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le preparations by emulsification
and nanoprecipitation techniques: effects of
formulation parameters
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This study presents the influence of the primary formulation parameters on the formation of poly-DL-lactic-

co-glycolic nanoparticles by the emulsification-solvent evaporation, and the nanoprecipitation techniques.

In the emulsification-solvent evaporation technique, the polymer and tensoactive concentrations, the

organic solvent fraction, and the sonication amplitude effects were analyzed. Similarly, in the

nanoprecipitation technique the polymer and tensoactive concentrations, the organic solvent fraction

and the injection speed were varied. Additionally, the agitation speed during solvent evaporation, the

centrifugation speeds and the use of cryoprotectants in the freeze-drying process were analyzed.

Nanoparticles were characterized by dynamic light scattering, laser Doppler electrophoresis, and

scanning electron microscopy, and the results were evaluated by statistical analysis. Nanoparticle

physicochemical characteristics can be adjusted by varying the formulation parameters to obtain specific

sizes and stable nanoparticles. Also, by adjusting these parameters, the nanoparticle preparation

processes have the potential to be tuned to yield nanoparticles with specific characteristics while

maintaining reproducible results.
Introduction

Polymeric nanoparticle (PNP) preparation techniques are of
great interest in biomedical research, in particular for drug
delivery applications. The objective of PNPs in drug delivery
applications is to achieve drug release in a controlled manner;
to be biocompatible with tissues and cells; to reach higher
intracellular uptake than free drugs; to improve the stability of
active substances; and to be able to target specic tissues.1–3 An
essential factor in the design of these systems is the size; the
PNPs should be big enough to prevent fast incorporation into
blood vessels but small enough to prevent elimination from the
immune system.4 The PNP preparation techniques should be
analyzed and adapted to each active substance to meet all these
characteristics. Besides, it is essential to study the PNP prepa-
ration techniques to allow the production of reproducible large
batches.5 The necessity to scale-up the PNP preparation process
to the industrialized scale has been stated in earlier studies.6,7

Among the polymers used in the preparation of PNP, the
most widely used is poly-DL-lactic-co-glycolic acid (PLGA). PLGA
is successfully used in the research of drug delivery systems,
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because of its biodegradability and low systemic toxicity, it has
also been approved by the US Food and Drug Administration
(FDA) for medical applications.8–11 PLGA can be formulated as
PNP using several different methods, such as emulsication-
evaporation, nanoprecipitation or solvent displacement,
solvent diffusion, and phase-inversion; with sizes ranging from
10 to 1000 nm.12,13 When encapsulating hydrophobic
compounds, two of the most commonly used techniques are the
emulsication-solvent evaporation technique and the nano-
precipitation technique.14–16 The emulsication technique is
based in a mixture of a volatile non-water miscible solvent and
an aqueous solution, which are emulsied by the application of
high shear force. Then the volatile solvent is evaporated,
forming in the process the PNP. This method is advantageous
because it is nontoxic, rapid in reaction rate, and produces very
small particles.17 Nevertheless, a disadvantage in the technique
is the standardization for each specic drug, the high energy
used in the process, which could affect the stability of certain
drugs.18,19 On the other hand, in the nanoprecipitation method,
the nanoparticles are formed in one step.20,21Nanoprecipitation,
involves the use of miscible solvents and its advantages include
simplicity, good reproducibility, and low energy input.22,23 Aer
the nanoparticle formulation with most techniques, some
potentially toxic impurities such as organic solvents, surfactant
excess, residual monomers, and large polymer aggregates must
be eliminated. Some of the most common particle purication
This journal is © The Royal Society of Chemistry 2020
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methods for laboratory scale include dialysis, gel ltration,
evaporation under reduced pressure, and ultracentrifugation.24

Several works analyze the experimental parameters of different
techniques for the encapsulation of specic drugs.25–34 The
effect of some formulation parameters on the size of PLGA
nanoparticles encapsulating bovine serum albumin, prepared
by double emulsion solvent evaporation method, indicate that
PLGA and PVA concentrations have a direct effect on the particle
size.35 Halayqa and Domańska analyzed the effect of some
parameters in the emulsion-evaporation technique to improve
the efficiency of encapsulation and size in the preparation of
PNP loaded with perphenazine and chlorpromazine hydro-
chloride.36 The inuence of different experimental parameters
on the incorporation efficiency of paclitaxel in the PLGA nano-
particles prepared by the interfacial deposition method was
reported in the literature.37 Also, Derman et al., improve the
encapsulation efficiency of caffeic acid phenethyl ester, using
the oil in water (o/w) single emulsion solvent evaporation
method, reporting high and sustained drug release.38 The same
single emulsion technique was reported for PLGA nanoparticles
preparations with simultaneously loaded vincristine sulfate and
quercetin, by evaluating six independent parameters.39 The
effects of different formulation parameters on particle size, zeta
potential, drug loading efficiency and drug release of PLGA
nanoparticles loaded with ciprooxacin HCL and prepared by
w/o/w emulsication solvent evaporation method is also re-
ported in the literature.40 The effect of process and formulation
parameters using nanoprecipitation on prednisolone loaded
PLGA nanoparticles was studied.41 Also, Muthu et al., varied the
concentration of PLGA and risperidone in the preparation of
nanoparticles to improve the encapsulation efficiency.42

Govender et al. evaluated some formulation parameters to
enhance the incorporation of a water-soluble drug (procaine
hydrochloride) into PLGA nanoparticles.43 Madani et al.
analyzed the effect of formulation parameters over the size of
paclitaxel-loaded PLGA nanoparticles prepared by the emulsion
and the precipitation methods.44 Other works have been
focused not only in parameter studies but also in scale-up
processes. Galindo-Rodŕıguez et al. made a comparative scale-
up of three manufacturing processes; salting-out, emulsica-
tion–diffusion, and nanoprecipitation.45 Also, He et al. worked
in the scalable fabrication of size-controlled chitosan nano-
particles for oral delivery of insulin.46 A comparison of the
techniques of emulsion diffusion, solvent displacement, and
double emulsion to prepare doxorubicin-loaded nanoparticles
has also been reported in the literature.47 Sah et al. provided the
fundamentals into emulsion solvent evaporation/extraction,
salting-out, nanoprecipitation, membrane emulsication,
microuidic technology, and ow focusing.48 Mora-Huertas
et al. describes the effect of the oil used in the recipes and
preparation methods of nanoprecipitation and emulsication
over the behavior of nanocapsules.49 Paliwal et al.made a review
of the production methods of polymeric and lipid nano-
particles, their scale-up techniques, and commercialization
challenges.50 Despite all the efforts in the encapsulation tech-
niques of several actives into PLGA nanoparticles, is still
essential to adapt these processes for the encapsulation of other
This journal is © The Royal Society of Chemistry 2020
different compounds. Therefore, this work aims to offer
insights into the variable behaviors in the PLGA nanoparticles
preparation processes to facilitate the encapsulation of other
actives and for tune the nanoparticle-desired characteristics.
Several factors that intervene in the PNP preparation processes
were analyzed. In the emulsication-solvent evaporation tech-
nique, the polymer and tensoactive concentrations, the organic
solvent fraction, and the sonication amplitude effects were
analyzed. Similarly, in the nanoprecipitation technique were
varied the polymer and tensoactive concentrations, the organic
solvent fraction, and the injection speed. Additionally, the
agitation speed during the solvent evaporation, the centrifuga-
tion speeds, and the use of cryoprotectants in the lyophilization
process were studied. Nanoparticles were characterized by
dynamic light scattering (DLS), laser Doppler electrophoresis,
and scanning electron microscopy (SEM).
Materials and methods
Materials

