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Abstract

Topical and transdermal delivery systems utilizing bodies are progressively prioritizing on submissions based

nanotechnology have a major advantage in enhancing the
solubility of drugs, skin penetration and their therapeutic
activities but they are complex to develop, changeable in
materials and sensitive to scale. Quality-by-Design (QbD) is
a scientifically-based approach to these issues, which
establishes a clear connection between the Quality Target
Product Profile (QTPP), nano-specific Critical Quality
Attributes (CQAs), and product performance. Based on the
published literature, regulatory guidelines, and topical and
transdermal formulations in nano format, this review
critically reviews the application of QbD principles,
especially with respect to risk assessment tools, Design of
Experiments, and control strategies. Regulatively, world

on QbD with the aim of supporting sound risk management,
design space justification, and sound lifecycle control,
although some issues of characterization complexity,
bioequivalence testing, and in vitro- in vivo correlation
continue to persist. Industrial-wise, QbD increases the
strength of manufacturing, uniformity in batches, scalability
and cost efficiency, reducing development risk, and
commercializing. Moving ahead, it is predicted that the
combination of artificial intelligence-aided QbD, digital
twins, and continuous manufacturing will further enhance
predictive development, process perception, and regulatory
congruence of nano-enabled topical and transdermal
systems of drug delivery.

Keywords: Quality-by-Design (QbD), Nano-Enabled Drug Delivery, Topical Drug Delivery, Transdermal Drug Delivery
Systems, Regulatory Science, Pharmaceutical Manufacturing

1. Introduction

Topical and transdermal drug delivery systems (T/T DDS) are nanoparticle-enabled pharmaceutical delivery systems that have
become the next-generation pharmaceutical delivery systems able to solve the inherent flaws of traditional dermal delivery
systems [, Poor drug penetration and low bioavailability, dose variability and limited control over drug release are common
characteristics of traditional topical dosage forms whereas transdermal systems are limited by high barrier properties of the
stratum corneum [2. Carriers based on nanotechnology, such as liposomes, niosomes, nanoemulsions, solid lipid nanoparticles
(SLNs), nanostructured lipid carriers, polymeric nano carriers, and nano gels, provide better solubilization of drugs that are
poorly soluble in water, skin permeation, and residence time and delivery to either a specific layer of the skin or the
bloodstream ). The properties have increased the therapeutic potential of nano-enabled T/T DDS in dermatology, pain
treatment, hormone treatment, wound healing, and vaccine delivery.

With these technological improvements, the development of pharmaceuticals has ceased to be conducted empirically and
through trial and error mechanisms and begun to be carried out in a systematic, science-focused, methodology represented in
the Quality-by-Design (QbD) paradigm . According to the guidelines of the International Council for Harmonisation (ICH)
(Q8-Q11), QbD focuses on the overall knowledge of formulation and process variables and their effects on the quality of
products . The main QbD components are defining Quality Target Product Profile (QTPP), identifying Critical Quality
Attributes (CQAs), evaluating risks to identify Critical Material Attributes (CMAs) and Critical Process Parameters (CPPs),
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and defining a design space with the help of statistical
Design of Experiments (DoE). The regulatory bodies like
the US Food and Drug Administration and European
Medicines Agency are highly recommending the use of
QbD to increase the robustness of manufacture, the
regularity of product activity, and the regulatory adaptability
(6]

There has been an upward trend in the use of QbD principles
in nano-enabled topical and transdermal preparations in
recent years. There is a large number of studies to DoE-
guided optimization of particle size, polydispersivity index,
zeta potential, entrapment efficiency, rheology, and in vitro
release characteristics of nanocarriers embedded into
semisolid or patch-based platforms. More sophisticated
analytical techniques are finding their way into QbD
processes (such as dynamic light scattering, electron
microscopy, rheological studies, in vitro skin permeation
studies in Franz diffusion cells, etc.) to determine
correlations among CQAs and formulation performance.
Regulatively, nanomedicines tend to be reviewed under the
current pharmaceutical regulations under a risk-based
approach, as long as there are sufficient characterization and
safety data supplied. Even though the industrial case studies
point at the fact that early QbD implementation can lead to
reduced formulation failures, scale-up, and post-approval
change management, the majority of the marketed nano-
topical products are still based on a partially empirical
approach to development [7],

Although this has attracted increased interest, there are
various knowledge gaps that prevent systematic use of QbD
in nano-enabled T/T DDS. The linkage of nano-specific
CQAs, including particle size, surface charge, lipid
composition, and release kinetics, and clinically significant
endpoints has not been adequately developed. Technically,
because nanocarriers are complex to analytically
characterize in complex topical matrices, there is no
harmonized set of tests which are universally agreed upon.
In addition, there are no strong in vitro-in vivo correlations
(IVIVC) of dermal and transdermal delivery that can make it
difficult to justify regulatory design spaces. Reproducibility
in scale-up and manufacturing also are a major issue since
the properties of nanoscales are extremely sensitive to
processing factors including homogenization pressure,
temperature and rate of solvent removal. New regulatory
requirements of nanomaterials also differ between
jurisdictions, especially concerning safety evaluation and
post approval modifications, which pose confusion to
international development agendas 181,

