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Optimization of size controlled poly
(lactide-co-glycolic acid) nanoparticles using
quality by design concept

Padmanabha R. V. Reddy, Sanjeev R. Acharya, Niyati S. Acharya

Department of Pharmacognosy, Institute of Pharmacy, Nirma University, Ahmedabad, Gujarat, India

uality by design (QbD) is a risk management and science-based approach laid down by the ICH as well as other

Regulatory agencies to enhance pharmaceutical development throughout a product’s lifecycle. Poly(lactide-co-glycolic
acid) (PLGA) is the material of choice for development of depot particulate formulations due to its biodegradable nature
and is also considered as the ‘green’ eco-friendly material due its biocompatibility and non-toxic properties. Further, PLGA
based formulations are approved by regulatory agencies and currently in clinical practice. The aim of the current investigation
involves formulation, optimization and in vitro characterization of size controlled PLGA based nanoparticles by employing
modified nanoprecipitation technique. An initial risk-assessment analysis was conducted with different formulation and
process variables along with their impact on critical quality attributes of the formulation which were identified as particle size
and percentage process yield. The Ishikawa diagram was employed to determine the potential risk factors and subsequently
optimized by statistical experimental design concept. Box—Behnken design was utilized to optimize nanoparticles and further
characterizing the optimized nanoparticulate formulation in vitro. From the present study, it can be concluded that PLGA

based nanoparticles with controlled particle size and process yield can be obtained by inculcating the concept of QbD in

the product development.
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INTRODUCTION

Nanoparticulate delivery systems,!"! such as those
based on poly(lactic-co-glycolic acid) (PLGA) have
been studied extensively for many years. For the past
three decades, lot of researchers has explored PLGA
to fabricate drug delivery systems for pharmaceutical
and biomedical applications due to its biocompatible
and biodegradable properties. PLGA, further, has the
advantage of being well characterized and commercially
used for microparticulate and nanoparticulate drug
delivery systems (Allemann and Leroux, 1999). PLGA
polymer is one of the most common biodegradable
polymers used for the controlled delivery of drugs
due to its early use and approval as a compatible
biomaterial in humans. Lewis reported that, by varying
the molecular weight and lactide/glycolide ratio, the
degradation time of the polylactic acid (PLA) and PLGA
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and the release kinetics of the active agent can be
controlled.” In aqueous media, degradation of PLGA is
triggered by hydrolysis of its ester linkages. Presence of
methyl side groups in PLA makes it more hydrophobic
than PGA and hence lactide rich PLGA copolymers are
less hydrophilic, absorb less water and degrade more
slowly and control the release of drug for prolonged
duration.*#

Paradigm shift in drug delivery offer unique distribution
characteristics or targeting characteristics based on
their size. The major advantages of nanoparticles
is improved bioavailability by enhancing aqueous
solubility, increasing resistance time in the body
(increasing half-life for clearance/increasing specificity
for its associated receptors and targeting drug to
specific location in the body. This is why nanoparticles
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are increasingly used in a variety of applications that includes
drug carrier systems and to pass organ barriers such as the
blood-brain barrier, cell membrane, etc. The cellular uptake,
biodistribution, and circulating half-life are the key factors
which are influenced by particle size of nanoparticles.
Therefore, particle size becomes primary concern while
formulating a nanoparticulate system.® Moreover, the
particle size thus obtained should be uniform because more
uniform the distribution of particles more consistent will
be the biodistribution, cellular uptake, and drug release.!®