PLGA acid terminated (50/50 DL-lactide/glycolide copolymer)
with a molecular weight of 17 kg mol�1 (P17A), and PLGA (50/50
DL-lactide/glycolide copolymer) with a molecular weight of 153
kg mol�1 (P153) were received as gi sample from Corbion
Purac, Gorinchem, The Netherlands. Polyvinyl alcohol (86–89%
hydrolysis, low molecular weight, PVA) was obtained from Alfa
Aesar, Ward Hill, Massachusetts, USA. Dichloromethane (DCM)
was obtained from Fisher Scientic Inc., Fair Lawn, New Jersey,
USA. Acetonitrile (AC) was obtained from Sigma Aldrich, Inc.,
St. Louis, MO, USA.
Preparation of PNP

PLGA nanoparticles were prepared by the single emulsication
and the nanoprecipitation techniques.14,23,51 Fig. 1 illustrates the
PNP preparation scheme for both techniques and the parame-
ters evaluated within the study. Also, Table 1 presents the values
of the parameters considered in each experiment; these
parameters were analyzed individually while the rest of the
conditions and procedures were maintained constant, as
a control. The control conditions and procedure in the single
emulsication technique are the following: an organic solution
(DCM) containing 10 mg mL�1 of PLGA was added into an
aqueous solution of 5% of PVA (with an organic solvent fraction
of 0.167). The mixture was then emulsied for 1 min at 75%
amplitude (90 mm) under an ice bath using a QSonica 500
sonicator (QSonica LLC, Newtown, Connecticut, USA). The
control conditions and procedure in the nanoprecipitation
technique are briey described. An organic solution (AC) con-
taining 10 mg mL�1 of PLGA was injected into an aqueous
solution of 5% of PVA (with an organic solvent fraction of
0.167), using a NE-300 Just Infusion™ Syringe Pump (New Era
Pump Systems Inc, Farmingdale, New York, USA). Aer both,
the emulsication and the nanoprecipitation, the control
parameters used in the solvent evaporation and purication are
as follows: the organic solvent was evaporated under magnetic
stirring at 400 rpm, at room temperature. Then, PNP were
RSC Adv., 2020, 10, 4218–4231 | 4219



Fig. 1 Nanoparticle preparation scheme by (A) the single emulsification and (B) the nanoprecipitation techniques.
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washed by three centrifugation cycles using a Sigma 3-30KS
centrifuge (Sigma Laborzentrifugen GmbH Osterode am Harz,
Germany) operated at 37 565 � g (20 000 rpm) for 20 minutes,
discarding supernatant and resuspending the pellet nano-
particles in deionized water.

A cryoprotectant solution (sucrose, glucose or lactose) was
added to the PNP solution and then placed into a freezer at
�80 �C. Finally, PNP were freeze-dried in lyophilizer freezone
2.5 Liter Benchtop (Labconco, Kansas City, Missouri, USA).
Experiments were performed by triplicate.
Nanoparticle characterization

Nanoparticle size, size distribution, and zeta potentials were
measured using a Zetasizer Nano ZS equipment (Malvern
Instruments Ltd., Worcestershire, United Kingdom). Measure-
ments of PNP sizes were performed by dynamic light scattering
(DLS). Refraction index used in the analysis was 1.33 and water
was used as the dispersant. Each sample was measured three
times with 10 runs respectively for size analysis. Zeta potential
of each sample was measured by duplicated with at least 10
Table 1 Formulation parameters analyzed in the nanoparticle preparatio

Emulsication technique

PLGA concentration (mg mL�1) 5 10 15
PVA concentration (%) 1 3 5
Organic solvent fraction 0.50 0.33 0.167
Sonication amplitude (%) 25 50 75
Speed of agitation in evaporation (rpm) 200 300 400

General analysis

Purication [rpm (�g)] 10 000 (9391)
Cryoprotectant Sucrose

4220 | RSC Adv., 2020, 10, 4218–4231
runs at constant temperature (25 �C) by laser Doppler electro-
phoresis. Size averages and zeta potentials were obtained from
three independent experiments. All the DLS sizes, PDI, and zeta
potentials were measured aer purication unless noted.
Surface morphology of PNP was analyzed by scanning electron
microscopy (SEM) through a eld emission scanning electron
microscopy (Hitachi S-4800 FE-SEM, Hitachi Corporation,
Tokyo, Japan). Samples were prepared by placing a small
number of lyophilized nanoparticles on a double-sided carbon
tape, previously placed on a SEM stub. Compressed air was used
to remove loose nanoparticles. The platinum coating was
applied using with an Anatech Hummer 6.2 sputter system
(Anatech USA, Hayward, California, USA). A total of 60 seconds
under 10 mA under argon plasma were applied. A beam
strength of 1.0 kV and a working distance in the range of 8–
9 mm were used to visualize nanoparticles.
Data analysis

Statistical analysis for behavioral experiments was carried out
on PNP size, polydispersity index and zeta potential
ns by the single emulsification and the nanoprecipitation techniques

Nanoprecipitation technique

PLGA concentration (mg mL�1) 5 10 15
PVA concentration (mg mL�1) 1 3 5
Organic solvent fraction 0.50 0.33 0.167
Injection speed (mL min�1) 0.6 1.2 2.4
Speed of agitation in evaporation (rpm) 200 300 400

