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Abstract

Parenteral administration is one of the most commonly used drug delivery routes for
nanoparticle-based dosage forms, such as lipid-based and polymeric nanoparticles. For the
treatment of various diseases, parenteral administration include intravenous, subcutaneous, and
intramuscular route. In drug development phase, multiparameter strategy with a focus on drug
physicochemical properties and the specificity of the administration route is required.
Nanoparticle properties in terms of size and targeted delivery, among others, are able to surpass
many drawbacks of conventional dosage forms, but these unique properties can be a bottleneck
for approval by regulatory authorities.

Quality by Design (QbD) approach has been widely utilized in development of
parenteral nanoparticle-based dosage forms. It fosters knowledge of product and process quality
by involving sound scientific data and risk assessment strategies. A full and comprehensive
investigation into the state of implementation and applications of the QbD approach in these
complex drug products can highlight the gaps and challenges. In this review, the analysis of
critical attributes and Design of Experiment (DoE) approach in different nanoparticulate
systems, together with the proper utilization of Process Analytical Technology (PAT)
applications are described. The essential of QbD approach for the design and development of

nanoparticle-based dosage forms for delivery via parenteral routes is discussed thoroughly.

Keywords: Nanotechnology; QbD; Parenteral route; Process analytical technology;

Continuous manufacturing.



Abbreviations

API(s) active pharmaceutical ingredient(s); BBD Box-Behnken design; CCC central
composite circumscribed; CCD central composite design; CCF central composite face centered;
CCI central composite inscribed; CIM coaxial jet mixer; CM continuous manufacturing;
CMAC(s) critical material attribute(s); CPP(s) critical process parameter(s); CQA(s) critical
quality attribute(s); DLS dynamic light scattering; DoE design of experiments; DS design
space; EE entrapment efficiency; EMA European medicines agency; EU European union; FDA
food and drug administration; FDLCI Fourier domain low-coherence interferometry; FFD full
factorial design; FrFD fractional factorial design; GMP good manufacturing practices; HME
hot-melt extrusion; ICH international council for harmonization; IM intramuscular; IV
intravenous; LCI low-coherence interferometry; MD(s) mixture design(s); mRNA messenger
ribonucleic acid; NFS nanoflow sizer; NIR near infrared; NNI national nanotechnology
institute; NP(s) nanoparticle(s); OD optimal design; OF2i optofluidic force induction; PAT
process analytical technology; PbD Placket-Burman design; PDI polydispersity index; PDW
photon density wave spectroscopy; PLGA poly(D,L-lactide-co-glycolide); PS particle size;
QbD quality by design; QTPP(s); quality target product profile(s); RA risk assessment; SC
subcutaneous; TD Taguchi design; TUS turbidity spectrometry; ZP zeta potential.



1. Introduction

Derived from the Greek words “para” (besides) and “enteron” (the intestine), the term
parenteral can be transcribed as “outside the digestive tract”. Accordingly, it includes
administration routes, which are not intestinal nor duodenal, and it usually refers to
subcutaneous (SC), intramuscular (IM), or intravenous (IV) administration of drugs. When we
administer the drug through the parenteral route, we have an immediate therapeutic effect that
is useful in emergency situations. Some drugs can’t be administered via non-injectable routes
due to their poor bioavailability, such as paclitaxel (Yerlikaya et al., 2013). Disadvantage of
parenteral administration is infection risk on the administration site when the body's natural
barriers are bypassed. Further, in the case of dosing error, it is difficult to reverse the effect.
Due to the stringent requirements of parenteral dosage forms, including sterility, there is a need
to develop alternative delivery systems that ideally overcome the multiparametric
manufacturing challenges while providing quality, efficacy, and safety (Nema and Ludwig,
2019).

Nanomedicines are the applications of nanotechnology in drug discovery and delivery.
The use of nanoparticles offers several advantages, including drug stability, enhanced drug
release, and drug cellular uptake. The concept was introduced by the United States government
in 2000 with the creation of a new initiative called the National Nanotechnology Initiative
(NNI). From the beginning, nanomedicines have focused almost exclusively on tumor-targeted
drug delivery, which has many advantages (Park et al., 2022), but the applications of
nanoparticle-based drug delivery systems have also faced challenges (Wang et al., 2021).



Anticancer nanoformulations have been developed for intravenous use and, alternatively, for
intradermal, subcutaneous, and oral use since the administration route determines the
biodistribution pattern of drugs (Wang et al., 2021). Over the years, successful commercial
nanoparticle-based anticancer dosage forms have been developed, including Mylotarg®,
Doxil®, and Abraxane®, among others (Park et al., 2022).

The use of nanotechnology has some advantages and disadvantages in many fields and
in various nanoparticle-based dosage forms. The main advantages include prevention of
degradation of the loaded drug, specificity and targeted delivery, and improved bioavailability
and efficiency (Adepu and Ramakrishna, 2021) (Pozharov and Minko, 2023). However, we
also find some disadvantages, such as the high value of their production, the unexpected
diffusion of these nanoparticle-based dosage forms into the lungs and some body barriers,
which may lead to toxicity, and the special storage conditions of lipid-based nanoparticles
(Adepu and Ramakrishna, 2021) (Pozharov and Minko, 2023).

Formulation design is an essential step in the development of nanoparticle-based dosage
forms, and the scale-up of lab-scale preparation methods to industrial production scale is a
barrier to bringing nanotherapeutics to market, and there is still a large gap between the progress
made in research and in the clinic (Villa nova et al., 2015). Large amounts of financial resources
are usually devoted to drug development studies. Therefore, maintaining quality attributes at an
affordable cost within a short period of time has become important to both academia and the
pharmaceutical industry, and consequently, the implementation of the Quality by Design (QbD)
approach has received much attention (Barbalata et al., 2022). The elements and the QbD
approach are detailed in the International Council for Harmonization of Technical
Requirements for Pharmaceuticals for Human Use (ICH) guidelines, such as ICH Q8, Q9, Q10,
QI11, Q12, and more recently Q13 (Grangeia et al., 2020).

The elements of QbD include the description of the Quality Target Product Profile
(QTPP), in particular the ideal parameters that the product should achieve, the identification of
characteristics in the formulation named Critical Quality Attributes (CQAs), Critical Material
Attributes (CMAs) and Critical Process Parameters (CPPs), the results of the Risk Assessment
(RA), which is the crucial step because it supports the impact of the CQAs and the CPPs on the
target product profile, key points of the Design of Experiments (DoE), and the definition of
Design Space (DS) (Németh et al., 2022). This approach has been proven successful in oral
drug delivery systems, using different experimental designs that resulted in improved
bioavailability and stability (Beg et al., 2019c).

This review aims to identify the predominant elements of QbD in nanoparticle-based

parenteral drug delivery dosage forms and their importance in achieving the ideal final product.



It aims to help understand and improve preparation processes and operations, accelerate
pharmaceutical development, shorten the time between research and clinical applications, and
propose a strategy to overcome key obstacles. At the end of the review, we also cover highlights
of Process Analytical Technology (PAT) and Continuous Manufacturing (CM), which support

the inclusion of QbD and vice versa.

2. Parenteral Administration

As described earlier, parenteral administration, and thus the parenteral route, refers to
the administration of drugs bypassing the gastrointestinal system. There are several parenteral
routes of drug administration, such as subcutaneous, intravenous, intramuscular, intravitreal,
intradermal, intra-articular, intrathecal, intra epidural, intracisternal, intra-arterial, intracardiac,
intrapleural, intraperitoneal and intraosseous routes, but the most commonly used routes are

intravenous, intramuscular, and subcutaneous (Nema and Ludwig, 2019).

2.1 Reasons for choosing parenteral administration

The oral route is usually preferred by many patients because of the convenience of
storage and administration of drug dosage forms, but in some cases, the parenteral route is the
only possible route. There are some examples of drugs, such as liposomal formulations, which
need to be administered parenterally to ensure the efficacy of therapeutic agents;
aminoglycoside antibiotics, such as gentamicin; and biologic drugs, due to their susceptibility
to proteolytic degradation, poor permeability, and delicate assembly of various structures. Over
the years, some studies have developed oral formulations for some biological drugs, such as
insulin, but subcutaneous administration is still the preferred route (Nema and Ludwig, 2019)
(Elsayed et al., 2023).

Parenteral administration is not only used in cases, where it is the only possible route,
but it is also sometimes preferred instead of other routes of administration. It has high
bioavailability, drug acts in seconds, drug is delivered directly to the bloodstream, localized
effect in a specific area or organ can be reached, and administration to unconscious patients or
patients with gastrointestinal tract disease that prevents absorption of both drugs, nutrients as
well as vitamins is possible (Zhang et al., 2017).

Nevertheless, compared to oral administration, parenteral administration is more
invasive, occasionally painful, and it is associated with lower safety. Parenteral preparations
are more expensive to produce. Parenteral forms, such as injections, require a sterile, controlled,
and specialized environment for their production, and these processes and requirements can

turn their production more expensive (Cyriac and James, 2014).



We have some safety concerns related to parenteral administration, especially regarding
the risk of infection and tissue damaging. There are some preventative measures and best
practices to reduce these risks and ensure the safe and effective administration of medicines to
patients. These are listed in “WHO best practices for injections and related procedures toolkit”
instructions for healthcare professionals involved in the administration of parenteral medicines.
Instructions include appropriate injection techniques, criteria for the selection of the

administration site and protocols for post-administration monitoring (WHO, 2010).

2.2 Routes of parenteral administration and facts to consider when selecting the
different routes
The route of administration imposes certain requirements and limitations on
formulations and the devices used to administer the dosage forms. A growing number of drugs
must be administered parenterally, i.e., intravenously, intramuscularly, or subcutaneously
(Figure 1). These parenteral routes of administration may obey different requirements, and they
influence the designing of novel dosage forms in order to ensure the efficacy of therapeutics.
There are some important principles associated with the choice of injection route, such as safety,
efficiency, patient preference, and pharmacoeconomics. In addition to these four principles,
there are also some other factors that matters: factors related to patient characteristics, such as
age and body mass index; factors related to drug administration, such as dose and formulation

characteristics; and health care staff/institution-related factors (Nema and Ludwig, 2019).

2.2.1 Intramuscular (IM) route

Intramuscular route and, therefore, intramuscular injections are administered into a
relaxed muscle, preferably at muscle sites such as buttock, thigh, or shoulder muscles. They
may be aqueous or oily solutions or suspensions. The rate of absorption is slow compared to
the IV route. The injection volume can be up to 4 mL, given that a large bolus of injected drug
can cause local damage and muscle infarction, causing an increase in the serum levels of muscle
enzymes and a sterile abscess. If rapid absorption in the deltoid muscle is desired, low-volume
injections can be used. This route is particularly suitable for pediatric patients (Nema and

Ludwig, 2019) (Ogston-Tuck, 2014).

2.2.2 Subcutaneous (SC) route
In the subcutaneous route, administration of drug is made to the abdomen at the level of
the umbilicus, the upper back, the upper arms, and the upper hip. Compared to the oral route,
the SC route absorbs drugs in a faster and more predictable way. However, compared to the IM
route, and given that the muscles have different vascularities, the absorption in the SC

administration is slower and less predictable. In the SC route, suspensions and aqueous



solutions are administered in volumes ranging from 1 to 2 mL. Alkaline, highly acidic, and
irritating medications should not be administered via SC route, because they can cause
inflammation, necrosis, and pain. The use of the route can cause infections, which are more
prevalent in self-administration, mainly when patients have poor level of hygiene. Other than
IV infusion, hypertonic solutions are normally used in the IM and SC routes since they assist
in absorption due to local effusion of tissue fluids (Nema and Ludwig, 2019) (Usach et al.,
2019).

2.2.3 Intravenous (IV) route

Intravenous injections and infusions are usually administered to the peripheral veins in
arm or, when they are unavailable, the leg and dorsal foot veins can be used. Dosage forms
administered in this route cannot be suspensions or water-in-oil emulsions, because of the
possible blockage of blood capillaries, the pH and isotonicity of the solutions can also damage
the cells at the edge of the vein. They can reach volumes from 1 mL to several liters, and rapidly
increase the drug concentration in plasma (Nema and Ludwig, 2019) (Aulton and Taylor, 2018).

Considering Table 1, in nanoparticle-based dosage forms of QbD papers, the most
commonly used route of administration is IV. IM and SC are also used, especially for slow drug
release, mostly SC, due to the presence of fewer blood vessels than muscles (Rama and Ribeiro,

2023).
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Figure 1 Different parenteral routes. Intramuscular (volumes up to 4 mL can be administered, hypertonic solutions
are often used and isotonicity is not needed, the solutions can be oily, co-solvent, suspensions and emulsions and
the administration sites can be the buttock, thigh, or shoulder muscles). Subcutaneous (volumes up to 4 mL can be
administered, hypertonic solutions are often used, isotonicity is also not needed, the solutions can be oily, solvent,
suspensions and emulsions and the administration sites can be the abdomen at the level of the umbilicus, the upper
back, the upper arms, and the upper hip) and intravenous (volumes of 1 mL up to several liters through infusion



can be administered, isotonicity 1s important unless the administration i1s slow enough to permit dilution or
adjustment in the blood, it is restricted to dilute aqueous solutions and can be administered in the peripheral veins)

3. Parenteral Administration, Nanotechnology and Application of QbD

in Parenteral Nanopharmaceutical Development

QbD concept was created in the early 1970s by an American engineer, J.M. Juran, with
the release of his book “Juran on Quality by Design”. The concept was applied in diverse areas
and later adopted in 2004 by the pharmaceutical industry with a focus on improving the
standards of pharmaceutical manufacturing by the United States Food and Drug Administration

(FDA) (Beg et al., 2019b) (Mahtab et al., 2019).

