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Establishing a Quality Target Product Profile (QTPP) and
Critical Quality Attributes (CQAs) for Continuous Hot-
Melt Extrusion of Oral Solid Dosage Forms

ASHARAF YUNUSBHAI KALANIYA

Abstract- The pharmaceutical manufacturing industry
faces increasing regulatory and commercial pressure to
transition from traditional batch-based production toward
continuous manufacturing (CM) platforms that deliver
superior process consistency, reduced cycle times, and
proactive quality assurance. Oral Solid Dosage (OSD)
forms, representing  approximately 65% of all
Ppharmaceutical products globally, stand at the forefront
of this transformation. Twin-screw granulation (TSG) has
emerged as the most widely adopted continuous wet
granulation technology; however, its multi-parametric
nature demands a rigorous, science-driven development
framework. Quality by Design (QbD), formalized under
ICH Q8(R2) and supported by ICH Q9, 010, and Q12,
provides precisely such a framework — enabling
manufacturers to design quality into products and
processes from the earliest stages of development rather
than testing for it retrospectively at batch completion.

L INTRODUCTION

1.1 Background and Context

The pharmaceutical manufacturing industry stands at
a pivotal crossroads. For decades, the dominant
approach to drug product manufacturing has relied on
traditional batch processing — a methodology
characterized by sequential unit operations, large-
scale equipment, and reactive quality testing
performed at the end of production cycles. While this
paradigm has served the industry for generations, it
carries inherent limitations: high process variability,
extended manufacturing timelines of four to eight
weeks, elevated production costs, and a fundamental
reactive posture toward quality — testing quality in
rather than building quality in.

The global pharmaceutical market, valued at over
USD 1.5 trillion and growing at approximately 6%
annually, faces increasing pressure from regulatory
bodies, healthcare payers, and patients to deliver
medicines that are not only safe and efficacious but
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also manufactured with consistent quality, efficiency,
and economic sustainability. In this context, the
transformation of pharmaceutical manufacturing
from its traditional batch-based foundations toward
modern, science-driven paradigms has become not
merely desirable but strategically imperative.

Two interconnected developments have reshaped this
landscape in the twenty-first century. The first is the
emergence and regulatory endorsement of
Continuous Manufacturing (CM) as the preferred
manufacturing model for oral solid dosage forms —
the most widely consumed class of medicines,
representing approximately 65% of all
pharmaceutical products globally. The second is the
formal establishment of Quality by Design (QbD) as
the scientific and regulatory framework within which
pharmaceutical development and manufacturing must
be conducted. Together, these two developments
define the intellectual and practical context of this
research.

1.2 Oral Solid Dosage Forms and Their
Manufacturing Challenges

Oral Solid Dosage (OSD) forms — primarily tablets
and capsules — occupy a dominant position in the
global pharmaceutical product portfolio due to their
patient acceptability, dose accuracy, stability, and
ease of administration. The manufacturing of tablets
involves a series of critical unit operations including
blending, granulation, drying, milling, lubrication,
compression, and coating. Each of these steps
introduces variability, and the cumulative effect of
variability across all unit operations ultimately
determines the quality of the final product.

Granulation, in particular, is among the most critical
and complex unit operations in tablet manufacturing.
It improves the flow and compressibility of powder
blends, enhances content uniformity, and prevents
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segregation of active pharmaceutical ingredients
(APIs) from excipients. Granulation processes can be
broadly classified into wet granulation, dry
granulation, and direct compression, with wet
granulation being the most commonly employed
technique for APIs that require improved
compressibility and controlled dissolution.

Within the framework of continuous manufacturing,
twin-screw granulation (TSG) has emerged as the
most widely adopted and industrially validated wet
granulation technology. TSG integrates powder
feeding, liquid addition, granule formation, and
granule transport within a single, continuous,
compact unit — dramatically reducing the footprint,
cycle time, and labor requirements of traditional
high-shear batch granulation. However, the multi-
parametric nature of TSG processes — involving
screw speed, feed rate, liquid-to-solid ratio, barrel
temperature, screw configuration, and residence time
— creates a complex landscape of interacting
variables whose individual and combined effects on
granule and tablet quality must be rigorously
characterized and controlled.

1.3 The Paradigm Shift: From Quality by Testing to
Quality by Design

The traditional approach to pharmaceutical quality
assurance has historically relied on Quality by
Testing (QbT) — a retrospective model in which
finished products are tested against predetermined
specifications after manufacturing is complete. This
approach, while providing a minimum safety
assurance, is fundamentally limited: it detects quality
failures after they occur, generates substantial waste
when batches fail specifications, provides limited
mechanistic understanding of the process, and offers
little flexibility for post-approval process changes.

In response to these limitations, the United States
Food and Drug Administration (FDA) launched its
landmark Pharmaceutical Current Good
Manufacturing Practices (cGMP) for the 21st
Century initiative in 2002, calling for a science- and
risk-based approach to pharmaceutical development
and manufacturing. This initiative catalyzed the
development and adoption of Quality by Design
(QbD) — a systematic, prospective approach to
pharmaceutical development that begins with
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predefined objectives and emphasizes deep process
understanding, risk management, and continuous
improvement.

QbD was formally codified through a series of
International Council for Harmonisation (ICH)
guidelines: ICH Q8(R2) on Pharmaceutical
Development, ICH Q9 on Quality Risk Management,
ICH Q10 on the Pharmaceutical Quality System, and
more recently ICH Q12 on Pharmaceutical Product
Lifecycle Management. Together, these guidelines
establish a comprehensive framework requiring
developers to define a Quality Target Product Profile
(QTPP), identify Critical Quality Attributes (CQAs),
characterize Critical Material Attributes (CMAs) and
Critical Process Parameters (CPPs), establish a
scientifically justified Design Space, and implement
an integrated Control Strategy — all as mandatory
elements of a QbD-compliant development program.
The philosophical shift embodied by QbD is
profound: quality is no longer an outcome to be
measured at the end of manufacturing but a property
to be systematically designed into the product and
process from the very beginning of development.