15 000 (21 130) 20 000 (37 565)
Lactose Glucose

This journal is © The Royal Society of Chemistry 2020
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measurements using R (ver. 3.0.1) with RStudio (ver. 1.2.1335).
Results were analyzed by ANOVA followed by Tukey's HSD test
(a ¼ 0.05 was used, unless otherwise indicated) comparing
different parameters such as PLGA concentration, PVA
concentration, organic and aqueous phase ratio, sonication and
agitation speed for nanoparticles prepared by emulsication. In
the same manner, parameters studied for nanoparticles
prepared by nanoprecipitation were PLGA concentration, PVA
concentration, organic and aqueous phase ratio, and agitation
speed. Also, the effect of the use of different cryoprotectants was
considered in the statistical analysis. When the p-values were
minor or equal than 0.05, the differences were considered
statistically signicant.
Results and discussion

PLGA nanoparticles were prepared using two of the most
commonly used techniques to encapsulate hydrophobic
compounds: the single emulsication solvent evaporation and
the nanoprecipitation. The most critical parameters were
investigated during the fabrication of PLGA nanoparticles to
evaluate their effects on the mean particle size, polydispersity
index (PDI) and zeta potential (z).
PLGA concentration effects on the size of the PNP

The effect of PLGA concentration over the diameter size of
nanoparticles prepared by the emulsication and nano-
precipitation techniques are presented in Fig. 2A. Three
Fig. 2 Effect of varying formulation parameters on nanoparticle diame
solvent fraction; and (D) speed of agitation in evaporation. Preparations
Preparations by the nanoprecipitation technique with PLGA of 17 kg mo
mean � SD (n ¼ 3).

This journal is © The Royal Society of Chemistry 2020
concentrations of P17A were used in the nanoparticle prepara-
tions: 5 mg mL�1, 10 mg mL�1, and 15 mg mL�1. In this range
of PLGA concentrations, no signicant effect on the diameter
size of PNP prepared by emulsication technique was observed,
with diameters around 175 nm in all formulations (p > 0.05).
Similarly, Xie et al., reported no signicant effects of PLGA
concentration over the diameter size in nanoparticles prepared
by the double emulsication-evaporation solvent technique.52

In contrast, several authors report an increase in the particle
size by increasing the polymer concentration.53–56 This differ-
ence is probably due to the PLGA concentration study range, the
effect of the PLGA copolymers, lactic acid, and glycolic acid on
the size of the PNP, and the molecular weight of the PLGA.57–59

In addition to molecular weight and co-polymer composition,
PLGA can undergo several end-terminal modications (such
ester end-capping of its free carboxylic acid end-group) that
affect the nal physicochemical characteristics considerably.60

The end group of PLGA is a factor that affects the hydrophilicity
of the polymer,61 PLGA with a nal ester group is more hydro-
phobic than PLGA with a carboxyl group.62 For the nano-
precipitation technique, the same three concentrations of P17A
than for emulsication technique were used. In this case, the
size of nanoparticles increased proportionally to the concen-
tration of P17A, obtaining nanoparticles with average sizes of
157.0 � 9.0 nm, 174.0 � 0.33 nm, and 194.5 � 2.61 nm,
respectively to P17A concentrations of 5 mg mL�1, 10 mg mL�1,
and 15 mg mL�1; p ¼ <0.05. A linear t of experimental results
correlates the PNP diameter size (D) with the concentration of
ter size. (A) PLGA concentration; (B) PVA concentration; (C) organic
by the emulsification technique with PLGA of 17 kg mol�1, P17A-E ( ).
l�1, P17A-N ( ), and PLGA of 153 kg mol�1, P153-N ( ). Data represent

RSC Adv., 2020, 10, 4218–4231 | 4221
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P17A in the organic solvent (CP17A) following the equation D ¼
3.7511CP17A + 137.69, with an excellent coefficient of determi-
nation (R2 ¼ 0.9971). This equation could help to tune the
diameter size of nanoparticles of P17A prepared by nano-
precipitation. In addition, the size increment of PNP regarding
the polymer concentration could be related to the phenomenon
of super-saturation, which is important for the nucleation
process, as discussed in the literature.63 Other authors explain
that an increase in the viscosity of the organic phase means
more polymer is contained in the drops formed during the
nanoprecipitation process, leading to larger PNP.3,64 The nano-
precipitation technique was also employed to prepare nano-
particles with the polymer P153. The results were similar to the
ones obtained by nanoprecipitation with P17A polymer; the size
of the nanoparticles increase by increasing the concentration of
P153 (CP153). The average diameter values were 202.5� 6.84 nm,
214.8 � 5.60 nm, and 246.3 � 7.51 nm, respectively to CP153 of
5 mgmL�1, 10 mgmL�1, and 20mgmL; p¼ <0.05. A linear t of
this data results in the equation D ¼ 2.952CP153 + 186.76, with
an excellent R2 of 0.9968; showing that is possible to tune the
diameter of P153 nanoparticles in function of CP153. These
results indicate that the amount of PLGA plays an important
role in the nal size of PNP prepared by the nanoprecipitation
technique. Also, the diameter size of PNP prepared by this
technique could be tuned in function of the PLGA concentra-
tion used in the formulation. In contrast, the emulsication
technique do not show a signicant effect of the concentration
of PLGA over the diameter size of PNP in the range studied.
PVA concentration effects on the size of the PNP

Another parameter considered during the PLGA nanoparticle
preparations was concentration of PVA in the aqueous phase.
Aqueous solutions of PVA of 1%, 3%, and 5% were used for the
preparation of PNP in both techniques. The amount of surfac-
tant plays an essential role in the emulsication-solvent evap-
oration process, by the protection of the droplets containing the
PLGA against coalescence.65,66 Fig. 2B illustrates the effect of
PVA concentration (CPVA) on the particle size for PNP prepared
by both techniques. In the emulsication technique, the PNP
sizes decreased as the CPVA increased, with average diameter
values of 187.0 � 8.5 nm, 177.7 � 1.6 nm, and 159.1 � 2.0 nm,
correspondingly to CPVA of 1%, 3%, and 5%. However, this
results are not statistically signicant (p ¼ 0.051), probably to
the number of repetitions. Nevertheless, a trendline analysis of
the experimental results indicate a fair linear t with the
equation D ¼ �6.975CPVA + 195.53 (R2 ¼ 0.9643). Miladi et al.
found that the particle size decreases from 301 nm to 255 nm,
when the PVA concentration increased from 0.25% to 1%,
respectively.

