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A B S T R A C T

Quality by design (QbD) has become an inevitable trend because of its benefits for product quality and process
understanding. Trials have been conducted using QbD in nanosystems' optimization. This paper reviews the ap-
plication of QbD for processing nanosystems and summarizes the application procedure. It provides prospective
guidelines for future investigations that apply QbD to nanosystem manufacturing processes. Employing the QbD
concept in this way is a novel area in nanosystem quality.

1. Introduction

Nanosystems are defined as vehicles with particle sizes of
10–100 nm, which compounds can be dissolved in, encapsulated in, or
attached to for delivery [1]. With the ongoing development of this field,
the definition has been extended when vesicles with one or more char-
acteristic dimensions of up to 300 nm have been incorporated into the
system [2]. Nanosystems have been developed continuously for more
than 60 years. The first polymer-drug conjugate was synthesized in the
1950s [3]. And in 1964, the lecithin-cholesterol liposome was prepared,
and its structure was observed by electron microscope [4]. In the 1970s,
nanoparticles began to be synthesized and applied to the study of phys-
iological activity [5,6]. Since then, different nanostructures have been
studied, including nanoemulsions, nanoemulsions, nanomicelles, nan-
otubes and so forth.

Nanosystems have been subdivided into four categories according
to function. The first type aims to enhance solubility and permeabil-
ity in drug delivery. Moreover, nanosystems can entrap more than one
compound simultaneously and achieve combined drug delivery. For
example, Meng et al. encapsulated resveratrol and paclitaxel together
in liposomes to reverse multidrug resistance in vivo [7]. The second
category involves targeted delivery that aims to permeate physiolog-
ical barriers (e.g. the blood-brain barrier), decrease toxicity, and in-
crease efficacy, especially in curing cancer and brain diseases. Nanos-
tructures are decorated with the ligands of receptors or antibodies of
molecules overexpressed in focal sites, and the specific combination
of ligands with their receptors promotes targeted delivery. Such dec-
orations include folate [8], iron oxide [9], protein transferrin [10],
and the antibodies of specific molecules. The third type is designed
to achieve intra-and subcellular delivery and

prevent nanosystems from being captured by immune cells [2]. Polyeth-
ylene glycol (PEG) and its derivatives are grafted onto the surface of the
nanoparticles, avoiding clearance by the immune system and prolong-
ing blood circulation time [11]. The fourth category involves intelligent
nanosystems which are responsive to specific microenvironments and
achieve targeted compound delivery [12]. These include low-pH trig-
gered nanosystems in responding to acid environments in tumor sites
[13], thermoresponsive delivery systems for the heat-sensitive proper-
ties of tumor [14], and redox-responsive systems for different redox po-
tentials in extra- and intracellular spaces [15]. An individual nanofor-
mulation usually represents a combination of the four above mentioned
categories, not a single type. For example, Ngernyuang et al. formulated
Au nanoparticles loaded with 5-fluorouracil and decorated with folic
acid as the targeting agent and PEG as the protective material [16].

Apart from decorating nanosystems, the controls in their
physico-chemical properties also significantly improve their efficacy and
decrease toxicity. These characteristics include particle size, polydisper-
sity index (PDI), surface charge (in the form of zeta potential), and
encapsulation efficiency (EE%). The enhanced permeability and reten-
tion (EPR) effect demonstrates that particle size plays a major role
in particle accumulation through passive transport into tumor sites
and inflammatory sites; this is because the sizes of capillary fenes-
trae in such sites are crucial factors [2]. The uniformity of nanomate-
rial size is emphasized because of its technological importance; also,
a narrow size distribution ensures drug encapsulation uniformity [1]
as well as nanoformulation stability and capability [17,18]. Surface
charge affects the activities of nanoformulations. For example, nanopar-
ticles' surface charges influence cellular uptake efficiency and their
internalization into intracellular compartments [19]. Surface charge
has also been found to govern electrolyte transport in carbon

⁎ Corresponding author at: Beijing University of Chinese Medicine, 100102, China
Email address: wzs@bucm.edu.cn (Z. Wu)

http://dx.doi.org/10.1016/j.jconrel.2017.04.019
Received 20 January 2017; Received in revised form 11 April 2017; Accepted 11 April 2017
Available online xxx
0168-3659/ © 2016 Published by Elsevier Ltd.

Review article



UN
CO

RR
EC

TE
D

PR
OO

F

J. Li et al. Journal of Controlled Release xxx (2017) xxx-xxx

nanotubes and influence magnitude [20]. Regarding encapsulation effi-
ciency, entrapping sufficient drugs in a nanocarrier is a major barrier in
the nanosystems' development [11]. Precision in the amount of thera-
peutic agents in nanoformulations is essential for their efficacy and se-
curity.

Following several decades of development, some nanotechnology-
based products (e.g. Doxil, a liposome dosage; Abraxane, a nanoparti-
cle dosage; and Estrasorb, nanomicelle dosage [2]) were approved for
clinical use. Currently, however, there are still many hurdles imped-
ing the industrial production and clinical translation of nanoformula-
tions. First, the factors that influence the physico-chemical character-
istics of nanoformulations are not fully identified or their specific ef-
fects are not clearly illustrated. Second, problems still exist regarding
particle size variability, low encapsulation efficiency, unsuitable sur-
face charge and inhomogeneous shapes etc. These challenges limit in-
dustrial production, which must meet the reproducibility requirements
and quality standards of the Good Manufacturing Practice (GMP) guide-
lines [21]. Third, the synthesis procedures for some formulations are far
from simple, scalable, or cost-effective [11]. In particular, it's difficult to
achieve a clinically meaningful manufacturing process for ligand-coated
nanoformulations [21]. To overcome these obstacles, Formulation de-
signs and processes need to be optimized through methods that are more
scientific and systematic.

