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a  b  s  t  r  a  c  t

Investigation  was  carried  out  to determine  the  influence  of  process  conditions  on  the  volume  mean  size of
PLGA  nanoparticles  intended  as  drug  delivery  vehicle  for an  injection  formula  of  protein  type  therapeutic
agent.  Nanoparticles  were  produced  by  double  emulsion-solvent  evaporation  method  to encapsulate
bovine  serum  albumin  into  the  PLGA  matrix  material.  At  first  aqueous  BSA  solution  was  dispersed  by
sonication  into  an  organic  phase  composed  of  dichloromethane  as  solvent  and  dissolved  PLGA.  This
first emulsion  was  dispersed  in  a  second  aqueous  phase  containing  PVA  emulsifier.  Solid  nanoparticles
were  obtained  by  evaporating  the  dichloromethane  from  the  droplets.  Size  distribution  of  particles  was
rug carrier particles
ize distribution
xperimental design
ptimization

determined  by  dynamic  light  scattering.  It was  found  that volume  mean  particle  size  was  influenced
by  several  process  variables,  such  as  PVA  concentration  in  the  external  phase,  PLGA  concentration  in the
organic  phase,  BSA  concentration  in  the  inner  phase,  volume  ratio  of  the  external  and  intermediate  phases,
and the  time  of  sonication  during  the  second  emulsification.  To  elucidate  their  effects  a 5-factorial  3-level
experimental  design  and  statistical  analysis  were  carried  out.  Relationship  between  the  mean  particle
size and  process  parameters  was  proposed.
. Introduction

Nanoparticles have increasing importance as drug delivery
evices applicable for controlled release of various ingredients such
s protein type medicines. Poly(dl-lactic-co-glycolic acid) is a bio-
ompatible and biodegradable polymer commonly used for this
urpose [1].  Bovine serum albumin is often applied as model mate-
ial to study the production and behaviour of water soluble protein
ype drugs [2].  It is known that PLGA–BSA composite nanopar-
icles can efficiently be manufactured by water-in-oil-in-water
w1/o/w2) double emulsion method [3–5]. Particle size, encap-
ulation efficiency and the structure of the composite particles
re important properties with respect to pharmaceutical appli-
ation. Size and structure influence the kinetics of drug release,
harmaceutical behaviour and cellular uptake of the particles [6].
elationship between the particle properties and the conditions
f preparation were studied and characterized by several authors
4–11]. Feczkó at al. [4] prepared PLGA nano- and microparticles by
ater-in-oil-in-water double emulsion-solvent evaporation tech-

ique to elucidate the effect of different surfactants in the external
queous phase on the encapsulation efficiency of BSA, and to find
elation between the morphological properties and release kinetics

∗ Corresponding author. Tel.: +36 30 9370 284; fax: +36 88 624 038.
E-mail addresses: gyenis@mukki.richem.hu, gyenis.janos@chello.hu (J. Gyenis).

255-2701/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cep.2011.05.006
© 2011 Elsevier B.V. All rights reserved.

of the resultant carrier particles. It was  found that the surfac-
tant/PLGA weight ratio played important role to achieve suitable
particle properties. Polyvinyl alcohol (PVA) proved to be advan-
tageous at given PVA/PLGA mass ratio, resulting BSA containing
PLGA nanoparticles with narrow size distribution, high yield and
good encapsulation efficiency. However, detailed investigation of
the effects of process parameters remained an important task.

Studies were reported by several authors on the effects of cer-
tain process parameters on the size of microspheres. Celebi et al.
[12] evaluated the impact of drug loading, the amount of gelatin in
the inner aqueous phase, and the concentration of PVA on the size
and drug entrapment of poly(lactic acid-co-glycolic acid) micro-
spheres in a factorial design-based study. In a more complex work
of Al Haushey et al. [13] the effects of 12 parameters on the size of
poly(�-caprolactone)-BSA microparticles were analyzed applying
double emulsion method. However, only few studies were carried
out to elucidate the relationship between the process parameters
and the size of PLGA nanoparticles by experimental design. Among
them Gutierro et al. [14] changed some parameters to investigate
their influence on the size of PLGA–BSA nanoparticles. It was found
that increasing the emulsifier concentration in the external aque-
ous phase from 0.3% to 8% resulted in a reduction of the mean

diameter of particles from 500 nm to 200 nm. Gryparis et al. [15]
achieved size reduction of PLGA–mPEG nanoparticles by increasing
the time of sonication and decreasing the amount of the polymer
matrix material.

