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Effect of formulation parameters on the size of PLGA nanoparticles
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Objective Poly (lactic-co-glycolic) acid (PLGA) as a polymeric carrier for medicines has been extensively investigated because of its unique
biodegradability and biocompatibility features. In this study, bovine serum Albumin (BSA), a protein which plays a key role in maintaining
oncotic pressure was employed as a model protein to be encapsulated into PLGA nanoparticles (NPs). The main objective was to investigate,
using Box—Behnken design, the factors affecting particle size of PLGA NPs encapsulating BSA.

Methods PLGA nanoparticles containing BSA were prepared by double emulsion solvent evaporation (DESE) method. Concentrations of
PLGA, BSA and polyvinyl alcohol (PVA) as well as volume ratio (VR) of the primary emulsion to external aqueous phase in DESE were
hypothesized to be the key four independent parameters affecting particle size.

Results The particle sizes obtained from 27 experiments were in the range of 266 nm to 656 nm. The model showed that as a general rule,
PVA, VR and PLGA had a direct significant effect and on the particle size, while the effect of BSA was negligible.

Conclusion The independent factors appear to be affecting the size through their effects on viscosity which could be regarded as the most

important factor.

Keywords double emulsion, PLGA, BSA, volume ratio, poly vinyl alcohol, Box-Behnken design

Introduction

In controlled delivery and release of therapeutic agents, nano-
particles (NPs) represent a promising approach to improve effi-
cacy, reduce administered dosage and side effects of therapeutic
agents. Biocompatible and biodegradable poly (lactic-co-
glycolic) acid (PLGA), as a synthetic polymeric carrier of drugs
is known to offer advantages over other types of polymers.'

Several techniques such as emulsion/microemulsion
polymerization, precipitation polymerization, emulsion diffu-
sion, salting out, nanoprecipitation and emulsion solvent
evaporation (ESE) have been reported for preparing PLGA
NPs.? For efficient entrapment of water soluble drugs into
PLGA NPs, ESE methods have been successfully used.’ Single
emulsion solvent evaporation has been applied for this pur-
pose, however, particle size using this technique is relatively
large (in micrometer range), also entrapment of hydrophilic
drugs is usually poor.** Double emulsion solvent evaporation
(DESE) appears to be an interesting approach with improved
ability to entrap water soluble drugs and provide sustained
release of therapeutic agents in the area of pharmaceutical and
cosmetic applications.”® Using this method, physicochemical
properties of the NPs such as particle size, drug encapsulation
efficiency and drug release have been reported to be affected
by processing/formulation parameters.>’

Bovine serum Albumin (BSA), a water soluble protein
which plays a critical role in oncotic pressure of blood by sta-
bilizing extracellular fluids, has been addressed in literature to
be loaded into the PLGA matrix by DESE method.”’In a
study, sizes of 320-531 nm were reported for PLGA NPs
encapsulating BSA, when PLGA was dissolved in ethyl acetate.'
Nevertheless, a careful consideration of the procedure of pre-
paring PLGA NPs via DESE method shows several parameters
which affect physicochemical properties of the prepared NPs.
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Concentration of PLGA and the active agent, concentration
and nature of the surfactant, VR of each phase of emulsions,
type of solvent, viscosity, shear stress and additives are some
parameters which may affect the process.” Therefore, to obtain
a reproducible preparation with predetermined characteris-
tics, an analytical tool for investigating the effect of formula-
tion/process parameters of DESE on the quality of the product
is necessary. Response surface methodology is a useful tool
which supersedes one factor at a time (OFAT) approach in
design and understanding the effects and interactions of
experimental formulation parameters. Among the different
response surface methodologies proposed so far, Box-
Behnken design has proved to be an efficient tool due to its
ability to estimate parameters of quadratic models, use of
blocks and the detection of lack of fit of a model."?

Examples of using Box-Behnken design have been car-
ried out in several research studies. Among this, a study used
Box-Behnken design to investigate the effect of independent
process variables on the properties of NPs which includes the
size, entrapment efficiency, drug loading and release of silde-
nafil citrate loaded into PLGA NPs."* Another study uses the
Box-Behnken design to optimize the process variables of
lorazepam loaded PLGA nanoparticles by investigating the
effect of process variables on the z-average and percentage
drug entrapment of PLGA NPs."