The concept of quality by design (QbD) was introduced in chemical
manufacturing control in 2004. It has since gained increasing attention
because of its expected benefits, as Janet Woodcock described it, for a
maximally efficient, agile, and flexible pharmaceutical manufacturing
sector that reliably produces high-quality drug products without exten-
sive regulatory oversight [22]. In the ICH Q8 guideline, QbD is defined
as a systematic approach to development that begins with predefined
objectives and emphasizes product and process understanding, as well
as process control, based on sound science and quality risk management
[23].

Implementing QbD involves in identifying a quality target product
profile (QTPP), critical quality attributes (CQAs), and critical process
parameters (CPPs). It is based on risk identification, defining the design
space after executing the design of experiment (DoE) and risk analy-
sis. A control strategy is applied during the whole process to ensure
that products have a consistent and predefined quality [24]. QTPP is
a prospective summary of the ideal quality characteristics of a drug
product that will be achieved to ensure the desired quality, taking into
account the safety and efficacy of the product; CQAs are the physi-
cal, chemical, biological, or microbiological characteristics of drug sub-
stances, excipients, intermediates (in-process materials) and products
that should be within an appropriate limit, range, or distribution to en-
sure the desired product quality. Finally, CPPs are variable process pa-
rameters that affect CQAs and thus should be monitored or controlled
to ensure the desired quality [23].

QTPP, CQAs and CPPs are usually identified using risk assessment
tools, such as risk filtering, fishbone diagrams, and FMEA [25], as well
as previous experience and knowledge gained from the literature [26].
When conducting risk analysis, analysis of variance (ANOVA) and mul-
tiple linear regression are generally applied to analyze the experimental
results. ANOVA is used to determine the significance of each factor and
the factor interactions while multiple linear regression is used to obtain
the equation of the variables [27].

The design space is the multidimensional combination and interac-
tion of this input variables (e.g., material attributes) and process para-
meters that have been shown to assure quality. Working within the de-
sign space is not considered a change. Moving out of the design space is
considered a change that would normally initiate a regulatory approval
change process [23].

Control strategy is 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 attrib-
utes related to the drug substances, drug product materials and com-
ponents, facility and equipment operating conditions, in-process con-
trols, finished product specifications, and the associated methods and
frequency of monitoring and control [23]. Process analytical technology
(PAT) is a significant tool for measuring these parameters and attributes
timely [22]. Widely used PAT tools include near-infrared spectroscopy
[28], infrared [29] and Raman spectroscopy [30], 2-D fluorescence

spectroscopy [31], UV spectroscopy [32], real-time imaging [33] and
mass spectrometry [34].

Pharmaceutical QbD has brought increasing benefits for pharmaceu-
tical companies, administrative departments and patients. For pharma-
ceutical plants, design space optimization, PAT application and con-
trol strategies ensure product quality and facilitate quality monitoring,
in-process materials to the final products. Enhanced product stability
decreases the amount of rejected products and reduces costs. For pa-
tients, robust pharmaceutical products increase efficacy and minimize
side effects. Meanwhile, it makes it easier for governments to implement
management, regulation, and supervision in the research, development,
manufacturing, storage and clinical use of drugs.

Process development for nanosystems is still in its early stages and
applying QbD in this process is beneficial and necessary. The major
barriers in the manufacture and clinical application of nanosystems in-
clude the destabilization of structures and an incomplete understanding
of manufacturing processes. The QbD concept emphasizes understand-
ing of products and processes, and aimsto controll product quality in ac-
cordance with standards. Applying QbD in the formulation design and
manufacturing of nanosystems is encouraging and promising.

2. Nanosystems uing QbD

2.1. Nanoliosomes using QbD

A nanoliposome is a vehicle that is composed of a lipid bilayer, from
natural or synthesized phospholipids, encapsulating an aqueous phase
[35]. The structure is shown in Fig. 1.

Based on particle size, number of bilayers and preparation methods,
a liposome can be divided into two types: unilamellar vesicle (ULV),
multilamellar vesicle (MLV). A ULV is composed of a single phospho-
lipid bilayer sphere while a MLV is composed of numerous concentric
phospholipid bilayers with an “onion” structure [36]. A ULV can be sub-
divided into two categories: small unilamellar vesicles (SUV), which are
size less than 100 nm, and large unilamellar vesicles (LUV), which are
larger than 100 nm [37].

The methods for preparing nanoliposomes include: the thin film
evaporation method [36], reverse-phase evaporation method [38], sol-
vent injection method [21], detergent depletion method [37], and su-
percritical fluid method [39]. Since it's easy to prepare MLVs, SUVs and
LUVs are usually attained through the conversion of MLVs. Conversion
methods include French press, sonication, homogenization and mem-
brane extrusion [40].

Fig. 1. Structure of nano-liposome.
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In exploring the application of QbD for nanoformulations, both mi-
crochemicals and macrocompounds have been investigated. In micro-
molecules, both hydrophilic and hydrophobic drugs have been consid-
ered as model drugs for improving their permeability or solubility. For
macromolecules, proteins and RNA have been studied to enhance their
stability and efficacy by being encapsulated in liposomes. Conventional
optimization methods (e.g., the one-factor-at-a-time method), overlook
the interaction of factors and possibly miss the best-optimized formula-
tion [41]. DoE uses systematic experiments to evaluate the influences of
all variables and their interactions; it achieves the maximal process un-
derstanding through minimal experiments and defines the design space
[42].