dx.doi.org/10.1016/j.cep.2011.05.006
http://www.sciencedirect.com/science/journal/02552701
http://www.elsevier.com/locate/cep
mailto:gyenis@mukki.richem.hu
mailto:gyenis.janos@chello.hu
dx.doi.org/10.1016/j.cep.2011.05.006
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Lamprecht et al. [16,17] optimized the drug loading and the size
f PLGA–BSA nanoparticles by changing several variables, i.e. the
SA concentration in the inner aqueous phase, the PLGA content of
he organic phase, the amount of surfactant in the external aque-
us phase, the volume of the external aqueous phase, as well as
he duration of homogenization. But, because they did not use for-

al  experimental design they analyzed the influences of different
arameters separately at fixed values of other variables, therefore
he effect of different parameter combinations was  not explored,
nd the achieved mean particle size was not lower than 230 nm.

Production of spherical particles with narrow size distribu-
ion below 220 nm without agglomeration is of crucial importance
or injection drug formulas, to allow sterilization of the product
y ultra-filtration through a membrane of 220 nm cut-off value.
herefore, the aim of our study was to determine proper process
onditions for manufacturing PLGA–BSA particles with suitable size
istribution. For this, the volume mean particle size was chosen as
he dependent variable as a function of the applied process param-
ters.

Based on preliminary experiments and literature survey it was
upposed that in the studied double emulsion-solvent evaporation
anufacturing process the mean particles size is influenced by the

ompositions of the inner aqueous (w1), intermediate organic (o)
nd external aqueous (w2) phases. It was also assumed that volume
atio of the w2/o phases, as well as the intensity and duration of the
ltrasonic treatment had essential effects.

In addition to the size of particles as a basic demand, high encap-
ulation efficiency, suitable pharmaceutical behaviour and slow
elease kinetics are also crucial requirements. Another important
eature is the cost of manufacturing, which depends on the method,
onditions and parameters of production. Although in a complex
rocess development all these aspects should be considered, the
tudy reported here was focused to the particle size only.

. Materials and methods

.1. Materials

PLGA (50:50, Mw  = 8000, Resomer® RG 502H) with free car-
oxyl end groups was given by Boehringer Ingelheim, Germany.
SA was obtained from Trigon Biotechnological Ltd., Hungary. PVA
Mw  = 30,000–70,000) and phosphate-buffered saline (PBS, pH 7.4)
ere the products of Sigma. Dichloromethane (DCM) was  pur-

hased from Spektrum-3D, Hungary.

.2. Experimental procedure

PLGA nanoparticles containing BSA model protein were manu-
actured by double emulsion-solvent evaporation technique [4,5]
hown schematically in Fig. 1. Briefly, aqueous BSA solution
10–50 mg/mL) in 0.5 mL  phosphate-buffered saline (PBS, pH 7.4)
as added to 5 mL  dichloromethane containing 50–200 mg  dis-

olved PLGA. The two-phase system was emulsified for 60 s with
 probe sonicator Model W-220 (Heat Systems-Ultrasonics, Inc.)
t setting #6 (corresponding to 70 W electric power input) in ice
ath. The resulting water-in-oil emulsion was added into 10–30 mL
queous solution of PVA emulsifier and sonicated at setting #6 for
0–180 s in ice bath. The concentration of emulsifier was  changed in
he range of 0.5–2.0 (w/v%). The dichloromethane was  then evap-
rated from the droplets under magnetic stirring at 800 rpm for
 h. The size distribution of the resulted particles was  analyzed by
ynamic light scattering (also called as photon correlation tech-
ique) using Zetasizer Nano ZS (Malvern Instruments, Malvern, UK)
t 25 ◦C. Average particle size of the samples was expressed in term
nd Processing 50 (2011) 846– 853 847

of volume mean diameter. Polydispersity index was determined
according to ISO standard 13321:1996 E.