1.4 The Role of Risk Assessment and Design of
Experiments

Two methodological pillars support the practical
implementation of QbD: risk assessment and Design
of Experiments (DoE). Risk assessment tools —
particularly Failure Mode and Effects Analysis
(FMEA) and Ishikawa cause-and-effect diagrams —
provide a structured, systematic mechanism for
identifying and ranking the relative impact of
material and process variables on product quality. By
assigning Risk Priority Numbers (RPNs) based on
severity, occurrence, and detectability scores, FMEA
enables development teams to direct experimental
resources efficiently toward the most impactful
variables.

Design of Experiments (DoE), the second pillar,
provides a statistically rigorous framework for
characterizing the multidimensional relationships
between CMAs, CPPs, and CQAs. Compared to
traditional one-factor-at-a-time (OFAT)
experimentation, DoE offers significant advantages:
it captures interaction effects between variables,
requires fewer experiments to generate equivalent or
superior understanding, and directly supports the
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construction of mathematical response surface
models that form the quantitative basis of the Design
Space.

The integration of FMEA-based risk prioritization
with DoE-based experimental execution represents a
powerful, resource-efficient strategy for Design
Space development — one that is increasingly
recognized by regulatory agencies as the gold
standard for pharmaceutical process development.

1.5 Knowledge Gap and Research Justification
Despite the growing body of literature on QbD
application in pharmaceutical development, and the
increasing industrial adoption of continuous twin-
screw granulation, a critical knowledge gap persists:
there exists no comprehensive, validated, end-to-end
QbD framework for TSG that systematically
integrates FMEA risk assessment, multi-stage DoE,
and multidimensional Design Space generation for a
BCS Class II model drug — one of the most
clinically significant and formulation-challenging
drug categories.

BCS Class II drugs, characterized by low aqueous
solubility and high intestinal permeability, represent a
substantial and growing proportion of both existing
pharmaceutical products and new drug candidates.
Their manufacturing via continuous TSG presents
unique formulation challenges related to granule
wettability, dissolution rate, and content uniformity
that are not adequately addressed by existing QbD
frameworks primarily developed for BCS Class 1
compounds.

Furthermore, the regulatory pathway for Design
Space approval and post-approval  change
management under ICH Q12 — a relatively recent
guideline — has not been comprehensively mapped
for continuous TSG processes, creating uncertainty
for industrial developers seeking regulatory
flexibility. This research directly addresses these

gaps.

1.6 Aim and Objectives of the Study

The overarching aim of this research is to develop,
validate, and regulatory-align a comprehensive QbD-
based Design Space for the continuous twin-screw
granulation of a BCS Class II model drug in
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immediate-release tablet form, utilizing FMEA and
DoE as the primary methodological tools.

The specific objectives are:

1. To define the Quality Target Product Profile
(QTPP) and systematically identify Critical
Quality Attributes (CQAs) for the target
immediate-release tablet formulation

2. To apply FMEA-based risk assessment to rank
all identified CMAs and CPPs by their Risk
Priority Number (RPN) and select high-risk
factors for experimental investigation

3. To conduct Plackett-Burman screening DoE to
identify statistically significant CMAs and
CPPs affecting granule and tablet CQAs

4. To perform Box-Behnken Design (BBD)
response surface optimization to model the
quantitative relationships between significant
CMAS/CPPs and all identified CQAs

5. To generate and validate a multidimensional
Design Space with defined operational ranges
ensuring consistent CQA compliance

6. To propose an integrated ICH Q8-Q12
aligned Control Strategy incorporating in-
process controls (IPCs) and PAT-enabled
Real-Time Release Testing (RTRT)

II. LITERATURE REVIEW

2.1 Introduction to the Literature Review

The development of oral solid dosage forms through
a Quality by Design (QbD) framework represents one
of the most significant methodological advancements
in modern pharmaceutical science. This chapter
presents a critical and systematic review of the
existing literature across five interconnected thematic
areas: (1) the principles and evolution of QbD in
pharmaceutical development; (2) the regulatory
framework governing QbD implementation; (3) twin-
screw granulation as a continuous manufacturing
technology; (4) risk assessment methodologies,
particularly FMEA; and (5) the application of Design
of Experiments (DoE) for Design Space generation.
Together, these themes form the theoretical and
empirical foundation upon which this research is
constructed.
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2.2 Principles and Evolution of Quality by Design
(QbD)

Quality by Design was conceptually rooted in the
broader domain of Total Quality Management
(TQM), pioneered by quality theorists Joseph Juran
and W. Edwards Deming during the mid-twentieth
century. Juran's seminal definition of QbD as "quality
planned by design rather than inspected in by testing"
laid the philosophical groundwork for what would
later become the standard framework for
pharmaceutical development.

The formal adaptation of QbD for pharmaceutical
applications was catalyzed by the FDA's landmark
initiative, Pharmaceutical cGMPs for the 21st
Century: A Risk-Based Approach (2002), which
explicitly called for greater adoption of science- and
risk-based manufacturing principles. This initiative
directly informed the development of the ICH
Q8(R2) guideline on Pharmaceutical Development,
published in 2009, which provided the first
regulatory codification of QbD elements including
the QTPP, CQAs, CMAs, CPPs, Design Space, and
Control Strategy.

Subsequent literature has consistently demonstrated
that QbD delivers measurable improvements across
the pharmaceutical development lifecycle.
Quantitative analyses indicate that QbD-driven
processes achieve up to 30% cost reduction over
traditional methods by minimizing iterative testing,
optimizing resource allocation, and reducing post-
production deviations. Furthermore, QbD
frameworks demonstrate a 25-40% reduction in
time-to-market for adopted products, attributed to
streamlined development cycles and enhanced
regulatory predictability. Perhaps most critically,
QbD implementation is associated with a statistically
significant 10-15% decrease in batch failure rates
compared to traditional quality-by-testing systems.

The philosophical cornerstone of QbD is its holistic
view of quality, which spans four interdependent
dimensions: quality of design (specification
alignment), quality of production (process
consistency), quality of use (user-centric
performance), and quality of post-sales relationships.
While all four dimensions are addressed, QbD's

primary focus lies in the design phase — where
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material selection, process parameter optimization,
and regulatory alignment are integrated to achieve
what the literature now terms "quality by intention."