They explained this result by the increased in the viscosity of
the aqueous phase aer the augment in the PVA concentra-
tion.67 Therefore, the decrease in the size of the PNP obtained in
this work is probably due to the difference in the stability of the
emulsion, formulated with different concentrations of PVA.
Kejdušová et al. reported that an increase in the concentration
of PVA guarantees a better stabilization of the system; hence,
4222 | RSC Adv., 2020, 10, 4218–4231
a decrease in the coalescence of the emulsion.66 Since PNP are
forming from the emulsion droplets aer solvent evaporation,
its size depends on the size and stability of these droplets.68

Also, according to Sahoo et al. at concentrations lower than
2.5% w/v of PVA, this one exists as a single molecule in solution,
and above this concentration, PVA exists as an aggregated form
and has an enhanced surfactant activity. Besides, they found
that the residual PVA associated with the nanoparticles
increased by increasing the miscibility of the solvent with
water.69 Therefore, droplets formed during emulsication
would be more stable, resulting in smaller PNP. On the other
hand, it was found that by using P17A in the nanoprecipitation
technique, PNP sizes increased as the CPVA increases, with
average diameter values of 154.5 � 0.76 nm, 159.8 � 1.85 nm,
and 174.0� 0.33 nm, regarding to CPVA of 1%, 3%, and 5%, with
statistically signicant differences (p < 0.05). A fair linear t of
this data comes with the equation D ¼ 4.8917CPVA + 148.09 (R2

¼ 0.9352). Similar results in the nanoparticle size when varying
the CPVA were obtained by using P153 with the nano-
precipitation technique (Fig. 2B). The PNP sizes increased as
CPVA increased (p < 0.05). In addition, a reasonable linear t of
the data could be observed, with the equation D ¼ 6.835CPVA +
200.16 (R2 ¼ 0.8803). These observed tendencies of PNP size
increments by increasing the CPVA in the nanoprecipitation
technique could be due to PVA deposited on the surface of the
PNP, as reported in previous works.70 In agreement, Murakami
et al., found that a certain amount of PVA remained adsorbed
on the surface of the PLGA nanoparticles aer the washing
steps.71 Also, Badri et al. report similar results, they found that
the augment of PVA, increased the particle size from 169 nm to
283 nm.22 Different tendencies in the size of nanoparticles were
obtained between both techniques when the CPVA increased,
nding that in the emulsication technique the size of PNP
decreased, while in the nanoprecipitation technique the size of
PNP increased. This difference could be because in the emul-
sication technique the stability of the emulsion is a critical
step in the formation of the nanoparticle.72
Organic solvent fraction effects on the size of the PNP

The effect of organic solvent fraction (Fos) on the diameter size
of the PNP prepared by the emulsication and nano-
precipitation techniques was evaluated. The polymer P17A was
used in emulsication and nanoprecipitation; additionally,
the polymer P153 was evaluated by the nanoprecipitation
technique. The outcome of Fos over the diameter of PNP for
both techniques is presented in Fig. 2C. An increase in the PNP
diameter size with an increment of the Fos was observed in the
emulsication technique (with P17A), with diameters of 167.5
� 7.8 nm, 177.7 � 10.6 nm, and 242.8 � 30.0 nm, corre-
spondingly to Fos of 0.167, 0.330, and 0.500, these results were
statistically signicant (p < 0.05). However, a poor linear t of
this data comes with the equation D¼ 227.25Fos + 120.48 (R

2 ¼
0.8581). Other authors report similar results, for example,
Habib et al., found that the size of the nanoparticles decreased
when using acetone, with Fos values from 0.330 to 0.167.73 Also,
a study with nanoparticles of mPEG-PLGA prepared by
This journal is © The Royal Society of Chemistry 2020
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emulsion solvent evaporation reported that as the Fos
increased, the system reduced the net shear stress due to
a constant external energy input, which led to the increased
size of the nanoparticles.74 The organic solvent fraction in the
emulsication technique played an important role in the
resulting PNP sizes. On the other hand, the evaluation of the
Fos used in nanoprecipitation with P17A and P153 (Fig. 2C),
shows that the size of the PNP decreased as Fos increased. The
average diameter sizes values of PNP prepared with P17A were
of 174.0 � 0.3 nm, 167.8 � 1.3 nm, and 156.6 � 5.5 nm,
respectively to the Fos of 0.167, 0.330, and 0.500; (p < 0.05).
Also, a good linear t of this data results in the equation D ¼
�52.346Fos + 183.54 (R2 ¼ 0.9786), showing that is possible to
tune the diameter of P17A nanoparticles in function of Fos.
Additionally, the average diameter sizes values of PNP
prepared with P153 were 227 � 6.1 nm, 214.8 � 5.6 nm, and
214.6 � 11.2 nm, correspondingly to Fos of 0.090, 0.167, and
0.500. Nevertheless, the statistical analysis did not show
a signicant difference between the range of Fos used (p >
0.05), possibly for the number of repetitions. The effect of the
organic solvent fraction in the nanoprecipitation technique
has been reported lately in the literature.75,76 Chaudhary et al.
reported smaller cexime loaded PLGA nanoparticles when
the organic solvent fraction decreased, using a modied
precipitation method; attributing this size reduction to the
coalescence prevention.77 Also, de Oliveira et al. found that the
mean particle size decreased when the organic solvent fraction
decreased; if the size reduction was a result of the formation of
a higher number of nucleation sites. This increase in the
nucleation sites consequently leads to the generation of
smaller particles.78 The nature of the organic solvent is also an
important factor when manufacturing PNP via nano-
precipitation. The organic solvent should dissolve the polymer
as well as miscible with water.79 Hence, other authors have
studied the effect of the miscibility of the organic solvent in
water. Cheng et al., report that an increase of water miscibility
led to a decrease in the average docetaxel-loaded PEGylated
PLGA nanoparticle size, which is presumably due to more
efficient solvent diffusion and polymer dispersion into water.80

Also, Huang and Zhang report that solvents with a high
diffusion coefficient favor the formation of smaller PNP with
the narrower distribution.81 Therefore, it can be highlighted
that the effect of the size of the PNP, depends not only on the
range of study but also of the nature of the organic and
aqueous phases used. Almoustafa et al. advises that choosing
the solvent is the primary step in size tuning and encapsula-
tion efficiency for the nanoprecipitation technique.20 More-
over, in the case of PNP with and encapsulated drug, the effect
of the organic solvent fraction in particle size also depends on
the solubility of the drug in the external phase.82
Speed of agitation effects on the size of the PNP

