International Journal of Pharmaceutics: X 8 (2024) 100266

ELSEVIER

Contents lists available at ScienceDirect
International Journal of Pharmaceutics: X

journal homepage: www.sciencedirect.com/journal/international-journal-of-pharmaceutics-x

(ERNATIONAL JOURNAL OF
RMACEUTICS:

From lab to industrial development of lipid nanocarriers using quality by

design approach

Aristote B. Buya™"” ", Phindile Mahlangu ¢, Bwalya A. Witika "

2 Centre de Recherche en Sciences Humaines (CRESH), Ministere de la Recherche Scientifique et Innovation Technologique, Kinshasa XI, B.P. 212, Democratic Republic

of the Congo

Y University of Kinshasa, Faculty of Pharmaceutical Sciences, BP 212 Kinshasa XI, Democratic Republic of the Congo
¢ Department of Pharmaceutical Science, School of Pharmacy, Sefako Makgatho Health Sciences University, Pretoria, South Africa

ARTICLE INFO ABSTRACT

Keywords:

Lipid nanocarriers
CMAs

Quality by Design
CPPs

CQA

QTPP

Lipid nanocarriers have attracted a great deal of interest in the delivery of therapeutic molecules. Despite their
many advantages, compliance with quality standards and reproducibility requirements still constrain their in-
dustrial production. The relatively high failure rate in lipid nanocarrier research and development can be
attributed to immature bottom-up manufacturing practices, leading to suboptimal control of quality attributes.
Recently, the pharmaceutical industry has moved toward quality-driven manufacturing, emphasizing the inte-
gration of product and process development through the principles of quality by design. Quality by design in the
pharmaceutical industry involves a thorough understanding of the quality profile of the target product and in-
volves an assessment of potential risks during the design and development phases of pharmaceutical dosage
forms. By identifying essential quality characteristics, such as the active ingredients, excipients and
manufacturing processes used during research and development, it becomes possible to effectively control these
aspects throughout the life cycle of the drug. Successful commercialization of lipid nanocarriers can be achieved
if large-scale challenges are addressed using the QbD approach. QbD has become an essential tool because of its
advantages in improving processes and product quality. The application of the QbD approach to the development
of lipid nanocarriers can provide comprehensive and remarkable knowledge enabling the manufacture of high-
quality products with a high degree of regulatory flexibility. This article reviews the basic considerations of QbD
and its application in the laboratory and large-scale development of lipid nanocarriers. Furthermore, it provides
forward-looking guidance for the industrial production of lipid nanocarriers using the QbD approach.

1. Introduction

pharmaceutical industry by enhancing the efficacy and safety of many of
the available drug molecules. Nanocarrier-based drugs offer a promising

Nanocarriers are currently at their peak in the pharmaceutical in-
dustry. The rise of nanocarriers is primarily driven by technological
advances that have made it possible to manipulate and study nano-
materials, justifying the time gap between their early scientific intro-
duction and their recent implementation in the pharmaceutical market.
Initially, nanocarriers were described as vehicles with measurements
ranging from 10 to 100 nm that can attach or encapsulate drugs for
delivery (Jeevanandam et al., 2016). As the field progressed, the
description has been expanded to cover vesicles with at least one
dimension up to 300 nm (Ganta et al., 2014).

Nanocarriers have enormous potential to change the landscape of the

route to achieve specific characteristics by manipulating the biophar-
maceutical and pharmacokinetic properties of the molecule. By reducing
unwanted toxicity related to nonspecific administration, improving
patient compliance with treatment, and producing positive clinical
outcomes, nanocarriers offer great potential for improving disease tar-
geting with therapeutic agents. This approach indirectly alleviates
pressure on the healthcare system while developing treatments that are
cost-effective and less toxic than traditional approaches (“Nanoscience
and nanotechnologies: opportunities and uncertainties, 2022.; Weissig
et al., 2014).

Among the wide variety of nanocarriers described, lipid nanocarriers
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(LNCs) have attracted much interest for the delivery of therapeutic
molecules. It is anticipated that LNCs would be a suitable option for
clinical use because they are relatively safe and biocompatible (Ban-
dopadhyay et al., 2020). LNCs have gained popularity in therapeutic
delivery due to their superior biocompatibility, inherent ability to
penetrate tissue, ease of manufacture and nontoxic nature resulting from
the use of components generally considered safe. LNCs offer several
advantages, including drug protection, enhanced bioavailability,
reduced dosing frequency, improved treatment, higher oral bioavail-
ability, and versatile surface modifications [5,6]. In addition, LNCs
enable controlled transport of hydrophobic and hydrophilic drugs for
optimal therapeutic effects. Their high surface-to-volume ratio enables
further modifications using chemical entities such as polyethylene gly-
col, polyamino acids, fatty acids, and carbohydrates to avoid recognition
by the reticuloendothelial system (Lee et al., 2013; Mitchell et al., 2020;
Xue et al., 2015).

According to the US FDA, 359 applications containing nanocarriers
for drug delivery were submitted between 1970 and 2020, of which 70%
involved LNCs (liposomes, nanoemulsions, etc.) (Anselmo et al., 2016;
D'Mello et al., 2017). These submissions indicate that many LNCs
navigate regulatory agencies.

With ongoing competition on a global scale and the increasing
impact of research on drug development, pharmaceutical industries
dealing with LNCs urgently need to improve the manufacturing process
and the quality of their products (Ohage et al., 2016; “QbD: Improving
Pharmaceutical Development and Manufacturing Workflows to Deliver
Better Patient Outcomes, 2022.; Rantanen and Khinast, 2015).
Numerous obstacles hinder the industrial production and clinical
application of LNCs. Firstly, the factors influencing their physicochem-
ical characteristics have not been clearly demonstrated, and their spe-
cific in vivo effects have not been clearly demonstrated (Li et al., 2017).
Secondly, challenges persist regarding the variability in particle size,
unsuitable surface charge, low encapsulation efficiency, and nonuni-
form shapes that impede large-scale manufacturing remain. Overcoming
these obstacles is essential to comply with good manufacturing practice
(GMP) standards. (Kraft et al., 2014). Thirdly, the formulation of some
LNCs (i.e., liposomes) is not always simple and cost-effective (Tang
et al., 2012). For instance, obtaining a clinically meaningful synthesis
procedure for ligand-coated liposomes can be challenging (Fatouh et al.,
2021). Fourth, conventional procedures for developing pharmaceuticals
that rely on quality testing (QbT) have become obsolete (Cunha et al.,
2020b). The QbT approach guarantees product quality by adhering to
procedures, including assessing the quality of components (such as
drugs and excipients), using consistent manufacturing methods, and
conducting product testing. The final product comes into the market
only when all the requirements of the regulatory agencies regarding
these steps are fulfilled. Otherwise, the manufacturer must restart the
process and determine the cause of the failure. In general, identifying
the root causes of failure is often challenging because there may be
limited comprehension of the process and uncertainty regarding how
excipient properties impact the desired product profile (Cunha et al.,
2020Db). Therefore, the QbT approach is expensive and may not be able
to solve problems related to variations that could render the final
product less safe and effective.

In 2005, through the ICH Q8 guidelines, the FDA implemented a
strategy called “Quality by Design” (QbD) based on risk assessment as an
alternative to the conventional QbT approach (GMP Regulation Hand-
book: Pharmaceutical Development, ICH Q8(R2) | ISPE | International
Society for Pharmaceutical Engineering, 2022; Rawal et al., 2019). The
FDA defines QbD as “a systematic approach to development that begins
with predefined objectives and emphasizes product and process control
based on sound science and quality risk management” (“GMP Regula-
tion Handbook: Pharmaceutical Development, ICH Q8(R2) | ISPE | In-
ternational Society for Pharmaceutical Engineering, 2022). This
approach came about when it was realized that more testing does not
necessarily improve product quality. Instead, quality must be inherently
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built into the pharmaceutical product (Sangshetti et al., 2017). Fig. 1
illustrates the differences between the QbT and QbD approaches. QbD is
crucial in product development because it involves examining and
evaluating all underlying factors that can lead to variations in the final
product (Beg et al., 2019a; “ICH Q11 Development and manufacture of
drug substances (chemical entities and biotechnological/biological en-
tities) - Scientific guideline, 2022; Pallagi et al., 2015). The QbD
approach is needed for designing complex formulations, especially when
dealing with well-designed LNCs. Currently, several researchers are
applying QbD for the development and optimization of LNCs (Cunha
et al., 2020b; Fernandez-Garcia et al., 2020; Waghule et al., 2021). This
approach saves time and helps understand the products and design
processes by controlling the quality of the final product according to
standards. The application of QbD in the development of LNCs holds
great promise. Therefore, this review discusses QbD concepts and their
applications in developing LNCs. Firstly, the basic considerations of
pharmaceutical QbD and their application to the formulation and opti-
mization of LNCs will be outlined. Subsequently, the opportunities and
challenges associated with the large-scale production of LNCs using QbD
will be discussed.