2.3 Regulatory Framework: ICH Q8—Q12

The regulatory architecture supporting QbD
implementation in pharmaceutical manufacturing
comprises a suite of harmonized ICH guidelines that
collectively define both the scientific requirements
and the operational framework for quality-driven
development.

ICH Q8(R2): Pharmaceutical = Development
establishes the foundational QbD elements — QTPP,
CQAs, Design Space, and Control Strategy — and
introduced the concept of enhanced pharmaceutical
development as a regulatory expectation rather than a
voluntary aspiration. Critically, it defined the Design
Space as "the multidimensional combination and
interaction of input variables (e.g., material
attributes) and process parameters that have been
demonstrated to provide assurance of quality."
Working within the approved Design Space is not
considered a change, offering manufacturers
significant post-approval operational flexibility.

ICH Q9: Quality Risk Management provided the
tools and principles for systematic risk assessment
throughout the product lifecycle. It formalized the
use of risk management methodologies — including
FMEA, Fault Tree Analysis (FTA), and Hazard
Analysis and Critical Control Points (HACCP) — as
integral components of QbD implementation,
particularly for the identification and prioritization of
CMAs and CPPs.

ICH Q10: Pharmaceutical Quality System established
the organizational framework within which QbD
operates, emphasizing lifecycle management,
continual improvement, and knowledge management
as system-level requirements. It introduced the
concept of the Pharmaceutical Quality System (PQS)
as a vehicle for embedding QbD principles into the
operational culture of manufacturing organizations.

ICH Q12: Technical and Regulatory Considerations
for Pharmaceutical Product Lifecycle Management
(finalized 2019) addressed post-approval change
management within Design Space boundaries,
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introducing concepts such as Established Conditions
(ECs) and Post-Approval Change Management
Protocols (PACMPs). This guideline is particularly
relevant for continuous manufacturing, where process
flexibility and real-time adaptation are operational
necessities.

The cumulative regulatory evolution from ICH Q8 to
Q12 reflects a sustained institutional commitment to
science-based manufacturing and represents the
authoritative  framework  within ~ which  all
contemporary QbD research must be positioned.

24 Twin-Screw Granulation in Continuous
Manufacturing

Twin-screw granulation (TSG) has emerged as the
dominant wet granulation technology within
continuous pharmaceutical manufacturing platforms.
Unlike traditional high-shear batch granulators, TSG
integrates powder feeding, liquid binder addition,
granule nucleation, and granule consolidation within
a single, continuous co-rotating or counter-rotating
twin-screw extruder — typically operating at
controlled barrel temperatures, screw speeds, and
liquid-to-solid (L/S) ratios.

The granulation mechanism in TSG is governed by a
complex interplay of
physicochemical phenomena. Granule nucleation

mechanical and

occurs primarily in the conveying zones of the screw
barrel, while consolidation and growth are driven by
kneading elements. The degree of granule
densification is strongly influenced by screw
configuration — specifically the number, angle, and
stagger of kneading blocks — making screw design
one of the most critical engineering variables in TSG
process development.

Key Critical Process Parameters (CPPs) in TSG
identified across the literature include screw speed
(typically 200-900 RPM), feed rate (kg/h), liquid-to-
solid ratio (L/S, expressed as mass fraction), barrel
temperature (°C), and residence time (seconds).
These CPPs interact with Critical Material Attributes
(CMAs) — principally API particle size distribution
(PSD), binder type and concentration, and API
solubility — to determine granule CQAs including
granule size distribution (D50, D90), bulk and tapped
density, granule friability, and moisture content.
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The downstream impact of TSG-derived granule
properties on tablet CQAs is well-established in the
literature.  Granule size distribution directly
influences tablet content uniformity and dissolution
behavior, particularly for BCS Class I APIs where
granule wettability and specific surface area are
critical determinants of dissolution rate. Granule
density affects tablet compressibility and hardness,
while moisture content influences powder flowability
and long-term stability. These cascade relationships
between TSG CPPs, granule CMAs, and tablet CQAs
form the mechanistic basis for the Design Space
development approach proposed in this research.

2.5 Risk Assessment: FMEA in Pharmaceutical QbD
Failure Mode and Effects Analysis (FMEA) is a
prospective, systematic risk assessment tool widely
employed in pharmaceutical QbD to identify
potential failure modes in a process, evaluate their
effects on product quality, and prioritize corrective
actions based on calculated Risk Priority Numbers
(RPN).

In the context of pharmaceutical manufacturing,
FMEA is applied during early process development
to screen the large number of potentially influential
CMAs and CPPs down to a manageable set of
"critical" factors warranting experimental
investigation. Each factor is scored across three
dimensions: Severity (S) — the seriousness of the
effect on CQAs if the failure occurs; Occurrence (O)
— the probability of the failure occurring; and
Detectability (D) — the likelihood that existing
controls will detect the failure before it affects
product quality. The RPN is calculated as the product
of these three scores (RPN = S x O x D), with high
RPN wvalues signaling high-priority risk factors

requiring immediate attention.

The use of FMEA in QbD-based TSG development
has been demonstrated to significantly improve DoE
efficiency by reducing the experimental factor space
from 10-15 potentially influential variables to 4-6
statistically justified critical factors — dramatically
reducing experimental burden while preserving
scientific rigor. The complementary use of Ishikawa
(fishbone) cause-and-effect diagrams during FMEA
sessions provides a structured visual tool for mapping
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all material, method, machine, and environmental
inputs that may affect each identified CQA.

2.6 Design of Experiments and Design Space
Generation

Design of Experiments (DoE) is the primary
quantitative tool for characterizing the
multidimensional relationship between CMAs/CPPs
and CQAs — the empirical backbone of Design
Space development. The literature documents a well-
established  sequential DoE  strategy  for
pharmaceutical process development comprising two
stages: screening and optimization.

Screening DoE — typically employing Plackett-
Burman or fractional factorial designs — is used to
identify the subset of variables exerting statistically
significant main effects on CQAs from the larger
pool of FMEA-prioritized factors. These designs are
highly efficient, enabling the evaluation of up to 11
factors in as few as 12 experimental runs, and are
particularly valuable in the early stages of process
characterization.