3.1 Drugs and nanoparticle-based dosage forms

Over the years, several nanoparticle-based dosage forms have been developed for the
treatment of various diseases and disorders. Both benefits and disadvantages exist for
nanoparticle-based dosage forms. Benefits include their size, large surface area, and prevention
of their destruction in the interstitial fluid and blood. They can diminish immune responses,
prolong drug release, and have surface properties that improve the ability to pass the barriers,
making them safer than conventional therapy and helping reduce the dose and dosing frequency.
Some disadvantages, such as high cost in development and manufacture, scale-up, technology
transfer, and quality control, can be a challenge in these particles more than in conventional
forms. The special storage conditions under which these nanoparticle-based dosage forms need
to prevent disintegration make their approval more difficult (Rapalli et al., 2019) (Pozharov and
Minko, 2023) (Lou et al., 2022).

Nanoparticle-based dosage forms greatly expand the options available for treating
cancer. There is an expanded platform in the field of anticancer therapies, with several benefits
in treatment, such as tumor tissue accumulation through passive targeting, improved
penetration, and prolonged systemic circulation time (Bhatt et al., 2021). In the literature, for
the development of nanoparticle-based dosage forms using the QbD approach, the most studied
drugs are related to cancer treatment, as shown in Table 1, such as doxorubicin (Shaik, 2017),
docetaxel (Rafiei and Haddadi, 2019) (Yadav et al., 2015), and paclitaxel (Anwar et al., 2016)
(Jeswani et al.,, 2021) (Mittal et al., 2019). Nanoparticle-based dosage forms for IV
administration for some other diseases, such as rheumatoid arthritis, have been studied and
developed, and liposomes have been shown to be the most suitable (Mahtab et al., 2019). As
shown in Table 1, the most prevalent nanoparticle-based dosage forms are liposomes and PLGA

nanoparticles.



3.2 Recent research findings and emerging technologies in parenteral drug delivery
systems

In recent years, there have been some new discoveries and technologies in the field of
parenteral drug delivery, such as some new long-acting parenteral drug delivery systems. These
systems have improved existing treatments for some diseases, e.g., AIDS, tuberculosis and
malaria, many of which are being tested in clinical trials, while others are already approved
(Jindal et al., 2023). Injectable hydrogels have also been developed, particularly in the field of
cancer therapy. However, there have been some difficulties, and further efforts are needed to
move these formulations into clinical trials (Mfoafo et al., 2023). Further, ultrathin needles have
been developed for insulin injections, enabling insulin delivery with minimal invasion (Sparre et
al, 2023).

There are recent studies that deal with the transdermal administration of drugs, more
precisely with microneedle-based drug delivery systems. These systems have been fabricated
from diverse materials, and using a variety of fabrication methods, they also have different
applications (Luo et al., 2023). Microneedles tend to have excellent patient acceptance since
they are simple and adaptable systems for painless noninvasive administration of medication.
This is an attractive delivery system, because it can overcome needle phobia since it is
minimally invasive, reduces the frequency of administration and increases patient compliance.
Some of them are already being tested in clinical trials for various diseases and for pain
management (Starlin Chellathurai et al., 2024) (Priya and Singhvi, 2022). In patients with
diseases such as diabetes mellitus, patient adherence is important given the frequency of insulin
administration. In cancer, especially in the treatment of melanoma, they can be used to deliver
therapeutic agents as they are minimally invasive (Starlin Chellathurai et al., 2024) (Martins et

al., 2024).
3.3 Application of QbD in nanoparticle-based dosage form

QbD has become synonymous with pharmaceutical improvement. Pharmaceutical
companies for product development and process understanding have embraced QbD principles
and approaches. Nevertheless, although the industry may still aspire to fully embrace these
ideas, efforts to gradually introduce the QbD approach are still the goal, given the regulatory
benefits (Rapalli et al., 2019). Formulations such as lipid-based nanoparticles and polymeric
nanoparticles, among others, have been developed using QbD principles. Their introduction
helps to improve the product, process, and therapeutic performance and overcome the problems
associated with conventional delivery systems, such as low bioavailability, non-specificity,

burst release, low stability, and several side effects (Beg et al., 2019a).



Table 1: Quality by Design (QbD)-based development of nanotechnology-based systems for parenteral administration of drugs with disclosure of the type of nanoparticle and drug,
disease application and experimental design.

Nanoparticle (encapsulated)

SLN (salmon calcitonin)

HA (teriflunomide and methotrexate)

PLGA

PLGA (Olanzapine)

Zein (Glimepride)

Liposomes (a-galactosidase A
enzyme)

Liposomes and Niosomes
(Tenoxicam)

Transferrin- conjugated PLGA
(Docetaxel)

PLGA (Doxorubicin)

PLGA

PLGA (Hyaluronidase)

Hyaluronic acid coated PLGA
(Raloxifene Hydrochloride)
Hyaluronic acid coated PLGA
(Raloxifene Hydrochloride)

PLGA (Photosensitizer meso-tetrakis
(3-hydroxyphenyl) chlorin (mTHPC))

PLGA (Photosensitizer meso-tetrakis
(3-hydroxyphenyl) chlorin (mTHPC))

Lyotropic liquid crystals
(Temozolomide)

Ultrasmall nanostructured lipid
carriers

Administration Route

Subcutaneous

Subcutaneous

Subcutaneous, oral,
nasal, or intramuscular

Intramuscular

Intramuscular

Parenteral?
Parenteral?

Parenteral

Parenteral
Parenteral

Parenteral

Parenteral

Parenteral

Intravenous

Intravenous

Intravenous

Intravenous

QTPP

No

Yes

Therapeutical purpose

Osteoporosis
Rheumatoid arthritis

Hepatitis B

Schizophrenia

Type 2 diabetes
Fabry disease

NSAID (anti-
inflammatory drug)

Cancer

Cancer
Intracellular delivery

Cancer

Cancer

Cancer

Cancer
Cancer

Cancer

Cancer

RA (qualitative
or quantitative)

No

Qualitative
No

No

Qualitative
No
No

No

No

Qualitative

Qualitative

DoE (screening or

optimization) (design,

number of
experiments)

Optimization (33,17)
Optimization (33,17)

Optimization (34,30)

Optimization (32,11)
Optimization (52,16)

Optimization (24,10)
Optimization (22.31. 12)
Optimization (32,13)
Optimization (34,27)
Optimization (24,10)
Optimization (25,8)
Screening (23,15)
Optimization (32,13)
Optimization (24,17)
Optimization (52,10)
Optimization (33,10)

Optimization (32, 9)

References

(Wang et al., 2019)
(Pandey et al., 2018)

(Dewangan et al., 2018)

(Joseph et al., 2018)
(Ahmed et al., 2016)

(Merlo-Mas et al., 2021)
(Ammar et al., 2018)

(Jose et al., 2019)

(Shaikh et al., 2017)
(Sahin et al., 2017)
(Narayanan et al., 2014)

(Bhatt et al., 2021)

(Bhatt et al., 2021)

(Villa Nova et al., 2015)
(Villa Nova et al., 2015)

(Waghule et al., 2022)

(Mendes et al., 2020)



SLN (Apocynin)

PLGA (Docetaxel)

PEGylated lipid nanocapsules

(Paclitaxel)

Liposomes (Teriflunomide)
Eudragit/PLGA (Paclitaxel)

Phospholipid (Docetaxel)
Polycaprolactone (Oxaliplatin)

PLGA (Paclitaxel)
SLN (Curcumin)

PLGA (Meso-tetraphenylporphyrin

metal complex)

Liposomes (Coloading of Simvastatin

and Soxorubicin)

Selenium-plated novasomes

(Quercetin)

Lipid-polymer hybrid

Agarose based liposomes (Sorafenib

tosylate)
Liposomes

PEGylated PLGA (Brucine)
PEGylated PLGA (Gallium

phthalocyanine)

Biodegradable PLGA (Stavudine)
Protein-functionalized PLGA

(Lamotrigine)

PLGA (Amphotericin B)

Intravenous

Intravenous

Intravenous

Intravenous
Intravenous

Intravenous

Intravenous
Intravenous

Intravenous

Intravenous

Intravenous

Intravenous

Intravenous

Intravenous

Intravenous

Intravenous
Intravenous
Intravenous

Intravenous

Intravenous

Neurodegenerative

Cancer

Cancer

Multiple sclerosis

Cancer

Cancer

Cancer
Cancer

Alzheimer's

Cancer

Cancer

Cancer
Brain Delivery

Cancer

b

Cancer
Alzheimer

AIDS

Neuropathic pain

Fungal infections

Qualitative
No

No
No
No

No

Optimization (24,16)
Optimization (24,42, 16)

Optimization (33,17)
Optimization (23,17)
Optimization (33,21)
Optimization (32,13)
Optimization (33,27)
Optimization (33,17)
Optimization (23,17)

Optimization (23,17)
Optimization (33,17)

Optimization (33,15)
Optimization (23,8)
Optimization (23,8)

Optimization (32,9)
Optimization (32,9)

Optimization (23,10)
Optimization (22,6)
Optimization (33,27)

Optimization
(22x31.12)

(Aman et al., 2018)

(Rafiei and Haddadi,
2019)

(Anwar et al., 2016)

(Mahtab et al., 2019)
(Jeswani et al., 2021)

(Yadav et al., 2015)
(Esim et al., 2020)
(Mittal et al., 2019)

(Malvajerd et al., 2019)

(Mollaeva et al., 2021)

(Barbalata et al., 2022)

(Aboud et al., 2022)
(Ishak et al., 2017)
(Dhawan et al., 2022)

(Németh et al., 2022)
(Elsewedy et al., 2020)

(Lorenzoni et al., 2019)
(Ghosh et al., 2017)
(Lalani et al., 2015)

(Carraro et al., 2016)

2 (no parenteral route was discriminated), ° (not available), AIDS (acquired immune deficiency syndrome), HA (hydroxyapatite), PEG (polyethylene glycol), PLGA (poly-D,L-

lactide-co-glycolide), SLN (solid lipid nanoparticle)



4. QbD elements and parenteral route of administration

Although QbD is not a new approach, it has only recently been considered in the
pharmaceutical industry. The ICH, US FDA, EMA, and some pharmaceutical companies have
collaborated in the development of pharmaceutical guidelines such as ICH Q8 (R2) for
pharmaceutical development, ICH Q9 for risk management, and ICH Q10 for pharmaceutical
quality systems to ensure the quality of pharmaceutical products (Grangeia et al., 2020) (ICH
Q8 (R2),2009) (ICH Q9, 2006) (ICH Q10, 2008). To better understand how a particular process
or material can affect the quality profile of a pharmaceutical product, we first need to define
some basic QbD elements. As shown in Figure 2, to obtain product quality, QbD and therefore

its elements must be used.

4.1 Quality Target Product Profile (QTPP)

As defined in the guideline ICH Q8, the QTPP is “a prospective summary of the quality
characteristics of a drug product that are ideally achieved to ensure the desired quality, taking
into account safety and efficacy of the drug product” (ICH Q8 (R2), 2009). As a key element
of the QbD approach, it plays a critical role in defining the objectives of the development of a
drug product, such as its clinical use, route of administration, dosage form, and delivery
systems, as well as its pharmacokinetics and the criteria that affect quality, in establishing
targeted and efficient formulation strategies that result in a product that meets the needs of
patients (ICH Q8 (R2), 2009) (Yu et al., 2014). Consequently, the QTPP is considered to form
the basis for the design of a drug product, because it is related to predefined objective criteria
and defines the expectations of the final product (Sangshetti et al., 2017).

The purpose of pre-development use of Risk Assessment (RA) is to identify process
variables as potentially high-risk formulations that could affect the quality of the drug product.
There are many tools for conducting RA studies, such as the Ishikawa diagram, C&E matrices,
decision tree analysis, and others, as mentioned in ICH Guideline Q9 (ICH Q9, 2006). The
results of the study determine, which variables are potentially critical, and which are not critical,
leading to the identification of variables that need to be studied experimentally (Yu et al., 2014).
In some experimental works relating to nanoparticle-based dosage forms for parenteral
administration, QTPP (Shaikh et al., 2017) (Németh et al., 2022) (Waghule et al., 2022) was
used, as well as also RA (Merlo-Mas et al., 2021) (Waghule et al., 2022) (Mendes et al., 2020).

4.2 Critical Quality Attributes (CQAs)

CQA:s are often considered offshoots of QTPP elements. They are identified first from
QTPPs, taking into account their impact on the safety and efficacy of the product and the
severity of harm to the patient. They are defined in ICH Q8 R2 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” and consequently have a direct
impact on the efficacy and safety of the drug product (ICH Q8 (R2), 2009) (Beg et al., 2019a).