2. Basic considerations of pharmaceutical QbD

Pharmaceutical quality is fundamentally linked to an acceptable
safety and efficacy profile. The pharmaceutical industry focuses on
producing high-quality products and designing processes that meet
performance standards. With built-in science and a risk-based approach,
QbD offers a proactive tool for end-to-end control and product quality
support at every stage of development without relying on periodic final
testing (Lionberger et al., 2008; Mockus et al., 2011; Yu et al., 2014).
The QbD approach improves scientific understanding of the product and
manufacturing process, resulting in benefits such as reduced batch
failure, streamlined post approval changes, and regulatory flexibility
(Waghule et al., 2021; Yu et al., 2014). QbD implementation begins with
predefined objectives and parameters related to the product and process
control. This involves defining a quality target product profile (QTPP),
critical quality attributes (CQAs), critical material attributes (CMAs),
critical process parameters (CPPs), risk assessment, design of experi-
ments (DoE), design space, control strategy, and process analytical tools.

2.1. Quality target product profile (QTPP)

The initial and crucial step in implementing the QbD is establishing
the QTPP. The QTPP is a brief overview of the quality attributes that a
pharmaceutical product must meet to ensure the intended quality level
while considering the product's safety and efficacy (“Q8(R2) Pharma-
ceutical Development | FDA, 2022). It is regarded as a central element of
the QbD approach because it defines the expectations of the final
product (Sangshetti et al., 2017). The QTPP serves as a road map that
must be followed to achieve the goal a high-quality product. An ideal
QTPP should include the following parameters: route of administration,
dosage form, drug release behavior, drug purity, pharmacokinetic
characteristics, sterility, and clinical perspectives for the intended pop-
ulation (Beg et al., 2019a; Waghule et al., 2021).

The successful exercise of product manufacturing to achieve the end
goals always depends on the holistic definition of the QTPP. The QTPP is
based on information from regulatory guidelines and various pharma-
copoeias for a new drug. When producing a generic drug, it is important
to ensure that it meets the same QTPP requirements as that of the
innovator. Additionally, standards for bioequivalence and patient
adherence must be fulfilled (“Q8(R2) Pharmaceutical Development |
FDA, 2022; “Q9(R1) Quality Risk Management | FDA, 2022; Quality by
Design (QbD) and its implementation in Pharma Industry, 2022).
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Fig. 1. Comparison between QbT and QbD approaches. QTPPs, quality target product profile; CQAs, critical quality attributes; CMAs, critical material attributes;

CPPs, critical process parameters.
2.2. Critical quality attributes (CQAs)

The second step in QbD-based development is the identification of
CQAs. According to ICH Q8 R2, a CQA is defined as “a physical,
chemical, biological, or microbiological property or characteristic that
should be within an appropriate limit, range, or distribution to ensure
the desired product quality” (“GMP Regulation Handbook: Pharma-
ceutical Development, ICH Q8(R2) | ISPE | International Society for
Pharmaceutical Engineering, 2022). CQAs are primarily derived from
the QTPP based on their direct and indirect impact on the safety and
efficacy of the drug product and, more importantly, on the severity of
harm to patients. According to the literature, previous experience can
help to identify the CQAs of a product. By employing a robust quality
management system and incorporating scientific methods, acceptable
CQA ranges can be established and closely monitored throughout the
product lifecycle to ensure optimum performance for both the product
and manufacturing process (Stangler, 2011).

From a development perspective, it is preferable to examine the
relationship between product CQAs and formulation/process variables.
Given that various aspects of a pharmaceutical product can have an
impact on its CQAs, including functional and non-functional compo-
nents, there may be different types of substance related CQAs, such as
drug substances, excipients and intermediates, during the processing or
packaging of materials. Therefore, identifying different types of CQAs in
drug products requires evaluation of their potential influence on the
active raw materials as well as on other elements, such as excipients or
drug substances (Beg et al., 2019a).

2.3. Critical material attributes (CMAs)

Critical Material Attributes (CMAs) refer to the specific characteris-
tics of active and inactive components that directly influence CQAs,
playing a critical role in maintaining product consistency and safety
standards. They encompass a range of chemical, biological, physical,
and microbiological properties of an input material that must fall within
appropriate thresholds or distributions to ensure the desired quality of
the final product (“How to Identify Critical Quality Attributes and
Critical Process Parameters — Pharma Today, 2022). The screening of
CMAs is based on their criticality in the CQAs of the product. A thorough
understanding of the relevant CMAs and their interconnection with the
CQAs of a drug is a fundamental prerequisite for the effective imple-
mentation of the QbD approach in pharmaceutical development (Zhang

and Mao, 2017).
2.4. Critical process parameters (CPPs)

Critical Process Parameters refer to specific characteristics that are
closely monitored to identify any deviations from standard production
operations and product quality. These factors can influence CQAs, which
require monitoring and control to maintain consistent process perfor-
mance and product quality. Attributes with a greater impact on CQA
should be prioritized and subjected to stricter control. To establish
acceptable limits, manufacturers need to carry out tests to determine the
range within which these CPPs should lie and define acceptable levels of
variability in process variables. Acceptable operating standards
encompass the specified range of operating conditions.

Any deviation from this range may indicate problems within the
process, resulting in poor-quality production. Data relating to CPPs
should be recorded, stored, and analyzed by the manufacturer. CPP
variables and ranges should be re-evaluated after careful analysis of
historical CPP data. After a thorough analysis of historical CPP data, it is
essential to reassess CPP variables and their corresponding ranges.
Identifying CPPs is the first step in process validation and an integral
part of the manufacturing control strategy. Manufacturers with a better
understanding of CPPs may be able to implement effective and sus-
tainable changes more quickly following regulatory guidance (Lion-
berger et al., 2008; “Quality by Design (QbD) and its implementation in
Pharma Industry, 2022).

2.5. Risk Assessment (RA)

Risk assessment (RA) is defined as the systematic process of assem-
bling knowledge to support decisions. This qualitative or quantitative
analysis is used to define the relationship between CMAs and CPPs with
CQAs (“Quality by Design (QbD) and its implementation in Pharma
Industry, 2022). Risk assessment is essential in QbD implementation, as
it helps recognize the parameters that can influence the final product
quality. Risk assessment comprises the following steps: a) risk identifi-
cation: a systematic process of organizing data to identify sources of
hazard based on theoretical analysis, literature data, and stakeholder
concerns; b) risk analysis: the estimation of risk related to the identified
hazards; and c) risk evaluation: a qualitative and/or quantitative scale
analysis of the estimated risks to determine their level of significance
(Fukuda et al., 2018a). The most commonly used risk assessment tools
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are the Ishikawa (fishbone) diagram and failure mode and effects
analysis (FMEA).

The Ishikawa diagram is a qualitative risk assessment tool in which
the main sources of hazards are identified and categorized according to
their nature (Suryawanshi et al., 2019). This diagram helps answer the
following question: “What might be wrong?” FMEA is a quantitative risk
assessment method that provides a risk priority number (RPN) calcu-
lated based on the severity (S), occurrence probability (OP), and
detectability (D): RPN = S x OP x D. These parameters are commonly
expressed on a scale of 1 to 10. Each failure was categorized on a three-
level scale: low (L), medium (M), and high (H) (Zhang and Mao, 2017).
FMEA helps to answer the following two questions: 1) “What is the
probability that this is wrong?” and 2) “What are the consequences?”
Parameters identified with a high RPN and high risk should be further
studied through a design of experiments to reduce the probability of risk
(“Q9(R1) Quality Risk Management | FDA, 2022).

The application of all the aforementioned factors to the LNC
formulation is provided in Table 1.

2.6. Design of experiments

Fisher first introduced the concept of the Design of Experiments
(DoE) in the 1930s. Rather than applying statistical analysis at the end of
the experiment, he suggested using it during the planning phase of the
experiment (FISHER, 1938; Sethuramiah and Kumar, 2016). In DoE, the
input factors (X-independent variables) are systematically varied to
investigate their impact on the responses (Y-dependent variables).
Mathematical equations were used to connect CMAs and CPPs with
CQAs. These equations help in identifying the most important factors,
determining the settings of the optimal factors that lead to improved
product performance, ensuring that CQAs are within defined limits, and
elucidating the interplay between various factors.

To minimize the errors that can occur during experimentation, DoE
utilises three main principles (Beg et al., 2019b; Vanaja and Rani, 2008):

1) Randomisation: When an operator is a human, an error is bound to
occur. All the errors generated are evenly spread throughout all the
experiments to reduce their inaccuracy. For example, if the order of

Table 1
A summary of FMEA of the common CQAs, CMAs and CPPs of LNCs.
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the runs affects the experiment, this error can be eliminated by
randomizing the order.

2) Replication: The same experiment is repeated several times to verify
reproducibility and estimate the experimental error.

3) Blocking, which involves grouping experimental runs according to
their conditions, thus reducing the differences between the groups
and facilitating an accurate estimation of their variability.

The DoE can serve several purposes, such as i) identifying the main
factors (CMAs and CPPs) that affect CQAs in the early stages of product
development, ii) determining the optimal values of the factors to
improve product and process performance, and iii) demonstrating that
the operating ranges resulting from the optimization designs will pro-
duce products that meet all of the CQAs under different circumstances.