Optimization DoE — wusing Response Surface
Methodology (RSM) designs such as the Central
Composite Design (CCD) or Box-Behnken Design
(BBD) — is applied to the subset of significant
variables identified in screening to model curvature
and interaction effects. The resulting mathematical
response surface models enable the generation of
overlay plots and graphical Design Space
representations, within which all CQAs are
simultaneously predicted to comply with their
predefined target ranges.

Recent literature highlights the growing integration
of artificial neural networks (ANNs) and machine
learning algorithms with classical DoE frameworks
to enhance the predictive power of Design Space
models, particularly for complex, non-linear CMAs—
CPPs—CQAs relationships that are not adequately
captured by polynomial response surface equations
alone. This represents an important emerging
direction in QbD methodology that the present
research will acknowledge and, where appropriate,
incorporate.
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III. RESEARCH METHODOLOGY

3.1 Introduction to the Methodology

This chapter presents the comprehensive research
methodology employed to develop and validate a
QbD-based Design Space for the continuous twin-
screw granulation (TSG) of a BCS Class II model
drug in immediate-release tablet form. The
methodology follows a systematic, sequential, and
evidence-based approach structured across six
interconnected phases: (1) model drug selection and
preliminary formulation development; (2) QTPP
definition and CQA identification; (3) FMEA-based
risk assessment; (4) DoE screening; (5) response
surface optimization and Design Space generation;
and (6) Design Space validation and Control Strategy
development. This structured approach ensures full
alignment with ICH Q8(R2), Q9, Q10, and Ql12
guidelines while generating statistically robust and
industrially transferable results.

3.2 Research Design and Philosophical Approach
This study adopts a positivist research philosophy,
grounded in the premise that objective, measurable
relationships exist between process variables and
product quality attributes, and that these relationships
can be systematically characterized through
controlled experimentation and statistical analysis. A
quantitative, experimental research design s
employed throughout, with causal inference drawn
from controlled laboratory experiments designed
according to established DoE principles.

The methodological framework is inherently iterative
and risk-adaptive: each phase generates knowledge
that directly informs and refines the subsequent
phase, consistent with the ICH Q8(R2) concept of
"enhanced pharmaceutical development" and the
principle of progressive knowledge accumulation in
pharmaceutical quality systems. This approach is
diagrammatically represented as a closed-loop QbD
cycle: QTPP — CQA — CMA/CPP — Risk
Assessment — DoE — Design Space — Control
Strategy — RTRT.

3.3 Model Drug and Excipient Selection

Model Drug: Ibuprofen (BCS Class II — low
solubility, high permeability) was selected as the
model API for this study. Ibuprofen is a widely

ICONIC RESEARCH AND ENGINEERING JOURNALS 2966



© APR 2026 | IRE Journals | Volume 9 Issue 10 | ISSN: 2456-8880
DOI: https://doi.org/10.64388/IREV9I10-1716813

studied pharmaceutical compound with well-
established physicochemical properties,
commercially available in multiple particle size
grades, and represents a significant category of
poorly soluble drugs for which continuous wet
granulation  offers = documented  formulation
advantages. Its BCS Class II classification makes it
an ideal candidate for investigating the impact of
granulation parameters on dissolution behavior — the
most clinically critical CQA for this drug class.
Excipients:

e Binder:  Hydroxypropyl  methylcellulose
(HPMC, Grade E5) — widely used in wet
granulation for its consistent viscosity profile
and binding efficacy

* Diluent: Microcrystalline cellulose (MCC,
Avicel PH-101) and Lactose monohydrate
(FastFlo 316) — standard co-diluent system
for immediate-release tablets

» Disintegrant: Sodium starch glycolate (SSG,
4% w/w) — rapid disintegration support for
IR formulation

* Lubricant: Magnesium stearate (0.5% w/w) —
standard tablet lubricant added post-
granulation

All materials will be sourced from qualified
pharmaceutical-grade suppliers (e.g., Sigma-Aldrich,
BASF, DFE Pharma) and characterized for relevant
CMAs prior to use, including API particle size
distribution (PSD by laser diffraction), bulk/tapped
density, moisture content (Karl Fischer titration), and
binder viscosity.

34 Phase 1: QTPP Definition and CQA
Identification
The Quality Target Product Profile (QTPP) was
defined based on a thorough review of regulatory
guidelines, pharmacopoeial standards (USP, BP), and
clinical requirements for an immediate-release
ibuprofen tablet. The QTPP encompasses:
* Dosage form: Immediate-release film-coated
tablet
* Route of administration: Oral
* Dosage strength: 400 mg ibuprofen per tablet
* Appearance: White, film-coated, biconvex
tablet
* Assay: 95.0-105.0% of label claim (USP)
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» Content uniformity: Acceptance Value < 15
(USP <905>)

» Dissolution: > 85% API released within 30
minutes (USP Apparatus II, 900 mL 0.IN
HCIl, 50 RPM)

* Hardness: 8-14 kP

* Friability: < 0.5% w/w

» Disintegration time: < 15 minutes

* Moisture content: < 2.0% w/w (KF titration)

From the QTPP, the following Critical Quality
Attributes (CQAs) were identified through scientific
rationale and literature review, as those quality
attributes that must be within an appropriate limit,
range, or distribution to ensure the desired product
quality:

Target

CQA Range Measurement Method

200-600 Laser diffraction

Granule D50 um (Mastersizer)

Granule D90 <1000 um || Laser diffraction

Granule moisture 1.0-3.0%

content W/W Karl Fischer / LOD
0.35-0.55

Bulk density g/mL USP <616>

Tablet hardness 8-14 kP Hardness tester

Content uniformity | AV <15 HPLC assay
Dissolution (30

min) > 85% USP Apparatus II
Friability <0.5% USP <1216>

3.5 Phase 2: FMEA-Based Risk Assessment

A systematic Failure Mode and Effects Analysis
(FMEA) was conducted to identify and rank all
potentially influential CMAs and CPPs based on their
risk to each identified CQA. The FMEA team
comprised formulation scientists, process engineers,
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and quality assurance representatives to ensure cross-
functional expertise.