Considering the multivariable process of DESE, no work
so far has detailed the effect of formulation parameters simul-
taneously on size of BSA-loaded PLGA NPs prepared by
DESE. The objective of the present study was to investigate,
using Box-Behnken design, to study the effects and interac-
tions of selected formulation parameters involved in nanopar-
ticle formation on the size of BSA-loaded PLGA NPs prepared
by DESE method. While keeping some DESE technical
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parameter fixed, concentration of BSA (C,,), PLGA (C, .,)
and PVA (C,,,) as well as the volume ratio (VR) between pri-
mary emulsion and external aqueous phases where examined
as four independent parameters affecting the NP size.

Materials and Methods

Materials

Medical grade PLGA (50:50, Mw = 50 kDa) was acquired from
Shenzhen Esun Industrial Co., Ltd (Shenzhen, China). Poly-
vinyl alcohol (PVA) was purchased from VAM & P. VAL Co.,
Ltd (Tokyo, Japan). BSA was purchased from Beijing Solarbio
Science & Technology Co., Ltd (Beijing, China). The organic
solvent dichloromethane (DCM) was purchased from Merck
Millipore.

Experimental design

The solubility of BSA (40 mg/ml) was considered and experi-
mental independent parameters, factors and factor levels were
determined in preliminary studies. The following independent
formulation parameters were taken into account: C,, (%w/v)
(F), C (%w/v) (F,), PVA concentration (%w/v) (F,) and

PLGA
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VR between primary emulsion (5 ml) to external aqueous
phases containing PVA (F,) (see Tables 1 and 2). A 4-factorial
3-level Box-Behnken design was applied here using
STATISTICA™ Ver.12.0 software package (Stat Soft Inc.,
USA) to generate 27 experiments (Table 2) for each formula-
tion variable by considering three different levels (the lowest,
central and the highest values) (Table 1).

Table 1. Independent formulation parameters (factors) designed
with their lowest level (—1), center value (0) and higher level (+1)

Parameters -1 0 +1
0.75 1

Factors
T F (%w/v)

BSA concentration at the 05
internal agueous phase

No

PLGA concentration at the oil phase 0.5 10 15
025 0625 1

F, (%w/)

3 f (%w/v) PVA concentration at the exter-

nal aqueous phase

4 F,(W/0) Volume Ratio (VR) between 2 4 6
primary emulsion to external
aqueous phase

For the VR (F,) between primary emulsion to external aqueous phase: 2W, /0,
4W /Oand 6W /O'is equivalent to 10 ml, 20 ml and 30 ml of external aqueous
solution of DESE containing PVA (F,). Where W /O represents the total volume
of the first emulsion (5 ml).

Table 2. Experimental design and observed particle size

Run order Stdorder  F C (%w/v) F,C, . (%w/) FC, (%w/v) FVR YObservedsize(nm) Predictedsize(nm) Residual error
1 2 1.00 0.5 0.625 4 342 2913 50.7
2 7 0.75 1.0 0.250 6 442 431.0 11.0
3 22 1.00 1.0 1.000 4 620 652.8 —32.8
4 15 0.75 15 0.250 4 400 404.7 —4.7
5 1 0.50 0.5 0.625 4 359 416.3 —57.3
6 8 0.75 1.0 1.000 6 603 598.7 43
7 13 1.00 1.0 0.625 6 414 505.1 —91.1
8 26 0.75 1.5 0.625 6 530 515.1 14.9
9 4 1.00 1.5 0.625 4 639 576.3 62.7

10 16 0.75 0.5 1.000 4 506 482.3 23.7

11 19 0.50 1.0 0.250 4 406 4152 =92

12 5 0.75 1.0 0.250 2 308 2883 19.7

13 12 0.50 1.0 0.625 6 431 435.1 —4.1

14 20 1.00 1.0 0.250 4 285 304.2 —19.2

15 10 0.50 1.0 0.625 2 356 292.5 63.5

16 21 0.50 1.0 1.000 4 379 401.8 —228

17 9 0.75 1.0 0.625 4 373 398.8 —25.8

18 24 0.75 1.5 0.625 2 401 3725 285

19 3 0.50 1.5 0.625 4 266 3113 —453

20 27 0.75 1.0 0.625 4 364 398.8 —34.8

21 18 0.75 1.0 0.625 4 362 398.8 —36.8

22 23 0.75 0.5 0.625 2 305 282.5 22.5

23 11 1.00 1 0.625 2 317 362.5 -45.5

24 6 0.75 1 1.000 2 400 456.0 -56.0

25 17 0.75 1.5 1.000 4 656 5723 83.7

26 14 0.75 0.5 0.250 4 317 314.7 23

27 25 0.75 0.5 0.625 6 523 425.1 97.9
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Experimental Procedure (Preparation of NPs)

