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J. Álvarez-Fuentes1 and M. Fernández-Arévalo1
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Abstract
Context: Oral administration of insulin is severely limited by very low bioavailability. Biocompatible polymeric nanocarriers have been investigated to overcome this problem. Flow focusing (FF) has revolutionized
current engineering of poly(D,L-lactide-co-glycolide) (PLGA) based micromedicines. This technique has
never been used to formulate insulin-loaded PLGA microparticles.
Objective: Investigation of the benefits rising from the synthesis of insulin-loaded PLGA microplatforms by
FF, compared to double emulsion/solvent evaporation method.
Materials and methods: Both synthesis methodologies were compared in terms of geometry, surface physicochemical properties and insulin vehiculization capabilities. The stability of the peptide during the formulation procedure was further analysed.
Results: FF permitted the preparation of insulin-loaded microcarriers with better geometry and physicochemical properties for the oral route, along with greater insulin loading capabilities and sustained insulin
release kinetics.
Discussion and conclusion: Results have lead to the identification of the best formulation conditions for the
engineering of insulin-loaded PLGA microparticles against diabetes.
Keywords: double emulsion/solvent evaporation, electrokinetic properties, flow focusing, insulin,
poly(D,L-lactide-co-glycolide), surface thermodynamics
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administration of insulin generally leads to an important
patient discomfort, non-compliance and fluctuations in
glycaemia levels. As an alternative, the oral route has
faced important limitations determining a very low bioavailability, i.e. self-aggregation problems, susceptibility
to acid pHs and proteases naturally occurring in the gastrointestinal tract, and very poor absorption through the
intestinal mucosa (a consequence of its large size and
hydrophilicity; Zhou and Po, 1991b).
Significant research efforts have been focused on the
improvement of the oral bioavailability of insulin,
e.g. by the introduction of chemical modifications in the
insulin structure, and the co-administration of absorption
enhancers or protease inhibitors, to cite just a few

Insulin is widely used to maintain normal glycaemia levels
in patients suffering from type I diabetes mellitus (DM),
and in an important percentage of patients suffering from
type II DM. This biomacromolecule is made of two polypeptide chains, which have been extensively characterized
in terms of chemical structure, stability and activity (Zhou
and Po, 1991a, 1991b; Matsuura et al., 1993). The therapeutic effect of exogenous insulin relies on its capability to
determine glucose cellular uptake (mainly in muscle and
adipose tissue), DNA replication and protein synthesis, and
the activity of several enzymatic systems (e.g. leading to
controlled hepatic gluconeogenesis). The subcutaneous
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(Myers et al., 1997; Bernkop-Schnürch, 1998). More
recently, the formulation of biocompatible polymeric
microplatforms has been proposed as a revolutionary strategy to improve the protection of the biomacromolecule
from in vitro and in vivo degradation, to enhance its oral
absorption and to control the insulin release kinetics
(Bhardwaj et al., 2005; Cui et al., 2006; Hamishehkar
et al., 2009; Sonaje et al., 2010). Moreover, the possibility
of circumventing the first pass metabolism of insulin by
using such microparticulate system has been described.
This has been hypothesized to be the consequence of
oral absorption processes associated to microparticle
uptake by Peyer’s patches through receptor mediated
endocytosis (lymphatic uptake), and/or by paracellular
pathways (non-lymphatic uptake; Norris et al., 1998).
Poly(D,L-lactide-co-glycolide) (PLGA) has been widely
used in the formulation of drug micro- and nano-carriers,
thanks to its excellent biocompatibility and biodegradability (Kumar et al., 2001; Holgado et al., 2008; SantanderOrtega et al., 2009). Unfortunately, despite the wide variety
of synthesis procedures proposed for the formulation of
insulin-loaded PLGA particles, the hydrophilic character
of the peptide determines a thermodynamically unfavoured loading into such a hydrophobic polymer
(Mundargi et al., 2008). An alternative synthesis technique
for the incorporation of biomacromolecules (peptides, proteins) and drug molecules into PLGA particles has been
lately developed: flow focusing (FF) methodology
(Martı́n-Banderas et al., 2005; Holgado et al., 2008, 2009).
Advantageously, the technique offers very interesting
possibilities over classical synthesis procedures (i.e.
double emulsion/solvent evaporation (DE/SEV), solvent
extraction/evaporation) in the engineering of PLGA
particles for oral insulin delivery. In detail (Martı́nBanderas et al., 2006; Holgado et al., 2009), controlled particle geometry (permitting narrow size distributions), high
loading values, physical and chemical compatibility,
exceptional performance and large-scale production. The
methodology involves the combination of hydrodynamic
forces with a specific geometry (Figure 1; Gañán-Calvo,
1998).
In this work, we describe the formulation of insulinloaded PLGA microparticles for the oral route. To that
aim, two synthesis methodologies have been investigated:
the traditional DE/SEV method, and the novel FF technique. A comparative study between both procedures
was undertaken to define their influence on the geometry
(size and shape), electrophoretic properties, surface thermodynamics and insulin vehiculization characteristics
(loading and release) of PLGA particles.