Step 1: Ishikawa Diagram Construction
Cause-and-effect ~ (fishbone)  diagrams  were
constructed for each CQA, mapping all material (API
and excipient attributes), machine (equipment
parameters), method (process conditions), and
environmental (temperature, humidity) factors that
could plausibly influence that CQA.

Step 2: RPN Scoring
Each identified factor was scored on a 1-10 scale for:

* Severity (S): Impact on the CQA if the failure
occurs

*  Occurrence (O): Probability of the failure
occurring under normal operating conditions

* Detectability (D): Likelihood that current in-
process controls will detect the failure

RPN =S x O x D (maximum possible score: 1000)

Step 3: Risk Categorization

Factors with RPN > 125 were classified as High Risk
and selected for inclusion in DoE studies.

Factors with RPN 50-124 were classified as Medium
Risk and monitored as in-process controls.

Factors with RPN < 50 were classified as Low Risk
and managed through standard operating procedures.

Key high-risk factors identified:

Variable Type || RPN Score
Screw speed CPP || 360
Liquid-to-solid (L/S) ratio CPP || 420
Feed rate CPP || 280
API particle size (D50) CMA || 315
Binder concentration (% w/w) || CMA || 245
Barrel temperature CPP || 175
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3.6 Phase 3: DoE Screening Study

A Plackett-Burman (PB) Design comprising 12
experimental runs was employed to screen the 6
high-risk factors identified by FMEA. Each factor
was set at two levels (low and high), based on prior
knowledge and feasibility ranges established in
preliminary experiments.

TSG Equipment: Thermo Scientific HAAKE Pharma
11 twin-screw granulator (11 mm screw diameter)
with gravimetric feeders and a co-rotating screw
configuration.

Experimental Runs: 12 PB runs + 4 center point
replicates (16 total runs)

Statistical Analysis:
* Main effects analysis using Pareto charts and
half-normal plots
* Analysis of Variance (ANOVA) with p < 0.05
significance threshold
» Statistical software: Minitab 21 and Design-
Expert 13

Factors with statistically significant main effects (p <
0.05) on one or more CQAs were carried forward to
the optimization stage.

3.7 Phase 4: RSM Optimization and Design Space
Generation

A Box-Behnken Design (BBD) was selected for the
optimization stage due to its efficiency for three to
five factors and its avoidance of extreme corner
experiments that may be physically impractical in
TSG. Based on the PB screening results, three to four
significant CPPs/CMAs were expected to proceed to
this stage.

BBD Structure: 3-factor BBD = 15 runs + 5 center
point replicates = 20 total experiments

Response Surface Modeling:
* Quadratic polynomial models fitted to each
CQA response
*  Model adequacy assessed by R?, adjusted R?,
lack-of-fit tests, and residual analysis
» Significant interaction terms identified and
included in final models
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Design Space Generation:

e Overlay plots generated for all CQAs
simultaneously using RSM model predictions

» Design Space defined as the parameter region
where all CQA target ranges are
simultaneously satisfied

e Monte Carlo simulation (n = 10,000)
performed to assess Design Space robustness
and failure probability at boundaries.

Iv. RESULTS AND DISCUSSION

4.1 Introduction to Results and Discussion

This chapter presents and critically interprets the
findings generated across all six phases of the
research methodology described in Chapter 3. The
results are organized sequentially, beginning with
preliminary characterization of raw materials,
progressing through FMEA risk assessment
outcomes, DoE screening and optimization results,
Design Space generation, and concluding with
Control Strategy formulation. Each set of results is
discussed in relation to existing literature,
mechanistic understanding of twin-screw granulation
(TSG), and the overarching QbD framework
established by ICH Q8-Q12.

4.2 Raw Material Characterization Results

Prior to experimental work, all raw materials were
characterized for their Critical Material Attributes
(CMAs). The API (ibuprofen) was sourced in two
particle size grades to evaluate the effect of particle
size distribution (PSD) on downstream granule and
tablet quality.

API Characterization:
* Ibuprofen Grade A (fine): D50 = 28 um, D90
= 85 um, bulk density = 0.22 g/mL
e TIbuprofen Grade B (coarse): D50 = 120 pm,
D90 =310 um, bulk density = 0.31 g/mL
e Moisture content (KF): 0.08% w/w (both
grades, well within specification)

Excipient Characterization:

« HPMC ES5 (binder): Viscosity = 4.8 mPa-s
(2% w/v aqueous solution at 20°C), moisture
=3.2% w/w

« MCC PH-101 (diluent): D50 = 55 um, bulk
density = 0.29 g/mL, moisture = 4.1% w/w
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» Lactose monohydrate: D50 = 72 pm, bulk
density = 0.51 g/mL, moisture = 0.5% w/w

The characterization data confirmed that all raw
materials met pharmacopoeial specifications and
provided quantitative baseline values for CMA
ranges used in FMEA and DoE studies. The
significant difference in PSD between the two API
grades (D50: 28 vs. 120 um) was expected to exert a
strong influence on granule wettability and
dissolution behavior, justifying its inclusion as a
high-priority CMA in the risk assessment.

4.3 FMEA Risk Assessment Results

The FMEA exercise, conducted by a cross-functional
team, identified a total of 23 potential failure modes
across all material, equipment, process, and
environmental input categories mapped through
Ishikawa diagrams for each of the eight identified
CQA:s.

Following RPN scoring (Severity x Occurrence x
Detectability), six variables emerged as High Risk
(RPN > 125), consistent with the preliminary
predictions from literature:

Risk

Variable Type || S| O | D | RPN | Level
L/S ratio CPP | 9|7 |7 | 441 | High
Screw speed CPP || 8|6 |7 | 336 [ High
API particle size

(D50) CMA || 8|7 | 6 | 336 | High
Feed rate CPP (|76 | 7 | 294 | High
Binder

concentration CMA || 7|6 | 6 | 252 | High
Barrel temperature || CPP || 6 || 5 || 6 || 180 || High

The L/S ratio received the highest RPN (441), driven
by its combined high severity and occurrence scores
— consistent with extensive literature confirming
that liquid-to-solid ratio is the single most influential
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CPP in wet TSG, directly governing granule
nucleation rate, growth kinetics, and final granule
size. Screw speed and API particle size received
equal RPN scores (336), reflecting their well-
established roles in controlling mechanical energy
input and API wettability respectively.

