle manage-
ment and risk-based approaches are emphasized, PSD methods must be validated
and continuously verified within an integrated quality framework. Particle size is
not merely a release specification; it is a material attribute that connects formula-
tion design, process engineering, analytical science, and patient outcomes. Recog-
nizing this interconnected role transforms PSD measurement from a routine la-
boratory test into a strategic component of pharmaceutical quality assurance [5].

The Product Quality Research Institute (PQRI) recommendations provide guid-
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ance for measuring and reporting particle size distributions using validated tech-

niques such as laser diffraction, sieving, and dynamic light scattering [6].

2. Scientific Principles of Laser Diffraction

Laser diffraction is an optical measurement technique used to determine particle
size distribution (PSD) by analyzing how a population of particles scatters light.
When a coherent light beam passes through a dispersed particulate system, each
particle interacts with the incident light, producing a characteristic scattering pat-
tern. The angular distribution of this scattered light contains quantitative infor-
mation about particle size. Larger particles predominantly scatter light at smaller
angles relative to the incident beam, while smaller particles generate scattering at
wider angles. By collecting and mathematically interpreting this angular intensity
profile, the instrument reconstructs the PSD of the sample. The measurement is
inherently indirect. The instrument does not “see” particles individually; instead,
it records the collective scattering signature of millions of particles simultane-
ously. An array of detectors positioned at multiple angular locations measures the
intensity of scattered light. The resulting dataset represents scattering intensity as
a function of angle. Mathematical inversion algorithms are then applied to deter-
mine the particle size distribution that best explains the measured scattering pat-
tern. Because this reconstruction depends on theoretical light-scattering models,
the final PSD output is model dependent. Two principal optical theories are used
in laser diffraction calculations: the Fraunhofer approximation and Mie theory.
The Fraunhofer approximation is based on diffraction theory and assumes that
particles are completely opaque and significantly larger than the wavelength of the
incident light [7] [8]. Under these assumptions, scattering is dominated by edge
diffraction effects, and internal optical properties of the particle are not explicitly
considered. This model is computationally straightforward and can be adequate
for coarse, non-transparent materials. However, when particles are small, trans-
lucent, or partially absorbing, as is frequently encountered in pharmaceutical ma-
terials, the Fraunhofer approximation may oversimplify scattering behavior and
introduce systematic errors. Mie theory provides a more comprehensive electro-
magnetic solution to light scattering by spherical particles [7] [8]. Unlike the
Fraunhofer approach, Mie calculations require specification of both the real and
imaginary components of the particle refractive index, as well as the refractive
index of the surrounding medium in wet dispersion measurements. The real re-
fractive index describes how light propagates through the particle relative to the
surrounding environment, while the imaginary component accounts for absorp-
tion or attenuation of light within the material. Because scattering intensity at
higher angles is particularly sensitive to optical contrast, accurate refractive index
inputs are essential for reliable characterization of fine particle fractions. Even
modest inaccuracies in refractive index values can shift calculated distributions,
especially below approximately 10 pm. Modern instrumentation enhances the ro-

bustness of these theoretical calculations. Systems such as the Malvern Mastersizer
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3000 employ a dual-wavelength configuration that combines a red laser with a
blue LED light source. The shorter wavelength of the blue LED increases sensitiv-
ity to smaller particles by improving detection of wide-angle scattering. In addi-
tion, wide-angle detector arrays capture scattered light across an extensive angular
range, enabling simultaneous characterization of broad or multimodal size distri-
butions. Advanced inversion algorithms iteratively refine the calculated PSD by
minimizing residual differences between measured and predicted scattering in-
tensities. These computational procedures improve the stability of the solution,
particularly when dealing with complex or highly polydisperse samples (Figure 1,
Figure 2).
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Figure 1. Laser diffraction principle optical system diagram.
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The results of laser diffraction analysis are typically expressed as volume-based
particle size distributions. Volume weighting reflects the proportional contribu-
tion of particles to total sample volume, which aligns well with bulk material be-
havior in manufacturing contexts. Commonly reported statistical descriptors in-
clude D10, D50, and D90. The D50 value represents the volume median diameter
at which half of the total particle volume consists of smaller particles and half
consists of larger particles. The D10 and D90 values indicate the lower and upper
bounds of the central distribution, providing insight into the fine and coarse tails,
respectively (Ze., D10 - 10% of particles smaller than this size, D50 - median par-
ticle size, and D90 - 90% of particles below this size) (Figure 3). To quantify dis-
tribution breadth, the span parameter is frequently calculated using the expression
(D90 - D10)/D50. Span provides a normalized measure of distribution width rel-
ative to the median size. Narrow span values indicate relatively uniform particle
populations, whereas broader spans suggest heterogeneity, potential agglomera-
tion, or multimodal behavior. In process monitoring applications, shifts in span

may signal changes in milling efficiency, granulation conditions, or aggregation

phenomena.
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Figure 3. Particle scattering pattern vs size.

A critical aspect of laser diffraction analysis is the recognition that the reported
PSD is influenced by model assumptions and user-defined optical inputs. Incor-
rect refractive index values, inappropriate selection of scattering theory, or failure
to account for absorption effects can introduce systematic bias. Such bias may not
be immediately apparent from precision data alone, as repeat measurements can
remain highly reproducible while consistently inaccurate. Therefore, scientific jus-
tification of optical parameters, supported by literature values, experimental veri-
fication, or sensitivity analysis, is essential during method development. In sum-
mary, laser diffraction integrates optical physics, detector technology, and math-
ematical modeling to generate rapid and comprehensive particle size distribu-
tions. Its strength lies in its ability to characterize wide size ranges efficiently and

reproducibly. However, because the technique relies on theoretical reconstruction
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of scattering data, careful selection of optical models and parameters is fundamen-

tal to ensuring scientifically defensible and regulatory-compliant results.

3. Regulatory Framework: ICH Q7-Q11 Integration
3.1.ICH Q7: GMP Foundation

A scientifically sound particle size method must rest on a strong Good Manufac-
turing Practice (GMP) foundation. Under ICH Q?7, analytical procedures used for
release and stability testing are required to be appropriately validated and docu-
mented. This expectation applies fully to particle size distribution (PSD) methods,
even though they are physical rather than chemical tests. The data generated is
often used for batch disposition decisions, making regulatory reliability essential.
Method validation alone, however, is not sufficient. ICH Q7 also requires that an-
alytical equipment be properly qualified through Installation Qualification (IQ),
Operational Qualification (OQ), and Performance Qualification (PQ). For laser
diffraction systems, this means demonstrating that the instrument is installed cor-
rectly, operates within defined parameters, and consistently produces reliable re-
sults over time. Routine performance verification with appropriate standards fur-
ther strengthens confidence in ongoing system suitability. Equally important are
well-controlled Standard Operating Procedures (SOPs), particularly for disper-
sion conditions. In particle size analysis, parameters such as dry dispersion pres-
sure or wet sonication time directly influence results. These are not minor settings;
they are critical method variables. If such parameters are selected arbitrarily or
lack documented scientific justification, the integrity of release data may be ques-
tioned. From a regulatory perspective, failure to justify dispersion energy settings
represents a GMP risk, as it undermines the assurance that reported particle size

results truly reflect the material being tested [9].

3.2.ICH Q8: Pharmaceutical Development

ICH Q8 introduces the concept of Quality by Design (QbD), shifting pharmaceu-
tical development from empirical trial-and-error approaches toward science- and
risk-based understanding. Within this framework, particle size distribution (PSD)
must be formally evaluated to determine whether it constitutes a critical quality
attribute (CQA). When particle size directly influences dissolution, bioavailabil-
ity, blend uniformity, or downstream manufacturability, it should be clearly des-
ignated as a CQA and controlled accordingly. For drug substances manufactured
through size-reduction processes, such as milling or micronization, ICH Q8 ex-
pects the establishment of a defined design space. This design space should de-
scribe the relationship between process parameters such as mill speed, feed rate,
classifier settings, or energy input and the resulting PSD. Rather than relying on
fixed operating points, development studies should demonstrate a scientifically
justified operating range within which consistent particle size outcomes are achieved.
Such understanding supports process robustness and facilitates regulatory flexi-

bility. A particularly important expectation is the demonstration of a mechanistic
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link between PSD and dissolution performance. Experimental data should show
how changes in particle size influence dissolution rate and, where relevant, bioa-
vailability. Establishing this relationship strengthens the clinical relevance of PSD
specifications. Additionally, development reports should include dispersion plat-
eau studies conducted during analytical method development. These studies con-
firm that measurement conditions do not artificially alter particle size through
agglomeration or fracture, ensuring that reported PSD values accurately reflect

the true material characteristics [10].