2.3. Experimental design

To elucidate the effect of process conditions on the mean particle
size, experiments were carried out according to a schedule deter-
mined by STATISTICATM Ver. 9.0 software (StatSoft Inc., USA). The
obtained experimental data were evaluated by statistical analysis,
similarly to the method described by Biró et al. [18] for chitosan
microparticles. Five process variables summarized in Table 1 (also
called as “factors”, denoted by F1–F5) were selected, assuming
that they have essential effects on the mean particles size. The
selected variables were as follows: concentration of PVA in the
external aqueous phase (F1), concentration of PLGA in the inter-
mediate organic phase (F2), concentration of model protein BSA in
the inner aqueous phase (F3), the volume ratio of the external aque-
ous and the intermediate organic phases (F4), and the duration of
the second sonication (F5) applied to disperse the first water-in-oil
emulsion into the external aqueous media, to obtain water-in-oil-
in-water double emulsion. The volume mean particle size (d̄) was
taken as dependent variable. The studied ranges of the indepen-
dent variables i.e. the lower and upper limits of factors F1–F5 were
determined by preliminary experiments and other considerations.

Considering five independent variables and their possible non-
linear influences, a 5-factorial 3-level (3K−p type) Box–Behnken
experimental design was  chosen, i.e. for each variable 3 different
levels (the lowest, highest and central values of their studied inter-
vals) were taken into consideration. The main advantage of such an
approach was  the vast reduction of the experimental work without
remarkable loss of useful information. It means that instead of all
combination of the 5 variables at three levels, i.e. N = LK = 35 = 243
experiments (without any repetitions), only 54 experiments had to
be carried out, including 14 repetitions.

The experimental program, determined by a STATISTICATM

module, is shown in the first 54 rows of the table in Appendix B.
Each row corresponds to a given experiment, and contains a par-
ticular combination of the applied values of variables. The order of
runs shown by the serial numbers in the first column was obtained
by randomization of the original order. Considering the complex
nature of the studied system, in addition to the 6 repetitions pro-
posed by the Box–Behnken design, 8 extra repetitions were added
to the program to learn the reproducibility of the experiments even
more. Repetitions were carried out at the central point of each
variable intervals indicated by C.

In the last column of the table in Appendix B the volume mean
particle sizes obtained by the experiments are listed. As will be
seen later, not all of these experiments were accepted as suitable
for the subsequent statistical evaluation, because in 10 experiments
shown in grey shadowed rows, abnormally high particle sizes were
obtained. This was probably caused by insufficient dispersion dur-
ing the second emulsification, or by the coalescence of not fully
solidified droplets, mainly due to the too short sonication time or
the low surfactant concentration in these runs. Therefore, these
results were excluded from the analysis to avoid the distortion of
the resultant function just in the region where we intended to work
normally.

2.4. Evaluation of the experimental results

Statistical analysis was carried out in two  consecutive steps,
evaluating the data of 44 experiments after discarding the data

of the mentioned 10 inadequate runs. In the first step, analysis
was  carried out supposing both the linear and quadratic effects
of all independent variables, and assuming all possible two-way
linear–linear interactions between each variable pair. As a result,
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Fig. 1. Schematic diagram of the studied 

he magnitudes and significance levels of all these effects have been
etermined. Statistical tests were carried out to determine the F
nd t-values, p-levels, and 95% confidence intervals for them. In
he second step, the not significant effects, whose p values in the
rst step were above 0.05, have been omitted. Only one exception
as allowed: the quadratic effect of PLGA concentration, denoted

y PLGA(Q) was not ignored since its significance level was close to
he p = 0.05 criteria. According to the total number of independent
nd dependent variables a six-dimensional response surface and
he regression coefficients of an empirical correlation were also
etermined. The standard deviation between the measured and
redicted mean particle sizes, as well as the pure error calculated
rom the data of repetitions was also determined.

The results of this second analysis are listed in an “Effect Esti-
ates” table in a form as was obtained by the applied STATISTICATM

odule (see Table 2). The first column of the table lists all the factors
nd interactions whose effects proved to be significant, while the
ext columns give the values of the estimated effects, their stan-
ard errors, statistical t(34) tests, p values, and ±95% confidence

imits. The pure error, not listed in the table, was ±5.9 nm or ±0.4%,
hich shows very good reproducibility of the applied particle man-
facturing technique. The standardized effects were also plotted by
he STATISTICATM module in the form of a Pareto chart, shown in
ig. 2, ranked in decreasing order of magnitude.