It is important to note that the selection of an appropriate design
plays a crucial role in the success of an experiment. Various aspects, such
as the objective of the research (e.g., screening, optimization, or
robustness), the number of input factors to be investigated, the
complexity of the problem to be solved, and the resources available
(including finance, time, and materials), have an impact on the choice of
experimental design. In addition, prior knowledge, experience, and
preliminary experiments all play a role in deciding which experimental
design to use (Gujral et al., 2018; Politis et al., 2017). As described vide
infra, experimental designs can be classified into screening and opti-
misation designs.

2.6.1. Screening designs

As many factors affect the quality of a product, there is a need to
eliminate some factors in the initial phase to reduce the number of
optimisation experiments. The screening designs are used to select the
most influential factors. These are useful for studying qualitative,
quantitative, and mixer-related variables.

2.6.1.1. Full Factorial designs (FFD). Two-level factorial designs (full
and fractional) are commonly used during the screening stage. They are
represented as ok (full factorial) and okl (fractional factorial), where 2 is
the number of levels and k is the number of factors (Fukuda et al., 2018a;
Politis et al., 2017). They offer optimal properties for estimating

CQAs

PS | PDI | ZP | Shape

Viscosity pH

In vitro/vivo stability DR | MP | Toxicity

Drug Log P

Drug solubility

Drug content

Lipid composition

Lipid content

Type of surfactant

Surfactant HLB

CMAs | Oil/surfactant ratio

Mixing temperature

Mixing time

Mixing speed

Homogenisation time

Homogenisation pressure

Number of homogenisation cycles

Sonication time

Sonication temperature

Amplitude of sonication

CPPs Number of heating/cooling cycles

Number of extrusions

Key: Red = High risk; Yellow = Moderate risk; Green = Low risk.

EE = Encapsulation Efficiency, PS=Particle Size; PDI = Polydispersity Index; DR = Drug Release; ZP = Zeta Potential; MP = Membrane Permeability
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parameters because they implicitly assume main effects and in-
teractions. These designs involve simultaneous variation of input vari-
ables through a matrix that includes combinations of factor levels.
Individual adjustment for each variable is possible without affecting the
other variables.

The factors are denoted by capital letters A, B, and C, while their
corresponding high and low levels are represented by +1 and — 1,
respectively, and a value of 0 indicates the existence of an intermediate
level. They are used when the response is a function of factor levels and
when the factors are unrelated to each other (Petelin et al., 2012). Un-
like fractional factorial designs, full factorial designs assess all possible
combinations of factors at all levels (Grangeia et al., 2020). The frac-
tional factorial approach is cost-effective and provides a large amount of
data with minimal experimentation. This is particularly useful in
research studies that encompass many variables. Full-factorial designs
require many experiments and should only be used when there are only
a few factors to consider. When the number of variables exceeds four,
fractional factorial design is recommended (Carlson, 2001).

2.6.1.2. Plackett-Burman Design (PBD). Plackett-Burman Design (PBD)
is a reduced two-level factorial design with advantageous properties
such as orthogonality and balance. The PBD allows the study of up to N-1
factors, with N referring to the total number of experiments, which is
always a multiple of four (8, 16, 20, etc.). One of the attractive advan-
tages of PBD is its ability to assess many variables in a small number of
experiments [41,43]. For instance, up to 26 input factors can be
screened in 27 experimental runs. The major drawback of PBD is that
two-factor and higher-level factor interactions are confounded by the
main effects (Singh et al., 2005). Since PBD can only assess the main
effects, it is preferably used when the effects of the interaction are not
expected.

2.6.2. Optimisation designs

Risk assessment and screening designs help identify critical factors
that need to be optimised using optimisation designs. Unlike screening
designs that only allow modelling of first-order (linear) responses as
they only have two levels of each factor, optimization designs use three
to five levels of factors, which allows modelling of quadratic (b;iXj2) or
cubic (by;iX;j3) responses using response surface methodology (RSM). The
RSM refers to a collection of mathematical and statistical methodologies
used to build and evaluate models while seeking to relate the response to
influencing factors using surface plots (Beg et al., 2019b) as illustrated in
Fig. 2.

X2

05 0

.

Pred Formula Y
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The commonly used optimisation designs are described herein.

2.6.2.1. Central Composite Design (CCD). The Central Composite Design
(CCD) is one of the most widely used response surface designs for
optimising product and process parameters. CCD can use more than four
levels for each input factor with a smaller number of experimental runs
(Pierlot et al., 2008). This design requires 2KP 2k + Cp experimental
runs, where k is the number of input factors, p is the size of the fraction,
and Cp is the replicated number of central points. The design consists of
an integrated full factorial (2k) or fractional factorial (Zk_l) design, an
additional star design (axial point), and a central point (Hibbert, 2012).
Unlike screening designs, optimisation designs require centre points.
Centre point replicates are used to perform analysis of variance
(ANOVA) and estimate the experimental error.

CCD is used to optimize the critical input factors and their in-
teractions. It can also be used when trials from earlier factorial design
experiments identify curvature in the data. Therefore, a switch from a
factorial (linear) design to a CCD (quadratic) design is necessary to es-
timate the curvature of the data (Fukuda et al., 2018b).

2.6.2.2. Box-Behnken Design (BBD). The Box-Behnken Design (BBD) is a
group of three-level designs that are effective in tuning second-order
response surfaces. It is a virtually rotating design based on incomplete
factorial design. The BBD requires 2 k (k-1) + Cp experimental runs
(Stojanovic et al., 2021). Compared with CDD, BDD requires fewer ex-
periments. For example, when three input factors are studied, BBD re-
quires 13 experiments, while 15 are needed for CCD.

Many scientific investigations using response surface methodology
require three evenly spaced levels and, therefore, BBD is a good alter-
native to CCD (Mishra et al., 2018). However, this design does not
include experiments in which all the factors are set to their highest or
lowest levels. Accordingly, BBD is used when the optimum is known to
be in the centre of the domain of experimentation or when experimental
points with all input factors at extreme levels are neither helpful nor
achievable (Dejaegher and Vander Heyden, 2011; Hibbert, 2012).

2.6.2.3. Doehlert Design. Unlike CDD and BBD, Doehlert designs are not
rotatable, which means that they can produce different quality estimates
for various variables (Araujo and Janagap, 2012). It is efficient and of-
fers a different number of levels for each factor. The factors considered
more important can then be measured at several levels. Doehlert design
aims to fill the provided factor space as evenly as possible. The design
requires K +k+ Cp experiments.

*0,5 -1 Predicted Formula Y
10
[ X
Hss
s
7.6
| NA
6,7
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ls3
40
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35
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s
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Fig. 2. Response surface plot as a function of two quantitative factors (X1 and X2) with predicted response (Y). Created with JMP Pro software.
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2.6.2.4. Taguchi design. The Taguchi design is a fractional factorial
design that uses an orthogonal array (i.e., a series of runs under different
conditions) to examine the effects of factors in a relatively small number
of experiments (Li et al., 2019). The design uses a loss function, which is
then transformed into a signal-to-noise ratio to determine the deviation
between the desired and experimental values. The signal-to-noise ratio
is defined as the ratio of the mean value of the quality characteristics of
the response to the corresponding standard deviation. Along with the
ANOVA, the signal-to-noise ratio helps identify key factors that have
significant effects on responses and find their optimal combination for
optimal results (Okolie et al., 2021). The Taguchi design is a simple,
cost-effective, and efficient optimisation design.

2.6.2.5. D-optimal design. Experimental limitations can be a barrier to
applying symmetric optimisation designs, such as CDD, BBD, or Doeh-
lert designs. The D-optimal design, which works with both symmetric
and asymmetric experimental areas, is a useful solution in this case. This
design is used when the factor space is not uniformly accessible. The D-
optimal design makes it possible to specify the number of experiments,
estimate the qualitative and quantitative factors, and predict the
mathematical models.

To ensure the accuracy of the model, it is essential that the number of
experiments equals the total number of coefficients estimated for the
quadratic model (excluding interaction terms) (Dejaegher and Vander
Heyden, 2011; Hibbert, 2012). The selection process for determining
which factor-level combinations will be tested involves creating an
information-rich subset with the maximum determinant values for XTX
(where X represents the design point matrices and T denotes the trans-
position). When the maximum level of the determinant is reached, the
precision of the coefficients of the mathematical model is ensured, even
before performing the experiment and statistical evaluations.

Otherwise, the design must be analyzed, and further points must be
added to improve design precision. In addition to using D-optimal de-
signs as optimization designs, they can also be used to screen factors
(Perrin et al., 2003). However, their application as screening design is
uncommon in the development of LNCs. Nevertheless, for a given
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number of factors, D-optimal designs require fewer experiments than
classical screening designs.

2.6.3. Mixture designs

Mixture designs are used when factors are constrained by the sum of
a fixed value. For example, the sum of all the components (i.e., oil,
surfactant, co-surfactant, etc.) used to formulate an LNC must be 100%.
Consequently, the generated mathematical model does not contain the
intercept term because obtaining a mixture with 0% component content
is not possible. The terms of the mathematical model are poorly corre-
lated with the effects of the factors and should not be used in their
estimation (Stojanovic et al., 2021).