3.3.ICH Q9: Quality Risk Management

ICH Q9 formalizes the application of Quality Risk Management (QRM) principles
throughout the pharmaceutical lifecycle. In the context of particle size distribution
(PSD) analysis, risk management is not theoretical; it directly influences the reli-
ability of analytical results and the robustness of process control. Structured tools
such as Failure Mode and Effects Analysis (FMEA) and risk-ranking matrices
should be applied during method development and validation to systematically
identify and mitigate potential failure points. Several key risk areas are particularly
relevant to laser diffraction methods. Over-dispersion can generate particle frac-
ture, artificially shifting the distribution toward smaller sizes. Conversely, under-
dispersion may allow agglomerates to persist, producing falsely coarse results.
Sampling bias represents another significant risk, especially for heterogeneous pow-
ders prone to segregation. In addition, optical model error arising from incorrect
refractive index selection or inappropriate theoretical assumptions can introduce
a systematic measurement bias. Through formal risk assessment, each potential
failure mode can be evaluated in terms of severity, occurrence, and detectability.
The resulting risk prioritization enables targeted mitigation strategies, such as dis-
persion optimization studies, standardized sampling procedures, and refractive
index sensitivity analysis. Importantly, dispersion pressure or sonication time should
not be arbitrarily selected; instead, statistically justified dispersion windows must
be defined based on experimental data. A risk-based framework ensures that PSD
methods are not only precise but scientifically defensible and aligned with regula-

tory expectations [11].

3.4.1CH Q10: Pharmaceutical Quality System

ICH Q10 extends quality principles beyond development and validation into the
commerecial lifecycle. Within a Pharmaceutical Quality System (PQS), PSD con-
trol should not end at method approval; rather, it must be continuously monitored
to ensure sustained process performance. Lifecycle oversight transforms PSD
from a static specification parameter into a dynamic indicator of process stability.
Routine trending of PSD parameters is a central expectation. Control charts for
D50 values can reveal subtle shifts in median particle size that may indicate
changes in milling efficiency, equipment wear, or raw material variability. Moni-

toring of the span parameter provides additional insight into distribution breadth

DOI: 10.4236/aces.2026.163005

83 Advances in Chemical Engineering and Science


https://doi.org/10.4236/aces.2026.163005

S. K. Bompelliwar et al.

and the potential emergence of fines or coarse fractions. These statistical tools al-
low early detection of drift before specification limits are breached. When trends
indicate atypical behavior, the PQS requires structured investigation and correc-
tive and preventive action (CAPA). For example, repeated upward shifts in D90
may prompt evaluation of milling parameters or classifier performance. Integra-
tion of PSD data into the broader quality system ensures alignment between ana-
lytical monitoring, process control, and continuous improvement initiatives.
Through systematic trending and CAPA integration, ICH Q10 promotes sus-
tained assurance that particle size remains within the validated design space across

the product lifecycle [12].

3.5.ICH Q11: Drug Substance Development

ICH Q11 emphasizes a science-based approach to drug substance development,
particularly for active pharmaceutical ingredients (APIs). When milling or mi-
cronization is used to achieve target particle size, it must be recognized as a critical
process step. The parameters governing size reduction such as mill type, energy
input, feed rate, and classifier settings directly determine the final PSD and there-
fore require thorough process understanding. Under this framework, PSD speci-
fications should not be arbitrarily selected. Instead, they must be clinically and
biopharmaceuticals justified. Development studies should demonstrate how vari-
ations in particle size influence dissolution behavior and, when applicable, sys-
temic exposure. Establishing this linkage ensures that PSD limits are meaningful
and connected to product performance rather than solely manufacturing conven-
ience. Scale-up represents another key consideration. Changes in equipment scale,
throughput, or energy transfer can alter particle-breakage dynamics, potentially
altering the PSD. ICH Q11 therefore expects evaluation of scale-up impact to con-
firm that commercial manufacturing reproduces the particle size profile estab-
lished during development. By integrating process understanding, clinical rele-
vance, and scalability assessment, ICH Q11 reinforces the central role of PSD in

ensuring consistent and reliable drug substance quality [13].

4. Risk-Based Framework for PSD Method Development

A scientifically robust particle size distribution (PSD) method cannot rely solely
on instrument capability; it must be built upon a structured, risk-based develop-
ment strategy. Because laser diffraction measurements are highly sensitive to dis-
persion and sampling variables, method development should systematically iden-
tify and control sources of variability. Applying a risk-based framework ensures
that method parameters are selected based on experimental evidence rather than
operator convenience or vendor defaults. The goal is to define operating condi-
tions that consistently reflect the true particle characteristics of the material, with-
out inducing artificial changes such as agglomeration or fracture [14]. The Ishi-
kawa diagram depicting cause-and-effect relationships on the potential critical an-
alytical attributes (CAA) of laser light diffraction (Figure 4) [15]-[19].
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4.1. Dispersion Energy Optimization

Dispersion is the most critical variable in laser diffraction analysis. The objective
is to separate individual particles without altering their intrinsic size. Both insuf-
ficient and excessive energy dispersion can compromise data integrity, making
optimization studies essential.

In dry dispersion systems, pressure titration studies are commonly performed
across a defined range, typically between 0.5 and 4.0 bar. At low pressures, cohe-
sive forces may prevent complete deagglomeration, resulting in artificially coarse
distributions. As pressure increases, agglomerates disperse and particle size values
decrease until a stable plateau is reached. This plateau region represents the opti-
mal dispersion window where further pressure increases no longer significantly
reduced D50 or D90 values. Pressures beyond this plateau may cause mechanical
fracture of fragile particles, leading to artificially fine distributions. Identifying
and justifying this plateau region through documented experimentation is funda-
mental to establishing a scientifically defensible method.

Dispersion energy optimization is a central component of developing a reliable
wet-dispersion method for particle size distribution (PSD) analysis. In liquid-
based systems, dispersion energy refers to the combined mechanical and acoustic
forces applied to a particle suspension to separate loosely bound agglomerates and
ensure that the measurement reflects the true primary particle size. Because each
material responds differently to applied energy, the process must be approached
deliberately and experimentally to balance effective deagglomeration with preser-
vation of particle integrity. A cornerstone of dispersion energy control is the op-
timization of sonication. Sonication introduces acoustic cavitation energy into the
medium, producing micro-turbulence and shear forces that efficiently break down

agglomerates. However, this energy must be carefully titrated: insufficient soni-
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cation allows agglomerates to persist, while excessive energy can fracture fragile
particles, leading to artificially reduced particle sizes. To establish the ideal soni-
cation conditions, analysts typically perform incremental sonication studies, ex-
posing the sample to increasing durations or intensities of ultrasound and moni-
toring the PSD profile after each step. A plateau in the distribution where further
sonication does not change D10, D50, or D90 values indicates that agglomerates
have been effectively dispersed without damaging the native particle structure.
Beyond sonication, mechanical mixing energy is also essential. Wet suspensions
must remain homogeneous during measurement to avoid bias from sedimenta-
tion or concentration gradients. Stirring or circulation flow rates should be opti-
mized to maintain stable suspension conditions without introducing new artifacts
such as air bubbles, excessive shear, or swirling effects that can distort scattering
patterns. Validation of stirring speed is often performed by evaluating PSD con-
sistency at multiple mixing intensities; a method is considered robust when the
PSD remains stable across a suitable range of operating speeds. Another critical
aspect of dispersion energy optimization is the interaction between the sample
and the dispersing medium. Even with appropriate sonication and stirring, in-
compatibility with the liquid phase can confound results. Certain materials may
dissolve partially in aqueous media, swell upon hydration, or undergo surface
modifications in the presence of specific surfactants. These chemical or physical
changes can mimic dispersion-energy effects and obscure the true PSD. Therefore,
dispersant compatibility studies including solubility checks, chemical stability as-
sessments, and pH or ionic-strength screening are integrated into the optimiza-
tion process to confirm that energy input, not chemical alteration, is responsible
for observed dispersion behavior. Together, these optimization steps incremental
sonication tuning, controlled mechanical mixing, and confirmation of medium
compatibility define a controlled dispersion environment tailored to the material
under study. By carefully balancing dispersion energy against particle fragility and
medium effects, the method achieves the dual goals of complete deagglomeration
and preservation of native particle characteristics, ultimately improving the accu-

racy and reproducibility of PSD measurements in wet dispersion systems.

4.2. Sampling Risk

While dispersion is often emphasized, sampling frequently represents the largest
contributor to PSD variability. Powders are inherently heterogeneous and prone to
segregation based on particle size, density, and shape. During storage or transport,
finer particles may migrate downward or adhere to container walls, while coarser
particles may accumulate in localized regions. Without a validated sampling strat-
egy, analytical results may not accurately represent the bulk material. Risk-based
method development must therefore include evaluation of sampling procedures.
Factors such as sampling location, depth, sample mass, and container handling
should be standardized and documented. The use of appropriate sampling tools,

such as thief samplers designed for uniform withdrawal, can minimize bias. Rep-
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licate sampling studies are recommended to assess variability introduced at this
stage. Ultimately, even the most optimized dispersion protocol cannot compen-
sate for non-representative sampling. By integrating validated sampling proce-
dures into the PSD method, analytical variability can be reduced, ensuring that

measured distributions genuinely reflect the true particle population.