. Results and discussion

According to the results shown in Fig. 2, BSA concentration (fac-
or F3) and the volume ratio rw2/o of the external aqueous and the
ntermediate organic phases (F4) have only linear (L) influence on
he mean particle size. On the other hand, the latter also depends on
he PVA concentration (F1) via quadratic (Q) relationship, while the
oncentration of PLGA (F2) and the duration of the second sonica-

ion (F5) have both linear and quadratic effects. The non-linearity
.e. the quadratic effect of PLGA concentration is less significant
han its linear influence, but even the former was not neglected.
n addition to the direct effects of factors F1–F5, there are mutual

able 1
ndependent process variables (factors) supposed to have influence on the mean particle 

Factor Symbol Variable 

F1 cPVA PVA concentration in the external aqueou
F2 cPLGA PLGA concentration in the intermediate o
F3  cBSA BSA concentration in the inner aqueous p
F4 rw2/o Volume ratio of the external aqueous (w2

F5  t2 Duration of ultrasonic dispersing treatme
particles

e emulsion-solvent evaporation process.

interactions between the PVA concentration and rw2/o volume ratio
(F1(L) × F4(L)) and between the PVA concentration and the time of
second sonication (F1(L) × F5(L)), also influencing the mean particle
size.

As is seen in Fig. 2, PLGA concentration and sonication time
have the most significant influence on the mean particle size. Vol-
ume  ratio of the external aqueous and the internal organic phases,
and BSA concentration have the next most significant effects. The
quadratic effect of PVA concentration, and its linear–linear inter-
action with the volume ratio rw2/o and sonication time are also not
negligible. Although the quadratic effect of PLGA concentration was
below to the p = 0.05 significance criteria, this was not neglected,
to elucidate the possible non-linear effect of PLGA concentration.

As a result, the following equation was obtained by fitting a six-
dimensional surface to the experimental data:

d̄ = 210.87 + 9.10 · c2
PVA + 22.69 · cPLGA − 1.95 · c2

PLGA − 4.22 · cBSA

− 2.57 · rw2/o − 33.31 · t2 + 10.87 · t2
2 + 5.83 · cPVA · rw2/o

− 23.42 · cPVA · t2 (1)

This relationship proved to be suitable to estimate the mean par-
ticle size d̄ as a function of the studied process variables. The mean
square error of fitting was 64,87 nm2 corresponding to

√
64.87 =

8.05 nm standard deviation between the measured and predicted
mean particle sizes, which is acceptable estimation. The goodness
of fit was also proved by checking the normal distribution of resid-
uals and their independence of the measured particle size and the
order of runs.

The appropriateness of prediction is demonstrated in Fig. 3,
where the mean particle sizes calculated by Eq. (1) are plotted
vs. the measured data. Data points marked by circles indicate the
results of 44 experiments carried out according to the experimen-

tal design, while triangles correspond to the results determined
by additional experiments listed in rows 55–66 in Appendix B
(except run 60), carried out to verify Eq. (1).  The dotted lines in
Fig. 3 indicate ±10 nm deviations between the measured and cal-

size.

Studied intervals

s phase 0.5–2.0 w/v%
rganic phase 1.0–4.0 w/v%
hase 1.0–4.0 w/v%
) and intermediate organic (o) phases 2.0–6.0 v/v
nt (“sonication”) in the second (final) emulsion 0.5–3.0 min
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Table 2
The Effect Estimates table as was obtained by the STATISTICATM software.

Effect Estimates; dependent variable: particle size in nanometer; R-square = 0.88315; 5 3-level factors, 1 blocks, 44 Runs; MS  residual = 64.86654

Factors Effect Std. error t(34) p −95% Cnf. limit +95% Cnf. limit

Mean/intercept 214.9024 3.68952 58.24674 0.000000 207.4044 222.4004
F1  PVA(Q) −7.7309 2.78682 −2.77410 0.008925 −13.3944 −2.0674
F2  PLGA(L) 38.5929 4.30503 8.96459 0.000000 29.8440 47.3417
F2  PLGA(Q) 4.9206 2.64321 1.86158 0.071325 −0.4511 10.2922
F3  BSA(L) −15.9731 4.68764 −3.40751 0.001701 −25.4996 −6.4467
F4  w2/o phase ratio(L) 17.0938 4.78934 3.56913 0.001092 7.3607 26.8269
F5  duration(L) −69.5029 10.50119 −6.61858 0.000000 −90.8439 −48.1619
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F5  duration(Q) −20.7163 5.43885 −3.80
F1(L)  × F4(L) 27.3347 9.63737 2.83
F1(L)  × F5(L) −30.9667 11.39004 −2.71

ulated data. It is seen that almost all data obtained in the first
eries of runs (circles) are within this range. Data points of the
dditional experiments (triangles) have somewhat higher mean
eviation (±14.5 nm), but considering the deviations in percent-
ge (7.6%), the latter agreement can be considered also acceptable.
he particular effects of the studied variables are discussed
elow.