Polymeric PLGA NPs encapsulating BSA were prepared by
water in oil in water (W/O/W) DESE method with PVA as a
stabilizer at the external aqueous phase. In brief, the primary
emulsion was obtained by dissolving BSA (25-50 mg) in 1 ml dis-
tilled water, then, emulsified with 4 ml DCM containing PLGA
(25-75 mg), followed by sonication (30 s). In the second emul-
sification step, the primary emulsion (5 ml) was added to
external phase (i.e. aqueous solution, 10 to 30 ml) containing dif-
ferent PVA concentrations (see Tables 1 and 2) to obtain the final
double W/O/W emulsion. The final double emulsion (W/O/W)
was then sonicated (60 s) and stirred for 4 hours for complete
evaporation of organic solvent (DCM). To minimize diffusion of
BSA to external aqueous phase and evaporation of the aqueous
phase after solvent evaporation, minimum stirring time (4 h)
was applied based on our preliminary studies. Subsequently, for
collection of NPs, the double emulsion was centrifuged (12,000
RPM for 30 minutes) and washed two times with distilled
water to remove excess PVA and non-encapsulated drug.

Particle Size Analysis

The obtained NPs were dispersed into 5 ml of distilled water.
The median hydrodynamic diameter (d50) of the NPs was

Table 3. ANOVA results obtained by statistical analysis of
formulation parameters on NP size

Factor SS df MS F P-value
Co (D) 14700.0 1 1470000 518031  0.034609
Coen O 24300.0 1 2430000 856336  0.008662
G (L+Q) 976569 2 4882847 17.20724  0.000054
VR (L) 61061.3 1 61061.33 2151812  0.000179
Con “Con 380250 1 3802500 1340008 0.001662
Con ¥C,, 327610 1 3276100 1154503 0.003019
Error 53915.7 19 283767
Total SS 3224200 26

Q, quadratic; L, linear; df, degree of freedom; C

He

PVA’

Cypand C

*
BSA

C

PLGA’

BSA

*C
Interaction between Cy, and C

PVA’

PLGA”

Interaction between
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analyzed with dynamic light scattering (DLS < Scatteroscope-1,
K-ONE LTD, South Korea).

Evaluation of Experimental Results

Effect of formulation parameters on the response (size of
PLGA NPs) from 27 experiments were collected, investigated
and evaluated by Box-Behnken design. Statistical analysis was
carried out on two-way linear-linear interactions of the for-
mulation parameters, at centered and scaled polynomials,
certain effects that were not significant were discarded due to
their P-value > 0.05. A new statistical analysis was performed
on the remaining significant effects, and the results are shown
in Table 3. Table 3 describes the analysis of variance on the
formulation parameters while Table 4 describes the effect esti-
mates of formulation parameters. The standardized effects
ranked in order of their significances are also shown on a
Pareto chart (Fig. 1). The regression coefficients of significant
formulation parameters on the particle size were fitted into the
regression equation (Equation 1) which is used for prediction
of NP size, with F, F, and F, representing C,,, C,, ., and C,,
respectively and VR being represented by F,. At a desirability
value of the independent formulation parameters (i.e. C, , = 2
%wW/v, C, ., = 1 %wW/v, C,, = 0.625 %w/v and VR = 4, equiva-
lent to 20 ml of external aqueous phase), Figures 3 to 8 were
generated. The figures were then employed to study the rela-
tion of the formulation parameters at a 2-dimensional space.
Equation 1:

Y =-471.09 + 310.83F, + 480F, + 308.89F, + 317.87F +
35F, - 195F, * F, — 241.33F * F,

Results

According to the results of statistical analysis evaluated by
STATISTICA™ Ver.12.0 software package (Stat Soft Inc.,
USA), the Mean Square (MS) residual reported in this model
is 2837.67 which corresponds to the highest standard error of
53.26979 (Standard error= V(MS Residual)) of interaction
between BSA with PLGA and PVA (See Table 4). The applied
Box-Behnken design within equally spaced level of each inde-
pendent parameters sufficiently proves to fit a quadratic model
(equation 1) with R* of 0.83278. The residual errors reported
from model equation 1 for the predictions of NPs from 27

Table 4. Effect estimate obtained by statistical analysis of formulation parameters on NP size

Effect estimates on size (nm); R?= 0.83278, MS Residual = 2837.67

Factor Effect Standard error t-value P-value —95% Confidence limit  +95% Confidence limit
Mean/Interc. 428.600 11.23026 38.16475 0.000000 405.095 4521052