CQAs are also an essential component of manufacturing control strategies. They include
attributes of the drug product, drug substance, active raw materials, excipients, and packaging
materials and they must be identified in the early stages of development (Beg et al., 2019a).
They depend on the type of nanoparticles, route of administration and disease/treatment, e.g.,
for a colloidal drug delivery system for tumor targeting, encapsulation efficiency, particle size
and polydispersity index are key quality attributes (Shaikh et al., 2017). As shown in Table 2,
for lipid-based and polymeric nanoparticles, the particle size, entrapment efficiency, and zeta

potential are the most predominant attributes (Esim et al., 2020).

4.2.1 Particle Size (PS) and Polydispersity Index (PDI)

As the name “nano” implies, nanoparticle-based dosage forms can have a size from 1
nm to <1000 nm (Taha et al., 2020). Larger particles, larger than 150 nm, tend to accumulate
in the lungs, liver, and spleen. Nanoparticles smaller than 5 nm are excreted through the kidneys
(Talegaonkar and Bhattacharyya, 2019). For some therapeutics and applications, size is the
most important attribute. It is the key attribute for successful drug delivery and affects drug
loading, release behavior, particle pharmacokinetics and biological fate, although the desired
size may vary depending on the application (Taha et al., 2020).

Described as the degree of non-uniformity of the size distribution, the PDI is a
representation of the PS distribution of a given sample varying from 0.0 when the size is
uniform to 1.0 when the sample is highly polydisperse (Danaei et al., 2018). Concerning
liposomal drug products, the FDA’s “guidance for industry” highlights the PS and PDI being
CQAs and as such to be essential components of stability studies of these products (FDA, 2018).

4.2.2 Entrapment Efficiency (EE)

Defined as the percentage of drug entrapped in the nanoparticle-based dosage form
matrix relative to the total drug supply, the entrapment efficiency is a crucial attribute that
should be considered in the quality evaluation and art of production during storage. The EE
calculation is crucial because it affects the drug dose and the screening of formulations (Lv et
al., 2018). In lipid-based nanoparticles, depending on the hydrophobicity of the drug, Active
Pharmaceutical Ingredients (APIs) can be encapsulated, if there is no disturbance of the lipid
structure (Fan et al., 2021). The hydrophobicity of the polymer and the drug are the main
challenges in the production of polymeric nanoparticles with the desired EE (Kolate et al.,

2015).



4.2.3 Zeta Potential (ZP)

The electrokinetic potential in colloidal dispersions, also known as the zeta potential, is
the potential at the slipping plane/area of a particle moving under an electric field; in other
words, it is the electrostatic measure of repulsion or attraction between particles (Bhattacharjee,
2016). The ZP is the best criterion for the stability of a colloid since high zeta potential values
should be achieved, either negative or positive, to maintain excellent stability and avoid
aggregation of the particles (Shah et al., 2014).

As shown in Table 2, PS is the most prevalent CQA in lipid-based nanoparticles and
polymeric nanoparticles, followed by EE, ZP and PDI. Although these CQAs are the most
common, there are also other less common ones. However, the ones mentioned here should
receive more attention due to for example stability and drug release reasons, as shown in Table

3.
4.3 Critical Material Attributes (CMAs) and Critical Process Parameters (CPPs)

CMAs and CPPs are the independent parameters and the input variables associated with
the quality of the formulation and process performance (Mahtab et al., 2019). According to ICH
Q8 (R2), a CPP is “a process parameter whose variability has an impact on a critical quality
attribute and therefore should be monitored or controlled to ensure the process produces the
desired quality”. A CMA is “a physical, chemical, biological, or microbiological property or
characteristic of an input material that should be within an appropriate limit, range, or
distribution to ensure the desired product quality” (ICH Q8 (R2), 2009).

In some experimental work, and as shown in Table 2, lipid-based nanoparticles and
polymeric nanoparticles have some CPPs and CMAs that are equal, such as drug concentration,
and also the same CQAs that they should have. However, there are also many CPPs and CMAs
that are different. This can be explained by their different preparation methods and
formulations, e.g., in lipid-based nanoparticles as CPPs and CMAs, we have the lipid and
phospholipid-to-cholesterol ratio (Mahtab et al., 2019) (Dhawan et al., 2022), respectively, and
in polymeric nanoparticles, we have the polymer concentration and the emulsifier concentration
(Esim et al., 2020).

4.4 Design of Experiments (DoE)

Being a structured, organized method for determining the relationship between input
factors and output responses, affecting a process and the output of that process, the DoE is an
excellent tool that enables the manipulation of factors according to a prespecified design (Yu
et al., 2014). The nature of the experiments, such as factor optimization, screening and
characterization, are important factors for the selection of experimental design. Other

considerations, such as the number of factors and sample size, the choice of an appropriate



execution order for the experimental trials, and whether blocking or other randomization
constraints determine the choice of experimental design. This selection also depends on the
choice of empirical models used to describe the statistical cause—effect relationship (Beg et al.,
2019c¢). For the selection of the experimental design, normally, major impact key parameters
on product characteristics are identified, and preformulation studies are conducted since the
number of parameters in the experimental design increases the number of experiments (Villa
Nova et al., 2015). Experimental designs are used to reduce the number of experiments needed
and therefore directly or indirectly reduce the costs, but still provide the highest level of
information. This depends on the number and levels of variables to be investigated (Rapalli et
al., 2019). The experimental design is grouped into two types: screening designs and response

surface designs (Beg et al., 2019¢).

4.4.1 Screening Designs
The word “screening” describes an experimental strategy aimed at isolating a small
number of important factors from a long list of possible factors. Screening designs are quick
and efficient ways to find these significant main effects of factors. Rather than focusing on
interaction effects, a screening approach is usually used to find important main effects.
Screening experimental designs include Fractional Factorial Design (FrFD), Taguchi Design

(TD) and Plackett—-Burman Design (PbD) (Beg et al., 2019c).
4.4.1.1 Fractional Factorial Design (FrFD)

FrFDs are usually used for factor screening. The notation xKP s used, where X is the
number of levels, k is the number of factors, and p is the size of the full factorial fraction used
(Beg et al., 2019¢) (Hibbert, 2012) (Dangat et al., 2021).

Studies have shown that FrFD can be a suitable choice for the preparation and
optimization of nanoformulations. However, this method is less economical and requires a
significant amount of experimentation depending on the number of factors chosen. Increasing
the number of levels, usually from “high” to “low” for each variable, leads to higher complexity
of the technique (Rapalli et al., 2019).

FrFD has been found to be more widespread for lipid-based nanoparticles than for

polymeric nanoparticles, as shown in Table 4.

4.4.1.2 Taguchi Design (TD)
Proposed by a Japanese engineer, the Taguchi Design utilizes two-, three-, and mixed-
level fractional factorial designs. Being a design that ensures good performance in the product
processes of the design stage within minimum time and cost effectiveness, it relies on the fact

that not all the factors that cause variability can be controlled. It starts with a minimum of three



factors and produces four experimental runs at two levels, primarily relying on the use of
orthogonal arrays and maintaining the equilibrium of equally weighted factor levels (Rapalli et

al., 2019) (Beg et al., 2019c¢).
4.4.1.3 Plackett—Burman Design (PbD)

PbD is used for screening experiments, when a complete understanding of the system is
not available in the early stages of development. It has also been applied to identify the most
important formulation or process factors, to identify the main effects and to generate minimal
experimental runs. The run numbers are multiples of 4, and the PbD starts with 11 factors and
produces 12 experimental runs. When two-way interactions are anticipated to be minimal, PbD

should be utilized to explore the primary impacts (Rapalli et al., 2019) (Beg et al., 2019c¢).

4.4.2 Response Surface Designs
Being particularly useful for optimizing the factors identified from screening designs or
risk assessments, these experimental designs produce enough runs to identify both interaction
effects and the main effects of the factors and to identify and monitor the levels of CMAs at
high, medium, or low levels. Full Factorial Design (FFD), Central Composite Design (CCD),
Box-Behnken Design (BBD), Optimal Design (OD), and Mixture Design (MD) are the most

often utilized designs used for response surface optimization (Beg et al., 2019¢).

4.4.2.1 Full Factorial Design (FFD)

Also called a fully crossed design, the FFD consists of two or more factors with possible

values or levels, Xk, where X indicates the factor and k indicates the level. The FFD shows all
the possibilities of combining the levels of each element with those of the other. With this kind
of design, the investigator may examine how each component affects the response variables
individually as well as how those interactions affect the response variables. An experiment is
said to be fully factorial, if it has two or more components in its design, each of which has
distinct potential values or “levels”, and if the experimental units can combine these levels in
any way. They show all possibilities of combining the levels of each element with those of the
others (Rapalli et al., 2019) (Beg et al., 2019¢). As shown in Table 4, FFD is the most commonly

used DoE in polymeric nanoparticles.

4.4.2.2 Central Composite Design (CCD)
A CCD is a statistical design that can be used to select the most important parameters
and interactions in an investigation. It is useful in three-level factorial experiments, it provides
information exclusively on the effect of experimental variables and it is widely used for

response surface optimization. CCDs are classified into three different types: Central

Composite Circumscribed (CCC), Inscribed (CCI) and Face Centered (CCF). A second-order



(quadratic) model can be used in response surface optimization without using a complete three-
level factorial experimental design. It is used when factorial designs find curvature in the data,
necessitating a change from an earlier linear design to a quadratic response surface design. A
CCD can be seen to be an improved version of a three-level factorial design combined with
axial or star points (Dewangan et al., 2018) (Rapalli et al., 2019) (Dangat et al., 2021).

4.4.2.3 Box-Behnken Design (BBD)

BBD is an independent quadratic design, and it consists of duplicate center points and a
set of points located in the middle of each cube surface, which defines the area of interest.
Simulating first- and second-order response surface designs is more efficient than the three-
level full factorial design, especially if there are many input variables. The BBD helps in
understanding the quadratic response surfaces and reduces the number of potential runs with
more than 3 independent variables. It requires three levels for each factor (Rapalli et al., 2019)
(Beg et al., 2019¢) (Dangat et al., 2021).

The literature has revealed the vast application of BBD in the development of robust
nanoparticle-based dosage forms, such as lipid-based nanoparticles, inorganic nanoparticles,
and others, using complex variables and it is the most widely used design, as shown in Table 4

(Shaikh et al., 2017).
4.4.2.4 Mixture Design (MD) and Optimal Design (OD)

The MDs can be of different types (simplex-lattice designs, simplex-centroid designs,
and optimal designs), and they have been used for the selection of an appropriate nanoparticle-
based dosage form development composition and to study the different effects of several
formulation variables. The OD is the most commonly used MD, especially for factor
optimization studies. There are several types of ODs, such as D-optimal, L-optimal, and A-
optimal, and these designs utilize three levels for each of the selected factors. The optimality of
a design is evaluated in terms of a statistical criterion that is connected to the estimator’s

variance matrix, which depends on the statistical model (Rapalli et al., 2019).

4.5 Design Space (DS)

DS is determined by ICH Q8 (R2) as “the multidimensional combination and interaction
of input variables (e.g., material attributes) and process parameters that have been demonstrated
to provide assurance of quality” (ICH Q8 (R2), 2009). It is constituted by an integration of
mathematical levels, allowing us to obtain a multidimensional graphic representation that will
let us modify a factor and will let us know the impact of that change. It assures that when
working in that region, we guarantee all the quality characteristics and therefore the product
quality. The DS can be submitted for regulatory validation and approval, both as mathematical

and graphical approaches by the applicant. Once approved by regulatory authorities, working



inside this design space is ideal, and working outside the approved design space is no longer
seen as ideal and requires regulatory approval (Beg et al., 2019b) (ICH QS8 (R2), 2009).
Different variants of Design Space can be possible, including at the laboratory scale, pilot scale
and commercial scale, and each pharmaceutical product can have more than one DS (Beg et al.,
2019b).

There are various ways to create a DS, and it can be in the form of graphical or
mathematical representations. Product quality is important, as creating a DS will limit CPPs
from achieving the defined CQAs (Peltonen, 2018a). At the laboratory scale, it is also important
to use this technique, because it is an important tool for visualizing, comparing, and interpreting
the data. There are various mathematical models and representations that are frequently
presented in the literature, but not as frequently as graphical representations. 3D response
surface plots are the most common, while overlay plots are not common (Manzon et al., 2020).
These plots are crucial since they help to visualize the range of viable response values. As
shown in Figure 3a and 3b, Shaikh et al. and Waghule et al. used appropriate software to create
an overlay plot that allows the identification of, by the yellow region, the DS with viable
response values (Shaikh et al., 2017) (Waghule et al., 2022).

From our point of view, creating a DS at all scales is important since it helps to gain
insight into process behavior, ensure consistent product quality and risk management, optimize

process parameters and ensure regulatory compliance.

4.6 Control Strategy

In order to guarantee the consistency in product quality, the control strategy is defined
by ICH Q10 as “a planned set of controls, derived from current product and process
understanding that ensures process performance and product quality. The controls can include
parameters and attributes related to drug substance and drug product materials and components,
facility and equipment operating conditions, in-process controls, finished product
specifications, and the associated methods and frequency of monitoring and control” (ICH Q10,
2008). As a dynamic element of QbD, a control strategy must start after the product
development phase is completed and, unlike a DS, can evolve and change over time, so it is
conceptualized in a meaningful way to enable continuous improvement across the whole

product development cycle (Beg et al., 2019a) (Beg et al., 2019b).