2.1.1. Micromolecules in nanoliposomes using QbD
Hydrophilic drugs are linked to the hydrophilic parts of liposomes to

enhance their permeability and bioavailability. Investigated drugs have
included: doxorubicin [43], melittin [44], gemcitabine [45] and so on.
Zhou et al. prepared the gefitinib liposome without considering the in-
teractions of variables [46]. Costa optimized the process for freeze-thaw
cycling while preparing the tenofovir liposome but without producing
the design space [47].

Xu et al. applied the QbD concept in developing a liposome loaded
with tenofovir using modified thin film hydration method to improve
its absorption. To achieve enhanced intracellular transport and target-
ing, the particle liposome size and drug EE% were identified as CQAs
[48]. A Plackett–Burman screening study was employed to screen the
key variables influencing the EE%. The design space of EE% was defined
based on selected variables, drug concentration and lipid concentration
by using central composite design [49]. Pandey et al. prepared chitosan
coated nanoliposomes containing tramadol using modified ethanol in-
jection method based on QbD. They evaluated the effects of the vari-
ables on particle size, encapsulation efficiency, and coating efficiency.
The results showed the suitability and robustness of the optimized de-
sign space for the formulation [50].

A hydrophobic drug with low solubility in aqueous solution, a short
circulation time in the blood and limited absorption in the form of a free
drug could improve its bioavailability by being entrapped in the lipid
core of a liposome. Widely investigated lipophilic drugs have included
benzocaine [51], curcumin [52], paclitaxel [53], cisplatin [54], Rho-
damine B [55], quercetin and temozolomide [56]. Gharib et al. prepared
a cyclodextrin liposome incorporating anethole based on conventional
experimental methodology; however, the experiments did not consider
the effects of the interactions of variables [57].

Some studies have applied QbD to prepare liposome loaded with hy-
drophobic drugs. Osama entrapped glimepiride (GMD) in liposome films
(prepared using the phase evaporation/melting method) to enhance wa-
ter solubility and gastrointestinal compliance. The defined CQAs were li-
posomal vesicular size, GMD entrapment capacity (GMD EC), and GMD
release. Potential high-risk variables were divided into two groups. One
group was the GMD-loaded liposome factors, including the concentra-
tions of phosphatidylinositol and cholesterol, as well as drug and pH of
the hydration medium. The other was the transdermal film factors, in-
cluding HPMC, PG, and DMSO loading. NIR technology, as an impor-
tant PAT, was applied to detect the contents of GMD in lyophilized li-
posome powders. Using Placket–Burmann design and risk assessment,
the variables and their interactions were screened and evaluated for dif-
ferent CQAs [58]. Pall et al. defined the design space for spray drying
process to engineer a liposome adjuvant of cationic adjuvant formula-
tion 01 (CAF01) with trehalose as the stabilizing excipient. The identi-
fied CQAs were the mass median aerodynamic diameter (MMAD), par-
ticle size, PDI, moisture content, and yield. Based on a central com-
posite face (CCF) centered fractional factorial design and risk analy-
sis, the influences of the variables and their interactions on the CQAs
were calculated. Finally, the optimal operation space for three CQAs
(MMAD, liposome size ratio and yield) was shown in a four-dimen-
sional modeling with regard to feedstock concentration and atomizing
rate [41]. Sylvester et al. optimized the formulation of a long circulat-
ing liposome loaded with prednisolone. Using a D-optimal experimen-
tal design, the CQAs of drug concentration, EE%, and particle size have

been evaluated with regard to six potential factors. The accuracy and ro-
bustness of an optimized design space has been confirmed in cell studies
[59]. Zhao et al. optimized the preparation and process conditions for
liposomes entrapping glycyrrhetinic acid (prepared using the film-dis-
persion method) based on a 33 factorial design and ANOVA [27].

2.2. Macromolecules in liposomes using QbD

Macromolecules referring to proteins, DNA, and RNA usually have
low solubility in aqueous mediums and low permeability. Being en-
trapped into liposomes could improve their bioavailability and protect
them from degradation. Investigated macromolecules have included:
small interference RNA (siRNA) [60], oligodeoxynucleotide [61], plas-
mid DNA (pDNA) [62], bacteriophage [63], nitric oxide synthase [64],
superoxide dismutase (SOD) [65] and bovine serum albumin [66] etc.

Kapoor et al. formulated an anionic liposome to deliver siRNA based
on the conventional optimization method; the optimized variables were
not shown in ranges but as specific values, which was not feasible to for
manufacturing [67]. Vila-Caballer et al. prepared a bovine serum albu-
min liposome by evaluating the ratio of compositions without defining
the design space [68].

Inspired by QbD thinking, studies have been conducted based on
DoE and risk analysis in the design of liposomes containing macro-
molecules. Xu et al. developed an SOD liposome using film hydration
method. In that study, the CQAs were defined as SOD EE%, particle size,
and liposome stability. Based on a D-optimal design, the EE% response
surfaces were exhibited with respect to lipid and cholesterol concen-
tration. Only DPPC concentration was found to have a main influence
on particle size. The properties of several variables affecting liposome
carrier stability were considered, though no statistical design study was
performed [69]. Elisabeth et al. reported a new microfluidics method for
processing size-tunable liposomes containing DNA used for cell transfec-
tion. The CQAs were liposome size, polydispersity, and transfection ef-
ficiency, while the total flow rate (TFR) and flow rate ratio (FRR) were
recognized as the risk variables. A DoE study was executed and then the
response surface plots of the three CQAs with respect to TFR and FRR
were established. Based on ANOVA, TFR and FRR both affected the size
when FRR had a significant influence. For polydispersity and transfec-
tion efficiency, FRR was the only factor with significance [42].