Cen O —70.000 30.75533 —2.27603 0.034609 —67.186 —2.8142

Coen O 90.000 30.75533 292632 0.008662 12.814 77.1858

Gon (O 167.667 30.75533 545163 0.000029 51.648 116.0192

G, @ —44.700 2063130 —2.16661 0.043185 —43.941 —0.7591

VR (L) 142.667 30.75533 463876 0.000179 39.148 1035192

Coon D DY G, (D) —195.000 53.26979 —3.66061 0.001662 —153.247 —41.7525

Coon WY G, (D) —181.000 53.26979 —3.39780 0.003019 —146.247 —34.7525

Q quadratic; L, linear; C,, * C, . Interaction between C., and C,,, CBSA* C, ., Interaction between C,,, and C, .
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Ceva(L)

VR(L)

CasalL) by Cpieall)

-3.66061

CesalL) by Ceva(L)

-3.3978

Crucall)

Cesa(l) -2.27603

Crva(Q) -2.16661

2.926322

p=.05
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IS

dized Effect Esti

(Absolute Value)

Fig. 1 Pareto chart on the effects of independent parameters in order of their significance is shown.

experiments carried out varies within the limits of —91.13
(Run Order 7) and +97.87 (Run Order 27). Figure 2 represents
the prediction of NP size from equation 1 in comparison with
the experimentally obtained values. As shown in the Pareto
chart (Fig. 1) and Table 4, it was found that the independent
formulation parameters (F, F, F, and F,) had significant linear
effects on the size of NPs. Only C,, had both linear and quad-
ratic effects on NP size. Significant linear interactions also
existed between C, , and C (1L by 2L) as well as C_, and
C,,, (1L by 3L).

PLGA

Validation

Using the software option for optimization to obtain the
smallest particle size, optimum values for input variables was
suggested as 0.6 (%w/v), 1 (%w/v), 0.1 (%w/v) and 6 for FI to
F4, respectively. The predicted size (nm) was 312.0. To validate
the model, five replicates of the optimized sample were exper-
imentally prepared and the particle size was measured as mean
(SD) 298.8 (49.9 nm), showing the capability of the model to
predict the size. The optimum sample showed mean (SD)
encapsulation efficiency of 66.3 (1.2), using the following
equation:

Encapsulation efficiency = (Amount of encapsulated BSA /
Initial amount of BSA) x 100

Effect of BSA concentration

According to the Pareto chart, concentration of BSA has signif-
icant but small effect on the NP size. When either PLGA or
PVA are low, increasing BSA concentration increases the size.
Whereas at high values of PLGA or PVA, increasing BSA
makes the size smaller (see Figs. 3 and 4). From Figure 5, the
effect of BSA on particle size is observed to be negligible when
compared to an increase in VR between the first emulsion and
external aqueous phase.

Effect of PLGA Concentration

Statistical effect estimates of PLGA in Table 4 as well as Figures
3, 6 and 7 show that increasing PLGA at the organic phase
(DCM) increases the NPs size. The only exception is when
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Fig. 2 Fitted curve of observed and predicted NP size based on
the regression equation (R?>=0.83278).

Cpya = 0.625 %wiv
VR=4

[EEREEATY

> 500
Il < 560
[ < 460
[ < 360
Il < 260

Fig. 3 Response surface curve of BSA interacting with PLGA at a
fixed concentration of PVA (0.625 %w/v) and at fixed volume ratio
(4, equivalent to 20 ml of external aqueous solution containing
PVA).
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Fig. 4 Response surface curve of BSA interacting with PVA ata
fixed concentration of PLGA (1 %w/v) and at a fixed volume ratio
(4, equivalent to 20 ml of external aqueous solution containing PVA).

Fig. 7 Response surface curve of PLGA interacting with VR at a
fixed concentrations of BSA (2 %w/v) and PVA (0.625 %w/v).

Cgsa = 2 %wliv
Corga =1 %wiv

Cprga =1 %wlv
Cpya = 0.625 %wiv

[T ALY
[T AT,

Il > 500 "
= S
<370 [1<480
Bl < 320 B < 380
B <270 B <230
Fig. 5 Response surface curve of BSA interacting with VR ata Fig.8 Response surface curve of PVA interacting with VR ata
fixed concentrations of PLGA (1 %w/v) and PVA (0.625 %w/v). fixed concentrations of PLGA (1 %w/v) and BSA (2 %w/v).

C.., is high, whereby increases in C, ., makes the NP size

BSA
Cosa = 2 %WV slightly smaller (see Fig. 3).