5. Critical Parameters Influencing Particle Size Distribution
Using the Malvern Mastersizer 3000

Particle size distribution (PSD) is a critical quality attribute in pharmaceutical,
chemical, and materials science applications, as it directly influences dissolution
rate, bioavailability, stability, flow properties, and processability. Laser diffraction
has become one of the most widely employed techniques for PSD determination
due to its broad dynamic range, reproducibility, and rapid analysis. The Malvern
Mastersizer 3000 operates based on the principle that particles scatter light at an-
gles inversely proportional to their size, allowing calculation of particle size dis-
tribution through appropriate optical models (Mie or Fraunhofer theory). Alt-
hough the instrument provides highly robust measurements, the accuracy of PSD
data is strongly dependent on sample dispersion conditions. Improper dispersion
can lead to measurement of agglomerates, fractured particles, or sedimented frac-
tions, thereby misrepresenting the true primary particle size. Therefore, under-
standing and controlling dispersion parameters in both dry and wet systems is

essential for method development, validation, and routine quality control.

5.1. Critical Parameters in Dry Dispersion (Dry Powder Dispersed
Using Compressed Air-Typically Aero S Module)

Dry dispersion involves aerosolization of powder using compressed air to separate
particles prior to laser measurement. This approach is particularly suitable for
free-flowing powders and materials sensitive to liquid media. Critical Parameters

Affecting Dry Particle Size Distribution (PSD) Measurement presented in Table 1.

5.1.1. Air Pressure

Air pressure is the primary dispersive force in dry measurement. Increasing air
pressure enhances deagglomeration efficiency by applying mechanical energy to
particle clusters. Adequate pressure results in reduced median particle size (D50)
and narrower distributions due to effective separation of loosely bound agglom-
erates. However, excessive pressure may induce particle fracture, leading to arti-
ficially smaller size measurements and distorted distribution profiles. Conversely,
insufficient pressure results in incomplete dispersion and overestimation of par-
ticle size. Method optimization therefore requires determination of a pressure set-

ting that achieves stable particle size values without evidence of particle attrition.

5.1.2. Vibration Feed Rate
The vibration feed rate controls the rate at which powder enters the measurement

zone. A higher feed rate may cause temporary overloading of the optical path,
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increasing obscuration beyond optimal limits and promoting multiple scattering
phenomena, which can artificially increase measured particle size. In contrast, an
excessively low feed rate results in weak signal intensity and poor reproducibility.
A steady and controlled feed that maintains obscuration within the recommended

range (typically 1% - 5% for dry systems) is essential for accurate analysis.

5.1.3. Sample Weight

Sample weight is closely related to feed rate and obscuration. Excessive sample
loading increases light attenuation and multiple scattering effects, thereby com-
promising measurement accuracy. Insufficient sample quantities produce weak
scattering signals and increased variability. During method development, sample
weight must be optimized to ensure consistent obscuration and repeatable meas-

urements.

5.1.4. Obscuration

Obscuration represents the percentage of laser light attenuated by particles during
measurement and serves as an important system-suitability indicator. For dry dis-
persion, an obscuration range of approximately 1% - 10% is generally recom-
mended. High obscuration levels may result in multiple scattering and overesti-
mation of particle size, while very low obscuration may reduce signal-to-noise ra-
tio and data reliability. Maintaining appropriate obscuration ensures measure-

ment precision and robustness.

Table 1. Critical parameters affecting dry particle size distribution (PSD) measurement: definition, impact, and optimization.

Parameter
Physical

Air Pressure

Process
Vibration Feed Rate

Compressed air used to disperse
powder in the measurement
chamber (dry dispersion).

Definition/Role Impact on PSD Measurement  Optimization/Considerations
Too low — incomplete Optimize pressure for material

de-agglomeration, larger apparent type; follow instrument

particle sizes; too high — particle manufacturer guidelines;

breakage or excessive fines. validate reproducibility.

Too slow — insulfficient sample

Rate at which powder is fed in measurement zone, longer Adjust feed rate to achieve stable,
into the measurement zone measurement times; too fast — reproducible sample delivery;
via a vibratory feeder. particle collisions, aggregation, verify histogram stability.

or measurement errors.

Too little — poor statistical
. . Use recommended sample
representation, noisy PSD data;

Physical Amount of powder used per . amount per instrument and
. too much — overcrowding, ]
Sample Weight measurement. . . method SOP; ensure uniform
multiple scattering, or .
. . loading.
instrument saturation.
Too low — low signal, high noise, Target instrument-specified
Percentage of laser light blocked ] & .g & ) P
. . . . ] inaccurate PSD; too high — obscuration range (e.g.,
Optical by particles (in laser diffraction) . . . .
K . . . multiple scattering, distorted 1% - 10%); adjust feed or
Obscuration or fraction of particles in . . ] ) )
histogram, overestimation of dispersion parameters to
measurement zone. . . . .
large particles. maintain within range.
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5.2. Critical Parameters in Wet Dispersion (Sample
Dispersed in Liquid Medium Using Hydro
MV-Medium Volume)

Wet dispersion involves suspending particles in a suitable liquid medium, typi-
cally using a recirculating dispersion unit. This approach is advantageous for co-
hesive powders or materials prone to strong agglomeration.

Critical Parameters Affecting Wet Particle Size Distribution (PSD) Measure-
ment presented in Table 2.

Table 2. Critical parameters affecting wet particle size distribution (PSD) measurement: definition, impact, and optimization.

Parameter Definition/Role Impact on PSD Measurement Optimization/Considerations
Incompatible media can
X L. . . p . . Choose media compatible
Physical The liquid or solvent in which cause aggregation, swelling, . . L
. ! . . . . with the material; maintain
Dispersion Media particles are suspended for wet dissolution, or altered
] X . X constant temperature and
Selection measurement. refractive properties, leading o ]
) ionic strength if relevant.
to inaccurate PSD.
X Interaction of the dispersion Incompatible media can . .
Chemical . . . Evaluate chemical stability,
. . medium with the sample cause particle breakdown, ) ] .
Physicochemical ] o . ] avoid reactive solvents, adjust
L (chemical, pH, ionic strength, aggregation, or chemical .
Compatibility . . . pH or ionic strength.
etc.). reaction, distorting PSD.
Optical property of particle Measure or use literature values
Optical P Property ot p Incorrect RI leads to erroneous

Refractive Index (RI)

Physical
Viscosity &
Sedimentation Effect

Chemical
Surface Tension &
Wetting Behavior

Process
Sonication & Medium
Stability

Optical
Obscuration

and medium used in laser
diffraction or imaging.

Resistance of the dispersion
medium to flow; tendency
of particles to settle under

gravity.

Ability of the medium to wet
particle surfaces.

Use of ultrasonic energy to
break aggregates in the
chosen medium.

Stability of suspension and
optical density (obscuration)
during measurement.

particle size calculations.

High viscosity slows particle
settling but may dampen
Brownian motion. Settling
causes apparent increase in
particle size or loss of fine
fraction.

Poor wetting can leave
agglomerates, underrepresent
fines, and bias PSD.

Insufficient sonication leaves
agglomerates; excessive may
break particles.

High obscuration or
unstable suspension reduces
measurement accuracy,

increases noise.

for sample and medium; adjust
in software settings.

Use appropriate viscosity
for instrument; may dilute
high-viscosity samples.
Use stirring, sonication,
or stabilizers; measure quickly
after dispersion.

Use surfactants or dispersants;
ensure complete wetting.

Optimize power, duration, and
medium type; verify particle
integrity.

Target recommended
obscuration of 5% - 20%
(% of laser blocked) and verify
dispersion uniformity.
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Continued
. . Too slow — uneven dispersion or Optimize speed to maintain
Rate of mechanical stirring ) . ) ] ] )
Process ] . sedimentation; too fast - foaming,  uniform suspension without
L. of the suspension during ] ] . . .
Stirring Speed ) air bubbles, or particle breakage, inducing damage; verify
measurement or preparation. . . . i
leading to PSD errors. visually or via stability check.
. . Too short — incomplete . .
Process Duration of ultrasonic Determine empirically for

Sonication Time

Process Duration and intensity of

Vortex Mixing Time

Physical
Sample Dispersion
Stability

Chemical
Thermodynamic
Equilibration

treatment applied.

mechanical mixing.

Ability of the sample to
remain uniformly dispersed
during measurement.

Time for the system to reach
a stable particle distribution
with balanced interactions.

dispersion; too long — particle

each material.
breakage or heating.

Insufficient mixing — o . .
. ] . Optimize to achieve uniform
sedimentation or aggregation; . . .
. . . suspension without damaging
excessive — foaming or particle .
particles.

breakage.

Use di ts, trol ti
Instability leads to biased PSD, S¢ dispersants, controt time

betw ti d
higher variability, and ctween preparation an

measurement, verify visuall
irreproducibility. . . fy Y
or via stability checks.
Measuring before equilibrium
creates artifact peaks, over- or
underestimation of particle

Allow sufficient stabilization,
monitor histogram for artifacts,

. . ensure reproducibility.
size fractions.

5.2.1. Dispersion Medium Selection

In wet laser diffraction analysis, the selection of an appropriate dispersion medium
is a critical determinant of accurate particle size measurement. In systems such as
the Malvern Mastersizer 3000, particles are suspended in a liquid prior to laser
exposure, and the integrity of the measurement depends on the stability and op-
tical compatibility of that suspension. An improperly selected medium can result
in agglomeration, dissolution, swelling, sedimentation, or optical artifacts, all of

which may compromise the reliability of the particle size distribution (PSD) data.