The effects of speed of agitation (Arpm) on the solvent evapo-
ration over the diameter size of PNP prepared by the emulsi-
cation and nanoprecipitation techniques are presented in
Fig. 2D. The PNP prepared by the emulsication technique
This journal is © The Royal Society of Chemistry 2020
with P17A were agitated at 200 rpm, 300 rpm, and 400 rpm,
resulting in average diameter values of PNP of 198.2 � 6.1 nm,
195.0 � 4.1 nm, and 179.4 � 5.2 nm, respectively. This results
are statistically signicant (p < 0.05); however only a reason-
able linear t of this data was found, resulting in the equation
D ¼ �0.0939Arpm + 219.06 (R2 ¼ 0.8745). In analogous way, for
the nanoprecipitation technique (P17A), the same three
agitation speeds were evaluated, obtaining PNP with average
diameter sizes of 171.4 � 1.6 nm, 175.7 � 1.7 nm and 174.0 �
0.3 nm, respectively to speed of agitation of 200 rpm, 300 rpm,
and 400 rpm; (p < 0.05). Despite the results are statistically
signicant, the diameter values were in a very close range;
also, a bad linear t of this data was found (not reported).
Furthermore, in the same technique but using P153, the PNP
diameter sizes resulted in 229.5 � 8.3 nm, 214.8 � 5.6 nm, and
207.0 � 15.6 nm for 200 rpm, 300 rpm, and 600 rpm, respec-
tively (Fig. 2D), with signicant effects of the agitation (p <
0.05). A good linear t of this data results in the equation D ¼
�0.0562Arpm + 239.57, with R2 of 0.9705. Malkani et al., found
that the agitation speed in the nanoprecipitation process had
inuence in the particle size of the celecoxib nanosuspension.
This could be due to faster evaporation of the organic solvent,
increasing the rate of drug precipitation and resulting in larger
particles.83 Also, Lince et al., explain that the speed of agitation
inuences the nucleation speed of the polymer, where poor
mixes result in slow nucleation speeds, generating larger
particles; while proper mixing promotes the increase of the
nucleation speed, leading to the formation of small particles.63

During the evaporation of the solvent, the surface hardening
of the nanoparticles takes place.84 Therefore, the Arpm is an
essential parameter in the formation of nanoparticles. In the
range of speed of agitation studied for both techniques,
emulsication and nanoprecipitation, the PNP size tend to
decrease as the speed of agitation in the solvent evaporation
increase.
PLGA concentration effects on the PDI of the PNP

The effects of PLGA concentration over the polydispersity index
of PNP were evaluated in both techniques, emulsication and
nanoprecipitation (Fig. 3A). The PLGA concentration did affect
the PDI average value in the emulsication technique, with
values of 0.140 � 0.066, 0.110 � 0.004, and 0.097 � 0.024 when
the P17A concentration increased from 5 mg mL�1, 10 mg
mL�1, and 15 mg mL�1, respectively; in the three cases indi-
cating a homogeneous size distribution. However, according to
the statistical analysis, this differences are not signicant (p >
0.05), probably indicating that a major number of repetitions
are needed. Dangi and Shakya also found that the PDI was
reduced by increasing the concentration of PLGA from 0.5 to
1.0.85 In addition, in this range of study, the P17A concentration
have a signicant effect on the PDI with the nanoprecipitation
technique. The resulting values of PDI were 0.067� 0.005, 0.048
� 0.002, and 0.041 � 0.009 for P17A concentrations of 5 mg
mL�1, 10 mg mL�1, and 15 mg mL�1, respectively (p < 0.05).
These PDI were smaller than the ones obtained by the emulsi-
cation technique, indicating a narrow distribution size and the
RSC Adv., 2020, 10, 4218–4231 | 4223



Fig. 3 Effect of varying formulation parameters on nanoparticle PDI. (A) PLGA concentration; (B) PVA concentration; (C) organic solvent fraction;
and (D) speed of agitation in evaporation. Preparations by the emulsification technique with PLGA of 17 kg mol�1, P17A-E ( ). Preparations by the
nanoprecipitation technique with PLGA of 17 kg mol�1, P17A-N ( ), and PLGA of 153 kg mol�1, P153-N ( ). Data represent mean � SD (n ¼ 3).
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formation of uniform and homogeneous PNP for all formula-
tions. Also, a fair linear t comes with the equation PDI ¼
�0.0026CP17A + 0.078 (R2 ¼ 0.9297). The same effect of PDI over
the nanoprecipitation technique was observed when P153 was
used, obtaining a maximum value of PDI of 0.08, but with no
statistical signicances (p > 0.05). The results presented in the
Fig. 3A, for both techniques, emulsication and nano-
precipitation, shown a slight trend to decrease the PDI values as
increasing the concentration of PLGA.
PVA concentration effects on the PDI of the PNP

The effects of PVA concentration over the PDI of PNP were
evaluated in both techniques, emulsication and nano-
precipitation, and are presented in Fig. 3B. The PNP average
values of PDI obtained from the emulsication technique
(P17A) were 0.074 � 0.013, 0.111 � 0.004, and 0.097 � 0.002,
corresponding to PVA concentrations of 1%, 3%, and 5%.
However, the statistical analysis shows that an increase in PVA
concentration does not show a signicant effects on the nal
PDI (p > 0.05). Similarly, for the nanoprecipitation technique,
with P17A and P153, the PDI values did not show variations in
the range of PVA concentrations evaluated, obtaining PDI
values around 0.05 (p > 0.05), and PDI values around 0.07 (p >
0.05), respectively. The solubility, viscosity, and surface tension
of PVA vary in function of the temperature, concentration, %
hydrolysis, and molecular weight of this polymer.86 In this
context, several authors report that the degree of hydrolysis and
the molecular weight of PVA have inuence the PNP size, and
the PNP polydispersity index.87–90
4224 | RSC Adv., 2020, 10, 4218–4231
Organic solvent fraction effects on the PDI of the PNP

Fig. 3C presents the effect of Fos over the PDI values for the
emulsication and the nanoprecipitation techniques. The
resulting PDI values from the emulsication technique (P17A)
were 0.138 � 0.031, 0.111 � 0.004, and 0.272 � 0.064, corre-
sponding to the Fos of 0.167, 0.330, and 0.500. These PDI values
indicate that Fos affects directly to the monodispersity of the
PNP (p < 0.05). Comparable, for the nanoprecipitation tech-
nique with P17A, the PDI values increased as the Fos increased,
getting values of 0.048 � 0.002, 0.056 � 0.008, and 0.138 �
0.008, for Fos of 0.167, 0.330, and 0.500, respectively (p < 0.05). In
addition, when using P153 polymer and the nanoprecipitation
technique, the average PDI values ranged between 0.05, and
0.07 for all the formulations, which indicates a narrow size
distribution. Nevertheless, the statistical analysis of this data
show no dependency of Fos with the PDI (p > 0.05). Despite all
the values obtained showmonodispersed PNP systems, the data
obtained with both techniques and the two polymers were
poorly tted into a linear curve (data not shown).
Speed of agitation effects on the PDI of the PNP