PLGA

VR=4 .
Effect of PVA Concentration
- XN From the Pareto chart, the effect of PVA at the external
K igni
50 et eNeters aqueous phase was observed to be a significant parameter
Ol e e e 0% e %
¢ "::‘::‘::2::}&3:0&’2& affecting the NP size. Such that, an increase in C,, results to
5 IS e %% production of larger particle size with an exception of small
EF reverse effect on size when C,, is low and C,, is high. C, ,
- appears to be the dominant parameter affecting the size in the
values we studied for the four independent parameters. The
~ exception is in Fig. 4 where at high BSA values, size appears to
be nearly independent on C,,.
I > 600 . .
& W -0 Effect of Volume Ratio of emulsions
460
E Sa0 The VR between the first emulsion and external aqueous phase
I < 360 . . . .
gave rise to each experimental formulation with a total volume
Fig.6 Response surface curve of PLGA interacting with PVA at a in the range of 15 ml to 35 ml. Accor ding to the Pareto chart,
fixed concentration of BSA (2 %w/v) and VR (4, equivalent to 20 the VR phase was observed to be a significant parameter
ml of external aqueous solution containing PVA). affecting particle size, such that, increasing VR increases the
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NP size. At various levels of each parameters, Fig. 5, Fig. 7 and
Fig. 8 shows that increasing the VR also Increase the NPs size.
At a fixed VR (Fig. 6), increment in particle size was also

observed while increasing both C, ., and C,,.

Discussions

BSA concentration was varied from 0.5 to 1 % (w/v) (~ 25 to
50 mg) at the inner aqueous phase. C,, was evaluated and it
was observed to have a fuzzy effect on NPs size. Increasing
BSA concentration has been observed to show either little or
no effect on the mean particle size of PLGA NPs." Since BSA
is introduced into the primary emulsions and many other fac-
tors will then affect the emulsification process, it is arguable
that such factors (e.g. sonication of secondary emulsion) will
dominate the effect of BSA concentration.

Increasing C, ., at the organic phase increased the par-
ticle size. In a similar work that used a full factorial central
composite design as a response surface methodology observed
an increment in the size of PLGA NPs loaded with Insulin-
lauryl sulfate increases while increasing the C, ,."* Another
similar work also observed the production, via DESE, of larger
PLGA particle size encapsulating sildenafil citrate with
increasing the C, .,."” This is probably due to the fact that
increasing PLGA concentration makes the viscosity larger."”
Thus, the effect of sonication on breaking the particles into
smaller ones become less pronounced.

From our findings, PVA showed two distinct effects on
the preparation process of nanoparticles. While it plays a sta-
bilizing role, it also increases the viscosity of the solution.
Therefore, by increasing the CPVA, stability of the preparation
increases which in turn decreases the size. At the same time,
lesser effect is expected from sonication due to increase in vis-
cosity. In our work, the viscosity increasing effect of PVA
appears to be dominant which in turn increased the particle
size. The type of surfactant and its concentration during DESE
method, influences the production process and long term sta-
bility of the NPs by preventing the emulsion droplets from
coagulation, coalescence and precipitation through formation
of a protective layer on emulsion droplets. Several challenges
have been reported regarding the optimum concentration of
PVA as a surfactant/stabilizer at the external aqueous phase of
the DESE.” It has also been observed that increase in NP size
is related to excess PVA at the external aqueous phase of
DESE.” In a similar study, haloperidol was loaded into
PLGA NPs, the mean diameter of NPs was observed to
decrease, then, gradually increased while increasing C,,.*
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In a similar study, in which hyaluronidase was encapsulated
into PLGA NPs via DESE, increase in C,, was observed to
increase the particle size.?' A study also reported decrease in
NPs size of PLGA encapsulating BSA when increasing C,, at
the external aqueous phase from 0% to 0.4%.%

Increasing the VR was observed to increase particle size. A
report which used fractional factorial design to study the effect
of formulation variables on hyaluronidase loaded PLGA NPs
also observed an increment in particle size while increasing the
volume of external aqueous phase containing PVA.”" The direct
increment in particle size is suggested to be attributed to vis-
cosity of first and final emulsion. Such that, the simultaneous
increase of PLGA at the first emulsion with PVA at the external
aqueous phase results to a more viscous emulsion which could
not be breakdown efficiently by the available sonication and
stirring parameters, then resulting to an increment in NPs size.

Conclusions

This study demonstrated that it is possible to investigate, using
a Box-Behnken response surface methodology, the effect of
formulation parameters on the size of PLGA NPs encapsu-
lating proteins with BSA as a model protein. Concentrations of
PLGA, PVA as well as VR showed to have a direct effect on
particle size while the concentration of BSA showed a negli-
gible effect on particle size. Generally, mechanism based on
viscosity of emulsion droplets could be regarded as the domi-
nant effect controlling the particles size.
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Q = Quadratic effect

e [ = Linear effect
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