.1. Effect of PVA concentration

Fig. 4 shows the effects of the PVA and PLGA concentrations
F1 and F2) in the external aqueous and intermediate organic
hases, respectively, determined by Eq. (1).  The other three vari-
bles were set to values that were beneficial with respect to size
eduction. Namely, maximal BSA concentration (cBSA = 5.0 w/v%),
inimal w2/o volume ratio (rw2/o = 2.0 v/v), and almost maximal

onication time (t2 = 2.8 min) were used for this plot. It is shown
hat by increasing the PVA emulsifier concentration the attainable
ean particle size decreases monotonously. However, at higher
egions of PVA concentration this dependence diminishes gradu-
lly, indicating that further increase above cPVA = 2.0 w/v% is not
easonable.

Fig. 2. Pareto chart on the effects of independe
0.000558 −31.7694 −9.6633
0.007635 7.7492 46.9201
0.010242 −54.1140 −7.8193

3.2. Effect of PLGA concentration

From the same diagram (Fig. 4) it is also evident that the decrease
of PLGA concentration in the organic phase causes considerable
reduction in the resultant particle size. The explanation is that,
besides some other indirect effects caused by the change of PLGA
concentration, e.g. the variation of the viscosity and surface tension
of the organic phase, also affecting the emulsification, the decrease
of particle size is mainly due to the reduced solid content in the
dichloromethane droplets resulting in smaller particles after evap-
oration of the solvent.

3.3. Effect of BSA concentration

Besides the influence of PVA concentration, the effect of BSA
concentration in the internal aqueous phase is plotted in Fig. 5, at
fixed values of other variables, namely at minimal PLGA concen-
tration (cPLGA = 1.0 w/v%) and phase volume ratio (rw2/o = 2.0 v/v),

applying almost maximal sonication time (t2 = 2.8 min). As is seen in
the diagram, BSA concentration has much less effect on the particle
size than PVA concentration, but its increase from 1.0 to 5.0 w/v%
yet results in appreciable size reduction.

nt variables in order of their significance.
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rw2/o. At maximal volume ratio (rw2/o = 6.0 v/v) the increase of PVA
ig. 3. Comparison of the measured and predicted mean particle sizes. © – Exper-
ments scheduled by 3(K−p) Box–Behnken experimental design, �  – additional
xperiments carried out to validate Eq. (1), dotted lines – ±10 nanometer deviation.

It can be a question that how and why BSA concentration can
nfluence the second emulsification and thus the final particle size.
n that stage the aqueous BSA solution is the innermost phase
ispersed within the droplets of the intermediate organic phase.
herefore, BSA cannot be present at the outer boundary of these
roplets, and thus cannot have direct impact on their dispersion. A
ossible explanation can be that BSA may  have an influence on the
roplet size of the inner aqueous phase within the organic phase in
he first water-in-oil (w1/o) emulsion, which may  modify its ability
or dispersion in the outer aqueous phase.

Another explanation can be that some amount of BSA may
scape from the w1/o droplets to the external aqueous phase during

he second emulsification, and may  act as an additional emulsi-
er agent beside the primary effect of PVA. However, if escape of
SA can take place, this will reduce the attainable encapsulation
fficiency.

ig. 4. The effects of PLGA and PVA concentrations on the mean size of particles.
Fig. 5. Effects of PVA and BSA concentrations on the mean size of particles.

3.4. Effect of the volume ratio of the phases

Beside the role of PVA concentration discussed above, Fig. 6
shows significant influence of phase ratio rw2/o on the mean par-
ticle size at given PLGA and BSA concentrations (cPLGA = 1.0 w/v%,
cBSA = 5.0 w/v%), and almost maximal sonication time (t2 = 2.8 min).
In this diagram significant interaction was recognised between the
two  variables, i.e. the special effect of phase ratio rw2/o greatly
depends on the level of PVA concentration. Namely, at minimal sur-
factant level (cPVA = 0.5 w/v%) the phase ratio rw2/o has practically
no impact on the mean particle size, which can not be below 172 nm
in this case. However, at high PVA concentration (cPVA = 2.0 w/v%)
mean particle size can significantly be lowered, to about 127 nm by
decreasing the volume ratio rw2/o.

