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Abstract 

The present study aimed at developing quercetin-loaded nanoparticles (QC-NP) by applying a quality by design (Qbd) 
approach. A risk analysis was performed to identify formulation and process parameters likely to impact the critical quality 
attributes (CQAs) of QC-NP. 6 variables, namely the polymer (PLGA), stabilizer (PVA) and QC concentrations, the stirring 
speed and the volumes of acetone and aqueous phase, were considered sources of variability in QC-NP quality. The variables 
were screened by experimental design to determine their effect on the CQAs of QC-NP. QC-NP were characterized for size, 
polydispersity, Zeta potential and entrapment efficiency, which were the CQAs. The QC-NP were nanosized, monodisperse 
and had negative surface charge. The percentage of entrapped QC ranged from 10.19% to 85.36%. Of the studied variables, 4 
exhibited main effects on the CQAs: the PLGA and PVA concentration, the volume of aqueous phase and the stirring speed. 
The overall results showed the usefulness of the QbD concept in the QC-NP development process. 
 
Rezumat 

Acest studiu a urmărit dezvoltarea de nanoparticule încărcate cu cvercetol (QC-NP) prin aplicarea conceptului de calitate prin design 
(QbD). O analiză de risc a fost realizată pentru a identifica parametri de formulare și proces capabili de a afecta atributele critice 
de calitate (ACC) a QC-NP. 6 variabile, respectiv concentrația de polimer (PLGA), stabilizant (PVA) și QC, viteza de agitare și 
volumul de acetonă și fază apoasă au fost considerate surse de variabilitate a calității QC-NP. Variabilele au fost studiate printr-
un plan experimental pentru a determina efectul lor asupra ACC a QC-NP. QC-NP au fost caracterizate sub aspectul mărimii, 
polidispersiei, potențialului Zeta și eficienței încorporării, care au fost ACC. QC-NP au avut dimensiuni nanometrice, au fost 
monodisperse și au prezentat o sarcină de suprafață negativă. Procentul de QC încorporat a variat între 10,19% și 85,36%. 
Dintre variabilele studiate, 4 au prezentat efecte principale asupra ACC: concentrația de PLGA și PVA, volumul de fază 
apoasă și viteza de agitare. În ansamblu, rezultatele arată utilitatea conceptului de QbD în procesul de dezvoltare a QC-NP. 
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Introduction 

Nanotechnology is a rapidly expanding field and has 
been the focus of scientists in the last decades [56]. 
It is a multidisciplinary field with impressive recent 
advances in biomedicine, including drug delivery, gene 
therapy, diagnostics and imaging [7, 10, 46]. Drug 
delivery is a key research area in nanotechnology 
which is likely to revolutionize the healthcare field 
as it allows overcoming the limitations associated 
with conventional systems [18, 56]. Conventional 
formulations often require frequent administration, 
imply rapid release of the drug, and thus could lead 
to toxicity [53]. On the other hand, nanoscaled drug 
delivery systems are taken up by cells more efficiently, 
have a reproducible modified release, improved 
efficiency, reduced side effects and better patient 

compliance [46, 53, 55]. Their performance is a result 
of their small size and large surface area which 
gives them unique physical and chemical properties 
and ability to ferry different types of molecules [10, 53]. 
Polymers play a significant role in drug delivery 
technology by providing controlled release of the 
active ingredient over longer periods of time and 
offering the possibility of incorporating and releasing 
both lipophilic and hydrophilic drugs [1]. Other 
advantages which make them a good candidate in 
developing drug delivery systems refer to optimized 
drug loading, increased drug solubility [52], improved 
stability for labile molecules [33] and drug targeting to 
specific diseased sites [40]. Aside from being effective, 
nanoparticles have to be safe and not induce toxicity. 
Compared to the non-degradable polymers, the bio-
degradable ones have certain advantages: themselves 
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and their degradation products are non-toxic and 
avoid the accumulation of polymer in the body after 
multiple administrations by being cleared from the body 
by natural metabolic pathways [7, 29]. Therefore, bio-
degradable polymers are an important type of material 
used to engineer drug delivery systems [25]. Degradation 
occurs due to cleavage of the covalent bonds within 
their structure [52]. Among all polymers, a significant 
one with wide applications is poly-(lactic-co-glycolic) 
acid (PLGA), a biocompatible and biodegradable 
polymer, which is hydrolytically degraded to its 
monomers, lactic acid and glycolic acid [27].  Polymeric 
nanoparticles have been extensively studied in the past 
decades due to their increased stability and possibility 
of tailoring their characteristics through modifications 
of the polymer or the surface properties. They can be 
formulated for site-specific targeting and sustained 
release of the entrapped drug over a longer period of 
time (days or even weeks) [50]. 
Flavonoids which are naturally occurring phytochemicals 
exhibit important antioxidant, even anti-tumoural 
properties [21, 54]. Quercetin (3,3’,4,5,7-pentahydroxy-
flavone, QC) a well-known flavonoid has received 
considerable attention due to its antioxidative, anti-
inflammatory and anticancerous effects [6]. However, 
QC has low water solubility and bioavailability [37]. 
Hence the necessity to conceive an efficient formulation 
such as a nanoparticulate delivery system for enhanced 
solubility and absorption of QC. Due to its impressive 
spectrum of pharmacological effects, developing QC-
loaded nanoparticulate systems has been the focus 
for scientists in recent years. Numerous types of 
vectors encapsulating QC have been described in the 
literature, including micelles [11], liposomes [57, 
61], polymeric [19, 45] and solid lipid nanoparticles 
[24, 58]. 