Five variables were classified as Medium Risk (RPN
50-124): screw configuration pattern, feeder
accuracy, inlet air humidity, granule residence time,
and mixing time. These were incorporated as
monitored in-process controls (IPCs) rather than DoE
factors. Eight remaining variables received Low Risk
classifications (RPN < 50) and were managed
through standard operating procedures.

4.4 DoE Screening (Plackett-Burman) Results

The Plackett-Burman (PB) screening design (12 runs
+ 4 center point replicates) was executed on the
HAAKE Pharma 11 TSG. All 16 experimental
granule batches were analyzed for granule D50, D90,
moisture content, and bulk density.

Main Effects Analysis:

Pareto charts and ANOVA results (o = 0.05)
identified the following statistically significant
factors:

e Granule D50: L/S ratio (p < 0.001), screw
speed (p = 0.003), API particle size (p =
0.008), feed rate (p = 0.024) — all significant

* Granule moisture content: L/S ratio (p <

coalescence theory reported by Dhenge et al.
(2011)

* Feed rate, while significant for D50, showed a
relatively modest effect size compared to L/S
ratio and screw speed, consistent with
published observations that feed rate primarily
affects residence time distribution rather than
granule growth mechanism

Decision: Based on PB results, four factors were
carried forward to the optimization stage: L/S ratio,
screw speed, API particle size (D50), and binder
concentration. Barrel temperature was maintained at
a fixed setpoint of 25°C as a controlled IPC, and feed
rate was set constant at 1.0 kg/h.

4.5 RSM Optimization (Box-Behnken Design)
Results

The Box-Behnken Design (20 experimental runs
including 5 center point replicates) was executed
using the four significant factors at three levels each.
All tablet batches (compressed after granulation,
drying, and lubrication) were evaluated for the full
set of CQAs including hardness, dissolution (30-
min), content uniformity, and friability.

Response Surface Models:

Quadratic polynomial models were fitted to all CQA
responses. Model adequacy diagnostics confirmed
excellent predictive performance:

0.001), barrel temperature (p = 0.012) Lack-
e Granule bulk density: Screw speed (p = Adj. | of-Fit p- || Model
0.005), API particle size (p = 0.018) CQA R2 R2 value Significance
e Granule D90: L/S ratio (p < 0.001), screw
speed (p = 0.006), binder concentration (p = 0.312
0.041) Granule D50 || 0.968 || 0.941 || (NS) p <0.001
Key findings: Dissolution 0.285
* Barrel temperature was significant only for (30 min) 0.952 || 0.918 || (NS) p <0.001
granule moisture content but not for size or
density CQAs, suggesting its effect is Content
primarily  thermodynamic  rather  than uniformity 0.421
mechanical (AV) 0.944 || 0.908 || (NS) p <0.001
* Binder concentration achieved significance
only for D90, indicating its role in limiting Tablet 0.358
granule over-growth at high L/S ratios — a hardness 0.937 1| 0.898 | (NS) p <0.001
finding consistent with the granule
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Defined Design Space (for API Grade A — fine
particles):

Lack-
Adj. of-Fit p- || Model
CQA R? R? value Significance
Granule 0.267
moisture 0.961 || 0.929 || (NS) p <0.001

All models demonstrated non-significant lack-of-fit
(p > 0.05), confirming that quadratic polynomial
equations adequately describe the CMAs/CPPs—
CQAs relationships within the studied parameter
space.

Critical Interaction Effects Identified:

« L/S ratio x Screw speed interaction
(Dissolution): At high L/S ratios, increasing
screw speed improved dissolution by reducing
granule size and increasing surface area — the
interaction was statistically significant (p =
0.008), highlighting the importance of
capturing two-factor interactions that would
be invisible to OFAT experimentation

e API particle size x Binder concentration
interaction (Content uniformity): Fine API
particles (Grade A, D50 = 28 pm) combined
with high binder concentration produced
superior content uniformity (AV = 6.2)
compared to coarse particles at equivalent
binder levels (AV = 11.8), reflecting improved
API distribution during granule formation

* L/S ratio x Binder concentration interaction

Lower Upper Optimal
CPP/CMA Limit Limit Setpoint
L/S ratio 0.22 0.31 0.26
Screw speed 400 RPM || 700 RPM || 550 RPM
Binder 6.5%
concentration 3.5% wiw || wiw 5.0% wiw

The Design Space for the coarse API grade (Grade B)
was narrower — particularly for L/S ratio (0.25—
0.35) — reflecting the greater sensitivity of poorly
wettable larger particles to liquid addition rate,
consistent with theoretical predictions from granule
nucleation kinetics.

Monte Carlo simulation (n = 10,000) of the defined
Design Space demonstrated a failure probability of
only 1.8% — well below the industry-accepted
threshold of 5% — confirming robust Design Space
definition.

4.7 Downstream Tablet CQA Results

Tablets compressed from granules produced at the
optimal Design Space setpoint achieved all QTPP
targets:

(Granule D90): High L/S combined with high
binder concentration produced significantly Result
larger D90 values (>1100 pum) — outside the . (Mean & SD,
. . . .. CQA Specification || n=10) Status
CQA specification — demonstrating a critical
interaction requiring explicit Design Space 95.0-
boundary definition Assay 105.0% 99.4+0.8% | Pass
4.6 Design Space Generation and Overlay Analysis
Design Space overlay plots were generated using Cohntent.
Design-Expert 13 software, superimposing the uniformity (AV) || <15 72 Pass
response surface model predictions for all eight
CQAs simultaneously. The Design Space was Dissolution (30
defined as the combined parameter region where all min) > 85% 913£2.1% || Pass
CQA specifications were simultaneously satisfied at
a 95% confidence level. 10.8+0.9
Hardness 8-14 kP kP Pass
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Result

(Mean £ SD,
CQA Specification || n=10) Status
Friability <0.5% 0.19% Pass

82+1.1
Disintegration <15 min min Pass
Moisture content || <2.0% 1.4+£0.2% Pass

All tablet CQAs achieved full QTPP compliance at
the Design Space setpoint, validating the RSM-
predicted optima and confirming the scientific
robustness of the QbD framework.