It also means that the effect of PVA concentration depends on
concentration causes only moderate decrease in the mean particle
size, while at minimal volume ratio (rw2/o = 2.0 v/v) this effect is

Fig. 6. Effects of PVA concentration and w2/o phase ratio on the mean size of parti-
cles.
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ig. 7. Effects of PLGA concentration and duration of the second ultrasonic emulsi-
cation on the mean size of particles.

uite high, providing very small particles. The probable explanation
s quite simple: in this study the introduced ultrasonic power was
onstant (70 W).  Therefore applying higher rw2/o ratio corresponds
o higher liquid volume, which in turn reduces the available power
ensity per unit volume, resulting in weaker emulsification.

.5. Sonication time

Fig. 7 shows the effect of sonication time during the second
mulsification at constant PVA and BSA levels (cPVA = 1.0 w/v%,
BSA = 5.0 w/v%) and given phase ratio (rw2/o = 2.0 v/v), at various
LGA concentrations. From this diagram it is clear that increasing
he time of ultrasonic treatment, the mean particle size decreases
o 150–290 nm,  depending on the PLGA concentration. The great
eduction of particle size is the consequence of stronger disinte-
ration of droplets, due to the longer emulsification process. Size
eduction is faster at the beginning of the ultrasonic treatment, and
ater on it becomes slower. It seems that at about 2.8 min  sonication
ime the mean particle size approaches to a minimum.

.6. Optimum conditions to minimize the particle size

In certain applications, such as in production of injectable drug
ormulas, the smallest possible particle size should be achieved.
ts dependence on the process variables, as was described by
q. (1),  gives good opportunity to fulfil this demand. Figs. 4–7
ive good orientation to find the optimal process conditions in
his respect, but the high number of variables made it neces-
ary to solve the problem mathematically. For this purpose the
AMSTM/MINOS Large Scale Nonlinear Solver for Windows Ver.
.51 (System Optimisation Laboratory, Stanford University) soft-
are was applied, which has found the optimal parameters within

 few seconds, using an ordinary PC. As a result, in the studied range
f variables, 122.4 nm mean particle size was predicted as a theoret-
cal minimum, applying the following parameters: cPVA = 2.0 w/v%,
PLGA = 1.0 w/v%, cBSA = 5.0 w/v%, rw2/o = 2.0 v/v, and t2 = 3.0 min. In
ther words, to obtain the smallest particles in the studied dou-

le emulsion process, maximal PVA concentration, minimal PLGA
oncentration, and maximal BSA concentration should be used,
ogether with minimal volume ratio rw2/o. In the studied experi-

ental devices 3.0 min  sonication time was found as optimal.
Fig. 8. Example for the size distribution of the particles obtained in Run 57.
cPVA = 1.2 w/v%, cPLGA = 1.5 w/v%, cBSA = 5.0 w/v%, rw2/o = 2.0 v/v, t2 = 2.6 min, d̄ =
168.2  nm, PDI = 0.078.

3.7. Particle size distribution

Besides the mean particle size discussed above, size distribu-
tion is also an important property, especially with respect to their
application for drug delivery. Therefore, size distribution was also
measured in each run. Polydispersity indices determined from the
distribution data were varying between 0.05 and 0.15 extreme val-
ues in different runs, but generally they were around PDI = 0.10. It
means that the obtained particles had fairly narrow distribution
and, according to the definition given by Sadtler et al. [19] most of
them were practically monodisperse. Fig. 8 shows an example on
the frequency distribution with 168.2 nm mean particle size and
PDI = 0.078 polydispersity index, obtained in Run 57. Although a
small fraction above 300 nm could be observed in this diagram, the
vast majority of particles, almost 90% of their total volume was
below the critical 220 nm size.

4. Summary and conclusions

Investigation was  carried out to determine the influence of five
process variables on the mean particle size of PLGA–BSA com-
posite nanoparticles, produced by w1/o/w2 (water-in-oil-in-water)
double emulsion-solvent evaporation method. In the studied pro-
cess, aqueous BSA solution was  dispersed into an immiscible
organic liquid, composed of dichloromethane and dissolved PLGA,
to get water-in-oil (w1/o) emulsion. The latter was  then dispersed
in a second aqueous solution containing PVA emulsifier agent.
The aimed composite PLGA–BSA nanoparticles were obtained by
evaporating the dichloromethane from the w1/o droplets. Size dis-
tribution and volume mean size of the particles were determined
by dynamic light scattering method.

