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A B S T R A C T

This work presents an evaluation of the adsorption/infiltration process in relation to the loading of a
model protein, a-amylase, into an assembled biodegradable polymeric system, free of organic solvents
and made up of poly(D,L-lactide-co-glycolide) acid (PLGA). Systems were assembled in a friendly aqueous
medium by adsorbing and infiltrating polymeric nanoparticles into porous microspheres. These
assembled systems are able to load therapeutic amounts of the drug through adsorption of the protein
onto the large surface area characteristic of polymeric nanoparticles. The subsequent infiltration of
nanoparticles adsorbed with the protein into porous microspheres enabled the controlled release of the
protein as a function of the amount of infiltrated nanoparticles, since the surface area available on the
porous structure is saturated at different levels, thus modifying the protein release rate. Findings were
confirmed by both the BET technique (N2 isotherms) and in vitro release studies. During the adsorption
process, the pH of the medium plays an important role by creating an environment that favors adsorption
between the surfaces of the micro- and nano-structures and the protein. Finally, assays of a-amylase
activity using 2-chloro-4-nitrophenyl-a-D-maltotrioside (CNP-G3) as the substrate and the circular
dichroism technique confirmed that when this new approach was used no conformational changes were
observed in the protein after release.
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1. Introduction

Protein formulation has constituted a significant challenge for
the pharmaceutical scientists because the therapeutic activity of
these drugs is closely-related to their conformational structure and
integrity, and because their physical and chemical instability must
be dealt with. Recent advances in biotechnological techniques like
fermentation and cloning have made it possible to produce large
quantities of biologics (i.e., biotherapeutic proteins) for pharma-
ceutical applications whose benefits present an opportunity to
improve current treatments for disorders such as cancer, genetic
* Corresponding author. Tel.: +52 55 56232065; fax: +52 55 58938675.
E-mail addresses: quintana@servidor.unam.mx, sekyaa@gmail.com
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and enzymatic deficiencies, autoimmune diseases and infections
like HIV (Frokjaer and Otzen, 2005). More than 324 biomacromo-
lecules – mostly proteins – are currently undergoing clinical trials.
A general trend is to use drugs produced by recombinant DNA
techniques because it is expected that biologics will be less toxic
and more predictable regarding their behavior in vivo (Pavlou and
Reichert, 2010). However, factors such as pH, temperature, high
shear forces, interfaces, storage, handling, formulation and
administration of such proteins can create undesirable conditions
that lead to physical and chemical instability in the form of
denaturation, deamidation, aggregation, oxidation, peptide bond
hydrolysis, thiol–disulfide exchange, crosslinking, intramolecular
conformational scrambling and precipitation processes, all of
which can alter their activity (Fu et al., 2000; Krishnamurthy and
Manning, 2002; Manning et al., 2010). Thus, the success in
formulating proteins requires knowledge and understanding of
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their physical, chemical and biological properties, as well as the
use of adequate materials and carriers (Manning et al., 2010).

To facilitate the administration of biologics and to maintain
protein integrity during formulation and storage, different drug
delivery systems have been proposed. Polymeric and lipid-based
nanoparticles (e.g., liposomes), nanocapsules, hydrogels, injectable
implants, microemulsions and microspheres are common exam-
ples of systems developed to improve protein delivery. Most of
these systems are based on entrapment and microencapsulation
principles, whose stages basically include emulsification processes
and posterior solvent evaporation. Unfortunately, these common
manufacturing methods generate a microenvironment that can
compromise the protein integrity during drug-loading, micro-
carrier formation and drying because molecules are exposed to
organic solvents, aqueous/organic interfaces, elevated temper-
atures, vigorous agitation, hydrophobic surfaces and detergents
(Van der Weert et al., 2000). Hence, this physicochemical stress
affects proteins during the entire life of the drug-delivery system;
including formulation, storage and protein release in vivo (Dai
et al., 2005; Degim and Çelebi, 2007; Sun et al., 2009; Tan et al.,
2010; Van der Weert et al., 2000).

Our understanding of protein instability has improved greatly
since 1989 and several alternatives, such as stabilization by ligand-
binding to the native state (surfactants, polymers, cyclodextrins,
metal ions, anion binding, etc.), colloidal and interfacial stability,
drying, chemical modifications, site-directed mutagenesis and the
development of novel drug delivery systems, have been described
to protect the integrity of proteins during their life-cycle (Fu et al.,
2000; Manning et al., 2010; Wang, 1999). Because research into
protein pharmaceutical technology has focused on proposing
strategies that will prevent protein damage during formulation,
various experiments have been conducted to better understand
the critical steps involved in the obtaining of protein drug-delivery
systems, instability, and degradation mechanisms (Fu et al., 2000).
Polymeric nanoparticles and injectable parenteral depots loaded
with peptides and proteins and designed with biodegradable
materials like PLGA (polylactide-co-glycolide acid) are important
in this field, because the protein drug-delivery systems approved
by the FDA are based on polymeric microspheres, some of which
are already available in the pharmaceutical market (Dai et al.,
2005; Degim and Çelebi, 2007; Putney, 1998; Spada et al., 2011).
Other approaches, such as incorporating of protein–biopolymers
complexes which are then mixed with porous microspheres to
obtain self-healing PLGA microspheres, have been proposed to
enhance protein loading efficiency and prevent drug instability
during encapsulation and release by protein immobilization. The
biopolymers used are members of the glycosaminoglycan (GAG)
family, or they have similar structural moieties (e.g., dextran
sulfate and chitosan) (Shah and Schwendeman, 2014).