4.8 Discussion Summary

The results of this study demonstrate that a
systematic, =~ FMEA-guided, DoE-based QbD
framework successfully characterized the complex
multivariate relationships between TSG process
parameters and tablet quality attributes for a BCS
Class II model drug. The generated Design Space
provides a validated, multidimensional operational
region that assures simultaneous compliance with all
CQA specifications — offering manufacturers
significant process flexibility consistent with ICH
Q12 lifecycle management principles. The
identification of critical L/S ratio x screw speed and
API particle size x binder concentration interaction
effects underscores the fundamental inadequacy of
traditional OFAT approaches and strongly validates
the adoption of DoE-based QbD in continuous TSG
development.

V. CONCLUSION

CHAPTER 5: CONCLUSION
QbD-Based Development of a Robust Design Space
for Twin-Screw Granulation of Immediate-Release
Tablets Using DoE and FMEA

5.1 Introduction to the Conclusion

This chapter synthesizes the findings of the entire
research study, drawing together the theoretical,
methodological, and empirical contributions made
across Chapters 1 through 4 into a coherent,
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evidence-based conclusion. It critically evaluates the
extent to which the research aim and objectives were
achieved, reflects on the significance and
implications of the findings for pharmaceutical
science and manufacturing practice, acknowledges
the limitations of the study, and proposes clear
directions for future research. The chapter concludes
with a forward-looking perspective on the role of
QbD-driven continuous manufacturing in shaping the
future of pharmaceutical production globally.

5.2 Achievement of Research Aim and Objectives
The overarching aim of this research was to develop,
validate, and regulatory-align a comprehensive QbD-
based Design Space for the continuous twin-screw
granulation of a BCS Class II model drug in
immediate-release tablet form, utilizing FMEA and
DoE as the primary methodological tools. This aim
has been fully and demonstrably achieved across the
six phases of the study.

Objective 1: Definition of the QTPP and CQAs

The Quality Target Product Profile (QTPP) was
rigorously defined based on pharmacopoeial
standards (USP, BP), regulatory guidelines (ICH
Q8(R2)), and clinical requirements for an immediate-
release ibuprofen tablet. Eight Critical Quality
Attributes (CQAs) were systematically identified —
including granule D50, granule moisture content,
tablet hardness, content uniformity, dissolution (30
min), friability, disintegration time, and assay —
each supported by scientific rationale linking the
attribute to clinical safety and efficacy outcomes.
This QTPP-to-CQA mapping established the quality
foundation upon which all subsequent phases were
built, ensuring that every experimental decision
remained anchored to patient-centric quality
requirements.

Objective 2: FMEA-Based Risk Assessment

The FMEA exercise successfully screened 23
potential failure modes across all input categories,
generating a ranked risk matrix that prioritized six
high-risk variables (L/S ratio, screw speed, API
particle size, feed rate, binder concentration, and
barrel temperature) for experimental investigation.
The highest Risk Priority Number (RPN = 441) was
assigned to the L/S ratio — the most influential CPP
in wet TSG — wvalidating the risk assessment's
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alignment with mechanistic process understanding.
The FMEA exercise reduced the initial pool of 23
variables to a focused, experimentally manageable set
of six factors, directly improving DoE efficiency and
resource  utilization. This demonstrated that
structured risk assessment is not merely a regulatory
requirement but a genuinely powerful tool for
directing scientific resources toward the highest-
impact process variables.

Objective 3: DoE Screening

The Plackett-Burman screening design (16 runs)
successfully identified four statistically significant
CMASs/CPPs — L/S ratio, screw speed, API particle
size, and binder concentration — from the six
FMEA-prioritized factors. Barrel temperature and
feed rate, while mechanistically relevant, did not
achieve statistical significance across the majority of
CQA responses and were consequently managed as
controlled IPCs rather than DoE optimization factors.
This finding reflects an important scientific principle:
not all risk-flagged variables are experimentally
critical at all operating conditions, and the iterative
FMEA-DoE sequence provides a statistically
validated mechanism for resolving this distinction.

Objective 4: RSM Optimization and Design Space
Generation

The Box-Behnken Design (20 runs) generated high-
quality quadratic response surface models for all
eight CQAs, with R? values ranging from 0.937 to
0.968 and non-significant lack-of-fit tests across all
responses. Critically, the optimization study revealed
three important two-factor interaction effects — L/S
ratio x screw speed on dissolution; API particle size
x binder concentration on content uniformity; and
L/S ratio x binder concentration on granule D90 —
that would have been entirely invisible to traditional
one-factor-at-a-time experimentation. These
interactions demonstrate that continuous TSG is an
inherently multivariate process and that QbD-based
DoE is not merely a regulatory preference but a
scientific = necessity  for  adequate  process
characterization.

Objective 5: Design Space Validation

The multidimensional Design Space was validated
through verification runs at three internal points,
edge-of-failure experiments at Design Space
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boundaries, and Monte Carlo simulation (n =
10,000), which demonstrated a Design Space failure
probability of only 1.8% — well below the accepted
5% threshold. All tablets manufactured at the optimal
Design Space setpoint achieved full QTPP
compliance across all eight CQAs, with dissolution
of 913 £ 2.1% (specification > 85%), content
uniformity AV of 7.2 (specification < 15), and
hardness of 10.8 = 0.9 kP (specification 8—14 kP).
These results confirm that the validated Design Space
reliably predicts and ensures product quality across
its defined operational range.

Objective 6: Control Strategy and RTRT Framework
A comprehensive, ICH Q8-Q12 aligned Control
Strategy was developed, integrating in-process
controls (IPCs), PAT-enabled real-time monitoring
(NIR for blend uniformity and moisture), and a Real-
Time Release Testing (RTRT) framework. The
Control Strategy was documented in a format
consistent with ICH Q12 Established Conditions
(ECs) and Post-Approval Change Management
Protocol (PACMP) requirements, providing a
industrial

regulatory-ready framework for

implementation and post-approval process flexibility.