There are several methods available for development of
polymeric nanoparticles such as emulsification-diffusion
method,” emulsification-evaporation method,® desolvation
method,”! nanoprecipitation method,!"® etc. Among all
the techniques available for preparation of nanoparticles,
nanoprecipitation technique is the most commonly used for
poorly soluble drugs." In the current investigation, PLGA
based nanoparticles were formulated with an objective of
achieving optimum process yield, as well as minimal particle
size with uniform particle size distribution. Therefore,
in a view to pursue the aim, PLGA based nanoparticles
were prepared by employing nanoprecipitation method.
Preliminary screening studies were conducted with respect
to the process yield and particle size by screening different
parameters such as the polymer concentration and molecular
weight, stirring speed, rate of addition of anti-solvent,
type of anti-solvent and selection of stabilizer/surfactant.
Initially a number of trials were conducted to establish the
process variables and studying their influence on the quality
attributes, that is, process yield and particle size. These
investigations were accomplished by application of statistical
optimization techniques to establish the interrelation
between independent variables and response variables.
Preliminary experiments revealed that polymer concentration,
surfactant concentration, and stirring speed are the factors
significantly affecting the critical quality attributes (CQAs).
Hence, Box—Behnken design was employed in order to
optimize the PLGA based nanoparticulate formulation with
controlled particle size and process yield.®!

MATERIALS AND METHODS

Poly(lactide-co-glycolic acid) copolymer RG 502-H
(lactide:Glycolide ratio of 50:50, molecular weight
7-17 kDa), Resomer RG 504-H (lactide:glycolide ratio of
50:50, molecular weight 38-54 kDa) was obtained as gift
sample from Evonik Industries AG, Germany. Poloxamer 188
was supplied as a gift sample from Sandoz Pvt. Ltd., Mumbai.
Dichloromethane (DCM) (purity (Not less than) NLT 99% by
gas chromatography [GC]|), Acetone (purity NLT 99% by
GC), methanol (high performance liquid chromatography
grade) were procured from Merck and co., Germany. Double
distilled water used was filtered through 0.22 um filter from
Millipore (Mumbai, India) All other cited chemicals used
were of analytical grade.

Preparation of nanoparticles

The nanoparticles were developed by employing
nanoprecipitation technique as described by Fessi, et al.'”
using PLGA copolymer. Briefly an organic solution containing
PLGA polymer (5 mg/mL, 40 mL) was added to an aqueous
solution containing poloxamer 188 (0.1% w/v) in a dropwise
manner under vigorous stirring, followed by magnetic stirring
at room temperature. Later the dispersion was kept for
magnetic stirring for 6 h at room temperature to evaporate
the organic solvent. The precipitated nanoparticles were
separated by ultracentrifugation and dried using vacuum
drying to obtain free flowing dried nanoparticles.!"!

In the present study, various formulation and process
parameters such as type of anti-solvent, type and concentration
of stabilizer, concentration and molecular weight of polymer,
homogenizer type, rate of addition of anti-solvent, etc.,
were screened as independent factors, whereas particle size
and percentage process yield were chosen as dependent
variables and later optimized using Box—Behnken design to
evaluate the factors having considerable effect on particle
size as well as process yield of PLGA nanoparticles."¥ Each
batch of formulation was prepared in triplicate using the
aforementioned technique.

Physicochemical characterization

Particle size and size distribution analysis

The average particle size and size distribution of PLGA
nanoparticles was measured by dynamic light scattering
technique using a particle size analyzer by photon cross-
correlation spectrometry (Nanophox, Sympatec GmbH,
System-Partikel-Technik, Clausthal-Zellerfeld, Germany). The
measurement was done, using laser light scattering which was
monitored at a scattering angle of 90° at wavelength of 635 nm.
The measurements were repeated three times and average was
taken. The nanoparticle sample was diluted in distilled water
and sonicated gently for about 3—-5 min in a bath-type sonicator
and the dispersion thus obtained was analyzed for particle size
by loading into 1 cm? cuvettes in a thermostated chamber at
25°C. The size distribution obtained is by plotting the relative
intensity of light scattered by particles in various size classes
and is therefore known as an intensity size distribution. The
particle size distribution is exhibited in terms of span value
which is obtained using formula:!"%