Such scientific, industrial and regulatory blind spots make
effective laboratory-to-market translation of nano-enabled
topical and transdermal formulations difficult. Despite the
strong approach provided by QbD to variability and risk
management, there is no harmonized standard concerning
the nano-specific CQAs, analytical approach, IVIVC
development, and alignment with regulatory standards when
applying the QbD to dermal nanomedicines. As a result, the
developers have a problem defining defensible design
spaces, scaled manufacturing and regulatory submissions
that provide a clear product knowledge and control [*1,

This review aims to critically analyze how the concepts of
QbD have been applied in the design of nano-enabled
topical and transdermal delivery systems of drugs. In
particular, the goal of this study is to review the existing
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literature on QbD-oriented solutions in dermal and
transdermal nanocarriers, define and assess the relevant
CQAs, CMAs, and CPPs to control the quality of products
and their functionality, and comment on the current
regulatory requirements and industrial trends. The review
also suggests a realistic regulatory-congruent QbD model to
facilitate robust development, scalable manufacturing, and
efficient lifecycle management and brings forth areas of
future research, which are necessary to overcome current
gaps. The hypothesis directing this review is that a QbD
approach specific to nano-enabled T/T DDS can contribute
to the robustness of the formulations, enhance predictability
of in vivo behavior, enhance IVIVC with the help of
standardized analytical methods, and mitigate the
development and regulatory risk.

2. Nano-Enabled Carriers For Topical And Transdermal
Drug Delivery: A Critical Review

The application of nano-enabled carriers has revolutionized
topical and transdermal drug delivery by providing a means
of overcoming the stratum corneum barrier, increasing drug
solubility, and increasing therapy. Nevertheless, few nano-
based dermal systems have been successful to attain clinical
and commercial success despite positive preclinical results.
The important platforms of nano-enabled platforms are thus
to be critically appraised to see through their actual
translational potential [,

2.1 Liposomes

One of the earliest and best studied nanocarriers available to
topical and transdermal delivery are liposomes. Their
encapsulation capability of hydrophilic and lipophilic drugs
is permitted by their phospholipid bi-layer structure and
their biocompatibility is excellent because they are similar
to biological membranes. Liposomes (used topically) can be
utilized to improve the deposition of drugs in the stratum
corneum and viable epidermis as opposed to delivering
drugs deep into the system. Lipid exchange and localized
drug release is mostly dictated by their interaction with the
skin, characterized by lipid exchange and lipid fusion with
stratum corneum lipids [,

These benefits notwithstanding, traditional liposomes have a
low physical stability, are prone to oxidation and hydrolysis,
can only carry limited drug load and are expensive to make.
Furthermore, intact liposomes may hardly penetrate the
stratum corneum, but they are considered to serve as drug
reservoirs and this limits their use in actual transdermal
delivery. Liposomal formulations have only applied
clinically in dermatological indications like antifungal, anti-
inflammatory and cosmetic applications as opposed to
systemic therapy ['!].

2.2 Niosomes

Niosomes are vesicles made of non-ionic surfactants and
cholesterol which are cost effective and offer better
chemical stability compared to liposomes but still have the
benefits of vesicles ['?l. They improve the penetration of the
skin by fluidizing stratum corneum lipids and augmenting
the drug partitioning into the skin. Niosomes have also
shown better retention of drugs in the skin layers and hence
are a good choice in targeted dermal therapy 3,

Niosomes, however, have batch-to-batch variability, have
the potential of being surfactant induced skin irritation, and
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have limited long-term stability. Similar to liposomes, their
ability to transport drugs systemically through the
transdermal route is also limited. Niosomal systems remain
clinical and have limited commercial products, and many
remain limited to early and experimental translational
studies 141,

2.3 Solid Lipid Nanoparticles (SLNs)

SLNs are an important improvement because the nanoscale
size is combined with a solid lipid matrix to allow the drug
to be released in a controlled manner with increased
stability. Their blocking nature augments the skin skin
hydration, which indirectly enhances the penetration of
drugs. The SLNs have been shown to be particularly
effective with lipophilic drugs and have been demonstrated
to be effective in dermatological conditions that demand
long-term local effect 1],

However, SLNs have weaknesses in low drug load and
expulsion of drugs in storage because of crystallization of
lipids and polymorphic changes. These formulation
problems limit their use with drugs that need more payloads.
Topical anti-inflammatory and cosmetic SLNs have been
studied clinically, although their widespread usage has not
been embraced 11,

2.4 Nanostructured Lipid Carriers (NLCs)

NLCs represent another type of lipid nanoparticles with the
aim of eliminating the limitations of SLNs, which entails
including a blend of solid and liquid lipids, which leads to a
less ordered lipid matrix. This defect in the structure
provides greater drug loading capacity, lesser drugs
expulsion, and better stability in the long run. The NLCs
have an improved skin adhesion and longer residence time,
which renders it to be suitable in both dermal and
transdermal applications [,

In spite of these benefits, NLCs have complexity in
formulation, sensitivity to processing conditions, and
difficulty in specifying strong quality characteristics.
Clinically, there is high potential in NLCs especially in the
treatment of chronic skin conditions, yet regulatory
experience in such systems is currently developing [,