5.2.2. Physicochemical Compatibility

The dispersion medium must be chemically inert with respect to the analyte. Dis-
solution of partially soluble materials can lead to an apparent reduction in particle
size, while swelling (e.g., in polymeric or hydrophilic materials) may produce ar-
tificially increased size values. Therefore, solubility screening is a fundamental
step in method development. Ideally, the material should remain physically stable
and chemically unchanged throughout the measurement period. Additionally, the
medium should not induce chemical degradation or polymorphic transformation.
In pharmaceutical systems, for example, exposure to aqueous media may alter
crystalline structure or surface properties, thereby affecting particle size results

and reproducibility.

5.2.3. Refractive Index Considerations

Accurate PSD determination using Mie theory requires knowledge of both the
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particle refractive index and the refractive index of the dispersion medium. The
contrast between these two values directly influences scattering intensity and size
calculation accuracy. A mismatch or incorrect refractive index input can distort
the calculated distribution, particularly for fine particles (<10 pm). Therefore, the
optical properties of the selected medium must be well characterized and properly
entered into the instrument software. Typical dispersion media employed in wet
laser diffraction analysis include purified water, aqueous surfactant solutions such
as 0.1% Triton X-100, 0.1% or 1.0% Tween 80 in water, as well as organic solvents
including ethanol, isopropyl alcohol, and n-hexane. The selection of an appropri-
ate dispersion medium depends primarily on the physicochemical properties of
the analyte, including solubility, surface characteristics, density, and chemical sta-
bility. Purified water is the most commonly used dispersion medium due to its
availability, low cost, and compatibility with a wide range of pharmaceutical and
inorganic materials. However, its relatively high surface tension may limit effec-
tive wetting of hydrophobic particles, potentially resulting in agglomeration or
floating particles. To overcome this limitation, nonionic surfactants such as Tri-
ton X-100 or Tween 80 are frequently incorporated at low concentrations (e.g.,
0.1% w/v). These surfactants reduce surface tension, enhance particle wetting, and
promote deagglomeration without significantly altering the refractive index or
viscosity of the medium. In certain cases, increasing the surfactant concentration
to 1.0% may be necessary for highly hydrophobic materials, although excessive
surfactant levels should be avoided to minimize foaming and potential micelle-
related interference. Ethanol is often selected for materials that exhibit limited
aqueous solubility or poor wettability in water. Its lower surface tension compared
to water improves dispersion of hydrophobic particles. Additionally, ethanol
evaporates readily, which may be advantageous during post-analysis cleaning;
however, volatility must be considered during sonication to prevent changes in
concentration or temperature. Nonpolar solvents such as n-hexane are suitable
for highly hydrophobic or moisture-sensitive materials. These solvents provide
improved compatibility for lipid-based or water-reactive substances. Neverthe-
less, safety considerations, solvent volatility, and compatibility with instrument
components must be carefully evaluated prior to routine use. Overall, the choice
of dispersion medium should ensure chemical inertness, minimal solubility of the
analyte, adequate wetting, stable suspension behavior, and compatibility with op-
tical model requirements. A systematic screening approach during method devel-
opment is recommended to identify the medium that provides reproducible and

physically meaningful PSD data.

5.2.4. Viscosity and Sedimentation Effects

The viscosity of the dispersion medium plays a significant role in suspension sta-
bility. According to Stokes’ law, sedimentation velocity is inversely proportional
to the medium’s viscosity [20]. Low-viscosity media may allow rapid settling of
larger particles, resulting in biased D90 values and poor reproducibility. Increas-

ing viscosity can reduce sedimentation but may introduce challenges in pumping,
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circulation, and background stability. Therefore, viscosity should be optimized to

balance suspension stability and instrument performance.

5.2.5. Surface Tension and Wetting Behavior

Effective wetting of particle surfaces is a critical factor in wet PSD measurements,
as inadequate wetting can lead to aggregation, floating clusters, or trapped air
bubbles that distort particle size analysis. Surface tension governs the ability of the
liquid medium to spread across and penetrate particle surfaces. High surface ten-
sion media, such as pure water, often fail to adequately wet hydrophobic or poorly
water-soluble particles, resulting in floating aggregates, broad PSD distributions,
and overestimation of particle sizes. To improve wetting, surfactants or dispersing
agents (e.g., polysorbates, sodium dodecyl sulfate, or other nonionic/anionic sur-
factants) are commonly added. These reduce the liquid’s surface tension, allowing
the medium to fully penetrate interstitial spaces and wet particle surfaces. Im-
proved wetting enhances dispersion stability, minimizes air entrapment, and en-
sures more accurate PSD measurements. However, surfactant use requires careful
control: excessive concentrations can cause foam formation, micelle-related arti-
facts, or altered particle behavior, introducing secondary errors in PSD analysis.
Optimization involves selecting surfactant type, concentration, and mixing pro-
tocol to achieve stable, reproducible dispersions without introducing measure-
ment artifacts. A schematic figure can clearly illustrate the effect of surface tension
and wetting: High surface tension (poor wetting): Particles float, form aggregates,
and trap air; PSD histogram shows broader peaks and artifact tails. Reduced sur-
face tension (good wetting with surfactant): Particles are uniformly dispersed, air
bubbles are minimized, and PSD histogram accurately represents the true particle

size distribution (Figure 5).

High surface tension Reduced surface tension
(poor wetting) (good wetting with surfactant)

PSD True particle size
distribution

Figure 5. Surface tension and wetting effect on the PSD.
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5.2.6. Sonication and Medium Stability

The dispersion medium must also remain stable under sonication if ultrasonic
energy is applied to break agglomerates. Some solvents may undergo temperature
rise or evaporation during prolonged sonication, altering viscosity and refractive
index. Consequently, temperature monitoring and control are important during

method development.

5.2.7. Obscuration

In wet systems, the acceptable obscuration range is typically higher (approxi-
mately 5% - 20%) due to improved dispersion uniformity and reduced multiple
scattering compared to dry systems. Gradual addition of sample to reach the target
obscuration is recommended to prevent sudden overloading and ensure con-

sistent measurement conditions.

5.2.8. Stirring Speed

Stirring maintains a homogeneous suspension and prevents sedimentation during
analysis. Insufficient stirring allows larger particles to settle, resulting in artificially
increased D90 values and poor reproducibility. Excessively high stirring speeds,
however, may induce mechanical attrition of fragile particles, leading to reduced
particle size measurements. Also, higher stir speed generates air bubbles. There-
fore, stirring speed must balance suspension uniformity and mechanical stability

of the sample.

5.2.9. Sonication Time

Sonication is frequently employed to disrupt soft agglomerates through ultrasonic
energy. Progressive increases in sonication time typically reduce measured parti-
cle size until a plateau is reached, indicating effective deagglomeration. Beyond
this point, extended sonication may cause particle breakage or alter material prop-
erties. A sonication-time study during method development is essential to identify
optimal conditions that achieve reproducible results without inducing structural

changes.

5.2.10. Vortex Mixing Time

Vortex mixing prior to measurement ensures uniform sample distribution in the
dispersion medium. Inadequate mixing may result in localized concentration gra-
dients and measurement variability. Controlled vortexing improves reproducibil-

ity by promoting consistent dispersion prior to laser analysis.

5.2.11. Sample Dispersion Stability

Sample dispersion stability is a critical parameter in wet PSD measurement meth-
ods because the accuracy and reproducibility of particle size data depend on main-
taining a uniform suspension throughout the analysis. If the sample is not
properly dispersed or settles/agglomerates during measurement, larger clusters or
agglomerates may form, leading to apparent particle sizes that are artificially high.

Conversely, inadequate wetting of particles can prevent fine particles from being
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measured, resulting in an underestimation of small particle fractions. This intro-
duces bias, increased variability, and poor method precision, potentially causing
out-of-specification (OOS) results or incorrect process control decisions in con-
tinuous manufacturing. Ensuring stable dispersion typically requires optimization
of dispersant type, concentration, sonication, stirring, and measurement timing,
with verification of stability over the measurement period. Incorporating disper-
sion stability evaluation into method development and validation is essential for
robust, reproducible PSD data that accurately reflects the true particle distribution
of the product.

5.2.12. Thermodynamic Equilibrium

Thermodynamic equilibrium is an important consideration in wet PSD measure-
ment because particles in suspension may undergo aggregation, agglomeration,
or settling until a stable equilibrium state is reached. If measurements are taken
before the system reaches equilibrium, the PSD data can show artifact peaks in the
histogram, representing transient or unstable particle clusters rather than the true
distribution. These artifacts can lead to overestimation of large particle fractions
or misinterpretation of particle population dynamics. Ensuring that the sample
reaches thermodynamic equilibrium through adequate dispersion, mixing, and
stabilization time helps obtain reproducible and accurate PSD measurements.
Monitoring artifact peaks in the histogram is a practical way to verify that equi-
librium has been achieved, ensuring that the PSD reflects the true particle size

distribution of the material rather than transient measurement artifacts.