(D90-D10)100

Span value =
D50

Zeta potential

Zeta potential is a scientific term for electro-kinetic potential.
The significance of zeta potential is that its value can be related
to the stability of colloidal dispersions. The zeta potential
indicates the degree of repulsion between adjacent, similarly
charged particles in the dispersion. For molecules and particles
that are small enough, a high zeta potential will confer stability,
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that is, the solution or dispersion will resist aggregation. When
the potential is low, attraction exceeds repulsion, and the
dispersion will break and flocculate. Hence, colloids with high
zeta potential (negative or positive) are electrically stabilized
while colloids with low zeta potentials tend to coagulate or
flocculate.l'®'”l Zeta potential was measured using Malvern
Instruments Ltd., (Malvern, UK) after dispersion of the sample
(10 mg) ion distilled water and sonicated gently for about
3-5 min in a bath-type sonicator.I''

Quality by design

Quality has always been a prime concern for all the
pharmaceutical industries and for improving the quality it is
needed to be built up in the product. Hence, several elements
have to be studied and evaluated such as the quality target
product profile (QTPP), scientific knowledge, design space,
design of experiments (DOEs), etc., quality by design (QbD)
means a series of events leading to a robust formulation by
proper design and sound knowledge space.l?2!l

The QTPP is a vital element of QbD principle, and it includes
all the formulation attributes that ensure the quality, safety
and efficacy of the product. The foremost step in developing
a formulation by QbD process was to define the QTPP of the
drug product which included details regarding the indication,
treatment, usage and dosage, route of administration,
contraindications, references, etc. For developing a robust
formulation it was necessary to identify a target formulation
and the impact of the various formulation variables and
process conditions on the quality were studied. To identify
key quality attributes among an array of active pharmaceutical
ingredient and drug product quality attributes that might
later prove to be primary determinants impacting intended
safety, efficacy, or performance characteristics of a final
product. This was achieved through establishing a list
of possible CQAs and critical process parameters (CPPs)
affecting the product CQAs which include polymer type and
concentration, organic solvent, stabilizer, aqueous solvent,
electrolyte concentration, dielectric constant, pH, ionic
concentration, stirring speed and time, drying temperature
and time, Tg, etc. These CPPs affecting the CQAs were further
refined and optimized using DOEs concept by employing
Box—Behnken design in order to obtain the limits for
construction of design space.

Risk-assessment

After establishing of QTPPs, QbD concept was applied by prior
knowledge and past experience with the similar polymer
as well as method of preparation with respect to various
constraints and an initial risk-assessment was accomplished.
For construction of design space (a key element of QbD), it
is imperative to identify the CPPs causing variabilities in the
CQAs and this is possible through thorough understanding
of the process so that the variations can be minimized by
controlling the CPPs. This is possible by prior knowledge and
risk-assessment of all the CPPs and critical material attributes

(CMAs) which have the potential of hampering the quality of
the product. Initial risk-assessment included evaluation of
every CQA, and the severity of the failure was measured by
preliminary hazard analysis tool. All the control strategies
developed ensured that the CQAs were within the limits./?!

Optimization of nanoparticles by Box-Behnken design

In the current investigation, the formulations were optimized
using Box—Behnken design to evaluate the influence of three
independent factors, that is, polymer concentration (X,),
stirring speed (X,) and surfactant concentration (X,) that
classified to low, medium, and high values on the response
variables, that is, the particle size (Y,) and percentage process
yield (Y,).

Preliminary experiments involved numerous trials conducted
to identify and define the possible number of independent
variables that can evolve during formulation and studying its
effect on the dependent variables at different levels of factors.
The response(s) obtained are measured for each experiment
and analyzed by either linear or multiple regression models.
However, the change in one independent variable and its
influence on the responses can be studied by employing
response surface methodology (RSM). The RSM and contour
plots can be obtained by employing the regression equation
and the impact of each variable on the response variables
can be studied effectively. Regression analyzes were carried
out to derive a polynomial model for the estimation of the
average particle size and percentage process yield./?*!

Y =B B X+ B X+ B X ot BX, (1)

Y=B+BX,+BX,+BX, e + BX. + B, X X, + B, XX, +
B XX+ oo +BXX, (2)

Y=ﬁ0+ﬁlxl+ﬁ2xl+ﬁ3x3 """" +ﬁiXi+ﬁ12X1X2+ﬁ23XZX3+
BLX Xt +BXX # . +ﬁij. 3)

Where, Y represents the response while X, X, and X, denoting
the main effects of factors. Equation (1) above signifies simple
linear regression whereas Equation (2) represents interactive
and Equation (3) as quadratic regression equation. 3 is a
constant and B3, B,, B, are the coefficients of the factors.
The P values of the regression coefficients as well as ANOVA
were determined in order to evaluate the significance of
the variables on the CQAs and significance of the model,
respectively.