2.5 Nanoemulsions

Nanoemulsions are thermodynamically unstable and
kinetically stable systems that are typified by a small droplet
size and a high surface area. As penetration enhancers, they
can increase drug solubilization and drug permeation
through the skin by rupturing stratum corneum lipid
packing. Nanoemulsions are more or less simple to create
and expand, and consequently are desirable in industry ['®],
But their large content of surfactants concerns the skin
irritation and long term safety, especially when used
repeatedly. Also, nanoemulsions do not have controlled
release characteristics and can cause a rapid diffusion of
drugs and systemic exposure. They are clinically appropriate
when used topically to deliver antifungal, anti-inflammatory
as well as cosmetic actives, but not when used as a long
term transdermal modality 11,
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2.6 Polymeric Nanoparticles

Polymeric nanoparticles provide superior design freedom,
which allows them to be released under control, be
functionally modified on their surface, and targeted.
Biodegradable polymers PLGA and chitosan have been
extensively studied in dermal delivery, specifically as a
vaccine, anticancer and anti-inflammatory drug delivery.
The fact that they only interact with the skin through
follicular targeting and increased retention in deeper layers
of the skin is a primary characteristic 2,

Although polymeric nanoparticles are versatile, there are
issues associated with complicated manufacture procedures,
toxicity of residual solvents, large-scale manufacturing
problems, and regulatory concerns. Furthermore, intact
polymeric nanoparticles do not easily permeate the stratum
corneum, which can be used to deliver drugs to the systemic
circulation via transdermal delivery. There has been limited
clinical translation and most of the uses have been restricted
to localized or intradermal administration 2!,

2.7 Microneedle-Assisted Systems

Microneedle-assisted delivery is a paradigm shift as it
bypasses the stratum corneum barrier physically. Micro
needles when used together with nano enabled formulations
allow direct delivery of drugs and nanoparticles to viable
epidermal or dermal layers, with a significant increase of
bioavailability and systemic absorption. This modality is
especially appealing with respect to vaccines, peptides,
proteins and poorly permeable drugs %,

Micro needle systems, however, bring into play a range of
complexities associated with the device, issues with patient
compliance, regulatory issues and increased costs of
manufacturing. Careful consideration is also required on
long-term safety particularly when it has to be used
repeatedly. Micro needle based products are considered to
be one of the most sophisticated transdermal technologies
clinically with a number of systems in late clinical phase or
early commercial development 23],

3. Comparative Perspective and Clinical Relevance
Nano-enabled carriers maximize dermal targeting and local
drug retention as opposed to actual passive transdermal
delivery. The majority of nanocarriers have an indirect
mechanism of action through the alteration of skin barrier
properties or act as drug reservoirs, with microneedle-
assisted systems being the best choice of systemic
transdermal delivery method. These technologies are also
based on clinical success with not only increased permeation
but also increased formulation robustness, safety,
manufacturability, and acceptance by the regulators [,
Translational nano- enabled topical systems have the highest
clinical applicability in dermatology, cosmetics and local
therapies whereas systemic delivery necessitates either
physical enhancement strategies or a hybrid approach. The
next generation is based on the combination of mechanistic
skin penetration knowledge with Quality-by-Design
concepts in order to provide predictable performance and
scalable production along with regulatory assurance 1.
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Fig 1: Critical Comparison of Nano-Enabled Drug Delivery
Systems for Topical and Transdermal Applications

4. Core Principles of Quality-by-Design (Qbd) in
Pharmaceutical Development

Quality-by-Design (QbD) is a scientific, risk-assessed
method of pharmaceutical development, which starts with
set goals and focuses on understanding the product and the
process in full lifecycle. QbD, which is championed by
regulatory organisations like the International Council for
Harmonisation and the US Food and Drug Administration,
is especially applicable in nano-formulations because of
their complexity in structure, increased sensitivity to
material and process variability, and scaling up.

4.1 Quality Target Product Profile (QTPP)

The Quality Target Product Profile (QTPP) is a future report
of the desirable quality features that are in place to
guarantee quality products in the form of safety, effect and
performance. QTPP in nano-enabled topical and transdermal
drug delivery system goes beyond the traditional
requirements of dose strength, route and release profile to
incorporate nano-specific performance requirements. These
are the targeted site of action in layers in skin, retention /
transdermal flux balance between skin, targeted or
controlled release Dbehavior, stability of nanoscale
architecture in storage and application, and patient
acceptability. Therefore, the QTPP in small-scale nano-
formulations is mechanistically associated with skin contact
and clinical efficacy as opposed to when it is strictly
compositional.

4.2 Critical Quality Attributes (CQAs)

Critical Quality Attributes (CQAs) refer to the physical,
chemical, biological, or microbiological characteristics,
which should be managed to guarantee the quality of the
products. In the case of nano-formulations, the CQAs of
relevance usually include particle (or droplet) size and
distribution, polydispersity index, surface charge, drug
loading and encapsulation efficiency, release and skin
permeation characteristics, and physical and chemical
stability. Semisolid systems are also of importance in
rheological properties. Their identification and regulation is
especially important since minor differences in these CQAs
may result in disproportional alterations in the areas of the
skin penetration, safety, and therapeutic effectiveness.
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4.3 Critical Material Attributes (CMAs)

Critical Material Attributes (CMAs) are those attributes of
raw materials and excipients which affect CQAs. CMAs in
nano-formulations encompass lipid type, lipid grade, lipid
crystallinity and lobular lipid polymorphism; polymer
molecular mass and polymer degradation characteristics,
surfactant hydrophilic-lipophilic balance, and
physicochemical properties of the drug, solubility, and
lipophilicity. Compared to the traditional dosage forms,
nanocarriers are much more susceptible to the variation of
the excipients; hence, regardless of the variation in CMA:s,
the stringent control is required to provide reproducibility
and scalability.