Materials and methods
Materials

110

Insulin human recombinant, ResomerÕ RG 502 (PLGA
50:50, Mw: 12 000 Da; inherent viscosity: 0.24 dL/g), polyvinyl alcohol (PVA, Mw: 16 000 Da), and trifluoroacetic acid

(TFA) were purchased from Sigma–Aldrich (Germany),
Boehringer Ingelheim (Germany), Fluka (Germany) and
Merck (Germany), respectively. All other chemicals were
of analytical quality from Panreac (Spain). Water used in
the experiments was deionized and filtered (Milli-Q
Academic, Millipore, France).
Reversed phase-high performance liquid chromatography (RP-HPLC) was validated and verified for accuracy,
precision and linearity in all the experimental conditions
investigated. Briefly, RP-HPLC was done in a Hitachi
LaChromÕ (D-7000) Series HPLC system equipped with a
L-7200 automatic injector, an interphase D-7000 and a
quaternary pump (model L-7100), coupled with a L-7455
diode array detector (Merck-Hitachi, Darmstadt,
Germany). A Zorbax SB-C18 column (5 mm, 4.6  250 mm,
USA) kept at 25.0  0.1 C (L-2350 column oven, Elite
LaChromÕ ) was used in this analysis. The mobile phase
consisted of an acetonitrile solution (solution A), and an
aqueous 0.1% (v/v) TFA (solution B) that was filtered
through a 0.22 mm nitrocellulose membrane filter
(Millipore, Madrid, Spain), and degassed under vacuum.
The linear gradient of the mobile phase (solution
A:solution B) was subsequently kept to 30:70, 40:60 and
70:30 from t ¼ 0–5 min, 6–10 min and 11–15 min, respectively; 50 mL of the eluent were pumped at a flow rate of
1000 mL/min. Insulin was monitored at a wavelength of
214 nm. All the measurements were done in triplicate at
room temperature, and the total peak area was used to
quantify the peptide. Data collection and calculation
were carried out by using HSM software (Merck-Hitachi,
Darmstadt, Germany).
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Methods
Preparation of insulin-loaded PLGA microparticles
PLGA microparticles with a theoretical insulin loading up
to 4.76% (w/w) were prepared either by water-in-oil-inwater (w/o/w) DE/SEV, or FF. In the former case, an aqueous solution of insulin [pH  2.3; containing acetic acid
(10%, v/v) and TweenÕ 80 (5%, v/v)] was added to 1 mL
of a PLGA solution in ethyl acetate, under sonication for
5 min at 50 kHz (sonic power: 50 W; Selecta S.A., Barcelona,
Spain). The resulting w/o emulsion was poured into 0.3%
(w/v) PVA aqueous solution, and sonicated for 15 min. As a
result, a w/o/w emulsion was formed, which was then
diluted in 20 mL of a 2% (w/v) PVA aqueous solution.
Finally, mechanical stirring at 300 rpm and at 25.0  0.5 C
was continued for 3 h (magnetic stirrer hotplate SM6,
Jepson Bolton, Hertfordshire, UK) to completely evaporate
the organic solvent and to obtain the solid microparticles.
The synthesis of insulin-loaded PLGA microparticles by
FF involves the preparation of a w/o emulsion by using a
standard FF nozzle in a liquid–liquid configuration
(Figure 1; Holgado et al., 2009). Briefly, the w/o emulsion
was obtained by mixing under sonication at 50 kHz (sonic
power: 50 W; Selecta S.A., Spain) for 5 min an aqueous solution of insulin (10 mg/mL) [pH  2.3; containing acetic acid
(10%, v/v) and TweenÕ 80 (25%, v/v)] with a PLGA solution
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Figure 1. FF device used in the formulation of polymeric microparticles. It consists of a pressurized chamber with a continuous focusing fluid supply.
Inside, a hydrodynamic ‘‘funnel shaped lens’’ is generated when the flowing focusing fluid (1) undergoes a pressure drop through an orifice. By feeding an
immiscible liquid flow (focused fluid, 2) into this hydrodynamic funnel, a steady thin liquid jet is created in the core of the co-flowing focusing stream. As a
consequence, the created micro- or nano-liquid jet leaves the chamber through the orifice (meniscus, 3), along with the focusing fluid. Liquid jet diameter
is much smaller than the orifice diameter, thus precluding any contact. Finally, capillary instability breaks up the stationary liquid jet into homogeneously
sized droplets.
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in ethyl acetate (1%, w/v). The emulsion was sprayed by
using a standard FF nozzle (model Avant 2 (D ¼ 50 mm),
Ingeniatrics Tecnologı́as S.L., Sevilla, Spain) immersed
into the final continuous phase. The disperse phase was
injected through a capillary tube using a syringe pump.
Then it was focused and pressed out of the device through
the orifice (50 mm), using water or phosphate buffered
saline (PBS; pH ¼ 7.4  0.1, or 9.0  0.1) as focusing fluid.
The focusing fluid was injected through a capillary tube
using a HPLC pump. The ionic strength of the focusing
fluid was adjusted to 50 or 500 mS/cm to increase the insulin content. Oil drops were generated inside a 1% (w/v)
PVA solution without any shape deformation. The final
PVA concentration of the continuous phase was 0.25%
(w/v). The resulting w/o/w emulsion was continuously stirred (magnetic stirrer hotplate SM6, Jepson Bolton, UK) at
25.0  0.5 C for 3 h to completely evaporate the organic
solvent, and the PLGA microparticles were subsequently
obtained.
In both the synthesis methodologies, the microparticle
suspension was finally subjected to a cleaning procedure
that involved three cycles of centrifugation (20 min,
10 000 rpm; Eppendorf 5804 R, Germany) and redispersion
in 10 mL water. Polymeric microparticles were then frozen
in liquid nitrogen and lyophilized at 80.0  0.5 C and
0.05 mbar during 24 h (Telstar Cryodos, Spain). The
lyophilized microparticles were stored at 4.0  0.5 C until
their use. All the formulations were prepared in triplicate.
Table 1 summarized the formulation conditions followed