The design space may be obtained from overlay plots
after plotting contour plots and response surface plots
based on the desired range of values for the CQAs after
which the formulation and process was optimized with
respect to particle size and percentage process yield.
Several trials were conducted to ascertain the correlation
between the predicted and the practical values in order
to validate the optimized process or formulation.!?!
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RESULTS AND DISCUSSION

Physicochemical properties of poly(lactide-co-glycolic
acid) nanoparticles

In the current study, PLGA based nanoparticles were prepared
using nanoprecipitation technique which encompasses the
addition of polymer in a water-miscible organic solvent
with the subsequent addition to the excess amount of
anti-solvent (aqueous). The nanoparticles are formed by
the diffusion of solvent into anti-solvent. The prepared
nanoparticles were then characterized by their particle size,
process yield, PDI and zeta potential. Initially several factors
such as polymer type and concentration, organic solvent,
stabilizer, aqueous solvent, electrolyte concentration,
dielectric constant, pH, ionic concentration, stirring speed
and time, drying temperature and time were screened and
their possible impact on the Physicochemical properties of
PLGA nanoparticles were evaluated [Table 1].

Poly(lactide-co-glycolic acid) nanoparticles were prepared
using different solvents like acetone, methanol and DCM
differing in their polarity and dielectric constant. Among
these solvents, it was found that nanoparticles prepared
using acetone as solvent obtained lower sized nanoparticles
which can be attributed to the rapid diffusion of acetone
in water.

The stirring speed used in the process of nanoprecipitation
was found to significantly affect the particle size as well
as yield of the nanoparticles. Stirring speed as low as
1000 rpm produced nanoparticles with larger particle size
as compared to nanoparticles obtained at 2500 rpm speed.
Even the concentration of PLGA plays a vital role in the
physicochemical properties of nanoparticles obtained by
nanoprecipitation technique. From the results it was evident
that as the concentration of PLGA was increased from 5 mg/
mL to 15 mg/mL, the particle size was found to increase from
105 nm to 124 nm. This may be attributed to the number
of polymer chains per unit volume of the solvent leading to
the formation of aggregated or large sized particles owing
to a more polymer-polymer interaction.

The concentration and type of surfactant is an important
factor as it stabilizes the system by reducing the surface

tension and control the particle size. Various surfactants
differing in their HLB values were selected and subsequently
evaluated for their possible impact on the particle size and
process yield of the PLGA nanoparticles. Poloxamer 188
gave lowest particle size when compared to tween 80 and
sodium lauryl sulfate (SLS). Since, SLS is known to have
a deleterious effect on the liver; it is therefore omitted
from the study.

From the results of zeta potential, it was found that all
the formulations exhibited negative charge ranging from
—32.5 to —38.9 mV [Table 2|. These negative charges on
the particles suggest that the formulations will remain fairly
stable due to the repulsive forces between nanoparticles,
thus preventing agglomeration.

Risk identification and analysis

The potential risk of formulation variables on the CQAs
(i.e., the particle size and percentage process yield) of
the final product was established by Ishikawa diagram.
From the preliminary trials and knowledge space,
seven potential risk factors were identified as shown
in Figure 1 and screened further. The screening studies
were conducted in order to establish the significant
formulation variables affecting the response variables.
Among the variables polymer concentration, stirring
speed and surfactant concentration were found to
have a significant impact on the particle size and
percentage process yield which were further evaluated
statistically.

Feasibility of nanoparticles formulation was evaluated
by employing three different surfactants, that is, SLS,
tween 80 and poloxamer 188 at different concentration
levels of the aqueous phase. The inherent property
of surfactants of preferentially adsorbing at interface
beyond critical micelle concentration on addition to
dispersion and reducing the surface tension assists
in obtaining smaller particle size of nanoparticles.
This can also be attributed to increase in viscosity of
the solution thereby hydrodynamically stabilizing the
system by preventing coalescence of the particles. This
was more evident when poloxamer 188 was used as a
surfactant.