4.4 Critical Process Parameters (CPPs)

Process variables that have a direct impact on CQAs are
called Critical Process Parameters (CPPs). Homogenization
pressure and cycles, sonication time and amplitude, mixing
speed and shear rate, emulsification or melting temperature,
conditions of solvent removal, and cooling rate are typically
CPPs in the manufacturing of nano-formulations.
Relationships between CPP-CQA in nano-systems are
commonly nonlinear and even minor changes may lead to
aggregation, instability or changes in drug release behavior.

4.5 Design Space

Design space is described as a multidimensional set of
CMAs and CPPs illustrated in order to provide product
quality. In the case of nano-formulations, a design space is
difficult but critical to set up, with nanoscale properties
being strongly correlated with process behavior. High
quality design space helps in scale-up, lowers batch-to-
batch, eliminates a risk of nanostructure instability, and
enables flexibility in manufacturing without regulatory re-
approval.

4.6 Control Strategy

Strong control strategy comes out of product and process
knowledge in order to maintain uniform quality. In nano-
formulations, this involves raw material qualification, in-
process testing of essential parameters (particle size,
temperature) and end-product testing of nanoscale
properties, stability indicating tests peculiar to nanocarriers,
and discriminating utilization of Process Analytical
Technology. The reason why analytical control is especially
relevant is that nano-formulations do not usually have
apparent signs of quality failure.

4.7 Lifecycle Management

QbD lifecycle management is a method that allows
continuous improvement and the accumulation of
knowledge over the commercial lifespan of a product.
Lifecycle management in nano-enabled systems aids post
times approval modifications, communication of regulatory
information, prior knowledge and incorporation of real-
world stability and performance data. On the whole, QbD is
not only a regulatory requirement of nano-formulations but
it is a science requirement. QbD offers an organized process
by which nano-enabled drug delivery systems can be
successfully translated in moving through the laboratory to
the clinic and marketplace through systematic connection of
QTPP, CQAs, CMAs, and CPPs in a specific design space
and a powerful approach to control 24231,
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Table 1: Mapping of CQAs—CMAs—CPPs for Nano-Enabled Topical and Transdermal Drug Delivery Systems

Nanocarrier System

Key CQAs (What must be
controlled?)

Critical Material Attributes
(CMAs)

Critical Process Parameters (CPPs)

* Vesicle size & size distribution
* Lamellarity
* Drug encapsulation efficiency

* Phospholipid type & purity
* Cholesterol ratio

* Hydration temperature ¢ Sonication
time/amplitude

* Drug release profile
* Physical stability

Liposomes * Zeta potential * Drug lipophilicity : Homogemzathn pressure
S * Film hydration time
* Leakage rate * Buffer pH & ionic strength « Cooline rate
* Physical & chemical stability &
* Vesicle size & PDI « Mixine speed
* Entrapment efficiency * Surfactant type (HLB value) « Hvdration tim 5 &p temperature
Niosomes * Surface charge * Cholesterol content Y p

* Drug—surfactant compatibility

* Sonication conditions ¢ Organic solvent
removal rate

Solid Lipid Nanoparticles

« Particle size & PDI
* Drug loading
* Crystallinity & polymorphism

* Lipid type & melting point
* Lipid polymorphic form

* Homogenization pressure & cycles
* Emulsification temperature

» Skin permeation rate

(SLNs) . * Surfactant concentration * Cooling rate
* Drug expulsion tendency « Drug solubility in lipid  Stirring speed
« Occlusivity g ynip &P
* Particle s1ze & dlstrlbupon * Solid-to-liquid lipid ratio » Homogenization parameters
.. * Drug loading & retention P . .
Nanostructured Lipid . o * Type of liquid lipid (oil) * Lipid melting temperature
R * Physical stability .
Carriers (NLCs) . . * Surfactant system * Cooling profile
* Skin adhesion * Drug partition coefficient * Mixing/shear rate
* Release kinetics £p &
. Droplet. size & PDI « il phase composition * Energy input (hl_gh-
* Physical stability (coalescence, . shear/ultrasonication)
. : * Surfactant/co-surfactant ratio . N
Nanoemulsions creaming) « HLB value * Emulsification time
* Drug solubilization capacity « Drug solubility * Temperature

¢ Order of addition

Polymeric Nanoparticles

* Particle size & PDI
* Drug loading
* Release profile
* Polymer degradation rate
* Residual solvent levels

* Polymer type & molecular
weight
* Polymer—drug compatibility
* Solvent type
» Stabilizer concentration

* Emulsification speed
* Solvent evaporation rate
* Phase volume ratio
« Stirring time

* Needle geometry & strength

* Polymer/mechanical material

Microneedle-Assisted Nano- * Drug content uniformity type * Drying temperature
Systems « Insertion efficiency * Nanocarrier stability in matrix * Casting time
* Dose delivery accuracy * Drug loading per needle » Demolding conditions

» Micromolding pressure

5. Application of Quality-by-Design (Qbd) to Nano-
Enabled Topical and Transdermal Drug Delivery
Systems

Quality-by-Design (QbD) offers a science- and risk-based
approach to the development of pharmaceutical products
whose quality and performance can be predicted. The
International Council of Harmonisation and the US Food
and Drug Administration regulatory bodies highlight QbD to
shift the development not to empirical screening of the trial
and error but to the mechanistic interpretation and control of
lifecycle. In the case of nano-enabled topical and
transdermal drug delivery system (T/T DDS), QbD is
especially paramount as the nanoscale characteristics of the
material and the process are quite sensitive to variation, and
even minor changes may impact the skin interactions, safety
and efficacy in disproportionate measure [7- 261,