Table 2: Typical Input Critical Material Attributes (CMAs), Critical Process Parameters (CPPs), and Critical Quality Attributes (CQAs) (by order of prevalence) of
Pharmaceutical Unit Operations

Type of nanoparticle/Delivery

CQA

S QAs CMA/CPP

Lipid-based Nanoparticles PS, EE, ZP, PDI, QR, Yie'ld, Stability, Uni- prug amount, lipid amount, phospholipid/cholesterol, stirring rate,
lamellarity Mean dissolution time internal phase/external phase, and surfactant amount.

PS, EE, ZP, PDL DR, Yield, RE and PVA Drug amount, polymer amount, polymer MW, surfactant amount,

Polymeric Nanoparticles aqueous phase/organic phase, drug/polymer, sonication time,

residual Y N . LT
homogenization time and emulsification time.
Inorganic Nanoparticles PS, PDI Precursors pH and amount of calcium and molar concentration
Others PS, PDI, ZP, EE and DL GMO concentration, surfactant concentration and PEG concentration

CMAs (critical material attributes), CPPs (critical process parameters), CQAs (critical quality attributes), DL (drug loading), DR (drug release), EE (entrapment
efficiency), GMO (glyceryl monooleate) MW (molecular weight), PEG (polyethylene glycol), PDI (polydispersity index), PS (particle size), RE (recovery efficiency),
ZP (zeta potential).



ICH Q8 (R2)
ICH Q9
ICH QI0

Product Quality

Figure 2 ICH Q8, ICH Q9 and ICH Q10 are pharmaceutical guidelines that were created to ensure the quality of pharmaceutical products and therefore the
product quality. Product quality can be obtained by using the Quality by Design (QbD) approach, which has the following elements: QTPP (Quality Target
Product Profile), CQAs (Critical Quality Attributes), CMAs (Critical Material Attributes), CPPs (Critical Process Parameters) and DoE (Design of Experiments),
which are used to obtain a DS (Design Space). Control strategy ensures the process control and product quality. .
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Table 3: Potential Quality Attributes (QAs) to consider in the formulation development of nanoparticle-based dosage forms for parenteral administration.

Quality Attributes Justification References
(QAs)
The physical and chemical stability in lipid nanoparticle formulations must be monitored to meet the criteria for good (Rapalli et al., 2019)
product practice (Fan et al., 2021)
Stabilit The nanoparticle stability describes preservation of nanoparticle-based dosage forms qualities, such as composition, (Phan and Haes, 2019)
Y shape, size, and surface chemistry (Peltonen, 2018b)
. . .. . . . (Taha et al., 2020)
In nanoparticle-based dosage forms for intravenous administration, nanoparticles that have been shown to be stable in
aqueous suspensions may behave differently in physiological fluids
Drug release kinetics is an important feature of the formulation and a quality control one (Fan et al., 2021)
It has an essential role in the determination of the pharmacological effect (DSouza, 2014)
Drug Release (DR)

Its prediction of in vivo release by using in vitro methods and in vitro-in vivo correlation (IVIVC), are essential in
preclinical development and will serve as the basis for evaluation of drug formulations and regulatory approvals

DR (drug release), IVIVC (in vitro-in vivo correlation)



Table 4: Selected literature case studies on Design of Experiments (DoE)-based optimization of nanotechnology-based systems for parenteral administration of drugs with disclosure
of experimental design for each study and a focus on the effect of several Critical Process Parameters (CPPs) and Critical Material Attributes (CMAs) on Critical Quality Attributes

(CQAs).

Nanoparticle-

based dosage form

Lipid-Based
Nanoparticles

Experimental design with
supporting bibliographic
references

BBD (Wang et al., 2019)
(Anwar et al., 2016) (Mahtab
et al., 2019) (Aboud et al.,
2022) FrFD (Merlo-Mas et
al., 2021) FFD (Ammar et
al., 2018) (Mendes et al.,
2020) (Aman et al., 2018)
(Ishak et al., 2017) (Dhawan
etal., 2022) CCD (Yadav et
al., 2015) (Barbalata et al.,
2022) D-OD (Malvajerd et
al., 2019)

DoE Outputs with supporting bibliographic references

Longer homogenization time decreased PS but a negative effect of it on the stability of NP may occur (Wang et al., 2019)

Effect of biological drug amount on PS and aggregation of NP, lipid amount’s influence on PS, stability of NP, and
pegylation improved stability and circulation time (Merlo-Mas et al., 2021)

Both the effect of surfactant and its ratio with cholesterol had a significant effect on PS (Ammar et al., 2018)

Optimized NP were supported on low amount of solid lipid, high amount of surfactant and both ultrasonication and high-
pressure homogenization methods (Mendes et al., 2020)

All the independent variables except sucrose mono palmitate had positive effect on EE and interactions among independent
variables was found to be relevant (Aman et al., 2018)

PS and EE decreased as surfactant amount, HPH pressure and HPH cycles increased (Anwar et al., 2016)

Liposomal formulations were successfully developed with low PS and PDI, and high EE and improved DR characteristics
(Mabhtab et al., 2019)

Interaction between drug amount and stirring rate was found to have influence on PS while EE was affected by stirring rate
(Yadav et al., 2015)

PS and EE of NP were optimized, and the cost, time and number of experiments was reduced (Malvajerd et al., 2019)

Development of an optimal formulation that meets the QTPP and most critical factors were PL, SIM, and drug amount
(Barbalata et al., 2022)

Optimum NP exhibited small PS no aggregation behavior and prolonged in vitro release profile (Aboud et al., 2022)

NP were developed using the desirability function and the optimized CPP were employed for replacing Tween® 80 with
other PEG-SAA, TPGS, and Solutol® (Ishak et al., 2017)

Phospholipid/cholesterol ratio, targeting ligand and drug amount were found the most critical factors on the PS, EE, ZP and
stability of NP (Dhawan et al., 2022)



Polymeric
Nanoparticles

FFD (Joseph et al., 2018)
(Jose et al., 2019) (Sahin et
al., 2017) (Bhatt et al., 2021)
(Villa Nova et al., 2015)
(Esim et al., 2020) (Németh
et al., 2022) (Elsewedy et al.,
2020) BBD (Dewangan et
al., 2018) (Shaikh et al.,
2017) (Mittal et al., 2019)
(Mollaeva et al., 2021)
(Lorenzoni et al., 2019)
SLMD (Jeswani et al.,
2021), TRD (Rafiei and
Haddadi, 2019), FrFD
(Ahmed et al., 2016)
(Narayanan et al., 2014)
(Bhatt et al., 2021) CCD
(Villa Nova et al., 2015)

The FrFD determined cholesterol, phosphatidylcholine, and SA/DCP molar ratios for liposomes with characteristics
satisfying the formulation requisites. The polynomials describing the effects on the ZP were calculated and the prepared
liposomes exhibited adequate ZP for stable formulations (Németh et al., 2022)

Higher amount of PLGA and aqueous/organic ratio decreased the PS, and interaction found between PLGA and PVA
(Dewangan et al., 2018)
Effect of polymer and surfactant amount rather on PS than on EE (Joseph et al., 2018)

Effect of zein, drug amount and stabilizer on PS, ZP and DR and interaction between zein and drug amount was relevant
(Ahmed et al., 2016)

PS and EE decreased as aqueous phase/organic phase ratio and sonication time increased (Jose et al., 2019)

Sub200 nm NP with narrow size distribution and a negative ZP were optimized using BBD to select CMAs such as PLGA
and oil/water ratio and CPP sonication time (Shaikh et al., 2017)

PLGA amount and higher volume of organic phase were the CMAs most affecting PS (Sahin et al., 2017)

No significant effect of homogenization speed and internal phase/eternal phase ratio on PS was found but the design was
useful in analyzing interactions among independent variables (Narayanan et al., 2014)

Both the PS and EE decreased as the aqueous phase/organic phase ratio increased; PS and EE increased as the polymer
amount and volume of aqueous phase increased (Bhatt et al., 2021)

Effect of surfactant and PLGA-PEG on PS and EE, respectively, and upon CCD the EE increased from 66 to 83%. (Villa
Nova et al., 2015)

Taguchi robust method was used for optimization of PLGA nanoparticles loaded with docetaxel and type of PLGA and
nanoparticle preparation method were the factors that significantly influence nanoparticle-important characteristics (Rafiei
and Haddadi, 2019)

NP with a PS less than 220 nm, cumulative drug release greater than 50% at 15 days, and percent hemolysis less than 10%
were developed upon simplex lattice mixture design of experiment to study the influence of formulation polymers with
focus on polymer (Jeswani et al., 2021)

Homogenization speed and surfactant ratio were the main factors influencing PS and PDI and did not seem to depend on the
PCL ratio (Esim et al., 2020)

Increased polymer amount increased EE up to a certain amount of organic solvent and a sufficient high surfactant was
required to form NP with adequate PDI and EE (Mittal et al., 2019)

Positive and negative effect of o/w ratio and PLGA and surfactant amount, respectively, on EE and interaction among
factors was found to be relevant (Mollaeva et al., 2021)



PLGA NPs were developed using a modified solvent evaporation technique and confirmed that PLGA and surfactant
concentration play greater roles in determining NPs characteristics for intravenous administration (Elsewedy et al., 2020)

PEG-PLGA-NPs and the individual and combinatory effects of the emulsification time, the method used for the
nanoparticle preparation and the temperature of the aqueous phase was successfully evaluated on the PS,EE, efficacy of
nanoparticle recovery, residual PVA and ZP (Lorenzoni et al., 2019)

Inorganic BBD (Pandey et al., 2018) Higher pH and calcium amount decreased PS and increased ZP (Pandey et al., 2018)
Nanoparticles
Others BBD (Waghule et al., 2022)  Positive and negative effect of lipid and surfactant amount, respectively, and PDI was mostly dependent of PEG and

surfactant amount (Waghule et al., 2022)

BBD (box—behnken design), CCD (central composite design), CMAs (critical material attributes), CPPs (critical process parameters), CQAs (critical quality attributes), D-OD (D-optimal
design), DR (drug release), EE (entrapment efficiency), FrFD (fractional factorial design), FFD (full factorial design), HPH (high-pressure homogenizer), NP(s) (nanoparticle(s)), PCL

(polycaprolactone), PDI (polydispersity index), PEG-SAA (PEG—based surface-active agents), PLGA (poly-D,L-lactide-co-glycolide), PS (particle size), PVA (polyvinyl alcohol), QTPP
(quality target product profile), SA/DCP (stearylamine/dicetyl phosphate), TPGS (d—a—tocopherol polyethylene glycol 1000 succinate) and ZP (zeta potential)



5. PAT framework applications in nanotechnology-based products

During the last two decades, the regulatory and industrial operators in pharmaceutical
area have recognized the urgent need to improve the quality of pharmaceutical manufacturing
processes by engaging the Process Analytical Technologies (PAT) throughout the
manufacturing chains of pharmaceutical products (FDA, 2004) (Rathore et al.,, 2010).
Utilization of PAT in all the processes improves the continuous real-time process control, which
assures the high quality of the end-product. PAT also increases the level of process
understanding and, hence, typically fastens the process development step. PAT concept is
readily connected with QbD approach, where qualified production is ensured by systemic
approach based on the thorough product and process understanding combined with relevant
process control systems (Ferreira and Tobyn, 2014). For PAT, it is important to recognize the
vital product-quality attributes, CQAs and identify the critical variables, CPPs and CMAs
affecting the determined CQAs. Further, the analytical methods determining CQAs, CPPs and
CMAss should be found, and the analytical information should be available in such a timeframe
that real-time decisions and changes to the process can be made.

In pharmaceutical research, PAT concept has been studied during the last couple of
decades, and for example in fluid bed granulation it has been utilized in modeling, control, and
as an endpoint detection tool (Burggraeve et al., 2013), or in freeze-drying of parenterals for
the controlling of the freezing and drying parameters, as well as the end-product properties like
residual water level (Sharma et al., 2021) (Patel and Pikal, 2009) (Read et al., 2009). In
biotherapeutics, in-line or near-line probes have been utilized in process control for parameters
like temperature, pressure, redox potential, pH, gas phase and dissolved gas, etc.
(Maruthamuthu et al., 2020). For nanoformulations its utilization has just recently started
(Nanopat, 2023) (PAT4nano, 2023). The challenge here is that thermodynamical principles are
not valid with nanosized materials and their physical properties like solubility etc. are size
related. With nanomaterials the reliable PS, size deviation and shape information are the most
important properties for production of high-quality nanosystems. But, due to the nanoscale the
applied analytical techniques also differ from normal bulk materials.

As mentioned above, the most important properties of nanoparticle-based dosage forms
are PS and size deviation (EMA, 2021). Also, according to the European Pharmacopoeia,
parenteral preparations for injections, which contains dispersed particles (the case with
nanosystems), PS should be controlled in the manufacturing, so that it is suitable for intended
use. However, while various drug nanosystems have been studied a lot during the last decades,
the risk of failure is still considerably high when translating research to a marketed product.