6. PSD Validation Considerations (A Case Study Validating
Dry and Wet Dispersion Methods for Drug Substance and
Drug Product Respectively)

The analytical validation of PSD methods was conducted in accordance with the
principles described in the International Council for Harmonization guideline
ICH Q2(R2) [21]-[23]. This guideline emphasizes scientific justification, statisti-
cal evaluation, and a lifecycle-based approach to analytical methods. Because PSD
results (e.g., D10, D50, D90) are highly sensitive to dispersion conditions, these
parameters must be systematically optimized and justified during method devel-
opment. Robustness studies should evaluate the impact of small variations in air
pressure, stirring speed, and sonication time. Repeatability and intermediate pre-
cision assessments ensure measurement reliability. Furthermore, confirmation
that selected dispersion conditions do not induce particle fracture is essential to
maintain scientific validity. This article presents a full experimental validation pa-
per documenting the development and validation of particle size distribution
methods for drug substance powder and drug product topical cream formula-

tions.

6.1. Materials, Equipment and Methods

Malvern Mastersizer 3000 equipped with the Aero S and Hydro MV accessories
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system was used for particle size method validation, with Software version 5.61
used for data processing and evaluation. Drug Substance and drug Product, and
purified water. A single batch/lot of sample (drug substance powder and drug
product cream) was used for each dry, wet, precision, intermediate precision, and

robustness study.

6.2. Sample Preparation and Instrument Parameters for Dry
Dispersion

A structured sampling approach was implemented for dry-dispersion analysis to
ensure representative characterization of the drug substance powder. During
method development and feasibility studies, three production lots from different
manufacturing campaigns were evaluated to capture potential lot-to-lot variabil-
ity. For each lot, samples were collected from multiple bulk container locations
including top, middle, and bottom sections to address potential segregation dur-
ing storage and handling. Subsampling was performed using a standardized rif-
fling procedure, where 50 - 100 g of bulk powder was collected and progressively
divided to obtain homogeneous subsamples. A sample mass of approximately
3000 mg was selected for Aero S hopper was based on instrument recommenda-
tions and preliminary studies to ensure adequate powder flow and representative
particle loading. For dry-dispersion measurements, refractive index of 1.50 was
obtained from the Merck Index, consistent with the transparent nature of the drug
substance under dry conditions with negligible absorption characteristics, sup-
porting the selected absorption index of 0.010. Sensitivity analysis confirmed that
+5% variation in these optical parameters resulted in <5% change in D50 values,
demonstrating robustness of the optical model. Dispersion optimization was sys-
tematically evaluated through pressure titration studies. Feed pressure varied
from 0.5 to 4.0 bar while monitoring particle size distribution parameters. Results
demonstrated that D50 values decreased from 6 pm at 0.5 bar to 4 ym at 1.5 bar,
then plateaued at 3.9 = 0.2 pm between 1.5 - 3.0 bar, indicating complete deag-
glomeration without particle breakage. Pressure increases beyond 3.0 bar to 4.0
bar showed artificial size reduction (D50 = 2.5 um) with increased fine particle
fraction, suggesting mechanical fracture. The optimal pressure of 1.5 bar was se-
lected based on plateau achievement within the safe operating range and meas-
urement reproducibility. Feed rate optimization confirmed that 60% provided
consistent powder flow and stable particle size measurements across the pressure
range.

For dry-dispersion measurements were performed using compressed air at 1.5
bar and a 60% feed rate to ensure stable powder flow. The instrument was oper-
ated in General-Purpose Fine Powder Mode, which is recommended for materials
with a nominal particle size below 10 pm. The Standard Venturi disperser and
general-purpose tray were utilized with a hopper gap of 1.25 mm to promote con-
sistent powder entrainment. The optimized dry-dispersion conditions applied for

routine analysis are summarized in Table 3.
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Table 3. Instrument parameters for dry dispersion accessories.

Sample Weight
Sampler
Material Name
Particle Type
Refractive Index
Absorption Index
Density
Refractive Index
Background Measurement Duration (Red)
Sample Measurement Duration (Red)
Number of Measurements
Obscuration Lower Limit
Obscuration High Limit
Vibration Feed Rate
Air Pressure
Venturi Type
Tray Type

Hopper Gap

Analysis Model

3000 mg
AERO S
Drug Substance
Non-Spherical
1.50
0.010
1.00 (g/cm?)
1.33
5.00 s
5.00s
3
2.00%
8.00%
60%
1.5 Bar
Standard Venturi Disperser
General Purpose tray with hopper
1.25 mm

General Purpose Fine power mode
was selected for particles less than

10-micron size

6.3. Sample Preparation and Instrument Parameters for Wet
Dispersion

The tested materials comprised 0.5% topical cream formulations in an oil-in-wa-
ter emulsion base containing carbomer, glycerin, octyl hydroxy stearate, polyeth-
ylene glycol 400, polysorbate 80, propylene glycol, sorbitan monooleate, stearic
acid, water, pH adjusters, and preservatives. The expected particle size distribu-
tion ranged from 1 - 15 pm for primary micronized drug substance, 15 - 75 um
for cream matrix-associated aggregates, and 75 - 300 pm for storage-induced ag-
glomerates within the semi-solid matrix. Given the drug substance’s high aqueous
solubility (12.2 mg/mL at 25°C), the API exhibits moderate wettability challenges
when dispersed in the lipophilic cream vehicle. The API crystals exhibit moderate
fragility requiring controlled dispersion to prevent artificial size reduction, while
the cream matrix components form deformable, dispersible agglomerates. Based

on these characteristics, wet dispersion was selected to effectively break down ma-
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trix-associated agglomerates while minimizing drug dissolution through rapid
analysis enabling accurate particle size characterization.

A comprehensive sampling plan was implemented to ensure representative
analysis across the study materials. Approximately 10 - 15 g of cream was collected
using a cut-and-open tube method, mixed thoroughly, and subsampled to obtain
representative 100 mg aliquots. Sample mass selection was optimized to achieve
10% - 20% obscuration while maintaining adequate particle loading for statistical
reliability. Purified water was selected as an appropriate dispersant for the cream
matrix through comprehensive compatibility studies. Dissolution assessment
demonstrated that less than 2% of the total drug dissolved during the 10-minute
analysis window, confirming minimal impact on particle size measurements. Ma-
trix swelling was negligible (<5%), when exposed to the aqueous medium, with no
observable changes in particle morphology or size distribution over the analysis
period. Placebo contribution studies revealed minimal background interference
(<3% of the total volume distribution) confirming negligible impact on active for-
mulation measurements. Short-term suspension stability was confirmed through
time-course studies in which particle size parameters (D10, D50, D90) remained
stable within £5% over 15 minutes post-dispersion, with no evidence of particle
settling, re-agglomeration, or continued matrix breakdown. Additionally, micro-
scopic evaluation of dispersed samples confirmed the maintenance of individual
particle identity without morphological changes. No significant chemical interac-
tions were observed between the cream components and the aqueous dispersant
as indicated by the stable pH measurements (6.8 + 0.2). These comprehensive val-
idation studies support the suitability of purified water for effective matrix disper-
sion while preserving the particle integrity of drug substance particles.

For wet-dispersion measurements in an aqueous medium, the effective refrac-
tive index was set to 1.49 to account for the drug-water interface and potential
hydration effects on particle surfaces, as confirmed by immersion microscopy ob-
servations. An absorption index of 1.00 was selected through preliminary obscu-
ration studies to account for complex light scattering contributions from the
cream matrix components, drug-water interfaces, and suspended particulates.
The dispersant refractive index was set to 1.330 for purified water at 25°C based
on merck index.

Comprehensive dispersion studies evaluated multiple parameters to achieve
optimal matrix breakdown. Sonication was systematically evaluated during wet-
method development but was excluded from the finalized routine method. Opti-
mization studies revealed that particle size D50 reached a plateau at 22 um within
2 - 5 minutes of sonication, with no further size reduction upon extended treat-
ment. Since sonication had no significant impact on achieving the final particle
size distribution and the same results were obtained through stirring alone, soni-
cation was deemed non-critical and excluded from the routine protocol to sim-
plify the method. Consequently, sonication parameters were not included in the

robustness evaluation, focusing validation efforts on the critical stirring parame-
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ters that directly influence dispersion quality. Stirring speed evaluation (1000 -
2000 RPM) demonstrated optimal dispersion at 1500 RPM, where D90 values sta-
bilized. Vortex studies (30-second intervals up to 4 minutes) confirmed that brief
vortexing prior to analysis improved initial dispersion homogeneity without af-
fecting the final particle size distribution. The optimized protocol (120-second
vortexing followed by 1500 RPM stirring) provided reproducible dispersion for
key percentiles while preserving drug substance particle integrity.

Table 4. Instrument parameters for wet dispersion accessories.