5.1 ObD Workflow in Nano-Enabled T/T DDS

The QbD process involves the definition of Quality Target
Product Profile (QTPP), the identification of Critical Quality
Attributes (CQAs), assessment of Critical Material
Attributes (CMAs) and Critical Process Parameters (CPPs),
identifying a design space and applying a strong control
strategy. In nano-formulations these processes are closely
connected to each other since the process of particle
formation, stabilization, and skin performance occur all at
the same time during the manufacturing process 71,

In nano-enabled topical and transdermal systems, the QTPP
is concerned with site-specific performance of the skin, as
well as nanoscale stability, in addition to dose and dosage
form. The conceptual correlation between the QTPP

elements and key CQAs as shown in Table 2.

Table 2: QTPP — CQA Relationship (Nano-Enabled T/T DDS)

QTPP Element | Linked CQAs | Rationale for Nano-
Systems
Route of Determines whether
administration Particle size, PDI, | formulation favors skin
(topical vs skin permeation retention or systemic
transdermal) absorption
Site of action (SC, | Particle size, zeta | Nanoscale dimensions
epidermis, dermis, | potential, drug govern penetration
systemic) release pathway and depth
Therapeutic Drug loading, Controls‘local
release rate, concentration and
performance . . .
permeation flux duration of action
Zeta pote ntial, Surface charge and
Safety and excipient L
- .. degradation influence
tolerability composition, Lo .
. irritation and toxicity
stability
Product stability & Particle size Nano-systems are prone
. growth, PDI, to aggregation and drug
shelf life . o .
chemical stability expulsion
Rheology, Semisolid properties
Patient acceptability| spreadability, affect compliance and
appearance dose uniformity
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5.2 Critical Quality Attributes (CQAs) in Nano-Enabled
/T DDS

5.2.1 Particle Size and Polydispersity Index (PDI)

Particle size is one of the main CQAs as it has a direct effect
on the penetration paths of particles (intercellular, follicular,
or reservoir behavior). Small size distribution (low PDI) will
guarantee reproducibility in skin interaction as well as
batch-to-batch consistency. Changes in size by small
amounts can significantly modify permeation and stability in
nano-system.

5.2.2 Zeta Potential

Surface charge and colloidal stability is indicated by zeta
potential. It influences aggregation of nanoparticles, contact
with skin lipids as well as in certain instances, uptake in
cells. Excessive charges and nearly neutral charges are both
damaging to safety or stability and zeta potential is a critical
CQA in dermal tolerance.

5.2.3 Drug Loading and Encapsulation Efficiency

Drug loading controls the dose delivery per unit application
and influences the release kinetics. Under-dosing or burst
drug release Under-dosing or burst drug release in nano-
carriers can be caused by poor or uncontrolled loading of
drugs, compromising the reliability of the therapeutic effect.

5.2.4 Skin Permeation and Retention

Topical and transdermal systems CQAs that define the
performance of their systems are skin permeation
parameters (flux, lag time, retention in skin layers). These
CQAs provide a linkage between the formulation qualities
and the clinical outcomes and are the key to regulatory
justification of product efficacy.

5.2.5 Rheology and Spreadability

In the case of semisolid nano-formulations, rheological
behavior triggers dose uniformity, application thickness, and
residence time on skin. Rheology has an indirect effect on
permeation, where it determines contact time and
occlusivity.

5.2.6Physical and Chemical Stability

Nano-systems are thermodynamically unstable thus, particle
size, PDI, drug content, and chemical integrity throughout
shelf life is an essential quality parameter.

5.3 Material Variability (CMAs) and Impact on Product
Performance

Formulations that are nano-enabled are highly sensitive to
material properties. CQAs can considerably be modified by
variability in lipid grade, surfactant purity, polymer
molecular weight or drug polymorphic form. For example:
The alteration of lipid crystallinity may cause the expulsion
of drugs in lipid nanoparticles.

The variability of surfactant HLB can change the particle
size and skin permeation.

Changes in polymer molecular weight are able to alter the
degradation rate and drug release.

These sensitivities require strict control of the raw-materials,
the qualification of suppliers and CMA risk evaluation by
QbD.

5.4 Process Variability (CPPs) and Impact on Product
Performance

High-pressure =~ homogenization,  ultrasonic,  solvent
evaporation, or micromolding are manufacturing processes
that add variability as a result of the processing. CPPs such
as homogenization pressure, shear rate, temperature and
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cooling profile have direct influence on the formation and
stabilization of nanoparticles (283,

In  nano-formulations, irreversible aggregation or
polymorphic transitions may occur when small deviations of
CPP occur, scale-up may magnify the effects of CPP
resulting in variation of particle size and release and CPP-
CQA relationships are usually nonlinear and multivariate
Design of Experiments (DoE) is necessary to characterize a
credible design space.