Table 1: Preliminary screening studies of the significant factors with their levels

Factors Code Levels

Low Medium High
Polymer concentration (mg/ml) X1 5 10 15
Surfactant type X2 SLS Tween 80 Poloxamer 188
Surfactant concentration (% w/v) X3 0.1 0.2 0.3
Homogenizer type X4 Magnetic stirrer Remi mixer Homogenizer
Type of organic solvent X5 DCM Methanol Acetone
Molecular weight of PLGA polymer (kDa) X6 7-17 - 38-53
Stirring speed (rpm) X7 1000 1750 2500

PLGA: Poly (lactide-co-glycolic acid), SLS: Sodium lauryl sulfate, DCM: Dichloromethane
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Table 2: Effect of the independent variables on the physicochemical properties of PLGA nanoparticles

Factors Factor variable Percentage Particle Span Zeta potential
process yield size (nm) value (mV)
Polymer concentration (mg/ml) 5 62.86+4.5 105.2+10.5 0.048 -36.5
10 76.57+3.6 118.618.2 0.059 -36.8
15 81.284+2.5 124.1+8.5 0.064 -37.1
Stirring speed (rpm) 1000 58.89+1.2 175.416.4 1.12 -38.9
1750 65+2.6 159.7+4.5 0.091 -35.5
2500 73.41+1.9 106.3+1.9 0.045 -32.5
Type of organic solvent Methanol 79.8+4.1 210.7£3.3 0.091 -35.2
Acetone 81.58+2.8 129.7+1.4 0.071 -36.8
DCM 73.4+3.2 1080+8.5 0.158 -36.1
Surfactant type SLS 72.8+2.5 210.7+4.4 0.088 -38.9
Tween 80 77.61+4.8 205.7+8.6 0.031 -33.7
Poloxamer 188 81.5+3.6 187.1+5.8 0.071 -34.3

PLGA: Poly (lactide-co-glycolic acid), SLS: Sodium lauryl sulfate, DCM: Dichloromethane
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Figure 1: Ishikawa diagram depicting the formulation and process variables having impact on the desired responses of nanoparticles

The polymer concentration was increased from 5 mg/mL,
10 mg/mL and 15 mg/mL and its effect on particle size and
process yield of nanoparticles was evaluated. From the
results, it was clear that as the concentration of polymer
was increased the particle size of the nanoparticles was
found to increase. This increase in particle size can be
attributed to increased polymer—polymer interaction
along with an increase in viscosity of the aqueous phase
which prevents effective diffusion of solvent into the
aqueous phase thereby increasing the particle size.

The stirring speed of the homogenizer showed a significant
difference in the particle size of the nanoparticles.
Low-speed homogenizers resulted in larger particle size
when compared to high-speed mixers. Moreover, acetone
as an organic solvent produced smaller sized nanoparticles
when compared to DCM, methanol or combination of the
same.

156

Optimization of poly(lactide-co-glycolic acid)
nanoparticles

Design of experiments is an effective tool that can be used in
QbD process for developing formulation based on the control
strategy which includes CMAs and critical process variables
and design space.”!

In the present investigation, the particle size and percentage
process yield were considered as quality attributes, the first
step of the QbD process, that is, determination of the CQAs.
Subsequently, potential excipients were identified among
all the excipients and the process variables that possess the
capability to affect the quality of the product. Several such
variables were identified such as the concentration and type
of surfactant, concentration of polymer, the volumetric ratio
of water to anti-solvent, stirring speed. Finally, it was revealed
that polymer concentration, stirring speed and surfactant
concentration considerably affect the response variables.
These variables were tried to link with the CQAs of product
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in order to obtain a design space for effective designing of
formulation that eventually meets the target profile of the
final product.?®!