For nanoliposomes, drugs that have been investigated using QbD
include tenofovir, tramadol, glimepiride, CAF01, prednisolone, gly-
cyrrhetinic acid, siRNA, SOD and DNA. The general procedure for im-
plementing QbD in liposomes includes the following steps: (1) deter-
mine the entrapped compounds and their QTPPs (efficacy and stabil-
ity). (2) define the formulation method and potential risk parameters
(including formulation parameters such as the type and ratio of phos-
pholipids and process parameters), (3) identify the CQAs (particle size,
drug entrapment efficiency, zeta potential, and stability) of the lipo-
somes and CPPs of specific processes based on previous knowledge and
risk assessment,(4) establish the design space of the liposomes based on
DoE, and (5) apply control strategy in all steps from the formulation de-
sign to the manufacturing process. Compared to liposome formulations
that did not refer to the QbD concept, optimized formulations and pro-
cedures have shown more advantages. Firstly, the experimental design
evaluated the influences of not only single variables but also the inter-
actions between variables, such as the interaction between the content
of different lipids. Secondly, ANOVA showed the importance of vari-
ables on the targeted product attributes and multiple linear regression
obtained the formulation relationships between variables. Thirdly, drug
encapsulation efficiency and stability were the two main limiting fac-
tors for liposomes. The formulations optimized by QbD exhibited en-
hanced drug entrapment efficiency and stability in long storing period.
Fourthly, in some cases, the design space of one key process at a certain
confidence level was exhibited in a specific operating area rather than a
fixed process condition, which was favorable for ensuring targeted qual-
ity in manufacturing processes. Lastly, some studies took advantage of
NIR for online detection, which was beneficial for continuous manufac-
turing processes.
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2.3. Nanoemulsions using QbD

Nanoemulsions are oil-in-water emulsions in nanoscale (average size
20–200 nm [70]), which are formed by an isotropic mixture (oil, sur-
factant, co-surfactant and drug) being introduced into water [71]. As a
result of drugs being fused in the oil phase, nanoemulsions are widely
used to deliver hydrophobic drugs, although hydrophilic drugs can also
be loaded into the nanocarriers in the form of double nanoemulsions.
Aside from the general advantages of nanoformulations, nanoemul-
sions have special benefits such as easy formulation, simple manu-
facturing processes, and thermodynamic stability [72]. In vivo studies
have shown that nanoemulsions causeplasma concentration and drug
bioavailability to reproduce well [73].

The general methods for developing nanoemulsions include the
aqueous phase titration method [74], high-pressure homogenization
method [75], microfluidization method, [76] solvent displacement
method [72], and self-nanoemulsion method [77].

2.3.1. Micromolecules in nanoemulsions using QbD
Studied micromolecules in nanoemulsions were mainly hydropho-

bic compounds, including avanafil [78], ramipril [79], beta-carotene
[80], and carbamazepine [81]. In preparing nanoemulsions via a new
method of nonaqueous emulsification, Ding et al. investigated the fac-
tors influencing particle size, zeta potential, and transmission electron
microscopy, though the interactions among factors were not considered
[82].

With regard to applying QbD innanoemulsions, Zidan et al. studied
thenanoemulsions loaded with cyclosporine A based on the QbD con-
cept. A 33 DoE with a response surface methodology was employed to
evaluate the effects of formulation variables on CQAs (particle size, na-
noemulsion turbidity, amounts released after 5 and 10 min, emulsifica-
tion rate and lag time) [83]. Shah et al. used a Box-Behnken DOE to
conduct experiments and investigated the relevance between particle
size and ultrasonic absorption. The high-level relevance between par-
ticle size and ultrasonic absorption suggested that ultrasonic measure-
ment can be an effective PAT tool for directly and conveniently detect-
ing particle size [71]. Poonam et al. prepared a lidocaine and prilo-
caine loaded nanoemulsion system employing QbD The CQAs screened
by the Plackett–Burman design were particle size and PDI. Based on a
33 Box–Behnken design and risk analysis, the 2-D contour plots and 3-D
response surface plots of the particle were established with regard to
emulsifier concentration and homogenization pressure [70]. Shantanu
et al. employed a holistic QbD strategy to optimize valsartan nanoemul-
sion systems. QTPP and CQAs (globule size, drug release in 10 min
and amount permeated in 45 min) were defined and potential variables
were screened based on preformulation experiments. A central compos-
ite design (CCD) was employed to study the influence of CPPs on the
CQAs. The resulting design space showed its solubility and robustness in
in vitro/in vivo studies compared to conventional marked formulation
[84].

Innanoemulsions, micromolecular drugs, including cyclosporine A,
lidocaine, prilocaine, and valsartan, have been investigated as model
drugs based on QbD. The steps for applying QbD innanoemulsions in-
clude the following: (1) define QTPP based on the cargos' solubility and
administration routes, (2) determine the suitable preparation method
and specific parameters (formulation parameters such as the type and
dosage of emulsifier and process parameters), (3) identify the CQAs
(particle size, drug release, turbidity) and screen the CPPs based on
prior knowledge and risk assessment, (4) conduct DoE to build design
spaces, and (5) apply a process control strategy in the whole process.
The benefit of using QbD in nanoemulsion preparation is that DoE of-
fers more systemic and scientific methods for optimizing formulations.
The uniformity of particle size, drug release rate and emulsification rate
indicate the robustness of the defined design space.