to prepare insulin-loaded PLGA microparticles by DE/SEV
and FF.
Characterization of insulin-loaded PLGA microparticles
The geometry (size and morphology) of insulin-loaded
PLGA microparticles was determined from scanning electron microphotographs (Philips XL-30, Philips Electron
Optics, Eindhoven, The Netherlands). Prior to observation,
a dilute microparticle suspension (0.1%, w/v) was sonicated for 5 min, and drops were placed on copper grids
with formvar film. The grids were then dried at
35.0  0.5 C in a convection oven. Additionally, mean particle size and particle size distributions were measured at
25.0  0.5 C by laser diffraction (Partica LA-950V2 Horiba
laser diffraction particle size analyser, Kyoto, Japan).
Particle measurement ranged from 0.01 to 3000 mm; particle size distribution was determined by following the Mie
theory for scattering.
Surface electrical properties of PLGA microparticles
were characterized by electrophoretic mobility (ue) determinations (Malvern Zetasizer 2000 electrophoresis device,
Malvern Instruments Ltd., Malvern, UK). The influence of
pH and ionic strength on ue values of all the formulations
was also evaluated. To that aim, PLGA aqueous suspensions (0.1%, w/v) were prepared by adjusting KNO3
concentration, and pH (with KOH or HNO3), respectively.
Measurements were done at 25.0  0.5 C, after 24 h of
contact at this temperature under mechanical stirring
(50 rpm). The experimental uncertainty of the
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Table 1. Formulation conditions in the preparation of insulin-loaded PLGA microparticles by DE/SEV and FF methodologies.
Formulation
DE/SEV-1
DE/SEV-2
DE/SEV-3
DE/SEV-4
FF-1
FF-2
FF-3
FF-4
FF-5
FF-6
FF-7
FF-8
FF-9
FF-10
FF-11
FF-12

225

230

235

240

1

245

250

255

260

Insulin (%, w/v)

PLGA (%, w/v)

Focusing fluid

Ionic strength (mS/cm)

PVA solution (pH)

0.5
0.5
1
1
1
1
1
1
1
1
1
1
1
1
1
1

10
10
1
1
1
1
1
1
1
1
1
1
1
1
1
1

–
–
–
–

–
–
–
–
50
50
500
500
50
50
500
500
50
50
500
500

6.5
9.0
6.5
9.0
6.5
9.0
6.5
9.0
6.5
9.0
6.5
9.0
6.5
9.0
6.5
9.0

measurements was always below 5%. The theory of
O’Brien and White (1978) was used to transform ue data
into zeta potential () values. The electrokinetic
characterization of the formulations further allowed to:
(1) clarify the influence of the synthesis techniques on
the surface electrical properties of PLGA microparticles
and (2) characterize the type of insulin loading to PLGA
(surface adsorption onto the microparticle surface or
absorption into the polymeric matrix; Arias et al., 2007,
2010; Holgado et al., 2009).
Surface thermodynamics of PLGA microparticles were
investigated by atomic force microscopy (AFM; VadilloRodriguez et al., 2005). The evaluation of the hydrophobic
character of the microparticles was carried out by using
polystyrene (a more hydrophobic material) as reference.
Samples were prepared by incorporating a drop of PLGA
suspension in water, and subsequently drying the polymeric dilution at room temperature on properly cleavaged
mica sheets. AFM measurements were conducted in triplicate under atmospheric conditions by using a molecular
imaging PicoPlus atomic force microscope (Pico Scan 2500,
Agilent Technologies, Santa Clara, CA). AFM images were
performed in contact mode (to evaluate the parameters
associated to hydrophobicity: contrast of friction and contact curves) by using an atomic force ranging from 1 to
10 nN on gold-coated triangular silicon nitride tips
mounted on microfabricated cantilevers (spring constant:
0.58 nN/nm). Height and surface roughness were
determined by image analysis (PicoScanTM 5.3.3 image
analysis software, Molecular Imaging Corporation, Los
Angeles, CA). Transformation of voltage values into
cantilever deflection (dc) data was possible from the
slopes of the retraction force (F)-distance curve in the
region where probe and sample were in deep contact.
The dc data were then used to estimate the interaction
forces with hydrophobic surfaces. Johnson, Kendall and
Roberts (JKR) theory was used to establish a direct
relationship between the adhesion force and the surface
free energy of interaction of the microparticles
(Johnson et al., 1971).