The effects of Arpm on the solvent evaporation over the PDI of
PNP prepared by the emulsication and nanoprecipitation
techniques are presented in Fig. 3D. The PDI values obtained
from the emulsication technique (P17A) were found between
0.03 and 0.04 for the range of Arpm studied, indicating a narrow
size distribution, but with no signicant differences (p > 0.05).
Narayanan et al., reported that hyaluronidase loaded PLGA
nanoparticles size is reduced due to shear stress, where PVA
This journal is © The Royal Society of Chemistry 2020
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could participate stabilizing the reduced particles and pre-
venting the formation of aggregates.91 The results of PDI ob-
tained from the nanoprecipitation technique (P17A) also
presented low PDI values, indicating narrow size distributions.
In this case, the data resulted in signicant differences (p < 0.05)
but resulted in a poor t to a linear behavior (data not shown).
Similarly, the PDI values obtained with the nanoprecipitation
technique, but using the polymer P153, shown narrow size
distributions for all the Arpm studied, but with no signicant
differences (p > 0.05). Despite no trends were obtained with the
Arpm over the PDI of PNP, is notable that all formulations pre-
sented narrow size distributions.
PLGA concentration effects on the z of the PNP

The effects of PLGA concentration over the z of PNP for both
techniques were evaluated (Fig. 4A). The z values of PNP
prepared by the emulsication technique ranged between
�26.8 mV and �30.0 mV for all the P17A concentrations eval-
uated (p > 0.05). This negative charge was due to the presence of
terminal carboxylic groups (–COOH) on the surface of nano-
particles.92,93 Similar results were obtained for the nano-
precipitation technique, with z values of PNP in the range of
�20.8 mV and �23.4 mV for all the P17A concentrations eval-
uated (p < 0.05). Moreover, when using the same nano-
precipitation technique but with P153, the z values were in the
range of �5.0 mV and �5.9 mV. The considerable difference in
the z results between the formulations with P17A and P153 it is
due to the polymers termination groups, which are acid
Fig. 4 Effect of varying formulation parameters on nanoparticle zeta p
solvent fraction; and (D) speed of agitation in evaporation. Preparations
Preparations by the nanoprecipitation technique with PLGA of 17 kg mo
mean � SD (n ¼ 3).
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terminated, and ester terminated, respectively. It should be
mentioned that the anionic nature that PLGA gives to the
nanoparticles also depends on its molecular weight and
concentration.94,95
PVA concentration effects on the z of the PNP

Fig. 5C presents the z of PNP obtained with different CPVA for
both techniques, emulsication and nanoprecipitation. The z

for the emulsication technique (P17A) shows an increase as
the CPVA increase, with values of �29.4 � 6.8 mV, �26.8 �
5.0 mV, and �26.6 � 5.5 mV, for CPVA of 1%, 3%, and 5%,
respectively; however, these values do not present statistical
differences (p > 0.05). Prabha and Labhasetwar reported that
PVA attached to the surface nanoparticle affects the charge
since the nanoparticles with the highest amount of PVA asso-
ciated with the surface, presented a decrease in their anionic
charge.96 In the case of the nanoprecipitation technique (P17A),
the z decreased as the CPVA increased. The z values are �15.0 �
1.0 mV, �18.3 � 3.1 mV, and �23.4 � 1.7 mV, corresponding to
CPVA of 1%, 3%, and 5%. The inuence of CPVA over the z is
statistically signicant, with a p < 0.05; also, a good linear t
could be obtained with the equation z ¼ �2.1028CPVA � 12.566
(R2 ¼ 0.9851). In addition, the z that results from the nano-
precipitation technique when the polymer P153 was used
ranged from �3.7 mV to �6.0 mV (p > 0.05). As mentioned
above, the differences in PNP z between the formulations with
P17A and P153 are due to the terminations groups of PLGA.
otential. (A) PLGA concentration; (B) PVA concentration; (C) organic
by the emulsification technique with PLGA of 17 kg mol�1, P17A-E ( ).
l�1, P17A-N ( ), and PLGA of 153 kg mol�1, P153-N ( ). Data represent
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Fig. 5 Effect of sonication amplitude and injection speed on nanoparticles prepared by the emulsification and nanoprecipitation techniques,
respectively. Diameter size and PDI as function of sonication amplitude (A), and the injection speed (B). Zeta potential as a function of the
sonication amplitude (C), and the injection speed (D). Preparations made with PLGA of 17 kg mol�1. Data represent mean � SD (n ¼ 3).
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Organic solvent fraction effects on the z of the PNP

The effects of Fos over the z of PNP for both techniques were
evaluated and the results are presented in Fig. 4C. The z values
obtained in the emulsication technique with P17A ranged
between �26.5 mV and �31.0 mV for all the Fos evaluated (p >
0.05). Also, the z values with the same polymer but with the
nanoprecipitation technique ranged between �16.2 mV and
�23.4 mV for the same range of Fos (p < 0.05). Despite the
statistical differences, no good linear t was found with this
data. Also, Fig. 4C shows that when the polymer P153 with the
nanoprecipitation technique was used, the z values ranged
between �4.4 mV and �5.9 mV (p > 0.05). The differences are
consistent with the terminations groups of PLGA used in the
preparations, as discussed in previous sections.
Speed of agitation effects on the z of the PNP

The effect of the Arpm in the evaporation of the organic solvent
over the z of PNP was evaluated for both techniques; emulsi-
cation and nanoprecipitation, as presented in Fig. 4D. The z

values obtained with the polymer P17A in the emulsication
technique ranged between �22 mV and �25 mV for all the Arpm
evaluated (p < 0.05). A fair linear t was found with the equation
D ¼ �0.0169Arpm � 18.571 (R2 ¼ 0.9353). The z results obtained
with the nanoprecipitation technique and the P17A polymer
ranged between �17.3 mV and �23.4 mV for all the Arpm eval-
uated (p < 0.05); however the results not present a good linear t
(results not shown). In the nanoprecipitation technique with
P153, the z values were between �5.2 mV and �5.9 mV. These
values were not signicantly affected by the agitation (p > 0.05).
4226 | RSC Adv., 2020, 10, 4218–4231
Sonicator amplitude and injection rate effects