2.4. Nanoparticles using QbD

Nanoparticles are particles in nanoscale, including nanospheres and
nanocapsules. The structure of nanoparticles is shown in Fig. 2. A nanos-
phere is a solid matrix particle of 1–100 nm [85]. A nanocapsule is a
nanoshell made from non-toxic polymer, that encapsulates an inner liq-
uid or a semiliquid core at room temperature [86]. Compared to nanos-
pheres, nanocapsules have high drug encapsulation efficiency due to the
enhanced solubility of the drug in the core, also, their polymeric shells
can reduce issue irritation and protect drug substances from degrada-
tion induced by pH and light [87].

Regarding the synthesis of nanospheres, there are two methods: the
emulsion-solvent evaporation method [88] and the nanoprecipitation
method [85]. For nano-capsules, there are mainly six methods, nano-
precipitation method, emulsion-diffusion method, double emulsification
method, emulsion-coacervation method, polymer-coating method, and
layer-by-layer method [87].

For the application of QbD in dosage forms, free nanoparticles and
nanoparticles loaded with both micromolecules and macromolecules are
explored.

2.4.1. Non-loaded in nanoparticles using QbD
Nanoparticles that do not incorporate chemical compounds are

mainly used for diagnosis [89], charge transfer [90], catalysis [91] and
so on. Investigated nanoparticles have Au nanoparticles [92], Fe3O4
nanoparticles [93], ZnO nanoparticles [94] and so on.

Molnar et al. investigated the effects of medium pH, the ratio of
cross-linking and the molecular weight of poly(acrylic acid) on par-
ticle size but did not define the related design space [95]. After ap-
plying the QbD concept, Michael J et al. optimized the design space
for a carbon dioxide-assisted nanosphere deposition process using the
layers of experiment method with an adaptive combined design. The
relationship between particle size and the variable, elevated tempera-
ture carbon dioxides, was evaluated [96]. Emmanuel et al. optimized
the design space of PLLA nanoparticles and poly-ε-caprolactone-based
nanoparticles based on a D-optimal mixture design and statistical analy-
sis. The models (Scheffe polynomial) for particle size, percent yield
of PLLA nanopar

Fig. 2. Structures of nanoparticles.
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ticles, and negative surface potential of poly-ε-caprolactone-based
nanoparticles were established respectively with respect to the composi-
tions (crosslinking agent, initiator, stabilizer and macromonomer) [97].

2.4.2. Micromolecules in nanoparticles using QbD
Hydrophilic drugs, such as doxorubicin [98], glycyrrhizin [99], di-

clofenac sodium [100] and so on have been investigated to enhance
their permeability.

Kim investigated the influence of hydrophilic additives on the su-
persaturation and dissolution rate when preparing dutasteride nanopar-
ticles using a supercritical antisolvent process but without producing
a design space [101]. Ali et al. evaluated the effects of variables on
drug release and particle size when preparing simvastatin-tocotrienol
lipid nanoparticles but without considering the interactions of variables
[102].

Recently, great progress has been made in the QbD practices for
preparing micromoelcules-loaded nanoparticles. As for hydrophilic
drugs, Brijesh et al. prepared the solid nanoparticle of rivastigmine us-
ing homogenization and the ultrasonication method. Using a 33 factor
design, multiple linear regression analysis and ANOVA, the influences
of CPPs (lipid ratio, surfactant concentration, homogenization time)
on CQAs (size, PDI, encapsulation efficiency) were investigated [103].
Joshi et al. optimized the formulation of rivastigmine loaded PLGA and
PBCA nanoparticles (prepared using the nanoprecipitation technique)
using factorial design, and the effects of key variables on particle size
and drug entrapment percentage were studied [104]. Girotra et al. de-
veloped zolmitriptan nanoparticles (synthesized using modified double
emulsion solvent diffusion technique) for brain delivery. A randomized
24 full factorial design was applied to optimize the conditions for achiev-
ing maximal encapsulation efficiency and minimal particle size. In vivo
studies for evaluating brain uptake and pharmacodynamic studies have
demonstrated the feasibility of optimized formulation [105].

For hydrophobic drugs, investigated compounds have included doc-
etaxel [106], cisplatin [107], curcumin [108], paclitaxel [109] and so
on. Das et al. investigated the optimized formulation of nanoparticles
incorporating tretinoin. Product properties such as particle size, poly-
dispersity index, zata potential and drug encapsulation were optimized
based on conventional experiments without considering the interactions
of variables [110].

Several examples employed QbD in nanoparticles loaded with hy-
drophobic drugs. For example, Se-Jin Park et al entrapped dutasteride
in Eudragit E nanoparticles using the method of solvent displacement.
A Plackett–Burman screening design and CCD were applied to screen
CPPs and explore their specific influences on CQAs (particle size, poly-
dispersity index and entrapment efficiency) [111]. Firat et al. opti-
mized theoil-in-water (o/w) emulsification-solvent evaporation method
for paclitaxel nanoparticles. Using a Plackett–Burman design and sub-
sequent Box–Behnken design, the CPPs were identified and their influ-
ences on CQAs were studied [112]. Dinesh et al. prepared poly (capro-
lactone; PCL) nanoparticles to deliver quercetin using the nanoprecipi-
tation method. The relationships between CQAs (particle size and poly-
dispersity index, zata potential, in-vitro drug release) and CPPs (PCL
amount and Pluronic F-127 amount) were investigated based on 32

factorial designs and the response surface methodology [113]. Fabrice
et al. designed PLGA nanoparticles loaded with CAF01 adopting an
oil-in-water single-emulsion method. The links between CPPs (acetone
concentration in the water phase, stabilizer [polyvinylalcohol (PVA)]
concentration, lipid-to-total solid ratio, and total concentration) and the
CQAs (size, PDI, enthalpy of the phase transition and yield) were eval-
uated using a 24 factorial design and an optimal operation space was
defined based on the statistical analysis [114].