water
water
water
water
pH 7.4
pH 7.4
pH 7.4
pH 7.4
pH 9.0
pH 9.0
pH 9.0
pH 9.0

Evaluation of insulin loading to PLGA microparticles
Samples of insulin-loaded PLGA microparticles (20 mg)
were added to 100 mL of acetonitrile, and the mixture was
vortexed for 5 min; 1.4 mL of a 0.01 M HCl solution was
subsequently added to that sample solution and then vortexed for 2 min. Upon centrifugation of the final sample
solution (5000 rpm, 4.0  0.5 C, 20 min) the supernatant
was filtered through a 0.45 mm nylon membrane filter
(Millipore, Spain) before RP-HPLC analysis (Kumar et al.,
2007; Hamishehkar et al., 2009). Insulin loading to PLGA
microparticles was analysed at 214 nm, and indicated in
terms of insulin entrapment efficiency (EE, %) [(incorporated insulin (mg)/total insulin in the colloidal suspension
(mg))  100] and insulin loading (%) [(incorporated insulin
(mg)/PLGA microparticles (mg))  100]. The normal distribution of each continuous variable was assessed using
the Shapiro–Wilk test. Factorial analysis of the variance was
undertaken to determine the influence on EE of: (1) the
amount of PLGA, and the pH of the PVA solution when
DE/SEV was the method followed in the formulation of
the microparticles and (2) the type of focusing fluid, environmental ionic strength and pH of the PVA solution when
FF was the technique followed in the formulation of the
microcarrier. In this way, a preliminary investigation by
circular dichroism (CD) was conducted to clarify the influence of pH on the stability of insulin. It was determined
that the peptide was very stable in alkaline environments
(data not shown).
The vehiculization of insulin into PLGA microparticles
was also qualitatively characterized in triplicate by CD and
fluorescence spectroscopy (Bloemendal et al., 2005). These
experimental techniques further permitted to evaluate the
integrity and stability of the peptide upon loading into the
polymeric particles, by analysing its secondary and tertiary
structures, respectively (Tatford et al., 2004; Shelma et al.,
2010). For instance, changes in the secondary and tertiary
structures of insulin can be detected by far-UV (200–
260 nm) and near-UV (250–320 nm) CD analysis, respectively. Jasco CD-2095 CD detector (Jasco, Tokyo, Japan)
was used for on-line monitoring of CD of the samples
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in the UV wavelength range (220–420 nm). Fluorescence
determinations (F-2500 fluorospectrophotometer, Hitachi,
Schaumburg, IL) were carried out at an excitation wavelength of 275 nm, and emission intensities were scanned
from 290 to 450 nm (Nyambura et al., 2009). Fluorescence
spectrum of the biomacromolecule will depend on the
tyrosine residues (A14, A19, B16 and B26) and their chemical environment. The splits of excitation and emission
were 10 nm (Yong et al., 2009). Before analysis, sample
solutions were appropriately diluted with a 0.01 M HCl
solution to assure absorbance values 50.1 at 280 nm.
The spectra were normalized for concentration differences.
Finally, all samples for both analytical techniques were prepared by dissolving insulin, blank (non-loaded with insulin) PLGA, a physical mixture of insulin and PLGA, and
insulin-loaded PLGA in 0.01 M HCl, and contained a final
insulin concentration of  0.1 mg/mL.
In vitro insulin release from PLGA particles
Insulin release from PLGA microparticles was determined
in triplicate following the dialysis bag method. PBS
(pH ¼ 7.4  0.1) was used as the release medium. The dialysis bag with a cutoff of 12 000–14 000 Da (SpectrumÕ
Spectra/PorÕ 6 dialysis membrane tubing, USA) retained
the PLGA microparticles and allowed the free insulin to
diffuse into the dissolution media. These bags were
soaked in PBS during 2 h before use. Then, 1 mL of an
insulin-loaded PLGA microparticle suspension (containing
20 mg of microparticles) was poured into a dialysis bag with
the two ends fixed by clamps. The bags were then placed in
a glass beaker containing 39 mL of PBS at 37.0  0.5 C, and
were shaken at 100 rpm (shaker water bath, Selecta S.A.,
Spain). At prefixed time intervals (15, 30, 45, 60, 90, 105,
120, 150, 180, 210, 240, 270, 300, 330, 360, 420, 480, 540, 600,
700, 800, 900, 1080 and 1800 min), 1 mL sample was withdrawn and analysed for insulin content by the previously
described RP-HPLC methodology. An equal volume of PBS
(also kept at 37.0  0.5 C) was added after sampling to
ensure sink conditions.
Statistical analysis
Regarding the data gathered from insulin loading
experiments, the Levene test was used in the analysis of
the homogeneity of variance. With respect to the insulin
release investigations, the normal distribution of each
continuous variable was assessed by the Shapiro–Wilk
test. A factorial analysis of the variance was performed to
determine the effect on the dissolution efficiency of the
studied variables. Values with p 5 0.05 were considered
as significantly different.