5.3 Key Scientific Contributions

This research makes four original, significant
contributions to pharmaceutical science and
manufacturing:

Contribution 1: Integrated FMEA-DoE-Design
Space Framework for Continuous TSG

This study presents the first fully integrated, stepwise
QbD framework for BCS Class II drug continuous
twin-screw granulation that systematically combines
FMEA  risk  prioritization,  Plackett-Burman
screening, Box-Behnken optimization, and Monte
Carlo validation in a single coherent methodology.
This framework is replicable, transferable across drug
formulations, and directly applicable to industrial CM
development programs.

Contribution 2: Quantitative Characterization of
Critical Interaction Effects in TSG

The identification and quantification of three critical
two-factor interaction effects — particularly the L/S
ratio x screw speed interaction on dissolution and the
API particle size x binder concentration interaction
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on content uniformity — provides new mechanistic
insights into granule formation kinetics in continuous
TSG. These findings advance fundamental
understanding of the process and directly inform CPP
setpoint selection for BCS Class II formulations.

Contribution 3: Validated Design Space for BCS
Class II Continuous TSG

The validated, multidimensional Design Space
generated in this study provides the pharmaceutical
industry with an evidence-based operational
framework for BCS Class II continuous TSG — a
formulation category of high and growing clinical
and commercial importance that was previously
underserved in the QbD literature.

Contribution 4: ICH QIl2-Aligned Regulatory
Documentation

The regulatory documentation package produced as
part of this research — including the QTPP, CQA
risk matrix, Design Space description, Control
Strategy, and PACMP template — provides a
practically applicable regulatory submission model
for companies seeking FDA or EMA approval for
continuous manufacturing processes under the ICH
Q8-Q12 framework.

5.4 Implications for Industry and Regulatory Practice
The findings of this study carry significant
implications for both pharmaceutical industry
practitioners and regulatory policy. For industry, the
validated Design Space and Control Strategy provide
a concrete pathway to implementing continuous TSG
with regulatory flexibility — enabling manufacturers
to adjust CPPs within the Design Space in response
to real-time PAT data without triggering post-
approval  submissions.  This  flexibility s
commercially valuable: it reduces production
downtime, supports real-time process optimization,
and facilitates scale-out of continuous manufacturing
lines without new regulatory filings.

For regulatory agencies, this research reinforces the
scientific validity and practical utility of the ICH Q8-
Q12 framework as applied to continuous
manufacturing — an area where regulatory guidance,
while progressive, continues to evolve. The Monte
Carlo-validated Design Space with a documented
1.8% failure probability provides a quantitative risk-
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based justification for Design Space approval that
aligns directly with ICH Q9 risk management
principles.

At a broader industry level, the demonstrated
feasibility of generating a fully validated QbD Design
Space for continuous TSG within an 18-month
research timeline challenges the perception that QbD-
based development is prohibitively resource-
intensive — a concern frequently cited by smaller
pharmaceutical manufacturers as a barrier to QbD
adoption.

5.5 Limitations of the Study

While this research achieves all stated objectives and
makes meaningful scientific contributions, several
limitations must be acknowledged. First, the study
employed a single BCS Class II model drug
(ibuprofen); the generalizability of the Design Space
boundaries and interaction effects to other BCS Class
I compounds — particularly those with significantly
different physicochemical properties such as melting
point, hygroscopicity, or crystal habit — remains to
be established. Second, all experiments were
conducted on a laboratory-scale TSG (11 mm screw
diameter); scale-up to industrial-scale equipment
(2440 mm screws) may introduce additional CPPs
related to screw length-to-diameter ratio and
throughput that are not captured in the current Design
Space. Third, the NIR-based RTRT method, while
proposed and preliminarily validated, requires full
ICH Q2(R1)-compliant analytical method validation
in a separate dedicated study before regulatory
submission.

5.6 Recommendations for Future Research

Based on the findings and limitations of this study,
the following future research directions are
recommended:

1. Scale-up validation: Repeat the DoE and
Design Space generation on a pilot-scale (24
mm) and industrial-scale (40 mm) TSG to
evaluate the effect of scale on CPP-CQA
relationships and confirm Design Space

transferability
2. Multi-drug applicability: Apply  the
established FMEA-DoE—Design Space

framework to additional BCS Class II and
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BCS Class IV drugs to assess its
generalizability  across  physicochemical
property ranges

3. PAT integration study (Paper 2): Develop and
fully validate an NIR/Raman-based PAT
control system for real-time CQA prediction
within the validated Design Space — the
direct subject of the companion research paper

4. Digital Twin development: Leverage the RSM
models generated in this study as the
mechanistic foundation for a first-principles
digital twin of the continuous TSG line,
enabling in silico process simulation and
predictive control

5. Regulatory submission case study: Partner
with a pharmaceutical company to prepare and
submit a QbD Design Space dossier to FDA
or EMA, generating real-world regulatory
feedback on the framework's acceptability

5.7 Final Remarks

This research has demonstrated that Quality by
Design, when rigorously implemented through
systematic FMEA risk assessment and DoE-based
Design Space development, provides a scientifically
robust, regulatory-aligned, and industrially practical
framework for continuous twin-screw granulation of
BCS Class II immediate-release tablets. The 1.8%
Monte Carlo failure probability, 91.3% dissolution
achievement, and full QTPP compliance across all
eight CQAs collectively confirm that quality was not
tested into this product — it was designed into it
from the very beginning.

As the pharmaceutical industry accelerates its
transition from traditional batch processing to
continuous manufacturing, the QbD framework
established in this research offers a replicable,
evidence-based roadmap for achieving the twin
imperatives of manufacturing excellence and
regulatory confidence. The broader adoption of such
frameworks holds the potential to fundamentally
transform  the pharmaceutical  manufacturing
landscape — delivering medicines of consistently
higher quality, at lower cost, and with greater speed,
to patients who need them most.

IRE 1716813 ICONIC RESEARCH AND ENGINEERING JOURNALS

2975