The most frequent mixture designs are simplex lattice designs, which
depict mixes with proportions ranging from zero to the maximum per-
centage, generally 100%, for the studied components. A three-
component simplex lattice design is graphically represented by an
equilateral triangle with a single component at the vertices, a binary
mixture at the sides, and a ternary mixture inside the triangle. These
designs show great advantages for the optimisation of LNCs (Dhaval
etal., 2021; Suhesti et al., 2016). An illustration of current experimental
designs is provided in Fig. 3.

2.6.3.1. Lattice Simplex Design. In 1958, Scheffé introduced the lattice
simplex design for modelling mixtures. The lattice simplex is analogous
to factorial design for process variables. Experimental points are located
at the boundaries of the experimental domain, and, for more than two
levels, they are evenly distributed along with the coordinates that
represent the variables. The mixture design is based on a (q, m) lattice
for q components to accommodate a polynomial of degree m. It allows
for m-1 equally spaced experimental points to be taken between levels
0 and 1 (Bezerra et al., 2020).

Simplex lattice designs have two main disadvantages: (a) they de-
mand a high quantity of experimental points as the polynomial degree
rises, leading to a more labour-intensive application; and (b) the co-
efficients of the mathematical model are determined using experimental
data that only includes points from pure components and binary

Factor 1
Factor 1

1 2
———
Factor 2

10, 12 11

Factor 1
Factor 1

Factor 2

Factor 1

Factor 2

Factor 1
100% 0%

Factor 1

0% Xm%

Factor 2

Factor 2

ot >
100% 0% o

Fig. 3. Illustration of current experimental designs: Two-factor, two-level full factorial design (A); three-factor, two-level full factorial design (B); three-level central
composite design (C); three-level Box—Behnken design (D); Multilevel Doehlert design (E); Two-level Taguchi design (F); Two-level D-optimal design (G); Three-

factor mixture design (H).
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mixtures, resulting in an underestimation of the contributions of tertiary
mixtures (Novaes et al., 2018).

2.7. Mathematical model validation

Model validation is a crucial step in QbD implementation. It is
necessary to assess whether the model predictions meet the individual
response requirements. In general, ANOVA is applied to select the most
suitable model. The main concept of ANOVA is to compare the vari-
ability caused by the treatment (changing the levels of the input factors)
with that caused by residual error. The significance of the regression
model is determined based on this comparison. However, the regression
analysis is valid only if the residuals (the square of the difference be-
tween the experimental response and the response predicted by the
mathematical model) have a normal distribution and are homoscedastic.

Several data transformations, such as the Box-Cox transformation,
can be used to transform non-normal dependent variables into a normal
form (Bezerra et al., 2008; Vera Candioti et al., 2014). Using ANOVA,
the investigator can determine whether it is appropriate to incorporate
the coefficients of the linear terms (i.e., X, X5 and X3), quadratic terms
(X35 and X3s), and interaction terms (X;Xj3, X;X3, and X5X3) in the
regression model. This decision is based on the p-value of each coeffi-
cient regression term. Typically, only coefficient regression terms with a
p-value <0.05 are included in the regression model. A p-value >0.05
indicates that the input factor has no impact on the response variable;
thus, its coefficient regression term can be excluded from the regression
model. This process is known as model simplification and helps improve
the predictability of experimental design (Mori et al., 2019). In addition
to the p-values of the regression terms, the quality of the regression
model must be assessed using several parameters, including the coeffi-
cient of determination (Rz), which is the proportion of the variance of
the response variable predicted from the input factors. R? answers the
question of how much variation in the response variable is influenced by
input factors. However, R? increased when new terms are added to the
regression model. Therefore, it cannot be used to compare regression
models with various numbers of terms (i.e., a linear model versus a full
quadratic model).

To overcome this problem, adjusted R? (R?-adj) was introduced. This
is a variant of R? adjusted for the number of terms in the regression
model. R%adj increases if the inclusion of a new factor improves the
regression model, whereas it decreases in cases where such an addition
fails to improve the model. Thus, it allows for the comparison of
regression models containing different numbers of terms.

The accuracy of the regression model prediction is indicated by the
predictive R? (R%-pred). It is computed by deleting each data point,
constructing a mathematical equation, and evaluating the accuracy with
which the model predicted the deleted point. Generally, higher values
for R, R%-adj, and R?-pred and lower standard error values indicated the
suitability of the model for the selected design.

The coefficient of variation (CV) indicates the reliability of the
experimental model; lower CV values indicate higher experimental
reliability (Durakovic, 2017; Vanaja and Rani, 2008). A regression
model shows a lack of fit when it does not describe the functional
relationship between input and response variables. The lack-of-fit is
calculated by comparing the variability resulting from the random pure
error and the variability due to the lack of fit of the regression model.

A significant lack-of-fit (p-value <0.05) indicates that the error
provided by the lack-of-fit of the regression model is significantly
greater than that of the pure random error. In other words, the model fits
poorly. On the other hand, a non-significant lack-of-fit (p > 0.05) in-
dicates that the error provided by the lack-of-fit of the regression model
is significantly lower than the pure random error and that the model is
well-fitted. Importantly, central points and replicas are needed when
estimating the lack-of-fit error.
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2.8. Design space

The design space is defined as “the multidimensional combination
and interaction of input variables and process parameters that have been
demonstrated to assure quality” (“Q8(R2) Pharmaceutical Development
| FDA,”, 2022). The design space is a subset of the knowledge space and
is a direct result of the DoE and data analysis performed to study the
effects of the input factors and process parameters on the response
variables.

The knowledge space is the largest region, encompassing previous
experience, knowledge, and a literature review of the product and
development process. The choice of CMAs and CPPs is a prerequisite for
successfully identifying a design space, which is defined as a set of CMAs
and CPPs that allow the production of pharmaceuticals that meet the
desired specifications of CQAs and QTPPs.

It is established by simultaneously examining the effects of several
input factors on the drug product. Moving input factors and process
parameters within the design space is not considered a change, which
provides greater regulatory flexibility (Yu et al., 2014). The area of the
design space can be obtained by graphical optimisation from the over-
laid counterplots of the output response variables against the input
factors. The optimisation of multiple responses is usually estimated by a
numerical desirability function, which is designed to achieve different
criteria, such as maximizing, minimizing, or targeting the optimisation
of response variables (Kraft et al., 2014). The design space can contain
an operating space or control space in which the response variables meet
the internal target range (Thapa et al., 2019).

2.9. Control strategy and process analytical tools

The final phase of QbD implementation is continuous improvement
via a control strategy. The knowledge gained through DoE and product
development is used to establish a control strategy that is necessary to
ensure consistent product quality and process performance during
manufacturing. This helps ensure that the CMAs and CPPs are within the
expected limits. Critical input parameters documented during the
product development exercise are monitored for each batch operation. A
control strategy includes controls on raw materials, product/process
specifications (CQAs, CMAs, and CPPs), and the use of process analysis
technology (PAT) tools for real-time process monitoring and control
(Repka et al., 2018).

The implementation of PAT tools, such as UV-VIS spectroscopy, near-
infrared spectroscopy (NIR), Raman spectroscopy (RS), and nuclear
magnetic resonance (NMR), during product development improves
process understanding and product quality. CQAs, CMAs, and CPPs can
be monitored in real-time using PAT tools. The implementation of a
control strategy is accompanied by conclusions drawn from process
understanding, risk assessment, and design space considerations. After
drug approval, the performance of the product and the manufacturing
process are monitored continuously throughout the product's life cycle
to ensure the quality of the final product. The knowledge acquired
during product development can be used to enhance product quality,
process understanding, and quality systems and to reduce batch-to-
batch variation.

3. Lipid nanocarriers
3.1. Vesicular lipid systems

Liposomes were first introduced in the 1960s as a type of LNCs
(Bangham et al., 1965). They are spherical vesicles composed of phos-
pholipids that have an amphipathic nature and surround the aqueous
core in one or more concentric bilayers. Lamellar structures are formed
when phosphate groups orient themselves toward a hydrophilic envi-
ronment upon contact with water. Hydrophilic drugs are encapsulated
in the aqueous core, whereas lipophilic drugs are entrapped in the lipid



A.B. Buya et al.

bilayer.

Liposomes are generally categorized based on the number of bi-
layers, with unilamellar vesicles (ULVs) or multilamellar vesicles
(MLVs) being the two classifications. ULVs containing a single phos-
pholipid bilayer can be divided into small unilamellar vesicles (SUVs)
and large unilamellar vesicles (LUVs) based on their size. Different types
of liposomes can be manufactured by tailoring the drug content, prep-
aration method, and lipid composition. Cholesterol is introduced into
vesicular systems to prevent aggregation and improve membrane
stability.

Conventional liposomes are promising drug delivery systems, and
their extensive use is based on their amphiphilic, biodegradable, and
biocompatible nature as well as their ability to target and provide
controlled drug release. However, low drug loading, chemical (hydro-
lysis and oxidation) and physical (coalescence and aggregation) insta-
bility, and lack of reproducibility of production have limited the
application of liposomes (Joseph et al., 2018; Xu et al., 2012b).