Results and discussion
Particle geometry

355

All the insulin-loaded PLGA microparticles were of spherical shape and has a smooth surface. Interestingly, the formulation procedure did not seem to significantly influence

5

the final morphology of the microparticles (Figure 2(a) and
(b)). Mean particle size of the formulations has been collected in Table 2. These formulations were in the colloidal
size range. Compared to FF, insulin-loaded PLGA particles
were significantly smaller upon formulation by DE/SEV
(F(1,12) ¼ 13.8; p ¼ 0.0034). On the contrary, the FF technique allows obtaining insulin-loaded microparticles with
a clearly more narrow size distribution (Figure 2(c)). In fact
(Table 2), DE/SEV formulations were characterized by
absolute
geometric
standard
deviation
(GSD)
values 1.7–2 mm and, therefore, these formulations could
not be considered monodisperse. On the contrary, GSD
values of peptide-loaded microparticles prepared by FF
were  1.1 mm, thus confirming the great homogeneity in
size of FF formulations. Previous research reports have
associated GSD values 1.2–1.3 mm to monodisperse samples (Luque et al., 2009).

360

365

370

Electrokinetic properties
We begin this study analysing the effect of pH on the zeta
potential () of blank (non-loaded with insulin) PLGA
microparticles, and insulin-loaded PLGA microparticles
(prepared by DE/SEV, and FF), in the presence of 103 M
KNO3 (Figure 3(a) and (b)). Note that  values are negative
for the whole pH interval investigated and that they rise in
absolute value as the pH increases. This negative surface
charge has been previously associated to both the ionization of weak acid groups of the polymer (presumably carboxylic end groups), and to dissociated end molecules of
the polysorbate surfactant TweenÕ 80 used in the formulation that remain adsorbed onto the PLGA surface even after
the cleaning procedure (Teixeira et al., 2005; Musumeci
et al., 2006; Okassa et al., 2007; Holgado et al., 2009). The
increasingly negative values and charge density may be
explainable by the effect of increasing OH– ion concentration in the solution, which tends to favour a gain in protons.
In contrast, a decrease in absolute  as pH becomes more
acidic may be explainable by neutralization of the negative
regions as a result of chemical adsorption of increasing
numbers of Hþ ions (Arias et al., 2007; Holgado et al., 2009).
With the aim of confirming these results, we also measured  as a function of KNO3 concentration at a constant
pH ¼ 6 (Figure 3(c) and (d)). The  values are negative for
the whole ionic strength interval investigated and they fall
in the absolute value as the KNO3 concentration increases,
due to the double-layer compression. The counterions
accumulate closer to the particle surface, such that the
double layer shrinks as concentration increases. This
leads to a lower electrical potential in the shear plane (or
slip surface) that limits the  value (Dillen et al., 2004; Arias
et al., 2009; Holgado et al., 2009).
More interestingly, no significant differences were found
between PLGA microparticles formulated by DE/SEV and
FF. Hence, it can be said that PLGA microparticles are,
from an electrokinetic point of view, indistinguishable
independently of the preparation technique. In addition,
our results clearly showed the great similarity between the

375

380

385

390

395

400

405

410

XML Template (2011)
K:/TMNC/TMNC_A_576786.3d

6

[15.4.2011–7:38pm]
(TMNC)

[1–12]
[PREPRINTER stage]
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5
Figure 2. Scanning electron microscopy photographs of insulin-loaded PLGA microparticles obtained by: (a) DE/SEV (formulation DE/SEV-4), and (b) FF
(formulation FF-12). (c) Histogram of particle size distribution of insulin-loaded PLGA micro particles obtained by DE/SEV and FF.

Table 2. Mean particle size (mm), insulin loading (%) and insulin entrapment efficiency (EE, %) of PLGA formulations prepared by DE/SEV or FF.
Formulation
DE/SEV-1
DE/SEV-2
DE/SEV-3
DE/SEV-4
FF-1
FF-2
FF-3
FF-4
FF-5
FF-6
FF-7
FF-8
FF-9
FF-10
FF-11
FF-12

Mean particle size (mm)

CV (%)

GSD (mm)

Insulin loading (%)

CV (%)

EE (%)

CV (%)

1.03  0.84
1.04  0.85
0.49  0.31
0.48  0.36
1.32  0.14
1.37  0.13
1.26  0.11
1.27  0.12
1.31  0.11
1.20  0.14
1.21  0.15
1.28  0.12
1.20  0.14
1.21  0.14
1.32  0.17
1.23  0.11

61.46
75.10
80.66
80.26
10.21
10.18
8.40
8.67
9.31
11.62
12.56
9.36
11.50
11.21
12.47
9.38

1.65
1.70
1.99
1.98
1.11
1.11
1.08
1.09
1.10
1.18
1.13
1.10
1.18
1.17
1.13
1.10

0.53  0.01
0.57  0.02
2.85  0.03
2.92  0.04
3.32  0.06
3.80  0.17
3.53  0.08
3.99  0.10
3.86  0.06
4.08  0.03
4.12  0.03
4.29  0.02
4.54  0.04
4.60  0.01
4.68  0.02
4.74  0.01

1.89
3.51
1.05
1.36
1.81
4.47
2.26
2.51
1.55
0.73
0.72
0.46
0.88
0.21
0.43
0.21

53.87  1.54
57.58  2.02
59.52  0.52
61.27  0.64
69.82  1.23
79.90  3.52
74.30  1.69
83.96  2.11
81.16  1.35
85.71  0.55
86.62  0.53
90.19  0.32
95.37  0.75
96.64  0.21
98.39  0.32
98.95  0.21

2.86
3.51
0.89
1.05
1.76
4.41
2.28
2.52
1.66
0.65
0.61
0.36
0.79
0.21
0.33
0.21

Notes: CV (%), coefficient of variation and GSD (mm), geometric standard deviation.