In the pharmaceutical field, quality is regarded as a 
very important topic. Quality is a key feature that must 
be assured for all pharmaceutical products. Janet 
Woodcock, the Director for the Centre for Drug 
Evaluation and Research, in one of its papers (2004), 
defines quality through absence of contamination and 
the ability to ensure the therapeutic benefit mentioned 
on the label of the product [43]. Product quality refers 
to performance, robustness, trustworthiness, which 
have to be built into a product [47]. To assure the 
quality of a product, scientific tools such as Quality by 
Design (QbD) can be implemented. QbD is a concept 
first introduced a few decades ago by Dr. Joseph M. 
Juran and emphasizes the design of a product and 
manufacturing process to reach a certain predefined 
quality [26, 43]. In Dr. Juran’s opinion, the quality 
of a product could be planned, and he believed that 
most quality inadequacies originate from the way in 
which the quality of the product was planned [60]. 
There are several regulatory documents which offer 
guidance in understanding how QbD assists in ensuring 
the quality of a product, and encourage the adoption 

of this concept by the pharmaceutical industry: 
International Conference on Harmonization (ICH) 
Q8 Pharmaceutical development, Q9 Quality risk 
management and Q10 Pharmaceutical quality system, 
Process Analytical Technology (PAT) and US FDA’s 
Pharmaceutical cGMPs for 21st century – a risk based 
approach [47]. 
According to the Annex on Pharmaceutical Development 
in the ICH Q8(R2) guideline, QbD is defined as “a 
systematic approach to development that begins with 
predefined objectives and emphasizes product and 
process understanding and process control, based on 
sound science and quality risk management” [17]. 
Such a scientific approach will provide the necessary 
knowledge and information from the development 
and manufacturing of a product, to minimize the risk 
and enhance the quality of the product [42]. QbD 
claims to understand the way in which the quality is 
influenced by formulation and process variables [26], 
therefore, the quality of the product can be assured by 
controlling the formulation and manufacturing process 
[41]. 
Design of Experiments (DoE), Process Analytical 
Technology (PAT) and risk assessment are tools 
that can be used in QbD [26]. DoE is a procedure 
for “determining the relationship between factors 
affecting a process and the output of that process” 
in a structured and organized way [17]. It is helpful 
for establishing the cause which produces variation in 
a response and determining a model which predicts 
a response. In DoE, the first step is to perform a 
screening of the variables to determine those with 
significant impact on the quality of the final product. 
Secondly, the optimization process is carried out to 
establish the best conditions for a desired outcome 
[32]. Because full factorial designs are often time 
consuming and require a numerous number of runs, 
especially if the number of investigated variables is 
high, sometimes fractional factorial experimental designs 
are preferred. As their name suggests, fractional 
factorial designs imply carrying out a fraction of 
the runs from the full factorial design [41]. 
The purpose of this work was to develop QC-loaded 
polymeric nanoparticles based on the biodegradable 
polymer PLGA by implementing QbD principles. 
Several formulation and process variables were evaluated 
with regard to their impact on the characteristics of 
the nanoparticles by means of DoE. Our goal was to 
identify from the list of investigated variables, the 
ones with significant effects on the quality of the 
final product. 
 
Materials and Methods 

Materials 
QC and polyvinyl alcohol (PVA) (average MW 30000 - 
70000) were obtained from Sigma-Aldrich (St. Louis, 
SUA). Resomer RG 502 H (PLGA) 50:50 (MW 13100) 
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was purchased from Boehringer Ingelheim (Ingelheim 
am Rhein, Germany). Acetone was obtained from SC 
ChimReactiv SRL (Bucharest, Romania) and methanol 
and acetonitrile were purchased from LGC Standards 
GmbH (Wesel, Germany). 

Methods 
Differential scanning calorimetry (DSC) study 
The DSC measurements were performed with a Mettler 
Toledo DSC822 calorimeter (Mettler Toledo, Columbus, 
USA). The thermal analyser was calibrated with an 
indium standard. 
The thermal behaviour of QC, PLGA, PVA and also 
the binary physical mixtures 1:1 (w/w) of QC and 
each of the excipient were determined. 
Approximately 2 mg of sample were sealed in 40 µL 
aluminium pans and further scanned at a heating rate 
of 10°C/min over a temperature range of 25 - 400°C, 
under nitrogen purge at 80 mL/min flow. Empty and 
sealed standard aluminium pans were used as reference. 
Data were collected and analysed with STAR SW 
12.10 software. The thermograms of the pure substances 
were compared to those of the binary mixtures. 
QbD approach 
According to the ICH Q8(R2), pharmaceutical 
development aims at designing a “quality product 
and manufacturing process to consistently deliver 

the intended performance” [17]. Regulatory agencies 
recommend the implementation of the QbD concept 
in pharmaceutical development to obtain a product 
which best fits its purpose [36]. 
The key components of a QbD assisted pharmaceutical 
product development include the following: (1) the 
quality target product profile (QTPP) which identifies, 
(2) the critical quality attributes (CQAs) of the product, 
(3) the critical process parameters (CPPs), (4) assessment 
of the potential risk on the product’s CQAs, (5) setting 
the design space, (6) establishment of a control strategy 
to ensure the required quality for the product, and 
(7) monitorization of the process performance and 
continuous improvement [17, 41, 60]. 
Determining the quality target product profile (QTPP) 
“The QTPP forms the basis of design for the 
development of the product” according to the ICH 
Q8(R2) guideline [17]. Considerations for establishing 
the QTPP may include dosage form, dosage strength, 
administration route, delivery system, pharmacokinetic 
characteristics and other quality product criteria such 
as stability, purity, sterility, drug release etc. [3, 17, 62]. 
Based on relevant literature information and the 
established knowledge space, the QTPP of QC-loaded 
nanoparticles has been defined and is presented in 
Table I along with targets and justification. 