Accordingly, there are more and more interest on precise control of quality attributes during the



manufacturing process, and international bodies like EU have raised the interest to fund PAT
research in nanosystems. For example, EU-funded NanoPAT project (Nanopat, 2023)
(PAT4nano, 2023) is studying three new analytical real-time techniques, Photon Density Wave
spectroscopy (PDW), Optofluidic Force Induction (OF2i) and Turbidity Spectrometry (TUS)
in PAT applications for nanosystems. Besides, the real time analysis of nanoparticles during
the process requires further new data analysis methods.

Nanoparticle-based dosage forms sizing for process control purposes has been
performed traditionally by Dynamic Light Scattering (DLS) techniques, which is challenging
technique in PAT application. This is due to the fact that dispersion turbidities are often too
high in process environment, flow or mixing disturbs the measurement and the measurement
time frame is not suitable for PAT purposes. Besseling et al. (Besseling et al., 2019) developed
NanoFlowSizer (NFS), which utilizes Fourier Domain Low-Coherence Interferometry
(FDLCI) in particle sizing. In this technique, LCI illuminates the sample by low coherence
light. Backscattered light and light split from the source interfere with a certain optical path
length, and Fourier analysis enables almost instantaneous path length analysis. Measurements
are done with microseconds intervals. The technique was tested for different kind of
nanodispersions to validate the technique. Even highly turbid nanodispersions, which were not
suitable for traditional DLS equipment, were measured successfully with the technique.
However, some limitations were found. High flow lowered the accuracy of the technique for
large particles. Besides, the size range was limited by the spectral acquisition rate, and with the
used system, the lower limit was 15nm. The upper limit was several micrometers.

When thinking of PAT framework applications in nanoparticle-based dosage forms,
certain process control measurements, e.g., moisture determination, temperature measurement,
for nanomaterials do not differ from those used for macroscale particles and formulations.
However, the small PS of nanomaterials poses great deal of limitations to use existing PAT
techniques for their characterization, especially for the measurement of size and size
distribution. Likewise, some of the used PAT techniques such as Near Infrared (NIR) for

concentration can’t be used as the wavelength exceeds the PS of nanoparticles.

6. View on Continuous Manufacturing (CM) for Nanoparticles

CM is a modernization to conventional pharmaceutical batch-wise manufacture with the
aim of coupling the different manufacturing unit operations together instead of performing them
separately one by one. The key benefits, highlighted several times in review articles,
commentaries and original articles, include shorter lead time in manufacturing, smaller

equipment footprint, flexibility with batch sizes, reduced waste and enhanced control over the



process (Lee et al., 2015) (Rantanen and Khinast, 2015) (Nasr et al., 2016) (Badman et al.,
2019) (Fisher et al., 2022). One clear benefit from the perspective of patient is the enhanced
quality of manufacture that can eliminate certain drug shortages that in the past have resulted
due to issues with the manufacturing processes (Lee et al., 2015) (Fisher et al., 2022). If initially
the drug manufacturers were at the forefront to drive this development, the regulatory bodies
have also expressed their endorsement for the positive development (FDA, 2023). Furthermore,
there now exists also an ICH guideline for instructing the viewpoint of the marketing approval
givers on what needs to be proven different/additional to that previously with batch processes
(ICH Q13, 2021). The processes can be fully continuous, or some unit operations are operated
in continuous mode and some in batch. Furthermore, the process can comprise both drug
substance and drug product manufacture in one end to end process, or CM can be applied to
only one part of the process, e.g., manufacture of final dosage form. Equipment design as well
as raw material characteristics and requirements can be different from previous batch processes
due to the altered manufacturing process. With CM processes some steps, such as purification,
might become obsolete, if e.g., certain impurities are not created in the process anymore. This
with the abovementioned shorter lead times and smaller processes can lead to substantial
process intensification.

PAT tools are usually exploited in development and process control in the context of
CM (Lee et al., 2015) (Rantanen and Khinast, 2015) (ICH Q13, 2021) (De Beer et al., 2011). It
could be argued that the full potential of PAT, especially as the continuous process control, can
be fully exploited when it comes to CM processes (Rathore et al., 2010). The development and
transition of CM processes has gone already a long way for oral solid dosage forms. One
additional feature, when it comes to designing continuous processes for parenteral products, is
the requirement of sterility (EMA, 2023). This needs to be considered when implementing the
new equipment trains in GMP manufacture. Possibility for terminal sterilization, or
alternatively aseptic process and sterile filtration are required. However, it needs to be pointed
out that even if the final terminal sterilization would be done as batch process for the whole
batch, converting the preceding manufacture into continuous mode most probably still provides
clear benefits for the overall manufacturing process.

CM of nanoparticle-based dosage forms for parenteral administration utilizes
microfluidics in majority of cases. The technique has also been used for the manufacture of
BioNTech-Pfizer Covid-19 vaccine Comirnaty® (Sealy, 2021). To the best of our knowledge,
this is the first commercialized nanotechnology product produced with a continuous process.
The concept of microfluidics is not entirely new anymore and several well written reviews on

the basic principles exist already, such as those by Colombo et al (Colombo et al., 2018), Liu



et al (Liu et al., 2022), Osouli-Bostanabad et al (Osouli-Bostanabad et al., 2022) and Shepherd
et al (Shepherd et al., 2021). In general, microfluidics exploits flow inside small
tubing/capillaries that have inner diameter less than or equal to 1000um. In ultimate case, the
volumes are in only picolitre scale but depending on the source can range to microliters/min.
However, in some of the more recent articles, authors have described their systems as
microfluidics even though the flow rates have been clearly on mL/min scale (Chiesa et al.,
2022) (Desai et al., 2021) (Nag et al., 2022).

Due to the greatly reduced geometries and flow rates, the flow patterns are considered
to be laminar, and the flow resistance is minimal (Colombo et al., 2018) (Liu et al., 2022)
(Osouli-Bostanabad et al., 2022) (Shepherd et al., 2021). The major benefits are better control
over the system, fast mixing, short reaction kinetics, possibility of parallelization of the
individual small volume process flows and coupling of sequential processing steps. It has also
been argued that CM for this type of flow manufacturing provides larger process enhancement
potential than oral solid form manufacturing, where CM has been a hot topic for at least a
decade (Colombo et al., 2018). Likewise, the coupling of the QbD paradigm into these
processes can provide the most meaningful outcomes due to enhanced process understanding
and controllability of the process. To scale up the very small-scale manufacturing to commercial
volumes, parallelization can be utilized. This was also the case to produce the Comirnaty®
vaccine. This chapter now focuses on some of the case studies of microfluidics from recent
years.

Some of the recent NP systems manufactured with microfluidics include lipid-based
nanoparticles (Desai et al., 2021) (Nag et al.,, 2022) (Dimov et al., 2017), polymeric
nanoparticles (Chiesa et al., 2022) (Desai et al., 2021) (Operti et al., 2022), block copolymer
micelles (Bresseleers et al., 2019) and metallic NPs (Desai et al., 2021). The flow rates in the
system in these studies ranged from 1 mL/min up to 50 mL/min (without parallelization), so it
can be argued that these systems are not purely microfluidic systems but could be described as
millifluidic. Nevertheless, they seem to employ the same principles and benefits as previously
described for pure microfluidic systems. In essence, all the different microfluidic systems can
be described as precipitation methods where two or more phases (containing the starting
materials) are mixed to form the nanoparticles. The type of the system regarding the mixing of
the phases and some other downstream processing steps, however, were different.

Desai et al (Desai et al., 2021) used a self-designed microfluidic cartridge in two
different sizes employing fluidic traps to create chaotic mixing. They manufactured different
types of NPs with their system, i.e., liposomes, PLGA particles and zinc oxide and iron oxide

NPs. Chiesa et al (Chiesa et al., 2022) used somewhat similar approach and utilized microfluidic



cartridge that bases the mixing of phases on passive staggered Herringbone Mixer, which is a
common mixing tool in microfluidic systems. They produced PLGA nanoparticles and tested
loading them with curcumin as model API. Same staggered Herringbone type mixer was also
used by Dimov et al (Dimov et al., 2017) for microfluidic production of liposomes. In this study,
as well as in the one by Desai et al, the possibility for scaling up through parallelization was
highlighted. Nag et al (Nag et al., 2022) as well as Operti et al (Operti et al., 2022) used an
approach to combine microfluidics with sonication at the end to control the PS of the resulting
NPs. Nag et al produced lipid NPs containing mRNA Covid-19 vaccine and Operti et al PLGA
NPs containing ritonavir or celecoxib. In these studies, the sterility requirement of parenteral
NPs was also considered. Nag et al employed sterile filtration and Operti et al considered
sterilization but also replacement of piping between different products. In the study of
Bresseleers et al (Bresseleers et al., 2019), a rather simple T-mixer was used for the production
of docetaxel-loaded block copolymer micelles. This system was also regarded as scalable one
that could potentially be transferred into GMP level manufacture. Although the microfluidic
systems are usually precipitation (i.e., bottom-up) techniques, there is also the possibility for a
top-down technique to decrease PS into nanoscale using high pressure homogenization by z-
shape interaction chamber that creates high shear forces that break particles into smaller ones
(Choi et al., 2020).

One alternative design to microfluidic systems is Coaxial Jet mixer (CJM). In this design
the mixing of the phases and nanoparticle precipitation takes place when a jet is formed as the
non-aqueous phase is jetted into the aqueous phase (Costa et al., 2016) (Sheybanifard et al.,
2022). In these two studies, liposomes with well controlled and robust PS were produced. Same
production process was used by Gupta et al (Gupta et al., 2020) to produce block co-polymer
micelles containing curcumin as model API. They also compared the quality to corresponding
batch process, showing enhanced NP quality with the continuous process. Similar approach
was also used by Bovone et al (Bovone et al., 2019) to produce variety of block copolymer NPs
and finally a polymeric nanoparticle gel for administration by injection. In all the studies, it was
demonstrated how the NP size was able to be controlled through process parameters in a stable
manner, highlighting the control over the continuous system and ability for reaching desired
quality, 1.e., promoting the QbD paradigm.

Another example of continuous biomanufacturing was described for continuous in vitro
transcription of mRNA of Comirnaty® vaccine and packing into lipid-based nanoparticles
(Schmidt et al., 2022) (Hengelbrock et al., 2023). In these studies, a slug flow system was

utilized for the generation of flexible batch sizes ranging from 1000 to 10 million doses. This



eliminates scale-up issues as the amount of mRNA needed to produce can be controlled by the
size of the slugs generated into the continuous flow of immiscible phase.

Experimental designs were used in all these studies, and results clearly show that
essentially in all cases the particle (or in vitro transcription) characteristics could be fine-tuned
and controlled through right processing conditions. This underlines the statement by the
exceptional potential of CM for microfluidic systems to enhance process quality (Colombo et
al., 2018). Furthermore, this was proven here for all these continuous systems, microfluidic or
not. An often-stated hurdle for commercial implementation of NP production process has been
batch-to-batch variation in batch processes. The studies presented here have all addressed this
challenge by the robust and controllable NP quality.

Alternatively, Hot-Melt Extrusion (HME) (Patil et al., 2014) or HME coupled with high
pressure homogenization (Khairnar et al., 2022) can also be used for continuous manufacture
of NPs. Although perhaps usually seen more as a manufacturing means for oral solid dosage
forms, HME could be used to produce NPs with parenteral administration as long as the sterility
requirements are met. The product would in this case be solid NPs that would need to be
suspended with a suitable vehicle before administration. However, the stability of liquid
formulations is not always sufficient (at least without freeze storage) and solid nanoparticles or
drying for storage might need to be considered. Continuous drying techniques do exist such as
spin freeze drying, continuous freeze drying of suspended vials or more advanced drying
technique called PRINT® that utilizes micromolding (Sharma et al., 2021). One can of course

not disregard conventional option of spray drying (Schiller et al., 2020).

7. Conclusion

Intravenous administration is the most commonly used parenteral route for the delivery
of nanoparticle-based dosage forms. The application of QbD in pharmaceutical manufacturing
has become an essential approach for the pharmaceutical industry to ensure the efficacy and
safety of pharmaceutical products, and its implementation in manufacturing is important
because, as with any dosage form, it must meet quality parameters to be therapeutically
effective and safe.

Without the implementation of QbD, the production of nanoparticle-based dosage forms
will take more time to achieve quality and will therefore eventually be more expensive.
However, the QbD approach has not been widely used in their development, and compared to
conventional dosage forms, it is more challenging because size, charge, and aggregation are

important quality attributes to consider. The implementation of QbD in these dosage forms is



essential to ensure the properties of the final product and the intended therapeutic and safety
profiles.

With the goal of developing a safe and effective treatment and possible cure and
considering its high market value, the most studied drugs and consequently the most studied
disease in the implementation of QbD into nanoparticle-based dosage forms is cancer.

Lipid-based and polymeric nanoparticles are the most studied nanoparticle systems, and
BBD is the most widely applied DoE. The CQAs PS, PDI, EE and ZP were the most commonly
used, although others are less common and should receive more attention for various reasons,
such as stability and DR, as shown in Table 3. Given its importance, the QTPP, an important
but often neglected QbD element, has been established in very few published works on the
parenteral route, and it should appear more often. Choosing the most appropriate DoE for any
formulation depends on several factors, but BBD’s advantages of avoiding extreme values of
the factors and requiring fewer runs than a FFD or a CCD can be determinant. The largest part
of the designs are optimizations, which can be explained by these designs having a higher
variety of factor values expressed in a wide range. There are still a few nanoparticle-based
dosage forms for disclosing design spaces, and this can be explained by the minor role of QbD
in drug product development overall. Nevertheless, a benefit of space planning and design to
increase human resource efficiency by understanding the unique needs of the intervenient in
each role is still a challenge.