415
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electrokinetics of non-loaded PLGA microparticles and all
the formulations of insulin-loaded PLGA microparticles.
This suggests that insulin was not adsorbed onto the
PLGA surface and, consequently, a very efficient insulin
entrapment into the microparticle core has occurred
(Nicoli et al., 2001; Dillen et al., 2004; Teixeira et al., 2005;
Dı́ez and Tros de Ilarduya, 2006; Gómez-Gaete et al., 2007;
Holgado et al., 2009).

Surface thermodynamics
Table 3 collects experimental data from the analysis of
surface thermodynamics of the polymeric microparticles

by AFM. PLGA microparticles were found to be less hydrophobic than polystyrene (Das et al., 2010). Interestingly, the
hydrophobicity relative values of insulin-loaded PLGA
microparticles synthesized by FF were more similar to the
ones of polystyrene, compared to microparticles formulated by DE/SEV. This indicates the higher hydrophobic
character of PLGA microparticles prepared by FF in
comparison to the ones obtained by DE/SEV. It could be
the consequence of a more significant incorporation
(adsorption) of hydrophilic PVA molecules onto PLGA surface when the microparticles are prepared by DE/SEV
(Sahoo et al., 2002). This would be due to the
higher amount of PVA used in the formulation of PLGA
microparticles by DE/SEV.
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Figure 3. Zeta potential of blank (non-loaded with insulin) PLGA microparticles, and insulin-loaded PLGA microparticles prepared by DE/SEV and FF as a
function of pH in the presence of 103 M KNO3 ((a) and (b), respectively), and as a function of the molar concentration of KNO3 at pH  6 ((c) and (d),
respectively). Formulations: blank (*), DE/SEV-1 (#), DE/SEV-2 (h), DE/SEV-3 (), DE/SEV-4 (), FF-1 (#), FF-2 (h), FF-3 (), FF-4 (), FF-5 (m), FF-6 (),
FF-7 (n), FF-8 (5), FF-9 (^), FF-10 (S), FF-11 (o) and FF-12 (p).

Table 3. Adhesion force (nN) and relative values of hydrophobicity
of polystyrene and insulin-loaded PLGA microparticles formulated by
DE/SEV or FF.
Adhesion force (nN)

Polystyrene
DE/SEV-1
DE/SEV-2
DE/SEV-3
DE/SEV-4
FF-1
FF-2
FF-3
FF-4
FF-5
FF-6
FF-7
FF-8
FF-9
FF-10
FF-11
FF-12

50.2  0.1
129  0.2
131  0.2
133  0.2
132  0.2
103.2  0.2
102.4  0.2
101.5  0.2
103.5  0.2
105.2  0.2
101.9  0.3
104.8  0.3
105.3  0.2
103.6  0.1
104.9  0.2
105.7  0.2
104.3  0.2

Relative values of
hydrophobicity
0.33
0.85
0.86
0.88
0.87
0.68
0.67
0.66
0.68
0.69
0.67
0.69
0.69
0.68
0.69
0.69
0.68

Note: The adhesion force of probe-mica was determined to be 151.8 nN.
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Taking into account the information coming from the
complete physicochemical characterization done to the
insulin-loaded PLGA microparticles, we can hypothesize
the biological fate of the formulations upon oral administration (Hillery and Florence, 1996; Gaumet et al., 2010).
Concretely, particle size is not expected to be a limiting
factor to oral absorption of the microcarrier, as previous
investigations have described gastrointestinal absorption

(through Peyer’s patches) of particulate drug delivery systems of 1 mm. Even more, the negative surface charge of
the microparticles could facilitate its oral absorption
through the intestinal membrane, thanks to a more intense
electrostatic interaction between insulin-loaded PLGA
microparticles and enterocytes. Finally, the hydrophobic
character of the PLGA microcarriers is expected to further
contribute to oral absorption of the peptide-loaded polymeric particles. Preceding research reports have documented a decreased gastrointestinal uptake in
hydrophilic microparticles. Hence, we could suggest that
our polymeric microplatform could improve the oral
absorption of insulin. However, in vitro and in vivo studies
are needed to completely characterize cellular uptake of
the microparticles and its biological fate.