Box-Behnken design

The primary screening studies revealed polymer
concentration, surfactant concentration and stirring
speed as significant factors. Therefore, a three factor
and three level based Box—-Behnken design was applied
to understand the impact of polymer concentration (X,),
stirring speed (X,) and surfactant concentration (X,) on
the particle size (Y,) and percentage process yield (Y,) of
nanoparticles [Table 3]. The actual and the transformed
values of the selected independent variables are presented
[Table 4] along with the design layout and the results of
the nine experiments [Table 4]. Hence, the broad range
of values of responses clearly indicates the dependence
of the response variables on the aforementioned
independent variables.

Table 3: Design layout and coded units of Box—Behnken
design
Independent variable Actual value Coded value

Concentration of 5 -1
polymer (X,) (mg/mL)

10 0

15 1

Stirring speed (X,) (rpm) 1000 -1

1750 0

2500 1

Surfactant concentration 0.1 -1
(X,) (% wiv)

0.2 0

0.3 1

Table 4: Design layout and coded units of Box—Behnken
design

Formulation X, X, X, Particle Percentage
code size (nm) process yield
TO1 -1 -1 0 187.9 67.8
TO2 1 -1 0 215.8 82.5
TO3 -1 1 0 67.3 59.2
TO4 1 1 0 95.7 69.9
TO5 -1 0 -1 119.5 64.8
TO6 1 o -1 144.8 79.8
TO7 -1 0 1 64.8 63.1
TO8 1 0 1 137.6 73.3
T09 o -1 - 191.4 73.41
T10 0 1 - 88.1 68.8
T11 o -1 1 154.2 72.5
T12 0 1 1 71.5 70.2
T13 0 0 0 105.2 72.2
T14 0 0 0 111.2 71.1
T15 0 0 0 110.8 71.8

The optimization was performed, and the graphs were obtained
using Minitab® 16 statistical software (Minitab Inc., USA).

The design space was established with the use of contour
plots and an optimum formulation was prepared and
evaluated with a desirability function in which constraints
were set as the minimum average particle size (<100 nm)
and the maximum process yield (>65%). A Box—Behnken
design was employed to study the effect of three independent
variables concentration of polymer (X)), stirring speed (X,)
and surfactant concentration (X,) on the preparation of
nanoparticles with optimum particle size and yield.?”28!

The relationship between the factors and their coefficients
were determined mathematically with their respective
P values by employing regression analysis and the factors
obtaining P <0.05 were considered as significant [Table 5].

From the results of ANOVA, it was evident that the
independent factors possess a significant impact on the
particle size as the values were well below 0.05. The
polynomial equation is used to obtain useful information in
the evaluation of coefficient while the polynomial model for
the estimation of particle size was as below:

Y, =109.0667 + 193 X | — 53.3375 X , — 14.4625 X |
+0.125X X, +5.15X X, + 11.875 X X, + 11.49 +21.116
—3.883. (4)

From the above equation it was clear that concentration of
polymer (X,) has positive impact on particle size and process
yield of nanoparticles, that is, the particle size and yield was
increased with increase in concentration of polymer. Whereas
the stirring speed (X,) and surfactant concentration (X,) exhibited
negative impact on particle size and yield of nanoparticles,
that is, on increasing the stirring speed of homogenizer and
concentration of surfactant, the particle size and yield of
nanoparticles were found to decrease. From the polynomial
equation, it was clear that low level of polymer concentration
favors the formation of nanoparticles with low particle size.
Equation (4) is shown in the form of contour plot [Figure 2]
and response surface plot [Figure 3] for visualizing the effect of
the factors on the particle size of nanoparticles.” The results
revealed that the stirring speed and surfactant concentration
also contribute significantly in reducing particle size of
nanoparticles. No significant quadratic effects were observed
for the particle size of nanoparticles with respect to polymer
concentration and surfactant concentration as the P > 0.05.
However, the quadratic effects for stirring speed on particle
size was significant as the P value obtained was <0.05 (0.014)
and possessed high coefficient value. Whereas, no significant
quadratic effects for percentage process yield were observed
with respect to the independent variables since the P value
obtained was >0.05 and displayed low coefficient values.
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Table 5: Regression coefficients and the respective P of the independent variables