Bansal et al. formulated paclitaxel nanoparticles using the desolva-
tion technique based on a 32 full factorial design and response surface
linear modeling was employed to predict the optimal condition [115].
Yin et al. optimized nanocapsules loaded with Lansiumamide B (pre-
pared using the microemulsion polymerization method) via an orthogo-
nal experiment design. However, the specific influences of variables on
critical product properties were not analyzed and shown [116]. Marto
et al. prepared starch-based nanocapsules loaded with coumarin-6, a
hydrophobic drug using the method of emulsification solvent evap-
oration. The identified CQAs were PDI and zeta potential. Then, a

three-factor CCD was used to evaluate the effects of the variables on the
CQAs [117]. George et al. evaluated the formulation of nanocapsules
encapsulating carvedilol using a 32 factorial design and the effectiveness
of QbD in formulation optimization was confirmed in the resulting pro-
duct's properties and in vitro studies [118].

2.4.3. Macromolecules in nanoparticles using QbD
Nanoparticles have also been applied for delivering macromolecules,

such as siRNA [119], DNA [120], bovine serum albumin [121] etc.
Cun et al. investigated the influences of different variables on parti-

cle size uniformity and encapsulation efficiency when preparing siRNA
nanoparticles using the method of double emulsion solvent evaporation,
however, the design space was not defined [122].

Dongmei also prepared PLGA nanocapsules containing siRNA using
the method of double emulsion solvent evaporation. Particle size and
encapsulation efficiency were identified as CQAs when the influences of
five potential variables were evaluated using a 25–1 fractional factorial
design. Based on risk analysis, PLGA concentration had the most influ-
ence on particle size while encapsulation efficiency was affected mainly
by PLGA concentration and volume ratio [123].

For nanoparticles, investigated drugs have included rivastigmine,
zolmitriptan, dutasteride, quercetin, paclitaxel, CAF01, lansiumamide B,
coumarin-6, and siRNA. The routine for implementing QbD in nanopar-
ticles preparation is as follows: (1) determine the preparation method
according to the cargo's property and the type of nanoparticles, (2) de-
fine the CQAs (particle size, PDI, encapsulation efficiency and drug re-
lease) of the formulation and the CPPs of the preparation process based
on risk analysis under the guidance of the literature and prior experi-
ence, (3) establish a design space based on DoE, and(4) verify the fea-
sibility and robustness of the built design space. Synthetic accessibil-
ity and robustness in preparing nanoparticles were achieved after us-
ing QbD in the process. When DoE is employed in designing nanopar-
ticle formulation, formulation factors and process parameters are inves-
tigated more systematically, creating a more united particle size and
improved encapsulation efficiency. Risk analysis determines the signif-
icance of every variable and provides evidence for monitoring critical
parameters, such as the proportion ratio of surfactant, organic phase,
and drug concentration etc. Moreover, using PAT in the process makes
process control easier. The robustness of the design space helps mini-
mize the difference between in batch and intra batch, which is favorable
in manufacturing.

2.5. Nanomicelles using QbD

Nanomicelles are composed of amphiphilic surfactants or polymers
that surround a hydrophobic core [2]. Nanomicelles have been devel-
oped extensively to deliver hydrophobic drugs with poor solubility.
Studies have shown that the nanomicelles can be disassembled based
on kinetically controlled mechanisms, which leads to a longer circulat-
ing time in the blood and reduced off-target toxicity due to decreased
biodistribution [124]. Aside from this purpose, nanomicelles are also
used in imaging by encapsulating contrast groups. They can be modi-
fied with aptamer to achieve the specific targeting of focal sites. For ex-
ample, Jiangwei et al. designed a type of nanomicelle that was loaded
with a fluorescent probe, NIR photosensitizer and cancer-specific ligand
to target tumor sites and achieve NIR therapy [125]. Compared with
other nanoformulations, nanomicelle is smaller, which is advantageous
for transdermal drug delivery and crossing through leaky vasculature to
tumor sites [126].

Micelles are formed at the critical micelle concentration (CMC)
when the amphiphiles aggregate and self-assemble in the aqueous so-
lution, along with the increase in concentration. Amphiphilic poly-
mers have been preferred because of their low CMC, which keeps re-
sulting micelle stable in the low polymer concentration resulting from
the dilution by fluid, such as blood [126]. Block polymers have dif-
ferent types according to different arrangements: A-B type (biblock
polymers), A-B-A type (triblock polymers) [127], and grafted
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polymers which consist of a linear backbone of one composition and
randomly distributed branches of a different composition [128].

According to the physico-chemical properties of copolymers, there
are different methods for preparing micelles. Micelles are generally
formed by the self-assembly of amphiphilic polymers in the aqueous
phase [127]. There are several methods for preparing nanomicelles ac-
cording to the properties of polymers: direct dissolution for moder-
ately hydrophobic copolymers [128], solvent removal method for am-
phiphilic polymers [127], thin film hydration when the organic phase
is not soluble in water [129], and self-assembly method through ultra-
sonic emulsification [130].