450

455

460

Insulin loading to PLGA microparticles
Regarding PLGA microparticles formulated by DE/SEV,
two key parameters were studied: the polymer concentration, and the pH of the PVA solution (Table 2). Insulin
loading to PLGA was reduced as the amount of polymer
dissolved in the organic phase was increased. On the
contrary, fixing an alkaline pH value in the PVA solution
determined higher insulin entrapment efficiencies. The
later effect was determined to be statistically significant
(F(1,8) ¼ 12.5; p ¼ 0.008), and it could be due to a stronger
electrostatic interaction between the positively charged
insulin macromolecules and the negatively charged
PLGA surface. As a result, these alkaline pHs could
minimize insulin leakage from polymer droplets
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(Kawashima et al., 1999). Finally, no significant interaction
between both factors was observed (F(1,8) ¼ 1.6; p ¼ 0.242).
More importantly, greater insulin entrapment efficiency
was observed when PLGA microparticles were prepared by
FF (Table 2). For instance, the statistical comparison of
DE/SEV-3 and DE/SEV-4 with FF-1 and FF-2 formulations
demonstrated greater benefits coming from the preparation of the microparticles by FF with respect to peptide
entrapment efficiency (F(1,5) ¼ 14407.6818; p 5 0.0001).
Compared to DE/SEV, insulin-loaded PLGA microparticles
are obtained in one step by FF. Thus, the possibility of
protein loss during the synthesis procedure is minimized.
Similar conclusions have been previously reported when
lidocaine entrapment efficiencies were investigated in
PLGA particles prepared by these methodologies
(Holgado et al., 2008).
With respect to the effect of the formulation conditions
on insulin incorporation into PLGA microparticles, we
investigated the influence of the pH, and ionic strength of
the focusing fluid and the pH of the PVA solution in the
collected bath (Table 2). A statistically significant positive
influence was observed on peptide entrapment efficiency
of the enhancement of pH and ionic strength values of the
focusing fluid (F(2,26) ¼ 290.8; p 5 0.001; and, F(1,26) ¼ 47.1;
p 5 0.001, respectively), and of pH values of the PVA solution (F(1,26) ¼ 92.5; p 5 0.001). An alkaline focusing fluid
would induce a reduction in the hydrophilic character of
the peptide (Leo et al., 1998, Kawashima et al., 1999, PintoReis et al., 2007). Similarly, high ionic strength values in the
focusing fluid will further decrease the hydrophilic character of insulin, due to the loss of the hydrated shell around
the biomacromolecule and the reduction in its surface
charge (Fan et al., 2006). Under these conditions, the less
hydrophilic nature of the peptide will prevent its diffusion
out of the focusing fluid, thus improving its entrapment
into the PLGA microparticle.
The effect of the pH of PVA solutions on insulin entrapment efficiency strongly depends on the composition of the
focusing fluid (F(2,26) ¼ 49.8; p 5 0.001) (Figure 4(a)).
Concretely, when the pH of the PVA solution was increased
from 6.5 to 9.0, insulin entrapment efficiency was
enhanced up to 13.7%, 4.8% and 0.9% when water, PBS–
pH 7.4, and PBS–pH 9.0 were used as focusing fluids,
respectively. Similarly, the effect of the composition of
the focusing fluid on insulin loading was significantly conditioned by the pH of PVA solutions (Figure 4(b)).
Compared to water as a focusing fluid, when the pH of
the PVA solution was fixed to 9.0, an enhanced insulin
entrapment efficiency was observed upon using PBS–pH
9.0 as focusing fluid, which was less important than when
PBS–pH 7.4 was used (19.4% and 34.4%, respectively).
The enhancement in the insulin loading values was less
important when the pH of the focusing fluid and of the
PVA solution were closer. However, the highest insulin
entrapment efficiencies were obtained when both pHs
were adjusted to 9.0. Finally, no significant difference on
peptide entrapment efficiency was detected between the
pH and the ionic strength of the focusing fluid
(F(2,36) ¼ 0.736; p ¼ 0.608), and between the ionic strength

of the focusing fluid and the pH of PVA solution
(F(2,36) ¼ 0.736; p ¼ 0.608). Thus, it can be stated that the
effect of the pH of the focusing fluid, and the pH of the PVA
solution on insulin loading efficiencies were not conditioned by the ionic strength of the focusing fluid.
Stability of insulin loaded into PLGA microparticles
CD spectra of insulin prior to and after its loading into
PLGA microparticles is depicted in Figure 5. A minimum
222 nm in the spectra of insulin was observed, which is
typical of -helical proteins. The intensity and shape of the
CD spectra of pure insulin and insulin loaded to the microcarrier were almost indistinguishable. Negligible changes
could be associated to interferences coming from the polymer. Hence, it can be said that the entrapment of the peptide into PLGA did not alter the secondary ( -helical)
structure of insulin, independent of the synthesis procedure (Emami et al., 2009).
The tertiary structure of insulin was investigated by fluorescence spectroscopy (Figure 6). No significant modifications were ascertained between the spectra of pure insulin
and insulin loaded to PLGA, independent of the synthesis
procedure. Experimental results indicated that tyrosine was
externally located in the polypeptide structure, which was
in agreement with the near-UV CD data (Gök and Olgaz,
2004; Sajeesh and Sharma, 2006, Nyambura et al., 2009,
Yong et al., 2009). Finally, less intense fluorescence bands
detected when insulin is loaded into PLGA by DE/SEV
could be attributed to the smaller entrapment efficiency
obtained following this synthesis procedure.
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Release of insulin from PLGA microparticles
Release profiles of drug molecules and biomacromolecules
from PLGA particles have been reported to be severely conditioned by PLGA characteristics (i.e. size, molecular
weight, surface thermodynamics, to cite just a few) and
by the mechanisms involved in the release process (e.g.
drug desorption, surface and/or bulk degradation, drug
diffusion, which could even simultaneously occur) (Luan
and Bodmeier, 2006; Sahana et al, 2008). Therefore, it is
very difficult to establish a general trend, and several
important controversies can be easily found between the
drug release profiles reported in the literature.
Independent of the synthesis procedure, insulin release
from PLGA microparticles follows a biphasic profile characterized by an initial fast (burst) peptide release, followed
by a much slower release phase (Figure 7). Such insulin
release could be the consequence of diffusion-cum-degradation mediated processes: the first phase was supposed to
be due to insulin diffusion through the external side of the
polymeric matrix (Ibrahim et al., 2005), and peptide release
during the second phase may result from polymer degradation, from drug diffusion through the matrix, or both
(Mittal et al., 2007; Holgado et al., 2008). More interestingly,
faster release rates were observed in the formulations prepared by DE/SEV: 75% of the peptide loaded was released
in less than 2 h, while the remaining 25% of insulin
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Figure 4. Insulin entrapment efficiency into PLGA microparticles: (a) influence of the composition of focusing fluid (pH and ionic strength) on the effect of
the pH of the PVA solution and (b) influence of the pH of the PVA solution on the effect of the composition of the focusing fluid (pH and ionic strength).