Recently, surfactant vesicles were introduced to improve the per-
formance of conventional liposomes. Among these, niosomes have
received considerable attention owing to their greater stability and
lower production costs (Manca et al.,, 2014). Niosomes are self-
assembled vesicular nanosystems with closed bilayer structures that
are composed of nonionic surfactants and amphiphilic compounds. Like
liposomes, niosomes are suitable carriers for lipophilic and hydrophilic
drugs and can be prepared as ULV or MLV vesicles. The increased
permeation is attributed to the surfactant, which enhances drug release.
Several techniques have been used to produce liposomes and niosomes,
including emulsification, film hydration, solvent injection, and
reversed-phase evaporation.

The film hydration technique (Fig. 4) is mainly used to formulate
liposomes and niosomes. In this technique, the components (e.g.,
cholesterol, lecithin, and phosphatidylcholine) are dissolved in a single
solvent or a mixture of organic solvents (chloroform and methanol),
followed by low-pressure evaporation or lyophilization to form a lipid
film. The obtained film is further dispersed in an aqueous medium to
produce multilamellar vesicles. The desired small unilamellar vesicles
can be produced by reducing the lamellarity and particle size of multi-
lamellar vesicles through membrane extrusion or sonication (Joseph
et al., 2018; Xu et al., 2012b). The chemical composition, formulation
technique, and physicochemical properties of vesicles (size, charge,
shape, etc.) affect the effectiveness of liposomes and niosomes (Sinico
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and Fadda, 2009).

In the early 1990s, a new generation of deformable, flexible, elastic
liposomes were developed. These ultradeformable vesicles include
transferosomes, ethosomes, and transethomes. These vesicles are non-
toxic, easy to produce, and relatively stable. Their greater deform-
ability allows vesicles to squeeze through small gaps, thereby enhancing
drug transport across various membranes. Surfactants, phospholipids,
permeation enhancers, and ethanol have been extensively used to pro-
duce these vesicles.

Transferosomes are composed of amphipathic components (e.g.,
phospholipids) that produce vesicles in contact with an aqueous envi-
ronment. Their permeation behavior is attributed to surfactants, which
act as edge activators in the lipid bilayer membrane while providing
more flexibility. Commonly used surfactants include Tween® 80, Span®
80, and sodium cholate. Similar to liposomes and niosomes, trans-
fersomes are commonly prepared using a film hydration technique.
Unlike conventional liposomes and niosomes, transfersomes show a
higher encapsulation efficiency. In addition to their ability to efficiently
deliver lipophilic drugs, the penetration-enhancing effects of trans-
ferosomes can also be extended to hydrophilic drugs (Ceve, 2004).
However, transfersomes have shown a poor ability to penetrate
appendage structures (Cevc, 2004; Elsayed et al., 2007; Pierre and Dos,
2011).

Ethosomes are flexible vesicles containing phospholipids and a
relatively high ethanol content (20-45%) (Dayan and Touitou, 2000).
These are suitable delivery systems for lipophilic and hydrophilic drugs.
Ethanol provides greater malleability and flexibility, destabilizes lipid
bilayers, and increases drug permeation. Compared to conventional li-
posomes, ethosomes exhibit a smaller particle size, higher encapsulation
efficiency, and improved stability owing to the electrostatic repulsion
provided by ethanol, which prevents aggregation of the system (Dubey
et al., 2007; Godin and Touitou, 2005; Verma and Pathak, 2010).

Transethosomes are modified ethosomes that include a permeation
enhancer (oleic acid or propylene glycol) or an edge activator (nonionic
surfactant) in their composition. Transethosomes combine the benefits
of transferosomes and flexible ethosomes (Song et al., 2012). The
presence of ethanol and surfactants provides a higher permeation ability
to transthosomes (Ascenso et al., 2015). Various methods have been
used to produce transethosomes. Similar to conventional liposomes, the
film hydration method can be used. Lipids (phospholipids), permeation
enhancers, and/or surfactants are dissolved in an organic solvent

Low pressure evaporation
(rotavapor)

Lipid components dissolved
in organic solvent

N

Lipid film formation

Multilamellar
vesicles

Liposomes

Lipid film hydration Sonication

Fig. 4. Film hydration technique for liposome and niosome formulation.
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(methanol or a chloroform-methanol mixture), followed by low-pressure
evaporation or lyophilization to form a lipid film. The obtained lipid film
is hydrated using an ethanol solution (Cevc and Blume, 2001). Trans-
ethosomes are also prepared using the classical lipid dissolution method,
as described for ethosome preparation. The main difference is the
addition of a permeation activator or an edge activator to the organic
phase.

3.2. Nanoemulsions and self-nanoemulsifying systems

Nanoemulsions (NEs) are thermodynamically stable colloidal dis-
persions consisting of an oily phase stabilised by a surfactant, a cosur-
factant, or a cosolvent. The biphasic structure of NEs, either water-in-oil
(w/0) or oil-in-water (o/w), allows the delivery of hydrophilic or lipo-
philic compounds, respectively, although compounds can also be
encapsulated in double NEs (w/o/w) (Qadir et al., 2016; Rai et al.,
2018). Owing to their small particle sizes, NEs exhibit better floccula-
tion, coalescence, and sedimentation stability than conventional emul-
sions. Their small size and similar surface charge reduce the attractive
forces between droplets (Tadros et al., 2004).

NEs have attracted attention as drug delivery systems owing to their
synergistic effects of increasing surface area and improving solubility
and bioavailability (Kumar et al., 2021). The choice of excipients and
their concentrations, the sequence of addition, and the technique of
preparation, including the stirring/shearing rate, are all important as-
pects to consider when developing NEs (Mason et al., 2006). Usually,
oils containing medium- and long-chain triglycerides with varying de-
grees of saturation are used to formulate NEs (i.e., Capryol®, Laur-
oglycol®, Labrafac®, and Maisine®). Surfactants must be carefully
selected to reduce the interfacial tension between the oil and water in-
terfaces and achieve stability against the effects of coalescence.

Non-ionic surfactants (i.e., Cremophor® EL, Spans® and Tweens®)
are generally used because of their lower toxicity and ability to stabilize
NEs over a wider range of nanoemulsion pH values (Buya et al., 2020a).
Co-surfactants and co-solvents such as Labrafil M® 1944, propylene
glycol, ethylene, and Transcutol® HP are added to the isotropic mixture
to increase the fluidity of the surfactant (Bai et al., 2016; Nepal et al.,
2010). The oily phase is selected based on its ability to dissolve the drug.
The surfactant is chosen depending on the emulsification capacity and
maximum amount of drug solubilised. The selection of co-surfactants
and co-solvents is based on their emulsification and solubilisation effi-
ciencies. Optimisation studies using a ternary phase diagram or statis-
tical DoE are typically performed to select the correct ratio of oil,
surfactant, and cosurfactant or co-solvent to achieve stable NEs (Donsi
et al., 2011; Khani et al., 2015).

NEs can be formulated using either high-energy or low-energy
emulsification. High-energy emulsification methods are used when
spontaneous emulsification is not possible. In these methods, ultrasonic
generators, high-pressure homogenizers, and high-shear agitation are
used to break emulsion droplets within a nanometer size range (Lovelyn
et al.,, 2011; Rezaee et al., 2014; Sutradhar and Amin, 2013). Low-
energy emulsification methods use the energy of a system to produce
small droplets. They are based on changes in the composition and
temperature parameters that result in a change in the hydrophilic-
lipophilic balance (HLB) of the system (Sole et al., 2006).

The self-nanoemulsification technique has received considerable
attention because it allows the formulation of NEs at room temperature
without organic solvents (Buya et al., 2021; Buya et al., 2020a; Buya
et al., 2020b). Self-nanoemulsifying systems (SNEDDSs) are isotropic
mixtures of oils, surfactants, and cosurfactants or cosolvents that form
oil-in-water NEs under mild agitation in aqueous media. They are
anhydrous and can be packaged into single-dose capsules. This offers
more stability and palatability compared to conventional NEs (Buya
et al., 2020a).
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3.3. Solid Lipid Nanoparticles (SLNs) and Nanostructured Lipid Carriers
(NLCs)

Solid lipid nanoparticles (SLNs) appeared in the early 1990s as al-
ternatives to conventional liposomes and NEs (Katopodi and Detsi,
2021). They are obtained by replacing liquid lipids of NEs with solid
lipids or combinations of solid lipids (Pardeike et al., 2009). SLNs
remain solid at body temperature. These systems have attracted much
attention due to their properties, including their biocompatible nature,
ease of scale-up, improved bioavailability of drugs, and drug-targeting
ability (Yaghmur and Mu, 2021). Different methods for preparing
SLNs have been described in the literature, including emulsification-
solvent diffusion, supercritical fluid, double emulsion techniques,
emulsification-solvent evaporation, high-pressure homogenisation,
membrane contact techniques, and ultrasonication (Roberts et al., 2017;
Souto et al., 2004; Vitorino et al., 2014).

Nanostructured lipid carriers (NLCs) are improved SLNs composed of
liquid lipids (oils) mixed with a solid lipid that forms a matrix. In
essence, they are a hybrid between SLN and emulsions. They overcome
some drawbacks associated with SLNs, such as lower drug-loading ca-
pacity and drug expulsion during phase transition or lipid crystallisation
(Elmowafy and Al-Sanea, 2021).