To determine the particular effects of process variables, a 5-
factorial 3-level Box–Behnken experimental design and statistical
analysis have been carried out. Relationship was proposed between
the volume mean particle size and five independent factors. The
latter were as follows: PVA, PLGA, and BSA concentrations in
the external aqueous, intermediate organic and external phases
(F1–F3), respectively, the volume ratio of the external and interme-
diate phases (F4), and the duration of the second sonication (F5).
The duration of sonication and PLGA concentration had the most

significant effects, but the volume ratio, the BSA and PVA concen-
trations, and two  interactions between some process variables had
also important influences. The applied experimental design proved
to be useful tool to explore the important features of the process.
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The optimal process conditions were determined to achieve the
mallest possible mean particle size. Maximal PVA and BSA con-
entrations and minimal PLGA concentration proved to be suitable
o get the smallest possible particle size. For this, the volume of
he external aqueous phase should be kept at minimum, applying
elatively long ultrasound treatment. The obtained products had
arrow, almost monodisperse size distribution.

Small particle size and narrow size distribution are important
equirements for drug delivery formulation. However, high encap-
ulation efficiency, i.e. maximal proportion of the active ingredient
ntroduced to the process that can be incorporated into the parti-
les is also crucial. This question was also studied in this work but,
ue to its complexity, will be discussed in a next paper.
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ppendix A. Nomenclature

ariables

PVA concentration of PVA in the external aqueous phase
(w/v%)
ppendix B.

ist of the process variables determined by a 5-factorial 3-level Box–Behnken design and

Order of
implementation

Original serial
number of runs

F1 PVA
concentration
(w/v%)

F2 PLGA
concentration
(w/v%)

Experiments scheduled by 3(K−p) Box–Behnken experimental design
1  3 0.50 4.00 

2  4 2.00 4.00 

3  50 (C) 1.25 2.50 

4  22 (C) 1.25 2.50 

5  10 1.25 4.00 

6  8 1.25 2.50 

7  5 1.25 2.50 

8  9 1.25 1.00 

9  7 1.25 2.50 

10 1  0.50 1.00 

11  6 1.25 2.50 

12  12 1.25 4.00 

13  20 1.25 2.50 

14  49 (C) 1.25 2.50 

15  17 1.25 2.50 

16  11 1.25 1.00 

17  18 1.25 2.50 

18  13 0.50 2.50 

19  21 (C) 1.25 2.50 

20  16 2.00 2.50 

21  47 (C) 1.25 2.50 

22  48 (C) 1.25 2.50 

23  15 0.50 2.50 

24  19 1.25 2.50 

25  14 2.00 2.50 

26 2 2.00 1.00 

27  23 (C) 1.25 2.50 

28 52  (C) 1.25 2.50 

29  54 (C) 1.25 2.50 

30 37  2.00 2.50 
nd Processing 50 (2011) 846– 853

cPLGA concentration of PLGA in the intermediate organic phase
(w/v%)

cBSA concentration of BSA in the internal aqueous phase (w/v%)
d̄ volume mean diameter of the produced nanoparticles

(nm)
rw2/o volume ratio of the external aqueous (w2) and interme-

diate organic (o) phases (v/v)
t1 duration of the first sonication applied to disperse the

inner aqueous phase in the intermediate organic phase
(min)

t2 duration of the second sonication applied to disperse
the first water-in-oil emulsion in the external aque-
ous phase to get water-in-oil-in-water double emulsion
(min)

Other notations and indices
C central point of the studied intervals of all independent

variables
F1, F2, F3, F4, F5 factors (independent variables)
Fi*Fj or iL by jL linear–linear interactions between the ith and jth

factors
K the number of independent variables or factors (-)
(L) indication of linear effect of a variable
o intermediate organic phase
(Q) indication of quadratic effect of a variable
 the obtained mean particle sizes.