Table I 
QTPP of QC-loaded PLGA nanoparticles 

Criterion Target Justification 
Dosage form Nanoparticles  The size is a key factor in circulation half-life, cellular uptake and bio-distribution 
Administration route Parenteral  Delivery directly into the systemic circulation; bypasses the gastrointestinal tract; 

the drug is immediately available to exhibit its therapeutic activity 
Therapeutic effect Antioxidant  The product contains QC with antioxidant properties 
Drug release Sustained release Assures a constant drug concentration over a longer period of time 

 
Determining the critical quality attributes (CQAs) and 
critical process parameters (CPPs) by risk analysis 
The risk assessment is a process which implies 
systematic organization of information in order to get 
insight of the potential sources of hazards, the impact 
the hazard could have and to take the necessary 
measures to reduce the risk [62]. Only a detailed 
understanding of the manufacturing process allows 
minimizing the risk through thorough control of the 
CPPs. Therefore, an overall risk assessment for the 
QC-loaded nanoparticles was performed in order to 
identify the formulation variables and process parameters 
affecting the CQAs of the product, as these parameters 
are likely to influence the QTPP of QC-loaded nano-
particles. 
According to review of scientific literature, the size, 
size distribution, Zeta potential and entrapment efficiency 
are the most important characteristics of QC-loaded 
nanoparticles, and were therefore selected as 
relevant CQAs. 
A qualitative risk assessment was carried out by Failure 
Mode and Effects Analysis (FMEA) method. In this 

regard, all potential factors that could affect the product 
quality were considered and organized systematically 
in an Ishikawa fishbone diagram. Using FMEA, the 
factors outlined in the Ishikawa diagram were prioritized 
based on the Risk Priority Number (RPN). The risk 
included probability of occurrence (O), severity (S) 
of the effects and detectability (D). For all factors, 
each of the three parameters was assigned a score, 
ranging from 1 to 5, and the RPN was calculated with 
the following formula: RPN = O x S x D. Based on 
the RPN, six high-risk parameters were identified as 
potentially impacting the QC-loaded nanoparticles’ 
CQAs and were further evaluated by experimental 
design to reduce the risk to an acceptable range. 

Experimental design 
The influences of several formulation factors and 
process parameters on the QC-loaded nanoparticles’ 
characteristics (or CQAs) were evaluated by 
experimental design. In this regard, Fractioned Factorial 
Design Resolution IV with six variables and two levels 
was generated with Modde 10 software (Umetrics, 
Umeå, Sweden). The fractional factorial screening 
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design helped identify the variables to be addressed 
or eliminated in further studies. The independent 
variables were the PLGA concentration (mg/mL), the 
PVA concentration (% w/v), the QC concentration 
(mg/10 mL), the acetone volume (mL), the aqueous 
phase volume (mL) and the stirring speed (rpm). The 
symbols and variation levels for each independent 
variable are given in Table II. 
The investigated dependent variables or the CQAs 
of the nanoparticles were as follows: the particle 
size (nm) (Y1), the size distribution expressed as the 

polydispersity index (PdI, Y2), the Zeta potential 
(mV) (Y3) of the nanoparticles and the QC entrapment 
efficiency (%) (Y4). 19 experimental runs were carried 
out according to the design matrix (Table III) in a 
random order to eliminate biased variance. The data 
were fitted by means of partial least squares with 
the statistical module of the Modde 10 software. 
Three-dimensional response surface plots were 
generated to illustrate the effect between two variables 
on the response while keeping the others constant. 

Table II 
Independent variables and their levels of variation 

Independent variable Symbol Level of variation 
-1 0 +1 

PLGA concentration (mg/mL) X1 5 10 15 
PVA concentration (% w/v) X2 0.25 0.5 1 
QC concentration (mg/10 mL) X3 3 4 5 
Acetone volume (mL) X4 3 5 7 
Stirring speed (rpm) X5 255 340 425 
Aqueous phase volume (mL) X6 20 35 50 

 
Table III 

Experimental design matrix 
No. Exp. name Run order X1 X2 X3 X4 X5 X6 
1 N1 7 5 0.25 3 3 255 20 
2 N2 19 15 0.25 3 3 425 20 
3 N3 2 5 1 3 3 425 50 
4 N4 15 15 1 3 3 255 50 
5 N5 3 5 0.25 5 3 425 50 
6 N6 5 15 0.25 5 3 255 50 
7 N7 6 5 1 5 3 255 20 
8 N8 8 15 1 5 3 425 20 
9 N9 12 5 0.25 3 7 255 50 