Sampler Hydro MV
Material Name Drug Product (Cream)

Refractive Index 1.49
Absorption Index 1.00
Dispersant Name Water
Refractive Index 1.33

Level Sense of Threshold 100.00

Background Measurement Duration (Red) 15.00 s

Sample Measurement Duration (Red) 15.00 s

Aliquots 1
Automatic Number of Measurements No
Pre-Alignment Delay 10.00
Number of Measurements 3

Delay between Measurements 10.00
Premeasurement Delay 60.00

Obscuration Lower Limit 10.00%

Obscuration High Limit 20.00%

Stir Speed 1500 rpm
Analysis Model General Purpose
Single Result Mode No
Analysis Sensitivity Normal

For wet-dispersion measurements, the drug product (0.5% cream) was trans-
ferred to a clean beaker and gently mixed to ensure uniformity. Approximately
100 mg of sample was weighed into a 50 mL centrifuge tube, followed by the ad-
dition of 25 mL purified water as the dispersant. The tube was capped, inverted

several times, and vortex-mixed for approximately 120 seconds to disperse the
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semi-solid matrix and produce a homogeneous suspension. The preparation was
then introduced into the Hydro MV dispersion unit and the system was operated
at 1500 rpm, with obscuration maintained between 10% - 20% to achieve suitable
particle loading while minimizing multiple-scattering effects. Background and
sample acquisition times were 15 seconds, and three replicate measurements were
collected. The instrument was operated under the General-Purpose Analysis
Model and the single-result mode was disabled to allow averaging across repli-
cates. The finalized wet-dispersion method parameters and instrument settings

are summarized in Table 4.
7. Result and Discussion

Table 5. ICH Q2 (R2) applicability matrix.

Validation Characteristic =~ Applicable Rationale
Assessed using reference materials;
Accuracy Yes .
absolute accuracy challenging for PSD
Critical for quality control and batch
Precision (Repeatability) Yes quatty
release
Required for multiple analyst/instrument
Precision (Intermediate) Yes 1 p . ¥
scenarios
Essential for routine laboratory
Robustness Yes ]
operations
Method must distinguish drug particles
Specificity Yes ] J &P
from matrix components
Method must cover expected particle
Range Yes

size variations

Not applicable - method measures
Detection Limit No physical particle distribution,
not chemical concentration

Not applicable - particle counting method,

Quantitation Limit No L . .
not quantitative chemical analysis
Not applicable - instrument response
Linearity No is particle-count based,

not concentration-dependent

The objective of validation was to demonstrate that the PSD method is reliable,
reproducible, and suitable for its intended application in pharmaceutical quality
control [24]-[26]. Key validation parameters evaluated in this study included pre-
cision, intermediate precision, and robustness [27]-[30]. As a part of accuracy, the
instrument performance verification was conducted using manufacturer-supplied
reference standards (QAS4002_AeroS/M for Dry Accessories and QAS4001_Hy-
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droSM for Wet Accessories) to confirm instrument functionality before sample
analysis. Method validation for the drug substance and drug product included
precision, robustness, and range characteristics. These parameters collectively as-
sess the method’s ability to produce consistent and accurate particle size measure-
ments under routine laboratory conditions and potential operational variations
[31]-[33]. The PSD ICH Q2(R2) applicability matrix was presented in Table 5.
The validation claims are narrowed to exclude specificity, and range, as these pa-
rameters were not experimentally evaluated in this study. The revised applicability
matrix focuses solely on precision (demonstrated through repeatability and inter-
mediate precision studies) and robustness (confirmed through systematic param-

eter variation).

7.1. Precision

Method precision, also referred to as repeatability, evaluates the closeness of
agreement among a series of measurements obtained under identical experi-
mental conditions. For PSD analysis, repeatability was assessed by preparing six
independent sample preparations from the same homogeneous batch. Each sam-
ple preparation was measured in triplicate, and the average result for each prepa-
ration was calculated. Precision performance was evaluated using the percent rel-
ative standard deviation (%RSD) of the average particle sizes. Acceptance criteria
were defined based on common industry practices, such that the %RSD for the six
average values of D50 was required to be not more than (NMT) 10%, while
the %RSD values for D10 and D90 were required to be NMT 15% individually.
For materials with particle sizes below 10 um, the acceptance criteria were ad-
justed to account for increased analytical variability, and the %RSD limits were
doubled to reflect this higher inherent variance. The doubled limits for sub-10 um
materials reflect the increased measurement uncertainty at smaller particle sizes
due to Brownian motion effects and increased sensitivity to optical parameter var-
iations, consistent with established analytical principles. The results demonstrated
acceptable repeatability, indicating that the PSD method produces consistent par-
ticle size measurements under the defined laboratory conditions (Table 6, Table
7) (Figure 6). Weighted residuals of less than 1% in the Mastersizer 3000 analysis
indicate an excellent fit between the measured and calculated data, confirming

that the results are reliable and of high quality as per instrument guidelines.

7.2. Intermediate Precision

Intermediate precision evaluates the reproducibility of the analytical method un-
der normal laboratory variations, such as different analysts, different days, and
potentially different instruments of the same model. This parameter provides an
indication of the method’s reliability during routine quality control operations.
For this study, six additional sample preparations were prepared using the same
batch employed in the repeatability study. The analysis was conducted by a differ-

ent analyst on a different day, thereby introducing realistic operational variability.
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Each preparation was analyzed in triplicate, and the average result for each sample
was calculated. The same acceptance criteria used for repeatability were applied
to the intermediate precision study. The results confirmed that the PSD method
maintained consistent performance across different analysts and days, demon-

strating adequate reproducibility under typical laboratory conditions (Table 6,

Table 7).
Particle Refractive Index 1.490 Span 1.438
Particle Absorption Index 1.000 Uniformity 0.446
Dispersant Name Water Specific Surface Area 275.9 m¥/kg
Dispersant Refractive Index 1.330 D [3,2] 21.7 pm
Scattering Model Mie D [4,3] 27.7 ym
Analysis Model General Purpose Dv (10) 12.9pm
Weighted Residual 0.45 % Dv (50) 24.1 pm
Laser Obscuration 12.60 % Dv (90) 47.6 pm
Frequency (compatible)
£ 10
.g
a
o
5 s
£
0
1 10 100 1000
Size Classes (um)
Result
Size (pm) % Volume Under Size (um) % Volume Under Size (um) % Volume Under
0.01 0.00 0.0597 0.00 0.357 0.00 2.13
0.0114 0.00 0.0679 0.00 0.405 0.00 2.42
0.0129 0.00 0.0771 0.00 0.46 0.00 2.75
0.0147 0.00 0.0876 0.00 0.523 0.00 3.12
0.0167 0.00 0.0995 0.00 0.594 0.00 3.55
0.0189 0.00 0.113 0.00 0.675 0.00 4.03
0.0215 0.00 0.128 0.00 0.767 0.00 4.58
0.0244 0.00 0.146 0.00 0.872 0.00 521
0.0278 0.00 0.166 0.00 0.991 0.00 5.92
0.0315 0.00 0.188 0.00 1.13 0.00 6.73
0.0358 0.00 0.214 0.00 1.28 0.21 7.64
0.0407 0.00 0.243 0.00 1.45 0.94 B8.68
0.0463 0.00 0.276 0.00 1.65 2,51 9.86
0.0526 0.00 0.314 0.00 1.88 5.26 11.2
Size (pm) % Volume Under Size (pm) % Volume Under Size (um) % Volume Under Size (pm) % Volume Under
12.7 9.43 76 99.00 454 100.00 2710 100.00
14.5 15.14 86.4 99.67 516 100.00 3080 100.00
16.4 22.33 98.1 99.97 586 100.00 3500 100.00
18.7 30.79 111 100.00 666 100.00
21.2 40.11 127 100.00 756 100.00
24.1 49.83 144 100.00 859 100.00
27.4 59.41 163 100.00 976 100.00
31.1 68.39 186 100.00 1110 100.00
35.3 76.39 211 100.00 1260 100.00
40.1 83.15 240 100.00 1430 100.00
45.6 88.60 272 100.00 1630 100.00
51.8 92.75 310 100.00 1850 100.00
58.9 95.75 352 100.00 2100 100.00
66.9 97.76 400 100.00 2390 100.00

Figure 6. PSD precision histogram for drug product (Cream).
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Table 6. Precision results for dry accessories.

Average Results in ym

Samples D(10) D(50) D(90) % Obscuration
1 1.54 4.09 8.27 5.21
2 1.51 4.00 8.07 4.93
3 1.59 4.02 7.93 4.73
Method Precision
4 1.50 4.01 8.08 4.52
5 1.47 3.93 7.89 4.53
6 1.46 3.98 8.13 4.82
Average (n = 6) 1.51 4.01 8.06 4.79
%RSD (n = 6) 3 1 2 NA
1 1.33 3.78 7.53 4.28
2 1.34 3.77 7.54 4.94
Intermediate 3 1.32 3.79 7.60 4.26
Precision 4 1.32 3.78 7.59 5.36
5 1.35 3.84 7.95 4.44
6 1.36 3.85 8.01 4.26
Average (n = 6) 1.34 3.80 7.70 4.59
%RSD (n = 6) 1 1 3 NA

Table 7. Precision Results for Wet Accessories.