Factors Y1 (average particle size) nm Y2 (percentage process yield)
Co-efficient P Co-efficient P
B, (constant) 109.0666667 <0.001 7.7 <0.005
X, (concentration of PLGA) 19.3 0.004513924 6.325 0.001116549
X, (stirring speed) -53.3375 <0.003 -3.51375 0.013640081
X, (concentration of poloxamer 188) -14.4625 0.014530154 -0.96375 0.353779629
XX, 0.125 0.982999644 -1 0.487224589
XX, 5.15 0.398528433 0.5775 0.683114298
XX, 11.875 0.086682551 -1.2 0.409582188
X2 11.49166667 0.104843789 -1.41375 0.35528431
X2 21.11666667 0.014986046 -0.43625 0.766056523
X2 -3.883333333 0.533477147 -0.03625 0.980180967
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Figure 2: Contour plots showing the impact of polymer concentration (X,) and surfactant concentration (X,) on average particle size and percentage

process yield of nanoparticles

Surface Plot of Particle Size vs X2, X3

Surface Plot of % Yield vs X1, X2

Figure 3: Response surface plots showing the effect of polymer concentration (X,), stirring speed (X,) and surfactant concentration (X,) on

average particle size and percentage process yield of nanoparticles

Similarly, a second regression equation was generated for
the estimation of percentage process yield of nanoparticles
shown as below:

Y,=71.1 + 6325 X , —3.513 X , — 0.963 X , — 1
X X,+ 0.5775 X X, - 1.2 X X, — 1.413 —0.4362
—0.03625. (5)

After the estimation of polynomial equations, the design space
was established by setting the target value for particle size
(<100 nm) and process yield (>65%) and for this design, contour
plots [Figure 4] along with the response were established.

The two-dimensional plot obtained by contour plots
is superimposed for simultaneous optimization of the
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independent variables. The desired values for the particle
size (<100 nm) and process yield (>65%) were set to obtain
the predicted values from the set coded values. From the
predicted values obtained by overlay of contour plots of
both the responses, the actual values were calculated, and
experimental trials were performed for ensuring the proper
validation of the process.

The observed and predicted values of optimized
nanoparticles formulation were found to be similar from
the checkpoint batches, thus ensuring the reliability of
the process in obtaining size controlled [Figure 5] robust
nanoparticles [Tables 6 and 7].

CONCLUSION
With an aim of achieving controlled particle size and

optimum process yield, nanoparticulate system developed
by nanoprecipitation technique was optimized by classical

DOE technique. In conclusion, QbD ensures quality
target profiles, risk analyzes, screening and optimization
studies, scale-up studies, and controlled strategies.
Risk-assessment approaches, Process Analytical Technology
tools, mathematical, statistical and continuous improvement
tools are important elements of QbD which mainly focuses
on the identification of critical parameters and defining a
design space statistically. From the present investigation,
it was concluded that a robust PLGA based nanoparticle
formulation can be effectively developed and optimized
using QbD principles by studying and understanding the
formulation and process parameters.
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Table 6: Checkpoint batches for the validation of the regression equation

Independent variable Coded Transformed

Particle size (nm)

Percentage process yield

level value Predicted value Observed value Predicted value Observed value
PLGA concentration 0.2 11.2 mg/mL 76 71 78 77
Stirring speed +1 2500 rpm 78 80 82 81
Poloxamer 188 concentration 0.4 0.24% 73 79 75 79
PLGA: Poly (lactide-co-glycolic acid)
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Figure 4: Overlay plots displaying the design space for the formulation of nanoparticles where the white are represents the feasible region
obtained after setting the desired values for the particle size and process yield
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Figure 5: Particle size analysis of the optimized nanoparticle formulation

Table 7: Optimized formulation for PLGA based
nanoparticle formulation

Responses Particle Percentage
size (nm) process yield
Predicted value 75.2 76.8
77.8 81.8
Experimental value 73.49 75.5
79.65 77.9

PLGA: Poly (lactide-co-glycolic acid)
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