2.5.1. Micromolecules in nanomicelles using QbD
Although the practices were limited in the micromolecules, nanomi-

celles have been developed using a QbD approach mainly for hydropho-
bic drugs such as mitoxantrone [131], gambogic acid [132], resveratrol
[133], andrographolide [134], carbamazepine and nifedipine [135] etc.

Dai et al. studied the mechanism of ginsenoside Ro as a biosurfactant
to enhance the solubility of saikosaponin-a. and developed self-assem-
bly vehicles while not employing the QbD concept [136,137]. Fan et al.
prepared the camptothecin nanomicelle to enhance its solubility; they
evaluated the factors related to particle size, solubility, and micelle sta-
bility of micelles but didn't produce defined design space [138]. Dai et
al. investigated platycodin as a potential carrier for preparing nanomi-
celles based on dissipative particle dynamics; however, they did not ap-
ply the QbD concept or produce a design space for the process [139].

Ravi et al. optimized two methods (film hydration and a new
method) for preparing dexamethasone loaded nnaomicelles using the
response surface methodology. The design space for drug solubility
was established with respect to polymer amounts and dexamethasone
amounts [140]. Kuchekar et al. developed a polymeric micelle encap-
sulating capecitabine based on a QbD approach. Significant process and
formulation factors were evaluated and the suitability and robustness
of the resulting design space was confirmed within different character-
ization parameters and in vitro studies [141]. Jinming et al. designed
TPGS-g-PLGA/Pluronic F68 mixed micelles using thin film hydration to
deliver tanshinone IIA and enhance its solubility and bioavailability.
CCD and ANOVA were applied to investigate the effects of three CPPs on
the CQAs (encapsulation efficiency and drug loading percentage). The
optimized result showed in the response surfaces that the results of the
overall desirability values of the two CQAs changed along with the three
CPPs [142]. Ashwin et al. optimized the preparation conditions (eight
formulation and process parameters) for capecitabine-loaded polymeric
micelles using an o/w emulsion technique based on the Plackett-Bur-
man design. The effects of these variables on the CQAs (drug content,
entrapment efficiency, particle size and zeta potential) were shown in
Pareto charts [143].

Investigated micromolecules in nanomicelles based on QbD con-
cept have included dexamethasone, capecitabine, tanshinone IIA, and
capecitabine. The procedures for using QbD in nanomicelles are as fol-
lows: (1) select the polymers and corresponding preparation method,
(2) determine the CQAs of the nanomicelles (particle size, drug encap-
sulation efficiency, stability, etc.) and CPPs of the process based on prior
knowledge and risk assessment, and (3) produce a design space and
demonstrate its robustness and feasibility. Self-assembled polymeric mi-
celles are formed gradually when the polymer concentration reaches
CMC, whose destabilization in the dilution of blood is a major prob-
lem. Meanwhile, a small particle size is an advantage for the dosage
form. Employing QbD in preparing nanomicelles provides holistic meth-
ods for screening and evaluating formulation and process parameters,
which helps to obtain more stable micelles with minimal particle size
and maximal drug encapsulation. Meanwhile, an effective and robust
design space can help to minimize the differences between batches in
the manufacturing process.

2.6. Nanosuspensions using QbD

Nanosuspensions are colloidal dispersions of drug particles stabi-
lized in the presence of polymers, surfactants or both [144], which
are used to deliver drug

substances with poor solubility in aqueous and lipid solution [145].
Nanosuspensions have other benefits for nano-suspensions, such as ap-
plication in intravenous administration to increase efficacy, pulmonary
drug delivery to enhance deep-lung permeation, and ocular drug de-
livery for sustained release [145,146]. There are two main procedures
for preparing nanosuspensions, which are the bottom-up process [147]
and the top-down procedure [148]. Considering dosage stability and
patent convenience, liquid nanosuspensions are often transferred to
solid dosage forms.

In exploring QbD application in nanoformulations, nanosuspensions
have been studied mainly for micromolecules, especially hydrophobic
drugs such as isradipine [149], felodipine [150], olmesartan medoxomil
[151], and paclitaxel [152] etc. Hsien studied the formulation of anti-
mony-doped tin oxide nanosuspensions but did not investigate the spe-
cific influences of variables on critical properties, particle size or stabil-
ity [86].

QbD application in nanosuspension has made progress in recent
years. Sudhir et al. optimized the unit process for microfluidization in
preparing indomethacin-loaded nano-suspensions using QbD. The iden-
tified CQAs were particle size, zeta potential, and the physical form of
the drugs. A 2(5 − 1) factorial design was performed, and multiple linear
regression analysis and ANOVA were subsequently performed to ana-
lyze the influences of the variables on the CQAs [144]. Sumit et al. stud-
ied indomethacin crystalline nanouspension using the method of spray
drying. The investigated CQAs were particle size, moisture content, per-
cent yield and crystallinity. A full factorial design 23 was utilized and
multiple linear regression analysis and ANOVA were conducted to eval-
uate the influences of the critical parameters. A design space of dry
spraying to process the nanosuspensions was established [153]. Ghosh
et al. optimized the formulation of a nanosuspension using the top-down
media milling process. Based on DoE and risk analysis, the risk factors
were evaluated and the optimized design space showed its suitability
and consistency under different characterization parameters [154].