The inclusion of oil disrupts the structural order of the solid matrix,
causing more imperfections and preventing the development of a reg-
ular crystal structure. As a result, oils with molecules of different sizes
form an amorphous structure, allowing an increased load of active in-
gredients, as well as the prevention or reduction of drug expulsion
during storage (Miiller et al., 2007). In addition, NLCs have a lower
water content than SLNs, which reduces the risk of drug release during
storage. Like SLNs, NLCs are typically produced by high-pressure ho-
mogenisation and ultrasound (Elmowafy and Al-Sanea, 2021). A sum-
mary of the structural similarities is provided in Fig. 5.

3.4. Lipid nanocapsules

Lipid nanocapsules have a hybrid structure of liposomes and poly-
meric nanoparticles with a particle size of 20-100 nm (Battaglia and
Ugazio, 2019). They have an oily core surrounded by a solid lipid and a
nonionic surfactant outer shell (Anton et al., 2008; Battaglia and Ugazio,
2019). All excipients used to formulate lipid nanocapsules for oral,
topical, and parenteral administration have been approved by the FDA
and EMA (Huynh et al., 2009). The main advantages of lipid nano-
capsules are biocompatibility, biodegradability, and targeted delivery.
They have been reported to be physically stable for over 15 months
(Anton et al., 2008; Doctorat et al., 2010). The phase-PIT technique is
commonly used to produce lipid nanocapsules (DE Doctorat et al., 2010;
Heurtault et al., 2003).

As illustrated in Fig. 6, this technique comprises two phases. Initially,
the lipids and surfactants are melted, and a mixture of water containing
sodium chloride is gradually introduced with gentle stirring to generate
an initial emulsion. This emulsion then undergoes heating above the
phase-inversion temperature, which produces a w/o emulsion, followed
by an o/w emulsion upon cooling. This process is repeated three times
with changes in the heating and cooling temperatures relative to the
phase-inversion region. Cold water (1-3 °C) is added to the emulsion as
soon as an o/w emulsion begins to form. This rapid change in temper-
ature causes an irreversible shock to the emulsion system, leading to the
solidification of the lipids and the formation of a shell, which results in
stable lipid nanocapsules.

A summary of the use of QbD for the lab-scale formulation and
optimization of LNCS is provided in Table 2.

4. Tackling the challenges of large-scale manufacturing of lipid
nanocarriers with the QbD approach

Pharmaceutical laboratories need efficient production lines that can
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be easily set up, adjusted to formulation and sterility requirements, and efficiency of large-scale manufacturing processes, as even minor varia-
maintained with ease to produce products for clinical trials and com- tions can have a significant impact on physicochemical characteristics
mercial use. The transition from laboratory manufacture to large-scale such as size distribution, solubility, drug release kinetics, and biological
production is a challenging process that needs to be carefully executed parameters. The low reproducibility of the current process makes it
to ensure consistent product quality. It is essential to adapt difficult to guarantee consistent results when manufacturing lipid
manufacturing lines correctly as the formulation process evolves and to nanocarriers. Developing lipid nanocarriers with optimum safety, effi-
regularly monitor key process parameters to ensure high-quality final ciency and stability is a complex task, requiring an understanding of the
products. interaction between each component and the impact of process pa-

The development of lipid nanocarriers has encountered difficulties in rameters, while minimizing changes in component concentration. A
successfully moving from preclinical laboratory trials to clinical com- thorough understanding of minor component variations and their effect
mercial manufacture. One of the main obstacles is the lack of control on process parameters will facilitate the large-scale production of high-
over the various properties of nanomaterials, including particle size, quality lipid nanocarriers, as intended.
shape, surface charge, and composition. This limitation hampers the Different types of lipid nanocarrierss have distinct factors
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Table 2
Representative applications of the QbD approach in the lab-scale formulation of LNCs.
Lipid Nanocarrier Payload Experimental CMAs/CPPs CQAs Findings Ref.
Design
Simvastatin An experimental Concentration of cholesterol PS, %EE, change in Among the input factors,

Liposomes design with 5 (mM), proportion of PEG (%), phospholipid cholesterol content had the (Porfire et al.,
factors at 3levels  cryoprotectant to phospholipid transition largest effect on the response 2017)
and 3 central molar ratio, freezing conditions temperature (°C),and  variables; however, the number
points before lyophilisation, and residual moisture of extrusions through

number of extrusions through content (%). polycarbonate membranes was
100 nm polycarbonate the most important process
membranes. parameter for the quality of the
finished product.
Prednisolone D-optimal design ~ Phospholipid molar The drug liposomal Drug concentration and
concentration (mM), drug molar ~ concentration (g/ml),  encapsulation efficiency were (Sylvester
concentration (mM), molar ratio ~ %EE and PS positively affected by the et al., 2016)
of phospholipids to cholesterol, phosphocholine-to-
molar ratio of phosphocholine to phosphoethanolamine molar
phosphoethanolamine, rotation ratio and the molar
speed during the hydration of the concentration of the drug, but
lipid film (rot/min), and these response variables were
extrusion temperature (°C). negatively affected by the
rotation speed during the
production of the lipid film.
Prednisolone molar
concentration and extrusion
temperature had a significant
impact on particle size.
Doxorubicin and 2* factorial Phospholipids, drug PS, ZP, drug loading All the responses analyzed were
curcumin design concentrations, phospholipid to efficiency and %EE. found to be affected by (Tefas et al.,
cholesterol molar ratio, pH of the phospholipid concentration. 2017)
phosphate buffer, hydration Larger particles with improved
steps, and temperature during stability owing to lower zeta
evaporation. potential values were produced
by increased lipid
concentrations. The molar ratios
of phospholipids and cholesterol
had opposing effects on the
studied factors. Curcumin and
doxorubicin concentrations
influenced drug loading and
encapsulation efficiency, which
also varied with the buffer
temperature and pH.
Pravastatin D-optimal design ~ Lyoprotectant type, freezing rate, ~ PS, ZP, residual The freezing rate had a negative
shelf temperature during moisture content, the impact on the size and zeta (Sylvester
primary drying and annealing. macroscopic cake potential of the formulation. et al., 2017)
appearance, the glass  Shelf temperature during
transition primary drying had a negative
temperature, the impact on the residual moisture
primary drying time. and cake appearance.
Lyoprotectant type and freezing
rate had a significant influence
on glass transition temperature.
Superoxide D-optimal design ~ Total lipid concentration, major PS, % EE, and ZP. Among all the variables studied,
dismutase lipid type, phosphocholine cholesterol percentage, lipid (Xu et al.,
percentage in the main lipid concentration, major lipid type, 2012a)
component, cholesterol and drug concentration
percentage, drug concentration, significantly affected
and freeze-thaw cycling. encapsulation efficiency, while
major lipid type was the only
factor affecting the size of the
particles of the liposomes.
Propyl gallate BBD Temperature phospholipid PS, PDI, ZP The amount of phospholipids
concentration, cholesterol had a significant impacton the Z  (Sabir et al.,
concentration. mean. Only cholesterol 2021)
significantly affected the PDI.
Unlike phospholipid content,
temperature and cholesterol had
a significant impact on the zeta
potential of liposomes.
Desoximetasone Custom design Drug amounts, concentrations of ~ %EE, PS, PDI, ZP Phase temperature had no
Niosomes surfactant and cholesterol, and discriminative impact on (Shah et al.,
types of lipids, mixture time and particle size and encapsulation 2020)

speed.
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efficiency. Particle size and
encapsulation efficiency were
significantly affected by the

(continued on next page)
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Table 2 (continued)
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Lipid Nanocarrier Payload

Experimental
Design

CMAs/CPPs

CQAs

Findings

Ref.

Polymyxin B

Methotrexate

Methotrexate

Valacyclovir

Diacerein

Lacidipine

Nevirapine

Zolmitriptan

Transferosomes

Raloxifene

Valsartan

BBD

BBD

BBD

32 full factorial
design

BBD

BBD

BBD

BBD

BBD

BBD

Span® 60: cholesterol ratio,
volume of phosphate-buffered
saline, amount of drug.

Cholesterol concentration,
Tween® 20 concentration, short-
chain alcohols: ethanol,
propylene glycol, and glycerol.

MTX concentration in hydration
medium, total weight of
niosomal components and
surfactant: cholesterol ratio

Span® 60 concentration,
cholesterol concentration.

Span® 60 concentration,
Cholesterol concentration and
Hydration time

Concentration of Span® 60,
Cholesterol concentration,
hydration time and sonication
time

Surfactant concentration,
cholesterol concentration,
hydration time and rotation
speed

Phospholipid concentration,
drug concentration, edge
activator concentration.

Phospholipid concentration,
edge activator concentration,
and sonication time.

Amount of drug, phospholipid,
edge activator, and sonication
time.
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PS, ZP, and % EE

PS, %EE and ZP.

%EE and PS

%EE, PS, %DR.