F3 BSA
concentration
(w/v%)

F4 phase
ratio rw2/o

F5 duration of the
2nd sonication
(min)

Measured mean
particle size (nm)

3.00 4.00 1.75 224.8
3.00 4.00 1.75 225.9
3.00 4.00 1.75 206.7
3.00 4.00 1.75 199.3
3.00 4.00 0.50 531.5
5.00 6.00 1.75 204.7
1.00 2.00 1.75 603.8
3.00 4.00 0.50 452.2
1.00 6.00 1.75 223.1
3.00 4.00 1.75 177.1
5.00 2.00 1.75 178.7
3.00 4.00 3.00 190.2
3.00 6.00 3.00 192.1
3.00 4.00 1.75 186.9
3.00 2.00 0.50 879.0
3.00 4.00 3.00 152.2
3.00 6.00 0.50 510.6
1.00 4.00 1.75 210.0
3.00 4.00 1.75 199.1
5.00 4.00 1.75 194.1
3.00 4.00 1.75 206.7
3.00 4.00 1.75 199.4
5.00 4.00 1.75 627.9
3.00 2.00 3.00 186.9
1.00 4.00 1.75 208.7
3.00 4.00 1.75 202.6
3.00 4.00 1.75 195.8
3.00 4.00 1.75 199.3
3.00 4.00 1.75 205.7
3.00 4.00 0.50 277.9
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Appendix B (Continued )

Order of
implementation

Original serial
number of runs

F1 PVA
concentration
(w/v%)

F2 PLGA
concentration
(w/v%)

F3 BSA
concentration
(w/v%)

F4 phase
ratio rw2/o

F5 duration of the
2nd sonication
(min)

Measured mean
particle size (nm)

31 51 (C) 1.25 2.50 3.00 4.00 1.75 211.6
32 25  1.25 4.00 1.00 4.00 1.75 220.4
33  28 0.50 2.50 3.00 2.00 1.75 1320.5
34  33 1.25 2.50 5.00 4.00 0.50 929.1
35  40 1.25 1.00 3.00 2.00 1.75 161.8
36  41 1.25 4.00 3.00 2.00 1.75 207.7
37 26 1.25 1.00 5.00 4.00 1.75 159.6
38 38 0.50 2.50 3.00 4.00 3.00 217.4
39 53  (C) 1.25 2.50 3.00 4.00 1.75 200.6
40  35 1.25 2.50 5.00 4.00 3.00 172.6
41  31 2.00 2.50 3.00 6.00 1.75 217.1
42  45 (C) 1.25 2.50 3.00 4.00 1.75 196.3
43 32 1.25 2.50 1.00 4.00 0.50 357.1
44  27 1.25 4.00 5.00 4.00 1.75 204.9
45 30  0.50 2.50 3.00 6.00 1.75 191.2
46  39 2.00 2.50 3.00 4.00 3.00 186.4
47 34 1.25 2.50 1.00 4.00 3.00 189.4
48  44 (C) 1.25 2.50 3.00 4.00 1.75 197.4
49 29  2.00 2.50 3.00 2.00 1.75 183.3
50  24 1.25 1.00 1.00 4.00 1.75 175.3
51  43 1.25 4.00 3.00 6.00 1.75 222.8
52  46 (C) 1.25 2.50 3.00 4.00 1.75 198.0
53  42 1.25 1.00 3.00 6.00 1.75 197.9
54 36 0.50 2.50 3.00 4.00 0.50 736.2
Additional experiments carried out to verify Eq. (1)
55 55 1.20 0.50 5.00 2.00 2.60 142.3
56  56 1.20 1.00 5.00 2.00 2.60 163.5
57  57 1.20 1.50 5.00 2.00 2.60 168.2
58 58 1.20 2.50 5.00 2.00 2.60 188.6
59  59 1.20 4.00 5.00 2.00 2.60 207.3
60 60 1.20 1.00 5.00 2.00 0.50 819.2
61  61 1.20 1.00 5.00 2.00 0.75 175.1
62 62  1.20 1.00 5.00 2.00 1.00 172.2
63  63 1.20 1.00 5.00 2.00 1.50 167.8
64  64 1.20 1.00 5.00 2.00 2.00 160.2
65 65 1.20 0.50 1.00 2.00 2.60 140.3
66  66 1.20 1.00 1.00 2.00 2.60 173.2

Note: the experiments in the grey shadowed rows were omitted due to the excessively high mean particle size, explained by non suitable process conditions. Additional data
of  auxiliary experiments to validate Eq. (1) are shown in rows 55–66.
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