Figure 5. CD spectra of insulin, insulin degradation products, blank (non-loaded with insulin) PLGA microparticles and insulin-loaded PLGA formulations
DE/SEV-4 and FF-12.

Figure 6. Fluorescence spectra of insulin, and insulin-loaded PLGA formulations DE/SEV-4 and FF-12.
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loaded was slowly liberated during the next 4 h.
On the contrary, insulin release from PLGA microparticles
synthesized by FF was complete after 10 h. These differences in the drug release profiles could be attributed to the

Figure 7. Release of insulin (%) from PLGA microparticles as a function of
the incubation time (min) in PBS (pH ¼ 7.4  0.1) at 37.0  0.5 C.
Formulations: DE/SEV-1 (#), DE/SEV-2 (), DE/SEV-3 (m), DE/SEV-4
(^), FF-1 (h), FF-2 (), FF-3 () and FF-4 (S). Lines are guides to the eye.

characteristics of the FF formulations. In general, the
greater the hydrophobic character (the degradation rate
decreased as the hydrophobicity of a polymeric matrix is
higher), slightly bigger the particle size (responsible for a
smaller surface area/volume ratio in the polymer, which
leads to reduced buffer penetration into the matrix;
Mittal et al., 2007; Arias et al., 2008; Holgado et al., 2008;
Corrigan and Li, 2009).
The preparation conditions exclusively influenced insulin release from PLGA formulated by DE/SEV. It was
observed that microparticles obtained by this method
exhibited a significant decrease in insulin release efficiency
when the polymer concentration (F(1,8) ¼ 13.49; p 5 0.006),
and the pH of PVA solution (F(1,8) ¼ 30.54; p ¼ 0.001) were
increased in their formulation conditions (Liu et al., 2006;
Hamishehkar et al., 2009). For instance, as the PLGA
concentration was increased from 0.5% to 1%, the dissolution efficiency decreased 7% and 5.9% when the pH of
PVA solution was 6.5 and 9.0, respectively (Figure 8).
However, the effect of the PLGA concentration on the
dissolution efficiency was independent of the influence of
the pH of PVA solution (F(1,8) ¼ 0.252; p ¼ 0.629).

Figure 8. Influence of the formulation conditions (polymer concentration and pH of PVA solution) on insulin dissolution efficiency.

Figure 9. Release of insulin (%) from PLGA microparticles as a function of the incubation time (min) in PBS (pH ¼ 7.4  0.1) at 37.0  0.5 C. Formulations:
FF-4 (#), FF-8 (h) and FF-12 (m). Lines are guides to the eye.
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Finally, we have appreciated different dissolution profiles when comparing the insulin-loaded PLGA formulations prepared by FF. For clarity, we have only depicted
insulin release profiles from formulations FF-4, FF-8 and
FF-12, as we did not observe significant differences in the
insulin release behaviour when these microparticles were
prepared using different ionic strengths, and PVA solutions
with diverse pH values. Very interestingly, it was observed
that the greater the amount of insulin in the microparticles,
the lower was the release rate (Figure 9). In detail, although
insulin release was a biphasic process (as previously commented), 55% insulin loaded to FF-4 was released within
2 h, while the remaining 45% was liberated during the
next 8 h; 40% was released within 2 h from FF-8, while
the remaining 60% was liberated during the next 16 h; and,
finally, 30% insulin loaded to FF-12 was released within
2 h, while the remaining 60% was liberated during the
next 28 h. This behaviour was also observed in DE/SEV
formulations.

Conclusions
635

640

645

We have defined the most significant differences between
insulin-loaded PLGA microparticles prepared by water-inoil-in-water (w/o/w) DE/SEV method, and by FF technique. Compared to the former procedure, it has been
found that FF allowed the formulation of insulin-loaded
PLGA microparticles with a more narrow size distribution
and a greater hydrophobicity. In addition, PLGA microparticles prepared by FF were characterized by better insulin vehiculization properties: higher insulin loading values
and slower insulin release profiles. We can consider that FF
technology will significantly improve the engineering of
insulin-loaded PLGA microparticles against diabetes.
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