PS, PDI and %EE

PS, % EE and
transdermal flux

PS, PDI, %EE, %DR

PS, regression
coefficient for
achieving control
release, elasticity
index (EI).

PS, %EE, and
transdermal flux.

PS, %EE, and
transdermal flux.

mixing time and speed. Drug
and cholesterol amount
significantly affected particle
size and PDIL.

The response variables were
significantly affected by the
factors. The results clearly
showed that the optimal
formulation reached the
maximum value of
encapsulation efficiency, a low
value of size, and zeta potential.
There was a significant
interaction between cholesterol
and Tween® 20 in terms of
vesicle size and zeta potential.
However, no significant
interaction was found between
the variables studied for their
effects on drug entrapment
efficiency.

The increase in surfactant
resulted in %EE. Increasing the
hydration volume resulted in a
higher %EE but also resulted in
increased drug leakage

The interaction of Span® 60 and
cholesterol has a substantial
effect on entrapment efficiency,
vesicle size, and drug release.

1 cholesterol concentration had
a positive impact on PS.

1 hydration time resulted in ss|
PS

Initially, increasing the
concentration of Span 60 from 1
to 2 mM resulted in larger
average vesicles. However,
increasing the concentration of
Span 60 from 2 to 3 mM
decreases the average vesicle
size.

An 1 in Span® 60 resulted in 1 in
%EE.

An 1 in cholesterol resulted in a
1.

%EE, PDI and PS were positively
directly influenced by
cholesterol and surfactant
concentration. %DR was slower
with an increase in cholesterol
concentration.

The regression coefficient,
vesicle size, and other responses
all had nine terms in total,
including three linear terms,
three quadratic terms, and three
interaction terms. The response
flexibility index has three linear
terms.

The amount of phospholipid had
little impact on transdermal
flow, while its effect on vesicle
size was significant. The edge
activator had a significant
impact on vesicle size and
transdermal efflux. Sonication
time showed an impact on
vesicle size and transdermal
flux.

The concentration of the drug
and amount of phospholipids
had a significant impact on
entrapment efficiency. All the

(Chauhan and
Bhatt, 2019)

(Zidan et al.,
2017)

(Abdelbary
and
Aboughaly,
2015)

(Surya Teja
et al., 2018)

(Moghddam
et al., 2016)

(Qumbar
et al., 2017)

(Witika and
Walker, 2021,
Witika and
Walker, 2019)

(Pitta et al.,

2017)

(Mahmood
et al., 2014)

(Ahad et al.,
2012)

(continued on next page)
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Lipid Nanocarrier Payload Experimental CMAs/CPPs CQAs Findings Ref.
Design
factors showed a significant
impact on vesicle size.
Sildenafil PBD Phospholipid/edge activator PS and %EE The results showed that both the
ratio, drug/phospholipid ratio, surfactant and the temperature (Ahmed,
edge activator HLB, hydration of hydration had a significant 2015)
time, pH of hydration medium, effect on the size of the particles,
temperature of hydration. while the ratio of the drug to the
phospholipids and the pH of the
hydration medium had a major
effect on the efficiency of
entrapment.
Diclofenac FFD Phosphatidylcholine: cholesterol ~ PS, ZP, EI, %EE The ratio of phosphatidylcholine
Ethosomes ratios, ethanol concentration. to cholesterol and the (Jain et al.,
concentration of ethanol had a 2015)
significant impact on both the
chemical and physical
properties, and the rate of
permeation.
Curcumin BBD Cholesterol, ethanol, and lecithin PS, flux, and %EE The amounts of lecithin,
contents. ethanol, and cholesterol (Pathan et al.,
influenced vesicle size, 2018)
entrapment efficiency, and flux.
Thymoquinone BBD Phospholipid concentration, PS, %EE, and flux. Phospholipid concentration
ethanol concertation, sonication showed a significant effect on (Kausar et al.,
time. ethosomes vesicle size and flux. 2019)
Ethanol concentration
influenced the entrapment of
drugs into vesicles, vesicle size
and flux.
Brucine and CCD Lecithin/cholesterol ratio, drug %DLE and %EE Total drug loading and (Wang et al.,
Transethosomes strychnine amount, and surfactant amount. entrapment efficiency and were 2021)
significantly affected by the
amount of drugs.
Agomelatine CCD Phospholipid amount, ethanol PS PDI and %EE The variation in the
amount. concentration of phospholipid (Ansari et al.,
and ethanol showed significant 2019)
effects on vesicle size, PDI, and
encapsulation efficiency.
Silymarin BBD Mixture of surfactants and co- PS, PDI, The three independent variables
Nanoemulsions surfactants, homogenisation transmittance were observed to have an (Nagi et al.,
pressure, and total number of percentage (%), and opposite effect on the response 2017)
cycles. %DR. of cell size and PDI. A higher
value of percent transmittance
was obtained at a higher
concentration of surfactant,
higher pressure, and a higher
number of homogenisation
cycles.
Praziquantel, PBD Excipient concentrations PDI, drug Lecithin and Miglyol® 812 were
pyrimethamine, (Lecithin and Miglyol® 812), combination efficacy, the two factors that had themost ~ (Real et al.,
Niclosamide, solvent, stirring rate, mixing derivative count rate,  effect on the studied response 2021)
triclabendazole order, time until evaporation PS stability over time  variables.
(1-30 min), volume of aqueous (30 days), and
phase, and volume after stability in PBS.
evaporation.
Curcumin FFD Oil phase, surfactant mix (Spix)- PS, PDI, ZP When the oil concentration
increases, zeta potential (Acharya
decreases, while when S,y et al., 2020)
increases, zeta potential
increases. When the
concentration of oil increased,
the particle size also increased,
whereas as the concentration of
Smix increased, the particle size
decreased.
Self-emulsifying Voxelotor D-optimal design  Oil concentration, surfactant Emulsification time Oil and surfactant concentration
systems concentration, co-surfactant (s), PS, PDI, showed a significant effect on (Buya et al.,
concentration. percentage the emulsification time, particle ~ 2021)
transmittance (%). size, PDI, and percentage of
transmittance of the formations.
Nelfinavir D-optimal design The amount of oil, surfactant, PS, PDI, self- The droplet size was

and co-surfactant.

13

emulsification time
(s), viscosity (mPa),
firmness.

significantly influenced by all
the factors. In contrast to oils
and surfactants, the cosurfactant

(Kamboj and
Rana, 2016)

(continued on next page)
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Lipid Nanocarrier Payload

Experimental
Design

CMAs/CPPs

CQAs

Findings

Ref.

Gliclazide

SLN Rivastigmine

Efavirenz

Fenofibrate

Furosemide

NLC Salicyclic acid

Rivastigmine

Iloperidone

Tripterine

Lipid nanocapsule Simvastatin

Starch

Acriflavine

D-optimal design

33 factorial
design.

32 factorial
design

PBD

FFD

FFD

CCD and BBD

BBD

BBD

D-optimal design

CCD

A 3-factor DoE

Oil, surfactant and cosurfactant.

Surfactant concentration,
homogenisation time, and lipid
ratio.

Acetone/methanol ratio in the
organic phase and surfactant
concentration.

Concentrations of drugs, lipids,
and surfactants, screw speed,
barrel temperature and liquid
addition area.

Surfactant concentration and
lipid concentration

Ultrasonication time, surfactant
concentration and solid lipid/
liquid lipid ratio,

Lipid ratio, surfactant ratio,
emulsification speed, high-
pressure homogenisation cycles,
and sonication amplitude.

Concentration of lipids, payload,
and surfactant.

Total lipid content, surfactant
content, and drug dosage.

Salted water, oil, surfactant.

Amount of lipids, percentage of
nonionic surfactants, and stirring
time.

0Oil, surfactant, lipoid.

14

PS (nm), solubility
(mg/ml), PDIL.

PS, PDI, %EE

PS, %EE

PS, ZP, PDI, %EE

PS, PDI, percentage
dissolution efficiency
time for 50% drug
release and %EE.

PS and distribution,
aggregation.

PS, PDI, ZP, %EE

PS and %EE

PS, %EE, %DLE

PS PDI, %DR

PS, PDI, ZP.

PS, PDI, ZP, %EE

primarily affects the self-
emulsification time.

The results showed an inverse
relationship between particle
size and oil concentration, while
a direct relationship with
surfactant and cosurfactant
levels. All the factors influenced
the solubility and PDI.

Particle size, PDI, and
entrapment efficiency were all
positively influenced by lipid
ratio, while surfactant
concentration and
homogenisation time influenced
size, PDI, and entrapment
efficiency.

A decrease in the acetone/
methanol ratio in the organic
phase and an increase in
surfactant concentrations both
lead to an increase in particle
size. When the acetone/
methanol ratio and surfactant
concentrations were changed, a
similar trend was also observed
in encapsulation efficiency.
Droplet size, PDI, zeta potential,
and trapping efficiency were all
found to be significantly
impacted by the studied factors.
All the factors showed a
significant influence on the
dependent variables.

The average particle size is
significantly influenced by all
factors. The particle size
distribution was smallest when
the lowest lipid ratio and the
highest surfactant were
combined.