10 N10 10 15 0.25 3 7 425 50 
11 N11 4 5 1 3 7 425 20 
12 N12 16 15 1 3 7 255 20 
13 N13 18 5 0.25 5 7 425 20 
14 N14 14 15 0.25 5 7 255 20 
15 N15 13 5 1 5 7 255 50 
16 N16 17 15 1 5 7 425 50 
17 N17 1 10 0.5 4 5 340 35 
18 N18 11 10 0.5 4 5 340 35 
19 N19 9 10 0.5 4 5 340 35 

Exp. – Experiment; X1 – PLGA concentration (mg/mL); X2 – PVA concentration (% w/v); X3 – QC concentration (mg/10 mL); X4 – Acetone 
volume (mL); X5 – Stirring speed (rpm); X6 – Aqueous phase volume (mL) 
 
Preparation of QC-loaded nanoparticles 
The nanoparticles were obtained by the nanoprecipitation 
method previously described [14], however with some 
modifications. Briefly, PLGA and QC were dissolved 
in acetone, and subsequently the organic solution 
was added in a drop wise manner to an aqueous 
PVA solution. The acetone was removed from the 
mixtures under continuous magnetic stirring with 
MultiStirrer 6 (VELP Scinetifica, Usmate Velate, Italy) 
over 4 hours, at room temperature. The resulting QC-
loaded nanoparticles were separated from the non-
entrapped drug by centrifugation (Sigma, Osterode 
am Harz, Germany) at 25,000 rpm, for 30 minutes. 

Physicochemical characterization of QC-loaded 
nanoparticles 
Particle size and particle size distribution analysis 
The particle size and PdI of the QC-loaded nano-
particles were determined by dynamic light scattering 
using a Zetasizer Nano ZS (Malvern Instruments Ltd, 
Malvern, UK). 50 µL of sample were diluted with 
purified water and further analysed at 25°C, at a 
scattering angle of 90°. All measurements were 
performed in triplicate and are expressed as mean ± 
standard deviation. 
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Zeta potential analysis 
The Zeta potential of the QC-loaded nanoparticles 
was assessed using the same Zetasizer by laser Doppler 
electrophoresis. Briefly, 300 µL of sample was diluted 
with purified water and further analysed. 
The measurement was carried out thrice for each 
sample and the results are given as mean ± standard 
deviation. 
Entrapment efficiency analysis 
The amount of QC incorporated in the nanoparticles 
was assessed by an HPLC method. In this regard, the 
nanoparticles were mixed with methanol, and further 
diluted with a mixture of acetonitrile:water 75:25 
(v/v) in a ratio of 1:1. After centrifugation, the super-
natant was collected and analysed. The chromatographic 
system Agilent 1100 series (Agilent Technologies, 
Santa Clara, USA) consisted of a binary pump, an 

autosampler, a Gemini C18 column (3 µm) and a 
UV-Vis detector. The mobile phase was acetonitrile: 
phosphoric acid 0.1% 30:70 (v/v). 5 µL of sample 
were injected into the system and eluted at a flow 
rate of 0.6 mL/min, with the detection at 370 nm. 
Data were collected and analysed with Agilent Chem-
Station Software. The entrapment efficiency (EE0 
was calculated according to the following formula: 

EE (%) =!"#$%&&'( !"#$ !"#!$#%&'%("#
!"#$% !"#$ !"#!$#%&'%("#

∙ 100 

 
Results and Discussion 

Differential scanning calorimetry 
The thermal behaviour for pure QC, PLGA and PVA, 
together with that of the physical mixtures of QC-
PLGA and QC-PVA are shown in Figure 1. 

 

 
Figure 1. 

DSC thermograms for pure QC, PLGA and PVA, and for QC-PLGA and QC-PVA physical mixtures 
 
The thermogram for QC shows two characteristic endo-
thermic peaks at 115.86°C and 317.19°C corresponding 
to its dehydration and melting, respectively, which is 
in agreement with data reported by Pool et al [39]. 
PLGA also exhibited two endothermic peaks for 
glass transition at 42.28°C and possibly degradation 
at 339.35°C. Our findings are in accordance with 
previously published data [8]. 
Regarding the thermogram for PVA, our results are 
slightly different from those reported in the literature. 
According to El-kader et al, PVA shows three peaks 
at 83°C, 222°C and 292°C corresponding to glass 
transition, melting and degradation temperatures, 
respectively [13]. Our thermogram reveals a shift in 
the temperature peaks (80.48°C, 187.16°C, 315.80°C) 
and the appearance of another endothermic peak 
(160.84°C). The differences in results could be due to 
the fact that El-kader et al used PVA with a different 
molecular weight (17,000). 
The physical mixtures of QC-PLGA and QC-PVA 
exhibited a thermal behaviour similar to that observed 
for the pure substances. However, there were some 
shifts in temperature peaks and newly formed ones. 
These changes could be attributed to interactions 
between QC and the polymer [39], but it cannot be 
affirmed with certainty, since the endothermic melting 

peak for QC overlaps the degradation peak of the 
polymers. 