The concepts of PAT and CM are fully aligned with the QbD approach and vice versa.
The synergy of these three paradigms together enhances the product and process understanding
during pharmaceutical development, and ultimately the product quality.

The number of papers on other routes of administration such as oral administration is
greater than that on parenteral administration. Therefore, research focused on parenteral
administration routes seeking more specific CQA is needed, as closer collaboration among
academic researchers, industry, and regulators is needed to overcome challenges and
uncertainties and to decrease barriers in the regulatory approval of nanoparticle-based dosage

forms developed using QbD.



8. References

Aboud, H.M., Hussein, A.K., Zayan, A.Z., Makram, T.S., Sarhan, M.O., El-Sharawy, D.M.,
2022. Tailoring of Selenium-Plated Novasomes for Fine-Tuning Pharmacokinetic and
Tumor Uptake of Quercetin: In Vitro Optimization and In Vivo Radiobiodistribution
Assessment in  Ehrlich  Tumor-Bearing Mice. Pharmaceutics 14, 875.
https://doi.org/10.3390/pharmaceutics 14040875

Adepu, S., Ramakrishna, S., 2021. Controlled drug delivery systems: Current status and future
directions. Molecules 26, 5905. https://doi.org/10.3390/molecules26195905

Ahmed, O.A.A., Zidan, A.S., Khayat, M., 2016. Mechanistic analysis of zein
nanoparticles/PLGA triblock in situ forming implants for glimepiride. Int J Nanomed 11,
543-555. https://doi.org/10.2147/1JN.S99731

Aman, R.M., Abu Hashim, LI, Meshali, M.M., 2018. Novel chitosan-based solid-lipid
nanoparticles to enhance the bioresidence of the miraculous phytochemical “Apocynin.”
European J Pharm Sci 124, 304-318. https://doi.org/10.1016/j.ejps.2018.09.001

Ammar, H.O., Ibrahim, M., Mahmoud, A.A., Shamma, R.N., El Hoffy, N.M., 2018. Nonionic
Surfactant Based In Situ Forming Vesicles as Controlled Parenteral Delivery Systems.
AAPS PharmSciTech 19, 1001-1010. https://doi.org/10.1208/s12249-017-0897-8

Anwar, M., Akhter, S., Mallick, N., Mohapatra, S., Zafar, S., Rizvi, M.M.A., Ali, A., Ahmad,
F.J.,2016. Enhanced antitumor efficacy of paclitaxel with PEGylated lipidic nanocapsules
in presence of curcumin and poloxamer: In vitro and in vivo studies. Pharmacol Res 113,
146—165. https://doi.org/10.1016/;.phrs.2016.08.025

Aulton, M.E., Taylor, K.M., 2018. Aulton’s Pharmaceutics: The Design and Manufacture of
Medicines, 5th ed. Elsevier Health Sciences.

Badman, C., Cooney, C.L., Florence, A., Konstantinov, K., Krumme, M., Mascia, S., Nasr, M.,
Trout, B.L., 2019. Why we need continuous pharmaceutical manufacturing and how to
make it happen. J Pharm Sci 108, 3521-3523. https://doi.org/10.1016/j.xphs.2019.07.016

Barbalata, C.1., Porfire, A.S., Casian, T., Muntean, D., Rus, 1., Tertis, M., Cristea, C., Pop, A.,
Cherfan, J., Loghin, F., Tomuta, 1., 2022. The Use of the QbD Approach to Optimize the
Co-Loading of Simvastatin and Doxorubicin in Liposomes for a Synergistic Anticancer
Effect. Pharmaceuticals 15, 1211. https://doi.org/10.3390/ph15101211

Beg, S., Hasnain, M.S., Rahman, M., Swain, S., 2019a. Introduction to Quality by Design
(QbD): Fundamentals, Principles, and Applications, in: Pharmaceutical Quality by
Design: Principles and Applications. Elsevier, pp. 1-17. https://doi.org/10.1016/B978-0-
12-815799-2.00001-0



Beg, S., Rahman, M., Kohli, K., 2019b. Quality-by-design approach as a systematic tool for the
development of nanopharmaceutical products. Drug Discov Today 24, 717-725.
https://doi.org/10.1016/j.drudis.2018.12.002

Beg, S., Swain, S., Rahman, M., Hasnain, M.S., Imam, S.S., 2019c. Application of Design of
Experiments (DoE) in Pharmaceutical Product and Process Optimization, in:
Pharmaceutical Quality by Design: Principles and Applications. Elsevier, pp. 43—64.
https://doi.org/10.1016/B978-0-12-815799-2.00003-4

Besseling, R., Damen, M., Wijgergangs, J., Hermes, M., Wynia, G., Gerich, A., 2019. New
unique PAT method and instrument for real-time inline size characterization of
concentrated, flowing nanosuspensions. Eur J Pharm Sci 133, 205-213.
https://doi.org/10.1016/}.ejps.2019.03.024

Bhatt, K., Patil, P., Jani, P., Thakkar, P., Sawant, K., 2021. Design and evaluation of hyaluronic
acid-coated PLGA nanoparticles of raloxifene hydrochloride for treatment of breast
cancer. Drug Dev Ind Pharm 47, 2013-2024.
https://doi.org/10.1080/03639045.2022.2088784

Bhattacharjee, S., 2016. DLS and zeta potential - What they are and what they are not? J Control
Rel 235, 337-351. https://doi.org/10.1016/j.jconrel.2016.06.017

Bovone, G., Steiner, F., Guzzi, E.A., Tibbitt, M.W., 2019. Automated and Continuous
Production of Polymeric  Nanoparticles. Front Bioeng Biotechnol 7.
https://doi.org/10.3389/fbioe.2019.00423

Bresseleers, J., Bagheri, M., Storm, G., Metselaar, J.M., Hennink, W.E., Meeuwissen, S.A.,
Van Hest, J.C.M., 2019. Scale-Up of the Manufacturing Process to Produce Docetaxel-
Loaded mPEG- b-p(HPMA-Bz) Block Copolymer Micelles for Pharmaceutical
Applications. Org Process Res Dev 23, 2707-2715.
https://doi.org/10.1021/acs.oprd.9b00387

Burggraeve, A., Monteyne, T., Vervaet, C., Remon, J.P., Beer, T. De, 2013. Process analytical
tools for monitoring, understanding, and control of pharmaceutical fluidized bed
granulation: A review. Eur J Pharm Biopharm 83, 2-15.
https://doi.org/10.1016/j.ejpb.2012.09.008

Carraro, T.C.M.M., Khalil, N.M., Mainardes, R.M., 2016. Amphotericin B-loaded polymeric
nanoparticles: Formulation optimization by factorial design. Pharm Dev Technol 21, 140—
146. https://doi.org/10.3109/10837450.2014.979942

Chiesa, E., Bellotti, M., Caimi, A., Conti, B., Dorati, R., Conti, M., Genta, I., Auricchio, F.,

2022. Development and optimization of microfluidic assisted manufacturing process to



produce PLGA nanoparticles. Int J Pharm 629, 122450.
https://doi.org/10.1016/j.ijpharm.2022.122368

Choi, C.H., Kwak, Y., Malhotra, R., Chang, C.H., 2020. Microfluidics for two-dimensional
nanosheets: A mini review. Processes 8, 1067. https://doi.org/10.3390/pr8091067

Colombo, S., Beck-Broichsitter, M., Botker, J.P., Malmsten, M., Rantanen, J., Bohr, A., 2018.
Transforming nanomedicine manufacturing toward Quality by Design and microfluidics.
Adv Drug Deliv Rev 128, 115-131. https://doi.org/10.1016/j.addr.2018.04.004

Costa, A.P., Xu, X., Khan, M.A., Burgess, D.J., 2016. Liposome Formation Using a Coaxial
Turbulent Jet in Co-Flow. Pharm Res 33, 404—416. https://doi.org/10.1007/s11095-015-
1798-8

Cyriac, J.M., James, E., 2014. Switch over from intravenous to oral therapy: A concise
overview. J Pharmacol Pharmacother 5, 83-87. https://doi.org/10.4103/0976-
500X.130042

Danaei, M., Dehghankhold, M., Ataei, S., Hasanzadeh Davarani, F., Javanmard, R., Dokhani,
A., Khorasani, S., Mozafari, M.R., 2018. Impact of particle size and polydispersity index
on the clinical applications of lipidic nanocarrier systems. Pharmaceutics 10, 57.
https://doi.org/10.3390/pharmaceutics 10020057

Dangat, S., Patel, D., Kuchekar, A., 2021. Design Space by Design of Experiments. J Pharm
Res Int 33, 7-18. https://doi.org/10.9734/jpri/2021/v33i44a32584

De Beer, T., Burggraeve, A., Fonteyne, M., Saerens, L., Remon, J.P., Vervaet, C., 2011. Near
infrared and Raman spectroscopy for the in-process monitoring of pharmaceutical
production processes. Int J Pharm 417, 32-47.
https://doi.org/10.1016/j.ijpharm.2010.12.012

Desai, D., Guerrero, Y.A., Balachandran, V., Morton, A., Lyon, L., Larkin, B., Solomon, D.E.,
2021. Towards a microfluidics platform for the continuous manufacture of organic and
inorganic nanoparticles. Nanomedicine 35, 102402.
https://doi.org/10.1016/j.nan0.2021.102402

Dewangan, H.K., Pandey, T., Maurya, L., Singh, S., 2018. Rational design and evaluation of
HBsAg polymeric nanoparticles as antigen delivery carriers. Int J Biol Macromol 111,
804-812. https://doi.org/10.1016/j.ijbiomac.2018.01.073

Dhawan, V., Lokras, A., Joshi, G., Marwah, M., Venkatraman, M., Mohanty, B., Darshan, K.,
Chaudhari, P., Warawdekar, U., Saraf, M., Nagarsenker, M., 2022. Polysaccharide and
monosaccharide guided liver delivery of Sorafenib Tosylate — A nano-strategic approach
and comparative assessment of hepatospecificity. Int J Pharm 625, 122039.
https://doi.org/10.1016/j.ijpharm.2022.122039



Dimov, N., Kastner, E., Hussain, M., Perrie, Y., Szita, N., 2017. Formation and purification of
tailored liposomes for drug delivery using a module-based micro continuous-flow system.
Sci Rep 7, 12045. https://doi.org/10.1038/s41598-017-11533-1

D’Souza, S., 2014. A Review of In Vitro Drug Release Test Methods for Nano-Sized Dosage
Forms . Advances in Pharmaceutics 2014, 1-12. https://doi.org/10.1155/2014/304757

Elsayed, A., AlI-Remawi, M., Jaber, N., Abu-Salah, K.M., 2023. Advances in buccal and oral
delivery of insulin. Int J Pharm 633, 122623.
https://doi.org/10.1016/j.ijpharm.2023.122623

Elsewedy, H.S., Dhubiab, B.E.A., Mahdy, M.A., Elnahas, H.M., 2020. Development,
optimization, and evaluation of PEGylated brucine-loaded PLGA nanoparticles. Drug
Deliv 27, 1134-1146. https://doi.org/10.1080/10717544.2020.1797237

EMA, 2023. Parenteral Preparations, in: European Pharmacopoeia . pp. 988-989.

EMA, 2021. Assessment report Comirnaty Common name: COVID-19 mRNA vaccine
(nucleoside-modified). URL  https://www.ema.europa.eu/en/documents/assessment-
report/comirnaty-epar-public-assessment-report_en.pdf (accessed February 7, 2023).

Esim, O., Bakirhan, N.K., Yildirim, N., Sarper, M., Savaser, A., Ozkan, S.A., Ozkan, Y., 2020.
Development, optimization and in vitro evaluation of oxaliplatin loaded nanoparticles in
non-small cell lung cancer 28, 673—-684. https://doi.org/10.1007/s40199-020-00374-5

Fan, Y., Marioli, M., Zhang, K., 2021. Analytical characterization of liposomes and other lipid
nanoparticles for drug delivery. J Pharm Biomed Anal 192, 113642.
https://doi.org/10.1016/j.jpba.2020.113642

FDA, 2023. FDA statement on FDA’s modern approach to advanced pharmaceutical

manufacturing . URL https://www.fda.gov/news-events/press-announcements/fda-
statement-fdas-modern-approach-advanced-pharmaceutical-manufacturing (accessed
March 7, 2023).

FDA, 2018. Liposome Drug Products . URL

http://www.tda.gov/Drugs/GuidanceComplianceRegulatorylnformation/Guidances/defau
It.htm (accessed April 7, 2023).

FDA, 2004. PHARMACEUTICAL CGMPS FOR THE 21 ST CENTURY-A RISK-BASED
APPROACH FINAL REPORT . URL https://www.fda.gov/media/77391/download
(accessed February 7, 2023).