6. Role of Risk Assessment and Design of Experiments in
Optimizing Nano-Enabled Topical and Transdermal
Systems

Based on intricate interactions among formulation contents,
processing environment, nanoscale properties, and skin
functionality, the development of nano-enabled topical and
transdermal drug delivery systems (T/T DDS) can be
achieved. In the Quality-by-Design (QbD) model, risk
assessment tools and Design of Experiments (DoE)
complement each other in determining key variables, the
relationships between variables, and strong optimization 311,
Risk Assessment Tools, the principles of risk management
that are described in the ICH Q9 offer an organized
mechanism of recognizing and prioritizing risks that impact
the key quality attributes (CQAs) which include: particle
size, polydispersibility index, drug loading, stability, and
skin permeation. Early risk assessment is imperative in the
nano-formulations where a small deviation can have a
lasting effect on the performance 321,

During the early development, ishikawa (fishbone) diagrams
are typically applied to qualitatively determine possible
sources of variability in the materials (lipids, surfactants,
polymers) and methods (homogenization, sonication),
equipment, and environmental conditions. As it may be
illustrated, in nanostructured lipid carrier (NLC)-based
dermal systems, the lipid composition, the homogenization
pressure, and the rate at which the samples cool have been
recognized to be high-risk factors that determine the particle
size and the drug retention 3%,

The process is further narrowed to Critical Material
Attributes (CMAs) and Critical Process Parameters (CPPs)
which are semi-quantitatively ranked according to severity,
occurrence and detectability by the Failure Mode and
Effects Analysis (FMEA). FMEA has been applied in QbD-
based development of niosomal and SLN-based topical
formulations to prioritize the type of surfactant, lipid ratio,
and sonication parameters, as applied in further optimization
of experiments [*3,

Design of Experiments (DoE), Risk prioritization 1is
followed by DoE, used to measure the impact of CMAs and
CPPs selected on CQAs quantitatively and a design space.
Factorial designs are often applied as preliminary screening
instruments to determine important main effects and
interactions. As an example, factorial studies in SLN model
have shown that there are significant interactions among
lipid concentration, homogenization pressure and particle
size and entrapment efficiency.

Box-Behnken Design (BBD) and Central Composite Design
(CCD) are popular response surface techniques that are used
to optimize. BBD is especially applicable to the nano-
enabled topical system because it involves fewer
experimental runs and obviates extreme factor combinations
which can destabilize nanocarriers. It has been effectively
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employed to optimize gels based on NLC to predict the
impact of lipid ratio, surfactant concentration, and
processing conditions on particle size, stability and skin
permeation. CCD is more expensive but provides a better
representation of curvature and has been used in
optimization of nanoemulsions and polymeric nanoparticles
and nanosystems in transdermal delivery 341,

7. Global Regulatory Expectations for QbD-Based Nano-
Enabled Topical and Transdermal Drug Products

A regulatory assessment of nano-enabled topical and
transdermal drug delivery systems is becoming more
consistent with the Quality-by-Design (QbD) concept,
which is a global trend in science- and risk-based
pharmaceutical development. Nanotechnology has been
recognised by agencies such as the International Council for
Harmonisation, US Food and Drug Administration,
European Medicines Agency and the World Health
Organization as having potential therapeutic use in both
dermal and transdermal applications but with understanding
of the products, variability control and lifecycle
management; the complexity of nanoscale is considered
rather an issue [,

QbD regulatory submissions are based on the ICH Q8-Q12
guideline construct. ICH Q8 (Pharmaceutical Development)
obliges to define a strong Quality Target Product Profile
(QTPP) and clearly connects with Critical Quality Attributes
(CQAs). In the case of nano-enabled topical products, the
regulators are looking increasingly to justify nano-specific
CQAs including particle size, polydispersivity index,
surface charge, drug loading, stability and skin penetration
characteristics. Quality Risk Management (ICH Q9) is
especially applicable to nano-formulations where the change
in the material or process conditions can produce a large
impact on the performance of the product. ICH Q10 and
Q11 focus on the quality systems of pharmaceutical and
lifecycle management, whilst ICH Q12 facilitates regulatory
flexibility of post-approval modifications in an approved
design space- a key motivator towards the adoption of QbD
in nano-enabled products ¢!,

According to the United States, the FDA does not consider
nano-enabled topical and transdermal products as a separate
category but evaluates them in the existing regulatory
pathways. The agency heavily focuses on total
physicochemical characterization, lot-to-lot uniformity and
risk-based control measures. One of the obstacles to generic
nano-topical products is the bioequivalence assessment: it is
a fact that due to the effects of formulations on skin
interactions, the traditional bioequivalence methods are less
applicable. Therefore, justification of design space and
control strategies through QbD is perceived positively to
facilitate the manufacturing robustness and flexibility after
approval 37,

The EMA takes a risk-based case-by-case approach on
nano-enabled dermal products. Guidance by EMA focuses
on the early detection of nano-specific CQAs, application of
orthogonal analytical methods and clinical use of in vitro
data on skin permeation. QbD may be promoted, but it
cannot eliminate the need of sponsors to show product
specific safety and efficacy especially in the extrapolation of
in vitro findings to the in vivo exposure 21,

The WHO lens is concerned with quality, safety, and
accessibility, especially with the topical products that are
applicable in global health environments. WHO does not
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reject the idea of adopting QbD but points to the problem of
low standardization of nano-specific characterization
techniques, as well as the regionally-specific variability in
regulatory capacity.