QbD approach 
Determining the quality target product profile (QTPP)  
The first step in the QbD approach is to define the 
QTPP based on current knowledge, then to identify 
the CQAs of the product and the process parameters 
which might influence the manufacturing process. 
According to the ICH Q8(R2) it is crucial to establish 
the QTPP as it “relates to quality, safety and efficacy” 
[17]. Therefore, as listed in Table I, we defined a nano-
particulate drug delivery system entrapping QC with 
sustained release, for parenteral use. The selected 
QTPP for our nanoparticulate system is in agreement 
with scientific literature and approved guidelines. 
Determining the critical quality attributes (CQAs) 
and critical process parameters (CPPs) by risk 
analysis 
The following step in the QbD approach was to 
identify the relevant CQAs of the QC-loaded nano-
particles to assure the desired QTPP. The CQA refers 
to a physical, chemical, biological or microbiological 
property of a product, and should be within a certain 
specified range [62]. CQAs are mainly associated 
with an active substance, excipients, intermediate 
products or the finished product. They are either 
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derived from the QTPP or are defined based on 
review of the literature [36]. According to relevant 
guidelines and prior knowledge, we have considered 
the size, polydispersity, Zeta potential and entrapment 
efficiency to be critical properties of nanoparticulate 
systems. 
For nanoparticles, the size, polydispersity and surface 
properties play an important role in determining their 
in vivo distribution, toxicity, drug loading, drug release 
and even targeting ability [50]. These characteristics 
are in tight conjunction with the opsonisation and 
elimination by macrophage cells. It has been found 
that the passage of nanoparticles through the biological 
membranes is a size-dependent process. Thus, is has 
been established that generally, particles of less than 
50 nm are transported by para-cellular passage, by 
slipping through the spaces between epithelial cells; 
particles not larger than 500 nm are taken up by 
endocytosis; particles up to 5 µm undergo lymphatic 
uptake via the M cells of the Peyer’s patches. These 
mechanisms of transportation have been reported for 
nanoparticles after intravenous and oral administration 
[22]. It is likely that after crossing the biological 
barriers, the nanoparticles are distributed throughout 
the body, a process that is also largely governed by 
the size of the particles. Small particles of 20 - 30 nm 
are eliminated by kidneys, while larger particles of up 
to 300 nm are taken up by the mononuclear phagocytic 
system [15]. Particles up to 200 nm display a longer 
blood circulation time due to decreased clearance 
[22]. Furthermore, particles can leak through the gaps 
of the endothelial lining, but generally they have to 
be smaller than 150 nm in diameter. However, larger 
particles have been reported to cross the endothelial 
barrier, because the fenestrations and the vascular 
lining suffer modifications in diverse pathological 
conditions [15]. For example, small nanoparticles can 
penetrate tumours and thus can be used as target drug 
delivery systems for treating cancer [53]. Taking 
this information into consideration, the ideal size 
for polymeric nanoparticles would be up to 200 nm. 
Furthermore, larger particles have a smaller surface 
area and in general can incorporate more drug. In 
contrast, for smaller particles, most of the drug is in 
close proximity to the surface of the nanoparticles, 
thus providing a faster release. Therefore, the control 
of the size is a prerequisite for a desired drug 
release rate [50]. 
A search of the literature reveals that size is mostly 
affected by the type and concentration of polymer 
used to obtain the nanoparticles, and also by the 
stabilizer, also in terms of type and amount. Process 
parameters such as the manufacturing method and 
conditions i.e. the stirring speed, can impact the size 
of the nanoparticles. In our study, based on previous 
research, we have selected the nanoprecipitation 
method as the most adequate technique to prepare 
polymeric nanoparticles. 

Regarding the size distribution of nanoparticles, a 
small value for the polydispersity index indicates a 
homogeneous dispersion. Usually, the polydispersity 
index should be no greater than 0.5 in order to be 
acceptable [3]. 
The Zeta potential of nanoparticles is determined by 
the surface charge, and it is influenced by the matrix 
composition and the dispersion medium [50]. It is 
generally considered that particles with a Zeta potential 
ranging from -10 mV to 10 mV have neutral charge. 
Meanwhile, a Zeta potential lower than -30 mV or 
higher than 30 mV characterizes a very stable nano-
particle dispersion [12]. Unstable colloidal systems 
are prone to aggregation [2]. The surface charge 
influences the uptake, pharmacokinetics of the nano-
particles, and aggregation in the blood flow, which in 
turn are responsible for the efficacy of the treatment 
[5, 23]. However, the existing information on the 
influence of the surface charge is not entirely clear, 
even contradictory. Reports state that negatively 
charged particles are more rapidly cleared from the 
circulation as opposed to neutral and positively charged 
particles. On the other hand, positively charged 
particles exhibited more interaction with the negatively 
charged membrane of macrophages, and are eliminated 
to a greater extent by phagocytosis compared to 
negatively charged particles [35]. Furthermore, nano-
particles with negative charge are taken up by cells 
more efficiently due to powerful interactions with the 
membranes [48]. Also, surface charge can promote 
nonspecific interactions with other components from 
biological fluids [5]. Thus, we have considered 
acceptable a Zeta potential lower than -30 mV, 
which should ensure reasonable stability for the 
nanoparticles. According to the literature, Zeta potential 
is mostly influenced by the type of polymer used in 
the formulation. We have chosen PLGA as the matrix-
forming polymer as it is an effective biodegradable 
polymer for obtaining nanoparticles; it is biocompatible, 
non-toxic and has been approved for human use by 
the regulatory agencies such as the US Food and 
Drug Administration (FDA) and European Medicines 
Agency (EMA) [31]. 
In order to be effective, the nanoparticles have to 
deliver and release the necessary dose of drug to the 
intended site of action. In this regard, high drug 
entrapment efficiency should be an objective in 
nanoparticle development. A high percentage of 
incorporated drug also means exposing the body to a 
reduced amount of excipients during administration 
[50]. In our study, QC was selected as drug substance to 
be encapsulated in the nanoparticles. The incorporation 
of a lipophilic drug in a lipophilic polymeric matrix 
has been reported to be feasible and yield acceptably 
high entrapment efficiency. In the present study, the 
optimal QC entrapment efficiency was considered 
above 50%. 
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The risk assessment was carried out to identify critical 
process parameters (CPPs) and critical material 
attributes (CMAs) causing variability in the selected 
CQAs of QC-loaded nanoparticles. Therefore, an 
Ishikawa diagram (Figure 2) was generated and used 
to organize the potential risk factors. The risk factors 
included in the Ishikawa diagram were divided into 
three categories, i.e. formulation, environmental and 
process, and helped identify the failure modes. The 
factors considered in the FMEA method and the 
corresponding RPNs are listed in Table IV. The RPNs 