In summary, several compounds, such as indomethacin, have been
studied using QbD thinking, such as, indomethacin. The procedure for
implementing QbD in nanosuspensions includes the following steps: (1)
determine the stabilizers and preparation method according to QTPP,
(2) define the CQAs (particle size, stability etc.) and CPPs based on prior
knowledge when conducting risk assessment, and (3) conduct DoE to
build a design space and verify its feasibility and robustness. Using the
QbD concept in the dosage form shows its advantages in comparison
with traditional optimization methods. The benefits are reflected in the
comprehensive and systematic considerations of influences from vari-
ables (e.g., type and amount of stabilizer), which is helpful for achieving
minimal particle size, good crystallinity, and a high yield percentage.
Identifying CPPs through risk analysis will provide reference for process
monitoring in manufacturing. A robust and suitable design space en-
sures uniform product qualities (e.g., particle size, drug encapsulation
efficiency, zeta potential.) between different batches.

3. Roadmap for implementing QbD for nanosystems

As shown in Fig. 3, the steps for applying QbD in nanosystems in-
volve identifying QTPP, CQAs, and CPPs, as well as building a design
space based on previous knowledge and research. Risk analysis and con-
trol strategies are conducted throughout the whole process. Finally, the
design space is examined and adjusted to correspond to manufacturing
needs.

(1) Identifying QTPP
Defining QTPP is based on prior scientific knowledge and in vivo rel-
evance, which refers to dosage form, route of administration, ther-
apeutic moiety release, pharmaceutical properties suitable for in-
tended market product, etc. [22].

(2) Identifying CQAs
After identifying QTPP, the next step is to identify CQAs. CQAs
are usually identified through risk identification based on prior
knowledge and research experience. The most-determined CQAs
for nanosystems include
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Fig. 3. Routine for implementing QbD in nano-systems. The identified QTPP was mainly about the safety and efficacy of the nano-medicines. The widely defined CQAs included vehicles'
particle size, polydispersity, drug encapsulation efficiency as well as zeta potential. The CPPs investigated were divided into formulation factors and process factors. The formulation
factors were mainly about the types of raw materials, such as surfactant and amphiphilic polymers; and the ratio among the critical materials. The process factors mainly referred to the
process method, the temperature and time for preparing nano-systems. The design space was built based on the previous knowledge space and experiments.

particle size, polydispersity index, zeta potential, drug encapsulation
efficiency and stability.

(3) Screening CPPs
Potential risk variables are usually screened using Placket–Burmann
design followed by risk analysis.

(4) Defining the design space
The design space includes the product design space and process de-
sign space. The product design space is established with various
CQAs as the dimensions. Once the variability of the CQAs is deter-
mined, the process design space can be formed which is exhibited
as CQAs with respect to CPPs. The steps include the following: con-
duct DoE to study the process, perform risk analysis to identify the
influences of variables on CQAs, and determine the operation region
based on a predefined confidence level. It should be noted that de-
termining the design space relies on multivariate experimentation
that considers the main effects of factors and their interactions [22].

(5) Defining the control strategy
Compared with traditional control strategies, QbD control strategy
is a dynamic strategy that usually combines two control levels. Level
1 is a real-time automatic control that monitors the CQAs of mate-
rials and automatically adjusts process parameters. Level 2 involves
the reduced testing of end-products and adjusting CPPs and CQAs
flexibly within the design space [24].

(6) Process validation and filling
Once the design space and control strategy are defined, it is nec-
essary to examine whether a product processed within the design
space meets the targeted quality criteria [155]. It is also necessary
to confirm that the design space, at the lab or pilot scale, is suitable
for application on a manufacturing scale [22]. The regulatory filling
is then documented, which should include the design space with the
defined range of CQAs and CPPs.

4. Conclusion

Nanomedicines have attracted extensive interest due to theirpromis-
ing application in curing intractable diseases (e.g., cancer, Parkinson's
disease [156]), and in non-invasive diagnosis. However, nanoproduct
instability, process uncertainty and manufacturing difficulties hinder
their comprehensive application. The benefits of the QbD concept have
been repeatedly confirmed in pharmaceutical manufacturing, and its
procedures have reached to maturity stage. Its emphasis on process un-
derstanding and robust product quality provides a solution to the prob-
lems hindering nanomedicine production. QbD identifies critical prod-
uct qualities and related influence factors and investigates the effects of
factors based on scientific DoE and risk assessment.

Unlike traditional optimization methods, QbD considers the inter-
action of variables and clearly shows the optimized result in the form
of a design space rather than a fixed process condition. It also em-
phasizes employing a control strategy to monitor product quality and
variability in process parameters.

Studies of nanomedicine employing QbD have succeeded in identifying
CQAs and establishing design spaces for specific processes for specific
type of nanomedicine. Despite such advances, there is still room for im-
provement. First, the application of QbD in nanomedicine processes is
not comprehensive. For some dosages (e.g., nanocrystals, nanotubes and
nanogels), there are few studies on QbD optimization. Second, the appli-
cation of QbD in nanoformulations is still limited to simple nanostruc-
tures. Ligand or antibody coating nanostructures have yet to be inves-
tigated for optimization through QbD. Third, different CQAs have dif-
ferent optimized design spaces. How to combine these design spaces is
a question that requires further investigation. Fourth, the use of PAT in
preparing nanomedicine is insufficient. Employing PAT is a prerequisite
for achieving dynamic control in manufacturing processes.

More systemic studies employing the QbD concept should be con-
ducted in the future. More PAT tools for nanosystem manufacturing
should be developed and applied. There is promise that nano-systems
will achieve wide clinical application under the guidance of the QbD
concept.
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