Ferreira, A.P., Tobyn, M., 2014. Multivariate analysis in the pharmaceutical industry: Enabling
process understanding and improvement in the PAT and QbD era. Pharm Dev Technol 20,

513-527. https://doi.org/10.3109/10837450.2014.898656



Fisher, A.C., Liu, W., Schick, A., Ramanadham, M., Chatterjee, S., Brykman, R., Lee, S.L.,
Kozlowski, S., Boam, A.B., Tsinontides, S.C., Kopcha, M., 2022. An audit of
pharmaceutical continuous manufacturing regulatory submissions and outcomes in the
US. Int J Pharm 622, 121778. https://doi.org/10.1016/j.ijpharm.2022.121778

Ghosh, S., Mondal, L., Chakraborty, S., Mukherjee, B., 2017. Early Stage HIV Management
and Reduction of Stavudine-Induced Hepatotoxicity in Rats by Experimentally Developed
Biodegradable Nanoparticles. AAPS PharmSciTech 18, 697-709.
https://doi.org/10.1208/s12249-016-0539-6

Grangeia, H.B., Silva, C., Simdes, S.P., Reis, M.S., 2020. Quality by design in pharmaceutical
manufacturing: A systematic review of current status, challenges and future perspectives.
Eur J Pharm Biopharm 147, 19-37. https://doi.org/10.1016/j.ejpb.2019.12.007

Gupta, A., Costa, A.P., Xu, X., Lee, S.L., Cruz, C.N., Bao, Q., Burgess, D.J., 2020. Formulation
and characterization of curcumin loaded polymeric micelles produced via continuous
processing. Int J Pharm 583, 119340. https://doi.org/10.1016/j.ijpharm.2020.119340

Hengelbrock, A., Schmidt, A., Helgers, H., Vetter, F.L., Strube, J., 2023. Scalable mRNA
Machine for Regulatory Approval of Variable Scale between 1000 Clinical Doses to 10
Million Manufacturing Scale Doses. Processes 11, 745.
https://doi.org/10.3390/pr11030745

Hibbert, D.B., 2012. Experimental design in chromatography: A tutorial review. J Chromatogr
B Analyt Technol Biomed Life Sci 910, 2-13.
https://doi.org/10.1016/j.jchromb.2012.01.020

INTERNATIONAL CONFERENCE ON HARMONIZATION, 2021. ICH Q13 . Continuous
manufacturing  of  drug substances and drug  products . URL
https://www.ema.europa.eu/en/documents/scientific-guideline/ich-guideline-q13-
continuous-manufacturing-drug-substances-drug-products-step-5_en.pdf (accessed
March 7, 2023).

INTERNATIONAL CONFERENCE ON HARMONIZATION, 2009. ICH Q8 (R2) .
Pharmaceutical development . URL https://www.ema.europa.eu/en/documents/scientific-
guideline/international-conference-harmonisation-technical-requirements-registration-
pharmaceuticals-human-use _en-11.pdf (accessed April 15, 2023).

INTERNATIONAL CONFERENCE ON HARMONIZATION, 2008. ICH Q10
Pharmaceutical quality system. URL
https://www.ema.europa.eu/en/documents/scientific-guideline/international-conference-
harmonisation-technical-requirements-registration-pharmaceuticals-human_en.pdf

(accessed April 15, 2023).



INTERNATIONAL CONFERENCE ON HARMONIZATION, 2006. ICH Q9 . Quality Risk
management . URL https://www.ema.europa.eu/en/documents/scientific-
guideline/international-conference-harmonisation-technical-requirements-registration-
pharmaceuticals-human-use en-3.pdf (accessed April 15, 2023).

Ishak, R.A.H., Mostafa, N.M., Kamel, A.O., 2017. Stealth lipid polymer hybrid nanoparticles
loaded with rutin for effective brain delivery — comparative study with the gold standard
(Tween 80): Optimization, characterization and biodistribution. Drug Deliv 24, 1874—
1890. https://doi.org/10.1080/10717544.2017.1410263

Jeswani, G., Chablani, L., Gupta, U., Sahoo, R.K., Nakhate, K.T., Ajazuddin, 2021.
Development and optimization of paclitaxel loaded Eudragit/PLGA nanoparticles by
simplex lattice mixture design: Exploration of improved hemocompatibility and in vivo
kinetics. Biomed Pharmacother 144, 112286.
https://doi.org//10.1016/j.biopha.2021.112286

Jindal, A.B., Bhide, A.R., Salave, S., Rana, D., Benival, D., 2023. Long-acting parenteral drug
delivery systems for the treatment of chronic diseases. Adv Drug Deliv Rev 198.
https://doi.org/10.1016/j.addr.2023.114862

Jose, S., Cinu, T.A., Sebastian, R., Shoja, M.H., Aleykutty, N.A., Durazzo, A., Lucarini, M.,
Santini, A., Souto, E.B., 2019. Transferrin-conjugated Docetaxel-PLGA nanoparticles for
tumor targeting: Influence on MCF-7 cell cycle. Polymers (Basel) 11, 1905.
https://doi.org/10.3390/polym11111905

Joseph, E., Reddi, S., Rinwa, V., Balwani, G., Saha, R., 2018. DoE based Olanzapine loaded
poly-caprolactone nanoparticles decreases extrapyramidal effects in rodent model. Int J
Pharm 541, 198-205. https://doi.org/10.1016/j.ijpharm.2018.02.010

Khairnar, S. V., Pagare, P., Thakre, A., Nambiar, A.R., Junnuthula, V., Abraham, M.C., Kolimi,
P., Nyavanandi, D., Dyawanapelly, S., 2022. Review on the Scale-Up Methods for the
Preparation of Solid Lipid Nanoparticles. = Pharmaceutics 14,  1886.
https://doi.org/10.3390/pharmaceutics14091886

Kolate, A., Kore, G., Lesimple, P., Baradia, D., Patil, S., Hanrahan, J.W., Misra, A., 2015.
Polymer assisted entrapment of netilmicin in PLGA nanoparticles for sustained
antibacterial activity. J Microencapsul 32, 61-74.
https://doi.org/10.3109/02652048.2014.944951

Lalani, J., Patil, S., Kolate, A., Lalani, R., Misra, A., 2015. Protein-Functionalized PLGA
Nanoparticles of Lamotrigine for Neuropathic Pain Management. AAPS PharmSciTech
16, 413-427. https://doi.org/10.1208/s12249-014-0235-3



Lee, S.L., O’Connor, T.F., Yang, X., Cruz, C.N., Chatterjee, S., Madurawe, R.D., Moore,
C.M.V., Yu, L.X., Woodcock, J., 2015. Modernizing Pharmaceutical Manufacturing: from
Batch to  Continuous  Production. J Pharm  Innov 10, 191-199.
https://doi.org/10.1007/s12247-015-9215-8

Liu, Y., Yang, G., Hui, Y., Ranaweera, S., Zhao, C.X., 2022. Microfluidic Nanoparticles for
Drug Delivery. Small 18, 2106580. https://doi.org/10.1002/smll.202106580

Lorenzoni, D., Souto, C.A.Z., Araujo, M.B., de Souza Berger, C., da Silva, L.C.D., Baratti,
M.O., Ribeiro, J.N., Endringer, D.C., Guimaraes, M.C.C., da Silva, A.R., 2019. PLGA-
PEG nanoparticles containing gallium phthalocyanine: Preparation, optimization and
analysis of its photodynamic efficiency on red blood cell and Hepa-1C1C7. J Photochem
Photobiol B 198, 111582. https://doi.org/10.1016/j.jphotobiol.2019.111582

Lou, H., Feng, M., Hageman, M.J., 2022. Advanced Formulations/Drug Delivery Systems for
Subcutaneous Delivery of Protein-Based Biotherapeutics. J Pharm Sci 111, 2968-2982.
https://doi.org/10.1016/j.xphs.2022.08.036

Luo, X., Yang, L., Cui, Y., 2023. Microneedles: materials, fabrication, and biomedical
applications. Biomed Microdevices 25. https://doi.org/10.1007/s10544-023-00658-y

Lv, Y., He, H., Qi, J., Lu, Y., Zhao, W., Dong, X., Wu, W., 2018. Visual validation of the
measurement of entrapment efficiency of drug nanocarriers. Int J Pharm 547, 395-403.
https://doi.org/10.1016/j.ijpharm.2018.06.025

Mahtab, A., Rizwanullah, M., Pandey, S., Leekha, A., Rabbani, S.A., Verma, A K., Aqil, M.,
Talegaonkar, S., 2019. Quality by design driven development and optimization of
teriflunomide loaded nanoliposomes for treatment of rheumatoid arthritis: An in vitro and
in vivo assessments. J Drug Deliv Sci  Technol 51, 383-396.
https://doi.org/10.1016/;.jddst.2019.03.008

Malvajerd, S.S., Azadi, A., Izadi, Z., Kurd, M., Dara, T., Dibaei, M., Sharif Zadeh, M., Akbari
Javar, H., Hamidi, M., 2019. Brain Delivery of Curcumin Using Solid Lipid Nanoparticles
and Nanostructured Lipid Carriers: Preparation, Optimization, and Pharmacokinetic
Evaluation. ACS Chem Neurosci 10, 728-739.
https://doi.org/10.1021/acschemneuro.8b00510

Manzon, D., Claeys-Bruno, M., Declomesnil, S., Carité, C., Sergent, M., 2020. Quality by
Design: Comparison of Design Space construction methods in the case of Design of
Experiments. = Chemometrics and  Intelligent  Laboratory = Systems  200.

https://doi.org/10.1016/j.chemolab.2020.104002



Martins, C.F., Garcia-Astrain, C., Conde, J., Liz-Marzan, L.M., 2024. Nanocomposite hydrogel
microneedles: a theranostic toolbox for personalized medicine. Drug Deliv Transl Res.
https://doi.org/10.1007/s13346-024-01533-w

Maruthamuthu, M.K., Rudge, S.R., Ardekani, A.M., Ladisch, M.R., Verma, M.S., 2020.
Process Analytical Technologies and Data Analytics for the Manufacture of Monoclonal
Antibodies. Trends Biotechnol 38, 1169-1186.
https://doi.org/10.1016/j.tibtech.2020.07.004

Mendes, M., Basso, J., Silva, J., Cova, T., Sousa, J., Pais, A., Vitorino, C., 2020. Biomimeting
ultra-small lipid nanoconstructs for glioblastoma treatment: A computationally guided
experimental approach. Int J Pharm 587, 119661.
https://doi.org/10.1016/j.1jpharm.2020.119661

Merlo-Mas, J., Tomsen-Melero, J., Corchero, J.L., Gonzalez-Mira, E., Font, A., Pedersen, J.N.,
Garcia-Aranda, N., Cristobal-Lecina, E., Alcaina-Hernando, M., Mendoza, R., Garcia-
Fruités, E., Lizarraga, T., Resch, S., Schimpel, C., Falk, A., Pulido, D., Royo, M.,
Schwartz, S., Abasolo, 1., Pedersen, J.S., Danino, D., Soldevila, A., Veciana, J., Sala, S.,
Ventosa, N., Cordoba, A., 2021. Application of Quality by Design to the robust preparation
of a liposomal GLA formulation by DELOS-susp method. J Supercrit Fluids 173, 105204.
https://doi.org/10.1016/j.supflu.2021.105204

Mfoafo, K., Omidi, Y., Omidian, H., 2023. Thermoresponsive mucoadhesive hybrid gels in
advanced drug delivery systems. Int J Pharm 636.
https://doi.org/10.1016/j.ijpharm.2023.122799

Mittal, P., Vardhan, H., Ajmal, G., Bonde, G.V., Kapoor, R., Mittal, A., Mishra, B., 2019.
Formulation, optimization, hemocompatibility and pharmacokinetic evaluation of PLGA
nanoparticles containing paclitaxel. Drug Dev Ind Pharm 45, 365-378.
https://doi.org/10.1080/03639045.2018.1542706

Mollaeva, M.R., Yabbarov, N., Sokol, M., Chirkina, M., Mollaev, M.D., Zabolotskii, A.,
Seregina, 1., Bolshov, M., Kaplun, A., Nikolskaya, E., 2021. Optimization,
characterization and pharmacokinetic study of meso-tetraphenylporphyrin metal
complex-loaded  plga  nanoparticles. Int J Mol Seci 22, 12261.
https://doi.org/10.3390/ijms222212261

Nag, K., Sarker, M.E.H., Kumar, S., Khan, H., Chakraborty, S., Islam, M.J., Baray, J.C., Khan,
M.R., Mahmud, A., Barman, U., Bhuiya, E.H., Mohiuddin, M., Sultana, N., 2022. DoE-
derived continuous and robust process for manufacturing of pharmaceutical-grade wide-
range LNPs for RNA-vaccine/drug  delivery. Sci  Rep 12, 9394.
https://doi.org/10.1038/s41598-022-12100-z



Nanopat, 2023. Nanopat . URL https://www.nanopat.eu/ (accessed July 2, 2023).