The sonication amplitude was evaluated in the emulsication
technique with P17A; where three different sonication ampli-
tudes were used: 25%, 50%, and 75% corresponding to 30 mm,
60 mm, and 90 mm of amplitude. The PNP sizes obtained at
different amplitudes are presented in Fig. 5A. Particle with
average diameters of 193.4 � 5.4 nm, 177 � 10.6 nm, and 177 �
10.0 nm were obtained for amplitudes of 25%, 50%, and 75%,
respectively. The average PDI values obtained for 25% and 50%
amplitude were 0.11, and it decreases to 0.05 when sonication
was set at 75%, although not statistical signicance was found
for the diameters (p > 0.05), probably due to the use of an ice
bath and short sonication periods. Literature reports that by
increasing the power and duration of sonication, a reduction in
the mean diameter of the nanoparticles is obtained, and the
particle population distribution could change from bimodal to
unimodal.97,98 This effect can be attributed to the fact that the
emulsion is carried out under high shear stress, which reduces
the size of the emulsion droplets, correlating directly to the nal
size of the nanoparticles.99

In the nanoprecipitation technique with P17A, the injection
speed was adjusted to 0.6 mL min�1, 1.2 mL min�1, and 2.4
mLmin�1. The diameters obtained ranged between 135 nm and
139 nm, with PDI ranging between 0.01 and 0.08, as depicted in
Fig. 5B. Therefore, no variation is appreciated within the range
of study (p > 0.05). Reports in the literature suggest that the
resulting nanoparticle size can be predicted by the diffusion
coefficient of solvent in water with the presence of the polymer,
and explain that the organic solvent injection speed only affects
This journal is © The Royal Society of Chemistry 2020
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the rate of mass transport, but not the diffusion coefficient of
the solvent.81 In the present study varying the sonication
amplitude and injection rate, PLGA acid terminated was used in
both techniques, emulsion, and nanoprecipitation. This
comparison can be noticed by comparing the zeta potential of
both methods where surface charge values ranged between
�21 mV and �27 mV for both techniques (Fig. 5C and D).
Purication process

The nanoparticle purication step follows the solvent evapo-
ration in both techniques (emulsication and nano-
precipitation), removing the excess of PVA. Several methods of
purication can be used, but centrifugation is practical to
perform on small scale experiments.100,101 In this work, three
different centrifugation speeds were tested, 10 000 rpm (9391
� g), 15 000 rpm (21 130 � g), and 20 000 rpm (37 565 � g). For
this study, the particles were prepared by the technique of
emulsication with the following conditions, 10 mg mL�1 of
P17A in the organic phase, 5% of CPVA, 0.167 of Fos, 400 of Arpm,
and 75% of sonication amplitude. These nanoparticles were
used as a model to evaluate the purication process. In
summary, an increase in the overall size of the nanoparticles
was consistent across the centrifugation cycles used in the
purication, where the PNP had an overall increase of 56 nm,
30 nm, and 16 nm, as the centrifugation speed increased to
10 000 rpm, 15 000 rpm, and 20 000 rpm, respectively (Fig. 6A).
Katas et al., explain that centrifugation could increase particle
size by the compaction of the particles due to high-speed
Fig. 6 Diameter size (A) and zeta potentials (B) of nanoparticles after the
� g) ( ), and 20 000 rpm (37 565 � g) ( ). Diameter size (C) and zeta p
polymer ratios were used: pre-treatment ( ), sucrose ( ), glucose ( ), an
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spinning and, therefore, forming aggregates.102 However,
when the PNP were centrifuged, the PVA adsorbed on the
surface could be washed more efficiently at 20 000 rpm of
centrifugation, thus explaining the drop in PNP size following
this washing, compared with centrifugation at 10 000 rpm,
and 15 000 rpm. Variations on the PDI through the purica-
tion process indicates the presence of a non-uniform pop-
ulation of PNP. For the experiments performed at 10 000 rpm
and 15 000 rpm, the PDI values start at 0.15 on the prewash
measurement, along with the process, they increased, and at
the end, the PDI values were 0.22 and 0.27 respectively.
However, when purication was performed at 20 000 rpm, the
PDI value decreased from 0.15 to 0.04, representing a mono-
disperse population of PNP. As mentioned above, when
centrifugation speeds of 20 000 rpm are used, the purication
of the PNP becomes more efficient, decreasing the PDI of
nanoparticles. On the other hand, zeta potential decreased in
the progression of the purication cycles for all preparations
(Fig. 6B). The values decreased from �16 mV to �28 mV cor-
responding to the prewash and the third cycle, respectively,
when purifying at 10 000 rpm. Similarly, values decreased
from �15 mV to �31 mV from prewash to the third cycle,
respectively, when purifying at 15 000 rpm; and from �15 mV
to �34 mV from prewash to the third cycle, respectively, when
purifying at 20 000 rpm (Fig. 5B). This effect could be attrib-
uted to the removal of the PVA layer on the surface of the
nanoparticles as the purifying process is carrying out. By
removing the PVA layer, the carboxyl groups from the PLGA
become exposed and the surface charge is altered.103,104
centrifugation cycles at 10 000 rpm (9391 � g) ( ), 15 000 rpm (21 130
otentials (D) of PLGA nanoparticles when different cryoprotectant –
d lactose ( ). Data represent mean � SD (n ¼ 3).
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Fig. 7 Scanning electron micrograph of PLGA nanoparticles.
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Cryoprotectants

The nal part of the PNP preparation is freeze drying. During
this stage, the use of cryoprotectants is commonly used to
prevent nanoparticles from aggregation. Authors have used
sugars such as trehalose, sucrose, lactose, glucose, and
mannitol as cryoprotectants while freeze-drying nano-
particles.105,106 These sugars affect the glass transition temper-
ature, and allow a high redispersion speed, and stabilization
upon storage.107 Holzer et al. evaluated the effect of sucrose,
trehalose, andmannitol on the storage stability of PNP.108 In the
present work, the effect of sucrose, glucose, and lactose at
different ratios (0 : 1, 0.25 : 1, 0.5 : 1 and 1 : 1) concerning
initial mass of PLGA were evaluated. The diameter size, PDI and
z of the PNP were measured before and aer the lyophilization
process. Before lyophilization, it was found that the sizes of the
PNP were not affected by the addition of the cryoprotectants (p >
0.05); however, the z did change (Fig. 6D). For sucrose, from
�25 mV to �18 mV, glucose changed from �25 mV to �22 mV
and lactose from�25mV to�19mV. Rampino et al., report that
the mechanism by which sugars protect particles resides in the
interaction with the solute via hydrogen bonding.109 Therefore,
the decrease of the zeta potential could be explained, by the
coverage of the surface of the PNP. Besides, the PDI was
maintained between 0.02 and 0.04 for all preparations, indi-
cating a homogeneous size distribution. Aer lyophilization,
the PNP were resuspended in water, and their size (Fig. 6C) and
zeta potential (Fig. 6D) were measured again. When sucrose was
added, PNP diameters of 190.4 nm, 183.3 nm, and, 178.3 nm
were obtained for mass ratios of 0.25 : 1, 0.5 : 1, and 1 : 1,
respectively; glucose had a similar result for the same ratios,
with PNP sizes of 193 nm, 184.3 nm, and 182.1 nm, respectively.
Similarly, as the mass ratio of lactose incremented, the size
resulted in values of 200 nm, 193 nm, and 189 nm for mass
ratios of 0.25 : 1, 0.5 : 1, and 1 : 1, respectively. According to the
statistical analysis, these are all signicant changes in size, with
values of p limiting with zero, for a ¼ 0.001, for the three
cryoprotectants used. Also, when sucrose was used, the PDI
4228 | RSC Adv., 2020, 10, 4218–4231
values of 0.21, 0.11, 0.07, and 0.04 were obtained for the mass
ratios of 0, 0.25, 0.5, and 1, respectively (p < 0.05). Similarly, for
the glucose and the lactose, the PDI values decreased as the
mass ratio of cryoprotectant increased, with values of p < 0.05.
Tang and Shapiro reported smaller PNP average sizes with the
addition of cryoprotectants, attributing the results to the ability
of sugar additive to form a glassy amorphous matrix around the
particles, preventing the particles from sticking together during
the water removal.110