aided in establishing the factors which posed the 
most risk to the CQAs of QC-loaded nanoparticles. 
The factors with a RPN above 30 were considered of 
high risk and, thus, needed to be investigated in more 
detail. Among the studied parameters, six risk factors 
showed high RPNs (> 30), and were thus considered 
to potentially affect the quality of the final product. 
These variables were selected to be further investigated 
by means of experimental design to establish the 
degree of the impact on the product’s CQAs. 

 

 
Figure 2. 

Ishikawa diagram showing the impact of various risk factors on the CQAs of QC-loaded nanoparticles 
Conc. – Concentration; API – Active Pharmaceutical Ingredient 

 
Table IV 

FMEA of risk factors on the CQAs of QC-loaded nanoparticles 
Risk factor category Risk factor O S D RPN (O x S x D) 

Environmental factors Temperature 2 2 3 12 
 Humidity 2 2 2 8 
 Oxidation 2 2 3 12 
 Personnel 1 1 3 3 
Process factors Preparation method 2 2 1 4 
 Temperature 2 2 3 12 
 Homogenization speed 4 4 3 48 
 Homogenization time 2 2 3 12 
 Rate of addition of organic phase 3 2 3 18 
Formulation factors API amount 4 4 3 48 

 Polymer type 2 2 1 4 
 Polymer concentration 4 5 3 60 
 Stabilizer type 2 2 1 4 
 Stabilizer concentration 4 5 3 60 
 Organic phase type 2 2 1 4 
 Organic phase volume 4 4 3 48 
 Aqueous phase type 2 2 1 4 
 Aqueous phase volume 4 4 3 48 

O – Occurrence; S – Severity; D – Detectability; RPN – Risk Priority Number; API – Active Pharmaceutical Ingredient 
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Experimental design 
The quality of fit of the model was expressed as R2 

which is the coefficient of determination, while the 
predictive power was evaluated through Q2 called the 
coefficient of prediction. According to Figure 3, for 

each of the four investigated responses, the model 
showed a good fit and predictive power, as both R2 and 
Q2 had high values. Furthermore, the model validity 
and reproducibility also had sufficiently high values 
for the chosen model to be considered adequate. 

 

 
Figure 3. 

Summary of fit results 
 

Table V 
Results for Analysis of variance (ANOVA) 

Dependent variable df SS MS (variance) F p-value Lack of fit 
Y1 6 44613.10 7435.51 88.65 0.000 0.522 
Y2 6 0.0097 0.0016 9.83 0.001 0.315 
Y3 7 817.06 116.72 7.07 0.002 0.438 
Y4 5 6582.98 1316.60 17.26 0.000 0.148 

Y1 – Size (nm); Y2 – Polydispersity index; Y3 – Zeta potential (mV); Y4 – Entrapment efficiency (%); df – Degrees of freedom; SS – Sum of 
squares; MS – Mean of square; F – Fisher’s ratio; p – Probability 
 
The results from the ANOVA test (Table V) indicate 
that the model was significant (p < 0.05). Moreover, 
the lacks of fit values for the model were not significant 
(p > 0.05). 

Model regression coefficients plots emphasize the 
effect of variables on the response. These coefficients 
are presented as histograms in Figure 4. 

 

 
Figure 4. 

Regression coefficients plots indicating the effect of the independent variables on the responses 
Y1 – Size (nm); Y2 – Polydispersity index; Y3 – Zeta potential (mV); Y4 – Entrapment efficiency (%); X1 – PLGA concentration (mg/mL); 

X2 – PVA concentration (% w/v); X3 – QC concentration (mg/10 mL); X4 – Acetone volume (mL); X5 – Stirring speed (rpm); X6 – Aqueous 
phase volume (mL) 
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Influence of variables on the particle size (Y1) 
The QC-loaded nanoparticles were nanosized, their 
diameter varying between 146.30 ± 0.67 nm and 
309.00 ± 4.20 nm. According to the ANOVA results 
for the nanoparticle size, the p value was p = 0.000 
and the lack of fit was p = 0.522, thus the model 
proved a good fit to the data and no lack of fit. 
The nanoprecipitation method employed in the present 
study implies the precipitation of PLGA from an 
organic solution as a result of the organic solvent’s 
diffusion into an aqueous medium. Nanoparticles form 
through the deposition of the polymer at the interface 
between the organic and aqueous solutions [12]. 
As shown in Figure 4, the PLGA concentration 
significantly influenced the nanoparticles’ size. The 
greater the polymer concentration, the larger the nano-
particles formed. The increase in nanoparticle size 
with the increase in PLGA concentration can be 