The lipid ratio and surfactant
ratio were significant factors for
particle size. The lipid ratio and
surfactant ratio were not
statistically significant for PDI,
even though the lipid ratio had a
greater impact than the
surfactant ratio.

The effect of the selected
formulation parameters on
particle size and encapsulation
efficiency was statistically
significant.

All the factors exhibited a
significant influence on the
dependent variables.

The surfactant-to-oil ratio
influenced the average particle
diameter. Increasing the
surfactant concentration
resulted in a considerable
reduction in the particle size and
PDI. The surfactant
concentration had a significant
impact on drug release.

All the factors exhibited a
significant influence on the
response variables.

The addition of lipoid had no
impact on the size and PDI of the
formulation, while zeta
potential and encapsulation
efficiency were significantly

(Patel et al.,
2019)

(Shah et al.,
2015)

(Raina et al.,
2017)

(Patil et al.,
2015)

(Ali and
Singh, 2017)

(Kovacs et al.,
2017)

(Cunha et al.,
2020a)

(Mandpe and
Pokharkar,
2015)

(Kang et al.,
2019)

(Safwat et al.,
2016)

(Marto et al.,
2016)

(Montigaud
et al., 2018)

(continued on next page)
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Lipid Nanocarrier Payload Experimental CMAs/CPPs CQAs Findings Ref.
Design
increased by the incorporation
of lipoid.
Docetaxel, BBD Surfactant concentration, liquid- PS, %EE The liquid lipid-to-solid lipid (Zafar et al.,
thymoquinone to-solid lipid ratio, and ratio had a beneficial effect on 2020)

sonication.

all response studied, whereas
the surfactant concentration had
a negative effect.

influencing the characteristics of the final product. To achieve an opti-
mised formulation, it is essential to understand these critical factors and
their role in process scaling and manufacturing conditions. In addition to
development challenges, the lack of regulatory guidance on character-
isation, biodistribution, shelf-life and impurity profiling is a major
obstacle to the commercialisation of lipid nanocarriers. Currently, the
FDA and the EMA have issued interim guidelines focused solely on li-
posomes, with the aim of accelerating their efforts to commercialize
lipid nanocarriers.

Despite the hurdles associated with reproducibility, scalability, and
regulatory guidelines in the development of lipid nanocarriers, the use
of QbD approach is increasingly expected. Implementing QbD approach
can help overcome production challenges and improve acceptance by
regulatory authorities through the formulation of comprehensive
guidelines for commercial approval. The QbD concept has led to a
transformation in pharmaceutical innovation, with the FDA and EMA
now prioritising QbD-enhanced submissions. This approach encourages
manufacturers to develop products and processes within defined design
spaces, ensuring that the desired quality attributes are incorporated into
the final product.

The application of QbD to the industrial manufacture of lipid nano-
carriers offers several advantages and can help optimize product per-
formance in terms of dynamic material properties, complex design, and
strict control of CQAs, including PS, PDI, ZP, surface morphological
characteristics, drug loading and in vitro and in vivo performance
(Bastogne, 2017). The QbD concept focuses on understanding products
and processes, to control product quality in line with standards and can
be used to streamline the industrial development of lipid nanocarriers.
With the application of PAT tools, QbD enables dynamic control of
manufacturing processes. A schematic representation of the industrial
development of LNCs using QbD approach, which includes the selection
of QTPPs and CQAs, identification of CMAs and CPPs, understanding of
variability, establishment of design space, and control of the
manufacturing process. QbD is a global policy that benefits all parties
concerned is provided in Fig. 7.

From the manufacturers' perspective QbD offers benefits such as a
better understanding of products or processes, increased efficiency of
operations, and reduced approval requirements. These factors enable
thorough documentation when moving from small-scale pilot produc-
tion to large-scale commercial manufacturing. Moreover, the knowledge
gained at this stage proves invaluable in formulating control strategies
for continuous improvement. Regulators attach great importance to
maintaining licensing flexibility without compromising quality stan-
dards. This flexibility is particularly crucial in the development of LIPID
NANOCARRIERs, as it argues in favor of a design space concept
described in ICH Q8 (R1). The defined design space helps minimize the
need for support for post-approval modifications, enabling the imple-
mentation of new technologies without the need for additional licenses,
and reducing the difficulties encountered during audits while acceler-
ating approval times.

From a regulatory point of view, compliance with mandatory re-
quirements is crucial for the approval of any drug product. This includes
a thorough review of the chemistry, production, and control of drug
compounds. Industrial production of lipid nanocarriers involves a
sequence of procedures associated with a variety of factors and
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Fig. 7. A Systematic guide to implementing QbD in large-scale production of
LNGCs. FFD, full factorial design; PBD, Plackett-Burman design; CDD, central
composite design; BBD Box-Behnken design.

variables. This leads to difficulties in maintaining product quality and
performance throughout the life cycle. Thus, implementing QbD with
predefined goals and final targets can ensure consistent product quality.
Although there are few regulatory requirements for the use of QbD in
lipid nanocarrier development, full implementation of these paradigms
in industrial manufacturing would be beneficial. QbD can provide better
information to regulators with more flexibility in analysing submitted
documentary evidence related to the quality and safety of lipid nano-
carriers. Additionally, industries may require small changes in their
manufacturing processes for several reasons. However, it can be difficult
to demonstrate that such small changes would not have significant im-
pacts on product quality without prior integration of the QbD approach.
Integrating QbD into the industrial development of lipid nanocarriers
can reduce regulatory constraints and lead to enhanced product quality,
safety, and efficiency (“Design of Experiments for Pharmaceutical
Product Development, 2021).

5. Future perspectives and conclusions

Bringing more lipid nanocarriers to market will require a careful
optimization process, considering factors such as therapeutic re-
quirements, large-scale manufacturing feasibility and regulatory issues.
An effective approach to achieving this goal is to adopt the QbD
approach through modular manufacturing systems. QbD focuses on
understanding the processes and delivering robust products and is an
adequate solution to the problems associated with the large-scale pro-
duction of lipid nanocarriers.

QbD identifies important product attributes and related influencing
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variables, as well as their effects using DoE and risk assessment [160]. It
has become popular among forward-thinking pharmaceutical com-
panies. This is due to increased access to necessary information, tools,
and technology. Regulatory agencies (FDA, EMA, etc.) encourage a risk-
based approach to pharmaceutical research and manufacturing, as well
as the implementation of QbD principles. QbD enables a smooth tran-
sition from the laboratory to large-scale manufacturing, while inte-
grating risk-based product development from the outset. In addition,
implementing such an approach can lead to lower process development
costs and greater manufacturing flexibility, which may attract generic
manufacturers, resulting in lower lipid nanocarrier costs and increased
demand for more affordable manufacturing methods to meet customer
needs. As a result, this could create a polarised market for new products,
where strategic patenting and high-quality product differentiation
become crucial factors.

From a certain point of view, the QbD approach can enable small and
medium-sized companies not only to establish their initial definition of
the lipid nanocarrier development process, but also to strategically
manage their portfolio of products and processes. This approach facili-
tates technology-driven growth and branding for developers, offering
them a path to expansion. Additionally, protecting process ownership at
the manufacturing level can significantly increase the value of the
developed system, thereby encouraging its commercial adoption.

Pharmaceutical companies place great importance on establishing
defensible manufacturing positions as part of their journey toward
commercialisation and regulatory approval. On the other hand, the lack
of an indisputable link between a specific process and the unique
qualities of a product could weaken the position of manufacturers in a
highly product-oriented patent landscape. It is in this context that QbD
plays a crucial role, closely integrating the manufacturing process with
the quality attributes of the product itself.

Despite the advantages of the QbD approach to date, little is known
about the industrial production of lipid nanocarriers with regard to QbD
principles. This could be explained by the (i) the QbD approach is still
being in its infancy in the pharmaceutical industry; (ii) the application of
QbD for the large-scale production of complex formulations, such as
lipid nanocarriers, is not fully understood and requires further investi-
gation; (iii) challenges in selecting appropriate CQAs/CPPs and using
PAT tools to dynamically control manufacturing processes; and (iv) a
lack of regulatory guidance regarding the production of lipid nano-
carriers using QbD.

There remains a lot of work still needed in the harmonisation of
concepts and terminologies as well as in the education and training of
human resources from regulatory agencies and industries. This involves
collaboration among experts from different fields, including researchers,
clinicians, statisticians, and regulators. Regulators are encouraged to set
clear guidelines for the industrial production of lipid nanocarriers using
the QbD approach.

In addition, more industry-oriented studies using QbD should be
conducted, and more PAT tools for lipid nanocarrier production should
be developed and applied. In doing so, the application of QbD in the
manufacture of lipid nanocarriers will be a boon, allowing faster
translation of active ingredient-loaded lipid nanocarriers from bench to
bedside for a variety of disease treatments.

Adding to the general quality issues addressed in this paper, the
adoption and application of QbD principles for large-scale lipid nano-
carrier production will require careful consideration of specific quality
issues. It is not yet clear how long it will take to implement QbD for
large-scale manufacturing of lipid nanocarriers; nevertheless, it seems
plausible to assume that the integration of QbD-based manufacturing
practices will be advantageous for the development of future lipid
nanocarriers for clinical use.
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