All in all, the global regulators are increasingly considering
QbD as a requirement to the nano-enabled topical and
transdermal products. Nevertheless, there are still issues in
the analytical characterization, bioequivalence determination
and reliable in vitro-in vivo correlations. These issues can be
tackled by developing QbD based development
mechanisms, gaining mechanistic insight and lifetime
management that is essential in attaining regulatory
approval, as well as international harmonization 1,

8. Industrial Challenges in Scaling Up QbD-Based Nano-
Enabled Topical and Transdermal Formulations

The industrial issues involved in scaling up nano-enabled
topical and transdermal drug delivery systems on a Quality-
by-Design (QbD) platform are special because of the
sensitivity of nanoscale systems to material and process
differences. Although QbD provides an organized route
towards a thriving development, there is intricacy in the
transformation of the laboratory level nano-formulations
into commercial production 3%,

Raw material variability is a primary challenge, Nano-
formulations are very delicate in regards to the variations in
grade of lipids, purity of surfactant, molecular weight of
polymers, and variation in the excipient polymorphism.
Even small variations in terms of suppliers to suppliers or
lots to lots may have a big change on particle size, drug
loading, and stability that will directly affect Critical Quality
Attributes (CQAs). This requires higher qualification of
suppliers, greater material specifications and increased
testing of incoming materials than traditional topical
products 1.

Process robustness and scale-up represented another major
hurdle. Some of the manufacturing methods including high-
pressure  homogenization techniques, ultrasonication,
solvent evaporation, and micromolding usually do not
perform in the same manner at the commercial level. Non-
linear CPP- CQA relationships imply that parameters to be
optimized in a laboratory scale may not be directly
transferable and as a result, aggregation, change in release
profile or loss of nanoscale integrity, will occur. It is thus
more difficult to have a defensible design space with nano-
enabled systems under QbD 11,

It is especially challenging to ensure batch-to-batch
consistency. Nano-formulation contains no visible signs of
failure and little variations in particle size distribution or
surface characteristics may influence skin permeation and
safety. This means that manufacturers are forced to place a
lot of trust on high quality analytical controls and
statistically warranted acceptance-criteria.

The use of Process Analytical Technology (PAT) is
promoted but not much practiced. It is complicated and
expensive to monitor the manufacture in real time on
particle size, temperature, or viscosity. Availability of
validated and in-line PAT tools that can be applied to nano-
formulations is limited, limiting real time process control
[41]

Commercialization is also further complicated by stability
and packaging. Nano-systems are susceptible to
aggregation, release of drugs as well as chemical
degradation during storage. The packaging materials should
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be resistant to moisture, oxygen and light, at the same time
be compatible with nanoscale carriers, which further
complicated development (42,

The issue to consider in industries is cost-effectiveness. The
manufacturing costs are raised by high-energy processes,
special tests of analysis, long development cycles and strict
quality control. This means that a tradeoff between QbD-
driven strength and commercial feasibility is necessary to
adopt it in industries.

In general, even though QbD is a highly effective model to
cope with risk and variability, to be able to enable successful
industrial scale-up of nano-enabled topical and transdermal
formulations, improved process knowledge, increased
analytical proficiency, and prudent cost-benefit optimization
are necessary to achieve regulatory compliance and market
success 43,

9. Case Studies

9.1 Liposomes - Tenofovir

Xu et al. used the entire QbD workflow to Tenofovir-loaded
liposomes: QTPP/CQA  definition, risk assessment,
screening experiments, DoE optimization, and development
of a laboratory scale design space. The experiment indicated
better vesicle size control, encapsulation and short-term
stability and achieved a clear design space cutting on
preparation variation. Nevertheless, the article was at lab
scale and demonstrated how challenging it is to scale
design-space constraints to industrialized equipment without
additional scale-specific research. The case demonstrates the
strength of QbD to map CPP CQA relationships, although it
is also indicative of the scale-up gap (41,

9.2 Solid Lipid Nanoparticles (SLNs) - Triamcinolone
example

The Circumscribed Central Composite Design applied by
Talarico et al. was optimized to triamcinolone (particle size,
zeta, drug load). The DoE methodology came up with
sensitive formulation and sonication factors, and generated
verified predictive models of CQAs, allowing lot-to-lot
consistency at bench sizes. Another emphasis in QbD in the
study was on the development of analytical methods
(stability-indicating assays). However, issues like lipid
polymorphism and long-term drug expulsion were observed
to pose a hindrance to simple scale-up and shelf-life
assertions 43,

9.3 Nanoemulsion/Nanoemulgel - Clobetasol
nanoemulgel

Risk assessment and response-surface DoE were used to
optimise a nanoemulgel of clobetasol guided by QbD to
control droplet size, viscosity and permeation. The article
has claimed an increase in dermal delivery and given a clear
roadmap on translation (design space, control strategy). It
also talked about regulatory-relevant endpoints (in vitro
permeation and stability testing), which focuses on how
QbD outputs could be formatted to be presented in
regulatory discussions. The restriction was only that in vivo
IVIVC and human data were not presented meaning they
could not be regulatory without clinical bridging 61,

9.4 NLC / Lipid Nanocarriers - From lab to industrial

The lab-to-industrial review by Buya is a synthesis of
various lipid-nanocarrier QbD projects and presents some
practical scale-up case studies: focus on raw material control
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(CMA tight specifications), developing robust CPP regimes
(homogenization energy, cooling behaviour), and early
integration of PAT. The review emphasizes iterative scale-
up experiments and how successful tech transfers were in
which QbD documentation (design space + control strategy)
significantly decreased regulatory CMC queries. It
comments though that the adoption of PAT is still restrained
by the cost and maturity of the tool 171,