Average Results in pm

Samples Wesi:}?tp(l;g) D(10) D(50) D(90) % Obscuration %I:Z Seiiclgf:fd

1 103.90 12.9 24.1 476 12.60 0.45

2 99.50 12.9 242 479 13.09 0.47

Method 3 100.60 12.9 24.1 472 12.40 0.46
Precision 4 102.00 12.8 24.1 47.6 12.26 0.46
5 99.70 12.9 24.1 475 12.77 0.45

6 99.60 12.9 24.1 476 12.71 0.48

Average (n = 6) 12.9 24.1 47.6 12.64 0.46

%RSD (n = 6) 0 0 1 NA
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Continued

1 98.88 12.8 23.8 45.7 14.47 0.46
2 94.45 12.9 24.0 46.3 14.82 0.44
Intermediate 3 102.22 12.9 23.9 46.2 13.52 0.44
Precision 4 103.98 12.9 24.0 46.3 13.63 0.44
5 102.05 12.8 24.1 47.6 14.29 0.45
6 99.60 12.9 24.0 46.5 14.38 0.45
Average (n = 6) 12.9 24.0 46.4 14.19 0.45

%RSD (n = 6) 0 0 1 NA

7.3. Robustness

Robustness studies were performed to evaluate the method’s ability to remain re-
liable when subjected to small, deliberate variations in analytical parameters. Such
studies help ensure that the method is resilient to minor operational fluctuations
that may occur during routine use. Robustness was assessed by introducing con-
trolled variations to selected critical analytical parameters. For each variation,
three independent sample preparations were analyzed, and each preparation was
measured in triplicate. The specific parameter variations evaluated in this study

are summarized below in Table 8.

Table 8. Robustness evaluation parameters for dry and wet dispersion methods.

Condition Nominal Modified Conditions

Dry Accessories

54%
Vibration Feed Rate 60%
66%
1.3 bar
Air Pressure 1.5 bar
1.7 bar
Wet Accessories
9%
Obscuration 10% - 20%
21%
1350 RPM
Stir Rate 1500 RPM
1650 RPM
90 seconds
Vortex Time 120 seconds

150 seconds
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These variations were selected based on their potential impact on particle size
measurements. The robustness results were evaluated using the same acceptance
criteria applied in precision and intermediate precision studies. Overall, the ro-
bustness assessment demonstrated that the method remained stable and pro-
duced consistent PSD results despite small variations in analytical conditions,

confirming its suitability for routine pharmaceutical analysis (Table 9, Table

10).

Table 9. Robustness results for dry accessories.

Average Results in ym

Parameter Sample D(10) D(50) D(90) % Obscuration
1 1.42 3.91 8.01 4.59
Vibration Feed Rate
2 1.45 3.97 8.09 4.92
54%

3 1.42 3.97 8.12 4.45

Average (n = 3) 1.43 3.95 8.07 4.66

%RSD (n = 3) 1 1 1 NA

1 1.45 3.98 8.13 4.89

Vibration Feed Rate
2 1.44 3.94 8.13 5.27
66%

3 1.49 3.90 7.66 3.99

Average (n = 3) 1.46 3.94 7.98 4.72

%RSD (n = 3) 2 1 3 NA

1 1.42 4.04 8.90 5.69

Air Pressure
2 1.41 4.03 8.75 4.18
1.3 bar

3 1.40 4.04 8.87 4.73

Average (n = 3) 1.41 4.04 8.84 4.87

%RSD (n = 3) 1 0 1 NA

1 1.39 3.98 8.97 5.03

Air Pressure
2 1.33 3.83 7.90 4.48
1.7 bar

3 1.31 3.79 7.57 4.90

Average (n = 3) 1.34 3.87 8.15 4.80

%RSD (n = 3) 3 3 9 NA
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Table 10. Robustness Results for Wet Accessories.

Average Results in pm

Sample % Weighted
Parameter Sample D(10 D(50 D(90 % Obscuration
P Weight (mg) (10) (50) (50) ’ Residual
1 100.77 12.9 23.9 46.1 9.53 0.52
Obscuration
2 101.83 13.0 24.2 47.3 9.45 0.51
9%
3 100.44 12.8 24.1 47.4 9.39 0.50
Average (n = 3) 12.9 24.1 47.0 9.46 0.51
%RSD (n = 3) 1 1 2 NA
1 100.76 12.8 24.0 47.3 20.70 0.48
Obscuration
2 99.56 12.8 24.2 48.0 20.62 0.48
21%
3 100.56 12.8 24.2 48.1 20.72 0.48
Average (n=3) 12.8 24.1 47.8 20.68 0.48
%RSD (n = 3) 0 0 1 NA
1 99.06 12.9 24.2 48.1 11.84 0.49
Stir Rate
2 100.02 12.8 24.3 48.7 1291 0.50
1350 RPM
3 101.08 12.8 24.3 48.6 11.37 0.52
Average (n = 3) 12.8 24.3 48.5 12.04 0.50
%RSD (n = 3) 0 0 1 NA
1 101.40 12.9 24.6 50.7 11.41 0.51
Stir Rate
2 100.24 12.8 24.3 48.3 11.95 0.51
1650 RPM
3 99.42 12.8 24.3 48.8 11.95 0.53
Average (n = 3) 12.8 24.4 49.3 11.77 0.52
%RSD (n = 3) 0 0 3 NA
1 98.15 12.8 23.8 45.4 13.87 0.44
Vortex Time
2 100.31 12.9 23.9 46.0 15.50 0.44
90 Seconds
3 97.05 12.8 239 46.5 15.07 0.44
Average (n = 3) 12.9 23.9 46.0 14.82 0.44
%RSD (n = 3) 0 0 1 NA
1 97.10 12.9 23.9 46.4 14.18 0.43
Vortex Time
2 95.63 12.8 24.1 48.0 15.51 0.46
150 Seconds
3 98.10 129 239 46.4 15.69 0.43
Average (n = 3) 12.8 24.0 46.9 15.13 0.44
%RSD (n = 3) 0 1 2 NA
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Air pressure comparison between nominal (1.3 bar) and increased pressure (1.7
bar) conditions revealed minimal impact on particle size distribution. At 1.7 bar,
the D50 and D10 showed a small reduction from 4.04 pm to 3.87 um (4.2% de-
crease) and 1.41 pm to 1.34 um (5.0% decrease), respectively. The D90 demon-
strated a more pronounced but acceptable shift from 8.84 pm to 8.15 pm (7.8%
decrease). These shifts indicate slightly improved deagglomeration at higher pres-
sure without causing significant particle breakage, as evidenced by the maintained
particle size distribution profile. Based on these results, an operating range of 1.3
- 1.7 bar was established, within which particle size variation remained within
1+8% of nominal values.

Stir rate evaluation between 1350 RPM and 1650 RPM demonstrated excellent
method robustness. At the higher stir rate (1650 RPM), D50 and D10 remained
essentially unchanged (24.3 um vs 24.4 pm, 0.4% increase) and (12.9 um vs 12.8
um, 0.8% decrease). The D90 exhibited minimal variability, increasing from 48.5
pm to 49.3 pm (1.6% increase). The consistent results across both stir rates indi-
cate that mixing intensity within this range does not significantly affect cream
matrix dispersion or cause particle breakdown. An operating of 1350-1650 RPM
was therefore established, providing operational flexibility while maintaining
measurement precision within 2% for all key percentiles.

The same acceptance criteria used for repeatability were applied to the robust-
ness study. Robustness conclusions were drawn based on the criterion that pa-
rameter variations should not exceed 15% deviation from nominal results, ensur-
ing method reliability within normal operational ranges while maintaining fit-
ness-for-purpose performance. These limits consider the multi-parameter nature
of PSD analysis (D10, D50, D90) and provide appropriate discrimination for qual-
ity control applications.

This validation scope was limited to characteristics relevant to physical particle
size measurement, while excluding concentration-dependent parameters not ap-
plicable to PSD methodology, thereby ensuring a scientifically justified and regu-
latory-compliant validation approach. This case study validation is specific to one
drug substance with defined physicochemical properties and drug product topical
cream formulation matrix. The optimized dispersion conditions (1.5 bar dry pres-
sure, and 1500 RPM wet stirring) are material-specific and may require re-opti-
mization for different APIs or formulation matrices with varying solubility, par-
ticle morphology, or cream base compositions. The findings should not be gener-
alized to other drug substances or topical formulations without appropriate
method development studies to account for different material characteristics and
matrix interactions. Future validation efforts should consider API-specific and
matrix-specific optimization to ensure appropriate method performance across

diverse topical formulation types.

8. FDA 483 Observations and Systemic Failures

Inspection findings frequently reveal systemic weaknesses in particle size distri-
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bution (PSD) method validation, and testing. While FDA Form 483s and warning
letters cite regulatory sections rather than specific analytical techniques, the defi-
ciencies documented under laboratory controls directly apply to PSD methods.
Among the most frequently cited observations in FY 2024, 21 CFR 211.160(b) was
invoked for laboratory controls that did not include the establishment of scientif-
ically sound and appropriate specifications, standards, sampling plans, and test
procedures. FDA guidelines For PSD methods, this encompasses the absence of
dispersion optimization studies, lack of intermediate precision evaluation, and
unjustified selection of optical parameters deficiencies that often stem from over-
reliance on vendor-recommended default settings without experimental verifica-
tion. A major root cause is the assumption that instrument qualification alone
ensures method suitability. However, regulatory expectations under 21 CFR
211.160(b) require product-specific justification of method conditions. Warning
letters issued under 21 CFR 211.160 specifically cite the use of unsuitable or non-
validated test methods without scientifically supported justification, as well as the
absence of test specifications for incoming and final inspections, as recurring de-
ficiencies. GMP Trends Analysis of FDA warning letters under 21 CFR 211.160
has identified a primary failure pattern: absence of scientifically sound and appro-
priate specifications, standards, sampling plans, and test procedures including for
topical drug products, where failures to establish identity test procedures and
written calibration programs have been cited. Inadequate OOS investigation of
PSD results is an additional systemic risk. Under 21 CFR 211.192, FDA has cited
firms for preparing new test preparations of original samples for products with
OOS results without first adequately investigating the initial failing result, with
the agency finding no scientific justification for this practice. GMP-journal Warn-
ing letter analysis covering fiscal years 2017-2021 found that laboratory records
frequently lacked complete data, including OOS results, root cause analyses of OOS
results, data from failed tests, and re-test data each of which is essential to a de-
fensible PSD investigation [34]-[38]. Systemic improvement requires integration
of scientific method development, robust validation design, and continuous per-
formance monitoring. By addressing these root causes, organizations can reduce

compliance risk and enhance data reliability.