Also, Saez et al., discuss that the addition of cryoprotective
agents makes the frozen mass behave more as uid than a solid
and it provides better mechanical protection of the PNP.
Consequently, PNP aggregation or any alteration due to the
pressure developed by the growth of crystals is avoided.111

Besides, all the zeta potential values decreased when the cryo-
protectants were added (Fig. 6D), compared to the particles
without cryoprotectants, with signicant results for the use of
sucrose (p ¼ 0.004) and glucose (p ¼ 0.044); but not signicant
for the use of lactose (p ¼ 0.060).
Surface morphology

The morphological characteristics of dried PNP were deter-
mined by SEM analysis, showing a regular spherical shape and
smooth surface. Fig. 7 shows the micrograph of PLGA nano-
particles prepared by emulsication technique with the
following conditions: 10 mgmL�1 of PLGA in the organic phase,
5% of CPVA, Fos of 0.167, Arpm of 400 rpm, 75% of sonication
amplitude and 20 000 rpm of centrifugation speed. The histo-
gram analysis of Fig. 7 (inset) obtained by the soware Image J
1.8.0_112 (counting more than 200 particles) shown a diameter
of 87 � 40 nm. The diameter obtained from the micrograph is
in concordance with the diameter sizes reported by DLS analysis
(177.7 � 10.6 nm); this by comparing those hydrodynamic
diameters in solution to the diameters measured under drying
conditions in SEM. Similar images could be obtained for all the
preparations.
Conclusions

A systematic study presenting the effects of the primary
formulation parameters involved in the preparation of PLGA
nanoparticles, via the emulsication technique and the nano-
precipitation technique is presented. The PLGA concentration,
PVA concentration, organic solvent fraction, and agitation
speed were evaluated in both techniques. Also, in the emulsion
technique was evaluated the sonication amplitude; w in the
nanoprecipitation technique, the organic phase injection
velocity was studied. Additionally, the purication process, the
use of cryoprotectants, and the surface morphology were
studied. It was found that polymer concentration, as well as
types of polymer-terminated chain, have signicant inuence
regarding the physicochemical characteristics evaluated (size,
PDI, and zeta potential). The particle size could be controlled by
the PLGA concentration and PVA concentration in the nano-
precipitation technique. While in the emulsication technique,
the sizes could be controlled by the organic solvent fraction. For
This journal is © The Royal Society of Chemistry 2020
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both techniques, the use of high velocities of agitation in the
evaporation of the solvents decreases the average diameter size.
Also, by increasing the concentration of PLGA a slight decrease
the PDI values can be achieved. Also, the z is not signicantly
affected by the variables explored; but the termination of PLGA
polymer affects these values signicantly. The centrifugation,
lyophilization and the use of cryoprotectants are signicative in
the formulation process. The use of cryoprotectants, even in
smaller mass ratios, help to maintain the size of nanoparticles
aer the lyophilization process. In summary, we conclude that
uniform nanoparticles can be successfully prepared by adjust-
ing the formulation parameters in both techniques. Moreover,
physicochemical characteristics show to be suitable for thera-
peutic use, by obtaining uniform size, stable and reproducible
nanoparticles. Also, the PNP preparation is sensitive to modi-
cations in almost every step of the formulation, purication,
and storage process. Therefore, by adjusting the parameters
mentioned above, both techniques have the potential to be
tuned to obtain any nal nanoparticle desired characteristics,
while maintaining reproducible results.
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E. Doelker and H. Fessi, Eur. J. Pharm. Sci., 2005, 25, 357–
367.

46 Z. He, H. Huang, J. L. Santos, Y. Chen, K. W. Leong, Y. Hu,
L. Liu, H.-Q. Mao and H. Tian, Biomaterials, 2017, 130, 28–
41.

47 S. Pieper and K. Langer, Mater. Today: Proc., 2017, 4, S188–
S192.

48 E. Sah and H. Sah, J. Nanomater., 2015, 2015, 1–22.
49 C. E. Mora-huertas, O. Garrigues, H. Fessi and A. Elaissari,

Eur. J. Pharm. Biopharm., 2012, 80, 235–239.
50 R. Paliwal, R. J. Babu and S. Palakurthi, AAPS PharmSciTech,

2014, 15, 1527–1534.
51 A. Lucero-Acuña and R. Guzmán, Int. J. Pharm., 2015, 494,

249–257.
52 S. Xie, S. Wang, B. Zhao, C. Han, M. Wang and W. Zhou,

Colloids Surf., B, 2008, 67, 199–204.
53 C. E. Astete and C. M. Sabliov, J. Biomater. Sci., Polym. Ed.,

2006, 17, 247–289.
54 H. Y. Kwon, J. Y. Lee, S. W. Choi, Y. Jang and J. H. Kim,

Colloids Surf., A, 2001, 182, 123–130.
55 R. M. Mainardes and R. C. Evangelista, Int. J. Pharm., 2005,

290, 137–144.
56 M. C. Operti, D. Fecher, E. A. W. van Dinther, S. Grimm,

R. Jaber, C. G. Figdor and O. Tagit, Int. J. Pharm., 2018,
550, 140–148.

57 C. Rodrigues de Azevedo, M. von Stosch, M. S. Costa,
A. M. Ramos, M. M. Cardoso, F. Danhier, V. Préat and
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