9.5 Microemulsion / Topical microemulsion

Srishti et al. described a tacrolimus microemulsion using
QbD-based microemulation accompanied by the DoE
optimization and risk evaluation. The paper has indicated
that the use of QbD has helped to identify the CQAs (droplet
size, release), which are clinically meaningful and
consequently targeted the analytical development. Similar to
others, it highlighted the chronic IVIVC/regulatory
knowledge gap of topical nanosystems [“%,

QbD can be considered as a reliable way to enhance the
understanding of formulations and minimise risk during
development of nano-enabled topical/ transdermal system.
The other regulatory acceptance and commercialization
obstacles being encountered are proving IVIVC/clinical
relevance, proving long-term stability at scale and investing
on PAT and material control. These need to be tackled in a
systematic way in QbD, through the incorporation of IVIVC
studies into the design space, stabilization-reduction
strategies  (e.g., excipient choice to avoid lipid
recrystallization) and piloting PAT in scale-up: the practical
way to transform QbD promise into marketed and approved
nano-dermal products.

10. Challenges, Gaps, and Future Directions

Even with the increased use of Quality-by-Design (QbD)
principles, a number of scientific, industrial and regulatory
issues keep hindering their use in nano-enabled topical and
transdermal drug delivery systems (T/T DDS) in full.

10.1 Current Challenges and Gaps

Regulatory vagueness is one of the main constraints.
Although the global authorities like the International
Council for Harmonisation, the US Food and Drug
Administration and the European Medicines Agency highly
promote the use of QbD, nano-specific regulatory
requirements of topical or transdermal products are absent.
Consequently, the nano-related Critical Quality Attributes
(CQAs), equivalence evaluation and changes after approval
are still uneven and mostly product-oriented.

Another significant obstacle is to characterization
complexity. Nano-enabled topical products need to be
characterized in multidimensional ways in terms of
physicochemical and performance (size distribution, surface
properties, release, skin permeation, and stability of the
products in semisolid matrices). There is however no single
commonly accepted analytical battery or standardized test
hierarchy making it incredibly hard to risk-assess, justify
design space, and regulators.

These challenges are further aggravated by lack of
harmonized standards. Variations of the methods of
analysis, in vitro skin models, and bioequivalence methods
across the regions are barriers to global development, as
well as further complicate multinational submissions by
raising costs and time.
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On the industrial end, scale-up and manufacturing resiliency
is still a major gap. The difficulty with reproducible large-
scale manufacturing is brought about by non-linear
relationships between Critical Process Parameters (CPPs)
and CQAs, inappropriateness of appropriate Process
Analytical Technology (PAT) tools, and sensitivity to
changes in raw materials. A large number of published QbD
case studies are limited in scope to laboratory or pilot scale,
and have little evidence of commercial translation 4% 501,

10.2 Future Directions

The future developments of QbD implementation of nano-
enabled T/T DDS are likely to be influenced by data-
oriented and digitalization. Machine learning-supported
QbD with artificial intelligence (AI) can expedite risk
evaluation, make predictions between CPP-CQA and
decrease experimental load as it becomes familiarized with
previous formulation and process information. Simulation
Digital twins- virtual models of manufacturing processes-
promise to simulate scale-up situations, stress-test design-
space, and assist in managing changes in regulations.
Continuous manufacturing is also a revolutionary
opportunity. Continuous processes can be used together with
QbD and real-time PAT to enhance control of processes,
decrease the variability of batches, and scale nano-
formulations. Nonetheless, alignment in the regulation,
validated digital tools, and well-established lifecycle
management plans will be needed to achieve success in
adoption.

To bridge the existing gaps in the areas of harmonized
standards, advanced analytics, and digital frameworks of
quality by design, it will be necessary to translate the nano-
enabled topical and transdermal systems that have been
currently studied in an experimental context into high-

quality, commercially feasible pharmaceutical products P!
53]

11. Conclusion
The incorporation of Quality-by-Design (QbD) in nano-
enabled topical and transdermal drug delivery systems

Graphical Abstract
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development is a critical transition in nano-pharmaceutical
development between the empirical formulation and
science- and risk-based development of pharmaceuticals.
Regulatory QbD offers a regulated structure to meet the
international  expectations and allows categorically
connecting the Quality Target Product Profile with the nano-
specific Critical Quality Attributes and effective control
measures. Such product and process knowledge is critical to
help in dealing with the inherent complexity, variability and
scale-up sensitivity of nanosystems, to enhance regulation
confidence and enable lifecycle management and post-
approval flexibility.

Industrially, QbD raises the level of formulation robustness,
increases the consistency of batches and improves failures in
late-stage development which are especially expensive with
nano-enabled products. QbD facilitates scalable production,
transfer of technology in an efficient manner and controls
costs rationally by systematically managing variation of
materials and processes. Notably, the subsequent increases
in the quality and performance of the products directly lead
to increased patient safety, predictive therapeutic
performance and general user acceptability of topical and
transdermal interventions. In general, QbD is not only a
regulatory compliance strategy, but a strategic facilitator to a
successful commercialization of nano-enabled drug delivery
systems, in between scientific innovation and industrial
feasibility, and the effect on the population health.
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