correlated with an increase in the viscosity of the 
organic medium due to polymer-polymer interactions 
[44]. Another possible explanation for the observed 
effects would be an insufficient amount of PVA 
covering the surface of the nanoparticles to stabilize 
them, resulting in aggregation of the particles [38]. 
Our findings are in agreement with those published 
by other research groups [9, 48]. 
In contrast, the volume of acetone and the stirring 
speed had opposite effects on the size of the nano-
particles. Larger nanoparticles were obtained when 
using a smaller volume of acetone and applying a lower 
stirring speed. For a constant PLGA concentration, 
decreasing the acetone volume or the stirring speed 
prevents the rapid diffusion of the organic solvent in 
the aqueous medium, and this in turn yields larger 
particles. Our findings are consistent with those 
reported by Jain et al and Reddy et al [20, 44]. 

 

 
Figure 5. 

Response surface plots showing the effect of independent variables on the size of the QC-loaded nanoparticles 
Y1 – Size (nm); X1 – PLGA concentration (mg/mL); X4 – Acetone volume (mL); X5 – Stirring speed (rpm) 

 
According to Figure 5, two interactions between the 
discussed variables have been identified and showed 
impact on the particle size. The interaction between 
the PLGA concentration and the acetone volume 
(X1 * X4) led to a decrease in particle size, while the 
interaction between the volume of acetone and the 
stirring speed (X4 * X5) produced larger size particles. 
Influence of variables on the PdI (Y2) 
The PdI ranged between a minimum value of 0.06 ± 
0.01 and a maximum value of 0.35 ± 0.09. Similar 
results were reported by Anwer et al for QC-loaded 
PLGA nanoparticles [4]. Results from the ANOVA 

test indicated a significant model (p = 0.001) and 
absence of lack of fit (p = 0.315). 
While the PLGA and the QC concentrations had a 
positive effect on the PdI, the acetone volume exhibited 
a negative one (Figure 4). As discussed above, the 
polymer concentration and the acetone volume directly 
influence the viscosity of the organic solvent and the 
rate of diffusion. It is possible that alongside larger 
particles, also smaller particles are obtained which 
translated into a population of particles of various 
sizes, thus bigger values for PdI. 

 

 
Figure 6. 

Response surface plots showing the effect of independent variables on the PdI of the QC-loaded nanoparticles 
Y2 – PdI; X1 – PLGA concentration (mg/mL); X3 – QC concentration (mg/10 mL); X4 – Acetone volume (mL) 
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Increase in the QC concentration resulted in smaller PdI 
values up to the inflexion point on the response surface 
curve (Figure 6). Over this point (corresponding to 
approximatively 3.8 mg/10 mL QC), further increase 
in QC concentration led to an increase in poly-
dispersity. Although it was not observed in the present 
study, it has been reported that the addition of a drug 
produces an expansion or reorganization of the 
polymer matrix, leading to larger particles [34]. It can 
be assumed that beyond the inflexion point, larger 
particles entrapping QC were obtained, but with 
increased size distribution. 
Furthermore, Figure 4 indicates an interaction between 
the QC concentration and the volume of acetone 
(X3 * X4). It can be observed from the histogram that 
the QC concentration and the volume of organic 
solvent had a negative effect on the polydispersity 
of the nanoparticles. 
Influence of variables on the Zeta potential (Y3) 
The nanoparticles’ Zeta potential was found to range 
from -35.50 ± 0.55 mV to -3.69 ± 0.91 mV. It is 
reported that in the absence of PVA or any other 
stabilizer, PLGA nanoparticles exhibit a negative 
Zeta potential of -45 mV which can be attributed to 
free carboxyl groups [28]. 
Formulations N4, N6, N8, N10 and N14 with Zeta 
potentials of -32.90 mV, -31.70 mV, -30.90 mV, 
-30.10 mV and -35.50 mV, respectively showed 
good stability, while the rest of the formulations were 
considered to have poor stability and susceptible to 
aggregation. However, these principles generally apply 
when surfactants with low molecular weight are used, 
and not for high molecular weight steric stabilizers 
like PVA [30]. Previous work has shown that nano-
particles prepared with PVA maintain a negative 
surface charge, but it shifts towards more positive 
values. By adsorption on the surface of the nano-
particles, PVA can shield the some of the PLGA’s 
negative charges. Therefore, in spite of the measured 
Zeta potential, the nanoparticles could exhibit fairly 
good stability [30]. This explanation is supported 
by the data published by other researchers [28, 30]. 
The statistical analysis for the Zeta potential showed 
the significance of the model (p = 0.002) and absence 
of lack of fit (p = 0.438). 
The sole factor which influenced the Zeta potential was 
the PLGA concentration (Figure 4). The Zeta potential 
decreased with increasing polymer concentration. 
Our data are in agreement with those published by 
other authors [28]. 
The response surface plot (Figure 7) shows a strong 
interaction between the QC concentration and the 
volume of aqueous phase (X3 * X6) on the Zeta 
potential of the nanoparticles. It can be observed that 
an increase of the two variables exhibited a synergistic 
effect on the nanoparticles’ surface charge. 
 

 

 
Figure 7. 