9. Future Trends

Advances in pharmaceutical manufacturing are steadily transforming particle size
distribution (PSD) analysis from a traditional, laboratory-based quality control
test into a dynamic, process-integrated decision-making tool. Historically, PSD
testing was performed after production, often serving as a confirmatory release
parameter. Today, however, evolving regulatory expectations and technological
capabilities are driving a paradigm shift. Modern pharmaceutical quality systems
emphasize real-time monitoring, predictive control, and lifecycle management.
As a result, PSD measurement is increasingly positioned not merely as an analyt-

ical endpoint, but as a critical enabler of process understanding and control. This
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transformation is strongly aligned with regulatory initiatives promoting scientific
and risk-based manufacturing. Agencies such as the U.S. Food and Drug Admin-
istration have actively encouraged innovation through frameworks that support
Quality by Design (QbD), Process Analytical Technology (PAT), and continuous
manufacturing [39]-[41]. Within this evolving landscape, PSD analysis plays a
pivotal role because particle size directly influences dissolution rate, blend uni-
formity, content homogeneity, and overall product performance. Future trends
therefore focus on integrating PSD measurement into manufacturing workflows,
enhancing real-time responsiveness, and leveraging advanced analytics. Technol-
ogies that once operated independently are now interconnected, creating intelli-
gent systems capable of adaptive process control. The shift from reactive testing
to proactive quality assurance practices represents one of the most significant ad-
vancements in pharmaceutical analytical science and supports more reliable, ro-

bust manufacturing outcomes.

9.1. Process Analytical Technology (PAT)

Process Analytical Technology (PAT) represents a foundational pillar in modern
pharmaceutical manufacturing. Encouraged by the U.S. Food and Drug Admin-
istration, PAT promotes real-time measurement and control of critical quality at-
tributes during production rather than relying solely on end-product testing. In
the context of PSD, PAT enables inline or at-line particle size monitoring directly
within unit operations such as milling, granulation, or spray drying. Real-time
PSD measurement provides immediate insight into process performance. For ex-
ample, during milling operations, particle size can be continuously tracked, allow-
ing operators or automated systems to adjust milling speed, feed rate, or classifier
settings as soon as deviations occur. This immediate feedback significantly re-
duces batch-to-batch variability and minimizes the risk of producing out-of-spec-
ification material. Instead of discovering deviations after completion of a batch,
corrective actions can be implemented dynamically, preserving product quality
and reducing waste. Beyond operational efficiency, PAT strengthens process un-
derstanding. Continuous data collection generates comprehensive datasets that
reveal process trends, variability patterns, and potential failure modes. This
knowledge supports robust design space development and enhances regulatory
confidence in manufacturing controls. Moreover, continuous process verification,
an essential component of lifecycle management, becomes feasible when PSD is
monitored in real time. Ultimately, PAT transforms PSD from a static laboratory
measurement into a strategic control parameter. By embedding PSD analysis
within the manufacturing process, pharmaceutical companies move closer to pre-
dictive, science-driven quality assurance rather than solely retrospective quality
testing [42][43].

9.2. Continuous Manufacturing

Continuous manufacturing (CM) represents a major evolution from traditional
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batch production, offering improved efficiency, flexibility, and product consistency.
In this model, materials flow through interconnected unit operations without in-
terruption, requiring tight coordination and immediate response to variability.
Within such systems, PSD becomes a critical control variable, particularly in pro-
cesses involving milling, blending, and downstream formulation. Unlike batch
manufacturing, where PSD may be evaluated at discrete time points, continuous
manufacturing requires constant monitoring. Real-time PSD feedback must be
integrated into automated control loops that adjust process parameters instantly.
Real-time PSD feedback must be integrated into automated control loops that ad-
just process parameters instantly. Laser diffraction is widely used in-line or at-line
to measure particle sizes across a broad range, providing rapid and quantitative
PSD data. Focused Beam Reflectance Measurement (FBRM) enables real-time mon-
itoring of particle growth and breakage by measuring chord lengths in suspen-
sions or powders, making it particularly useful in wet or dry granulation processes.
Imaging techniques, such as Particle Vision and Measurement (PVM), capture in-
line images to evaluate both particle size and morphology, allowing detection of
fines, agglomerates, and shape variations. For submicron particles, dynamic light
scattering (DLS) is employed at-line to assess nanoparticles or dissolved APIs.
Traditional sieving methods are primarily used off-line for validation or cross-
checking purposes. Overall, these PSD measurement techniques in continuous
manufacturing enable integration into process control loops, supporting real-time
quality assurance and alignment with Quality by Design (QbD) principles. For
instance, if particle size begins to drift toward the upper specification limit, the
control system can automatically modify milling intensity or adjust feed rates to
restore equilibrium. This closed-loop control strategy significantly reduces pro-
cess variability and enhances overall system stability. Advanced statistical model-
ing plays a central role in this environment. Multivariate analysis and predictive
algorithms help interpret complex datasets generated by inline sensors. These
tools allow early detection of subtle process shifts before they result in specifica-
tion failures. Rather than reacting to deviations, manufacturers can anticipate and
prevent them. The integration of PSD into continuous systems also supports reg-
ulatory expectations for enhanced process control and real-time release testing.
By demonstrating sustained control over particle size, companies can justify re-
duced reliance on end-product testing. Continuous manufacturing, supported by
robust PSD monitoring, therefore represents a future-ready model that combines

operational efficiency with scientifically sound quality assurance [44].

9.3. Advanced Analytical Techniques

As pharmaceutical processes become more sophisticated, analytical technologies
are evolving to provide deeper and more multidimensional insight into particle
characteristics. Traditional laser diffraction remains a powerful tool; however,
emerging techniques are expanding the scope of PSD analysis beyond simple size

metrics. Dynamic image analysis, for example, provides detailed morphological

DOI: 10.4236/aces.2026.163005

109 Advances in Chemical Engineering and Science


https://doi.org/10.4236/aces.2026.163005

S. K. Bompelliwar et al.

information such as particle shape, aspect ratio, and surface texture. This addi-
tional characterization is particularly valuable for materials where shape influ-
ences flowability, compaction, or aerodynamic behavior. By complementing size
distribution data with morphological parameters, scientists gain a more compre-
hensive understanding of material performance. Integration of Raman spectros-
copy within PAT frameworks further enhances analytical capability. While PSD
measurements describe physical characteristics, Raman spectroscopy provides
chemical identity and polymorphic information. The combination of these tech-
niques enables simultaneous physical and chemical monitoring, supporting a ho-
listic approach to process control. Artificial intelligence (AI) and machine learn-
ing are also emerging as transformative tools in PSD analysis. Al-driven distribu-
tion modeling can identify subtle trends, predict process outcomes, and automate
anomaly detection with high sensitivity. By leveraging historical datasets, machine
learning algorithms can optimize dispersion parameters, predict milling behavior,
and enhance decision-making accuracy. Together, these advanced analytical ap-
proaches signal a shift toward intelligent, data-driven pharmaceutical manufac-
turing. PSD analysis is no longer confined to size measurement alone it is evolving
into a multidimensional, predictive, and integrative component of modern quality

systems.

10. Conclusion

Particle Size Distribution measurement by laser diffraction remains a fundamen-
tal analytical tool for controlling critical quality attributes in pharmaceutical de-
velopment and manufacturing. The validation studies presented for both dry and
wet dispersion accessories of the Malvern Mastersizer 3000 demonstrate that reli-
able PSD characterization requires systematic dispersion optimization, scientifi-
cally justified method parameters, and statistically supported validation. Evalua-
tion of representative materials, including a drug substance and drug product,
confirmed that dispersion technique selection significantly influences measured
PSD parameters such as D10, D50, and D90, highlighting the importance of ma-
terial-specific method development. The results show that robust PSD methods
can be achieved through a risk-based validation strategy incorporating repeatabil-
ity, intermediate precision, and robustness assessments. When aligned with mod-
ern regulatory expectations, particularly those described in ICH Q2(R2) and the
integrated quality framework of ICH Q7-Q11, PSD measurement becomes more
than a routine analytical test; it serves as an essential component of process un-
derstanding, quality control, and lifecycle management. Ultimately, effective PSD
validation requires integration of analytical science, regulatory compliance, and
operational quality systems. Adoption of structured, risk-based methodologies
supported by appropriate dispersion selection and validated performance param-
eters can significantly reduce regulatory risk while improving analytical reliability.
Such an approach ensures that PSD measurements remain scientifically defensi-

ble, reproducible, and fully aligned with contemporary pharmaceutical quality
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standards.
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