Narayanan, K., Subrahmanyam, V.M., Venkata Rao, J., 2014. A fractional factorial design to
study the effect of process variables on the preparation of hyaluronidase loaded PLGA
nanoparticles. Enzyme Res 2014, 162962. https://doi.org/10.1155/2014/162962

Nasr, M.M., Krumme, M., Matsuda, Y., Bernhardt, L.T., Badman, C., Mascia, S., Cooney, C.L.,
Jensen, K.D., Florence, A., Johnston, C., Konstantinov, K., Lee, S.L., 2016. Regulatory
perspectives on continuous pharmaceutical manufacturing: Moving from theory to
practice. J Pharm Sci 106, 3199-3206. https://doi.org/10.1016/j.xphs.2017.06.015

Nema, S., Ludwig, J.D., 2019. Parenteral Medications, 4th ed. Taylor and Francis Group .
https://doi.org/10.1201/9780429201400

Németh, Z., Csoka, 1., Semnani Jazani, R., Sipos, B., Haspel, H., Kozma, G., Kénya, Z., Dobo,
D.G., 2022. Quality by Design-Driven Zeta Potential Optimisation Study of Liposomes
with  Charge Imparting Membrane Additives. Pharmaceutics 14, 1798.
https://doi.org/10.3390/pharmaceutics14091798

Ogston-Tuck, S., 2014. Intramuscular injection technique: an evidence-based approach.
Nursing Standard 29, 52—59. https://doi.org/10.7748/1ns.29.4.52.e9183

Operti, M.C., Bernhardt, A., Sincari, V., Jager, E., Grimm, S., Engel, A., Hruby, M., Figdor,
C.G., Tagit, O., 2022. Industrial Scale Manufacturing and Downstream Processing of
PLGA-Based Nanomedicines Suitable for Fully Continuous Operation. Pharmaceutics 14,
276. https://doi.org/10.3390/pharmaceutics 14020276

Osouli-Bostanabad, K., Puliga, S., Serrano, D.R., Bucchi, A., Halbert, G., Lalatsa, A., 2022.
Microfluidic Manufacture of Lipid-Based Nanomedicines. Pharmaceutics 14, 1940.
https://doi.org/10.3390/pharmaceutics 14091940

Pandey, S., Kumar, V., Leekha, A., Rai, N., Ahmad, F.J., Verma, A K., Talegaonkar, S., 2018.
Co-Delivery of Teriflunomide and Methotrexate from Hydroxyapatite Nanoparticles for
the Treatment of Rheumatoid Arthritis: In Vitro Characterization, Pharmacodynamic and
Biochemical Investigations. Pharm Res 35, 201. https://doi.org/10.1007/s11095-018-
2478-2

Park, H., Otte, A., Park, K., 2022. Evolution of drug delivery systems: From 1950 to 2020 and
beyond. J Control Rel 342, 53—65. https://doi.org/10.1016/j.jconrel.2021.12.030

PAT4nano, 2023. PAT4nano . URL https://patdnano.com/ (accessed July 2, 2023).

Patel, S.M., Pikal, M., 2009. Process Analytical Technologies (PAT) in freeze-drying of
parenteral products PAT in freeze-drying of parenteral products. Pharm Dev Technol 14,
567-587. https://doi.org/10.3109/10837450903295116



Patil, H., Kulkarni, V., Majumdar, S., Repka, M.A., 2014. Continuous manufacturing of solid
lipid nanoparticles by hot melt extrusion. Int J Pharm 471, 153-156.
https://doi.org/10.1016/j.1jpharm.2014.05.024

Peltonen, L., 2018a. Design space and QbD approach for production of drug nanocrystals by
wet media milling techniques. Pharmaceutics 10.
https://doi.org/10.3390/pharmaceutics10030104

Peltonen, L., 2018b. Practical guidelines for the characterization and quality control of pure
drug nanoparticles and nano-cocrystals in the pharmaceutical industry. Adv Drug Deliv
Rev 131, 101-115. https://doi.org/10.1016/j.addr.2018.06.009

Phan, H.T., Haes, A.J., 2019. What Does Nanoparticle Stability Mean? HHS Public Access. J
Phys Chem C Nanomater Interfaces 123, 16495-16507. https://doi.org/10.1021/acs.jpcc

Pozharov, V.P., Minko, T., 2023. Nanotechnology-Based RNA Vaccines: Fundamentals,
Advantages and Challenges. Pharmaceutics 15, 194.
https://doi.org/10.3390/pharmaceutics15010194

Priya, S., Singhvi, G., 2022. Microneedles-based drug delivery strategies: A breakthrough
approach for the management of pain. Biomed Pharmacother 155.
https://doi.org/10.1016/j.biopha.2022.113717

Rafiei, P., Haddadi, A., 2019. A robust systematic design: Optimization and preparation of
polymeric nanoparticles of PLGA for docetaxel intravenous delivery. Mat Sci Eng C 104,
109950. https://doi.org/10.1016/;.msec.2019.109950

Rama, B., Ribeiro, A.J., 2023. Role of nanotechnology in the prolonged release of drugs by the
subcutaneous route. Expert Opin Drug Deliv 20, 559-577.
https://doi.org/10.1080/17425247.2023.2214362

Rantanen, J., Khinast, J., 2015. The Future of Pharmaceutical Manufacturing Sciences. J Pharm
Sci 104, 3612—-3638. https://doi.org/10.1002/jps.24594

Rapalli, V.K., Khosa, A., Singhvi, G., Girdhar, V., Jain, R., Dubey, S.K., 2019. Application of
QbD Principles in Nanocarrier-Based Drug Delivery Systems, in: Pharmaceutical Quality
by  Design: Principles and  Applications. Elsevier, pp- 255-296.
https://doi.org/10.1016/B978-0-12-815799-2.00014-9

Rathore, A.S., Bhambure, R., Ghare, V., 2010. Process analytical technology (PAT) for
biopharmaceutical products. Anal Bioanal Chem 398, 137-154.
https://doi.org/10.1007/s00216-010-3781-x

Read, E.K., Shah, R.B., Riley, B.S., Park, J.T., Brorson, K.A., Rathore, A.S., 2009. Process
Analytical Technology (PAT) for biopharmaceutical products: Part II. Concepts and
applications. Biotechnol Bioeng 105, 285-295. https://doi.org/10.1002/bit.22529



Sahin, A., Esendagli, G., Yerlikaya, F., Caban-Toktas, S., Yoyen-Ermis, D., Horzum, U., Aktas,
Y., Khan, M., Couvreur, P., Capan, Y., 2017. A small variation in average particle size of
PLGA nanoparticles prepared by nanoprecipitation leads to considerable change in
nanoparticles’ characteristics and efficacy of intracellular delivery. Artif Cells Nanomed
Biotechnol 45, 1657-1664. https://doi.org/10.1080/21691401.2016.1276924

Sangshetti, J.N., Deshpande, M., Zaheer, Z., Shinde, D.B., Arote, R., 2017. Quality by design
approach: Regulatory need. Arab J Chem 10, 3412-3425.
https://doi.org/10.1016/j.arabjc.2014.01.025

Schiller, S., Hanefeld, A., Schneider, M., Lehr, C.M., 2020. Towards a Continuous
Manufacturing Process of Protein-Loaded Polymeric Nanoparticle Powders. AAPS
PharmSciTech 21, 269. https://doi.org/10.1208/s12249-020-01814-w

Schmidt, A., Helgers, H., Vetter, F.L., Zobel-Roos, S., Hengelbrock, A., Strube, J., 2022.
Process Automation and Control Strategy by Quality-by-Design in Total Continuous
mRNA Manufacturing Platforms. Processes 10, 1783. https://doi.org/10.3390/pr10091783

Sealy, A., 2021. Manufacturing moonshot: How Pfizer makes its millions of Covid-19 vaccine
doses . CNN Health . URL https://edition.cnn.com/2021/03/3 1/health/pfizer-vaccine-
manufacturing/index.html (accessed May 19,2023).

Shah, R., Eldridge, D., Palombo, E., Harding, 1., 2014. Optimisation and Stability Assessment
of Solid Lipid Nanoparticles using Particle Size and Zeta Potential. J Phys Sci 25, 59-75.

Shaikh, M.V., Kala, M., Nivsarkar, M., 2017. Formulation and optimization of doxorubicin
loaded polymeric nanoparticles using Box-Behnken design: ex-vivo stability and in-vitro
activity. Eur J Pharm Sci 100, 262-272. https://doi.org/10.1016/j.ejps.2017.01.026

Sharma, A., Khamar, D., Cullen, S., Hayden, A., Hughes, H., 2021. Innovative Drying
Technologies  for  Biopharmaceuticals. Int J  Pharm 609, 121115.
https://doi.org/10.1016/j.ijpharm.2021.121115

Shepherd, S.J., Issadore, D., Mitchell, M.J., 2021. Microfluidic formulation of nanoparticles for
biomedical applications. Biomaterials 274, 120826.
https://doi.org/10.1016/j.biomaterials.2021.120826

Sheybanifard, M., Guerzoni, L.P.B., Omidinia-Anarkoli, A., Laporte, L. de, Buyel, J.,
Besseling, R., Damen, M., Gerich, A., Lammers, T., Metselaar, J.M., 2022. Liposome
manufacturing under continuous flow conditions: towards a fully integrated set-up with
in-line control of critical quality attributes. Lab on a Chip 23, 182-19%4.
https://doi.org/10.1039/D2LC00463 A



Sparre, T., Hammershoy, L., Steensgaard, D.B., Sturis, J., Vikkelsee, P., Azzarello, A., 2023.
Factors Affecting Performance of Insulin Pen Injector Technology: A Narrative Review.
J Diabetes Sci Technol 17, 290-301. https://doi.org/10.1177/19322968221145201

Starlin Chellathurai, M., Mahmood, S., Mohamed Sofian, Z., Wan Hee, C., Sundarapandian,
R., Ahamed, H.N., Kandasamy, C.S., Hilles, A.R., Hashim, N.M., Janakiraman, A.K.,
2024. Biodegradable polymeric insulin microneedles—a design and materials perspective
review. Drug Deliv 31. https://doi.org/10.1080/10717544.2023.2296350

Taha, M.S., Padmakumar, S., Singh, A., Amiji, M.M., 2020. Critical quality attributes in the
development of therapeutic nanomedicines toward clinical translation. Drug Deliv Transl
Res 10, 766—790. https://doi.org/10.1007/s13346-020-00744-1

Talegaonkar, S., Bhattacharyya, A., 2019. Potential of Lipid Nanoparticles (SLNs and NLCs)
in Enhancing Oral Bioavailability of Drugs with Poor Intestinal Permeability. AAPS
PharmSciTech 20, 121. https://doi.org/10.1208/s12249-019-1337-8

Usach, 1., Martinez, R., Festini, T., 2019. Subcutaneous Injection of Drugs: Literature Review
of Factors Influencing Pain Sensation at the Injection Site. Adv Ther 36, 2986—2996.
https://doi.org/10.6084/m9.figshare.9861800

Villa Nova, M., Janas, C., Schmidt, M., Ulshoefer, T., Grife, S., Schiffmann, S., De Bruin, N.,
Wiehe, A., Albrecht, V., Parnham, M.J., Bruschi, M.L., Wacker, M.G., 2015. Nanocarriers
for photodynamic therapy - Rational formulation design and medium-scale manufacture.
Int J Pharm 491, 250-260. https://doi.org/10.1016/j.ijpharm.2015.06.024

Waghule, T., Laxmi Swetha, K., Roy, A., Narayan Saha, R., Singhvi, G., 2022. Quality by
design assisted optimization of temozolomide loaded PEGylated lyotropic liquid crystals:
Investigating various formulation and process variables along with in-vitro
characterization. J Mol Liq 352. https://doi.org/10.1016/j.molliq.2022.118724

Wang, J., Li, Y., Nie, G., 2021. Multifunctional biomolecule nanostructures for cancer therapy.
Nat Rev Mater 6, 766—783. https://doi.org/10.1038/s41578-021-00315-x

Wang, L., Wang, C.Y., Zhang, Y., Fu, H.J., Gao, Y., Zhang, K.R., 2019. Preparation and
characterization of solid lipid nanoparticles loaded with salmon calcitonin phospholipid
complex. J Drug Deliv Sci Technol 52, 838-845.
https://doi.org/10.1016/j.jddst.2019.05.045

WHO, 2010. WHO best practices for injections and related procedures toolkit . URL
https://www.who.int/publications/i/item/9789241599252 (accessed January 26, 2024).

Yadav, D.K., Pawar, H., Wankhade, S., Suresh, S., 2015. Development of Novel Docetaxel
Phospholipid Nanoparticles for Intravenous Administration: Quality by Design Approach.
AAPS PharmSciTech 16, 855-864. https://doi.org/10.1208/s12249-014-0274-9



Yerlikaya, F., Ozgen, A., Vural, 1., Guven, O., Karaagaoglu, E., Khan, M.A., Capan, Y., 2013.
Development and evaluation of paclitaxel nanoparticles using a quality-by-design
approach. J Pharm Sci 102, 3748-3761. https://doi.org/10.1002/jps.23686

Yu, L.X., Amidon, G., Khan, M.A., Hoag, S.W., Polli, J., Raju, G.K., Woodcock, J., 2014.
Understanding pharmaceutical quality by design. AAPS J 16, 771-783.
https://doi.org/https://doi.org/10.1208/s12248-014-9598-3

Zhang, J., Xie, Z., Zhang, N., Zhong, J., 2017. Nanosuspension drug delivery system:
preparation, characterization, postproduction processing, dosage form, and application, in:
Nanostructures for Drug Delivery. pp. 413—443. https://doi.org/10.1016/B978-0-323-
46143-6/00013-0