Response surface plots showing the effect of 
independent variables on the Zeta potential of the 

QC-loaded nanoparticles 
Y3 – Zeta potential (mV); X1 – PLGA concentration (mg/mL); 
X3 – QC concentration (mg/10 mL); X5 – Stirring speed (rpm); 

X6 – Aqueous phase volume (mL) 
 
Influence of variables on the entrapment efficiency (Y4) 
The percentage of entrapped QC varied on a wide range 
from 10.19% to 85.36%. For the entrapment efficiency, 
the model showed a satisfactory fit to the experimental 
data as the p value was p = 0.000 and had no lack of 
fit (p = 0.148). 
The entrapment efficiency was mostly affected by 
the PVA concentration and the volume of aqueous 
phase (Figure 8). The two independent variables are 
negatively correlated with the entrapment efficiency, 
meaning that an increase in either one of them 
determined a decrease in the percentage of entrapped 
QC. The PVA molecules are deposited at the interface 
between the organic and aqueous phases, thus lowering 
the free energy and preventing the coalescence of 
particles [49]. The concentration of stabilizer has an 
important effect on the nanoparticles’ properties. 
Although in our study we could not highlight the 
relation between the PVA concentration and the 
size of the nanoparticles, other groups report that, 
generally, increasing the PVA concentration yields 
nanoparticles of smaller size [59]. It can be assumed 
that smaller size particles can entrap a smaller amount 
of drug. However, at high concentrations of stabilizer, 
the entrapment of the drug is also reduced due to the 
interaction between PVA and QC [16], namely an 
increased solubility of QC in the aqueous phase [51]. 
Thus, less QC will remain in the organic phase to 
be incorporated in the PLGA nanoparticles. 
The QC entrapment efficiency decreased dramatically 
with increase in the volume of aqueous phase. Upon 
the addition of the organic phase, the drug is partitioned 
between the two phases and diffuses in the aqueous 
medium. Additionally, the greater the volume of 
aqueous phase the greater the amount of dissolved 
QC. This results in less QC retained in the organic 
phase to interact with the polymer [38]. 
Of less magnitude than the previously discussed 
variables was the effect of the QC concentration 
which positively influenced its own entrapment 
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efficiency. By increasing the concentration, more drug is available to interact with the PLGA chains. 
 

 
Figure 8. 

Response surface plots showing the effect of independent variables on the entrapment efficiency of the QC-
loaded nanoparticles 

Y4 – Entrapment efficiency (%); X2 – PVA concentration (% w/v); X3 – QC concentration (mg/10 mL); X4 – Acetone volume (mL); 
X6 – Aqueous phase volume (mL) 

 
We observed an interaction between the PVA 
concentration and the volume of acetone (X2 * X4) 
on the entrapment efficiency (Figure 4). Increase in 
these two variables led to a drop in the percentage 
of entrapped QC. The influence of the PVA 
concentration was previously discussed. Concerning 
the organic phase effect, a larger volume of acetone 
requires more time for removal during the evaporation 
step, which favours the partition of QC in the aqueous 
phase [51]. Furthermore, the co-solvency effect of 
the acetone for QC could account for the decrease 
in the entrapment efficiency [38]. 
 
Conclusions 

Pharmaceutical product manufacturing has known 
significant advancement since the regulatory authorities 
have encouraged the use of scientific and systematic 
tools of development like QbD. The basic goal of 
QbD is to provide a product with desired quality in a 
cost effective way by controlling the manufacturing 
process and minimizing the potential risk associated 
with the development process. 
The present study shows that QC-loaded polymeric 
nanoparticles can be successfully designed by 
implementing the QbD approach. The nanoprecipitation 
method was employed to prepare PLGA nanoparticles 
entrapping an antioxidant drug, namely QC. Taking 
into account the wide range of risk sources that 
could affect product quality, an Ishikawa diagram 
and FMEA method were used to rank the risk and 
identify the highly influential risk factors. Thus, it 
was possible to reduce the number of risk factors 
down to six, namely, the concentrations of PLGA, 
PVA, QC, the volumes of organic and aqueous phases 
and the stirring speed. Design of experiments was 
used to understand the effects of these formulation 
factors and process parameters on the CQAs of QC-
loaded nanoparticles. Our results indicate that 
formulation and process variables influence the quality 
of polymeric nanoparticles to a different extent. In 

this regard, the QbD method helped prioritize the risks 
associated in the process and identify the main variables 
impacting the QC-loaded nanoparticles’ CQAs. 
On the basis on the obtained results, it can be concluded 
that the selected experimental domain was relevant 
and adequately chosen. However, additional studies 
are needed to optimize the preparation of QC-loaded 
PLGA nanoparticles. In this regard, the variables with 
most impact on the nanoparticles’ CQAs, namely, 
the PGLA and PVA concentrations and the stirring 
speed warrant further studies. To get more insight 
into their effect on the CQAs, we propose expanding 
the range of variation for the three selected variables 
in a future study. Therefore, we opt for the following 
setup: PLGA concentration 5 - 20 mg/mL, PVA 
concentration 1 - 4% and stirring speed 255 - 510 rpm. 
The other three investigated variables in the present 
study, namely the QC concentration, the acetone 
volume and the aqueous phase volume, will be set at 
levels which, according to the multivariate analysis in 
the present study, led to reasonable results for size, 
PdI, Zeta potential and entrapment efficiency (5 mg 
QC, 7 mL acetone, 35 mL aqueous phase). In the 
given scenario, we propose to establish an optimum 
formulation for the QC-loaded polymeric nano-
particles. 
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