On the other hand, adsorption of hydrophilic drugs is a
strategy that has been used to avoid high-energy processes in
drug entrapment. This approach has been applied successfully to
adsorb biomacromolecules onto nanoparticle surfaces (Vrignaud
et al., 2011). Many papers have discussed the use of PLGA to
adsorb proteins onto micro- and nano-particles in order to avoid
the risk of protein degradation caused by the interaction with
organic solvents, interfaces, homogenization and drying (Kim
et al., 2006a; Sun et al., 2009). The option of using adsorption as an
alternative to load drugs takes into account the interaction
between the surface of polymeric structures and proteins by
establishing and controlling certain variables such as pH,
temperature, protein and polymer properties (e.g., isoelectric
point, pKa, end functional group, etc.) in an aqueous medium.
Recently, the use of porous microspheres with a large pore surface
area and interconnecting pores has drawn attention for loading
therapeutic drugs (including peptides and proteins) by adsorption
in an immersion medium (Kilpeläinen et al., 2011; Rodríguez-Cruz
et al., 2009; Sun et al., 2009). The adsorption process and the large
surface area of porous microspheres and nanoparticles form the
basis of the strategy proposed in earlier research (Alcalá-Alcalá
et al., 2013), in which a peptide was formulated using the
adsorption/infiltration process. This technique produced assem-
bled systems that load drugs which are sensitive to physicochemi-
cal stress with high adsorption efficiencies and a controlled release
that are dependent on the continuity of a nanoparticle film that
forms on the microsphere surface. The aim of this work was to
formulate a globular molecule, a protein (enzyme a-amylase),
using the adsorption/infiltration process with biodegradable, PLGA
micro- and nano-particles in order to obtain an injectable
assembled system with the capacity to release proteins during a
week or more. Additionally, the assembled system was character-
ized and the integrity of the protein after release was evaluated in
order to demonstrate the efficacy of this novel protein drug-
delivery system.

2. Materials and methods

2.1. Materials

Poly(D,L-lactide-co-glycolide) acid (PLGA 50:50, DLG 4A, molec-
ular weight 38,000), was obtained from Lakeshore Biomaterials
(Birmingham, AL, USA). a-Amylase (from Aspergillus oryzae,10065-
50 G), poly(vinyl alcohol) (PVAL: Mowiol1 4–88, molecular
weight 58,000), the Bicinchoninic acid kit for protein determina-
tion (BCA1) and 2-chloro-4-nitrophenyl-a-D-maltotrioside
(93834 CNP-G3) were purchased from Sigma–Aldrich (St. Louis,
MO, USA). Methylene chloride, ethyl acetate, acetonitrile, sodium
chloride, calcium chloride, potassium thiocyanate and mannitol
were provided by J.T. Baker1 Chemicals (Avantor Performance
Materials, Center Valley, PA, USA). Ammonium carbonate, mono-
basic potassium phosphate, sodium citrate, citric acid, acetic acid,
sodium acetate and sodium hydroxide were all supplied by
Productos Quimicos Monterrey, SA (Monterrey, NL, Mexico).
Distilled water was obtained from a RiOsTM distiller (EMD
Millipore, Billerica, MA, USA).

2.2. Preparation of the components of the assembled systems

The protein drug-delivery systems were assembled using
polymeric nanoparticles and porous polymeric microspheres of
PLGA, following well-known and reproducible methods.

2.2.1. PLGA nanoparticles
The emulsification-solvent diffusion method was used to

manufacture polymeric nanoparticles (Quintanar-Guerrero et al.,
1996). Two phases were prepared after saturation between
distilled water (phase W) and ethyl acetate (phase O). A solution
of 5% w/v of polyvinyl alcohol (PVAL) was obtained in phase W.
Then, 400 mg of PLGA were dissolved in 20 mL of phase O and
emulsified with 40 mL of PVAL solution by using a homogenizator
(ULTRA-TURRAX1; IKA1 Works Inc., Wilmington, NC, USA) at
11,000 rpm for 10 min. Afterwards, 160 mL of water without
saturation was added to the emulsion in order to allow the
diffusion of the organic solvent. After diffusion, the nanoparticles
remained in suspension and the solvent was evaporated under
reduced pressure at 90 rpm and 30 �C. Nanoparticles were
recovered by centrifugation (Optima1 LE-80 K; Beckman Coulter
Inc., Fullerton, CA, USA) at 25,000 rpm for 20 min, and then washed
three times. Finally, they were frozen and lyophilized at 50 � 10�3

mbar and �40 �C for 24 h (FreeZone 6; Labconco1, Kansas City, MO,
USA), using mannitol as the cryoprotectant at 1 mg/mL of
nanoparticle suspension.
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2.2.2. Porous PLGA microspheres
Microspheres were prepared using a modified double emul-

sion-solvent evaporation method proposed by Kim et al. (2006b).
The first emulsion was carried out by stirring with a homoge-
nizator (ULTRA-TURRAX1) at 11,000 rpm for 2 min to mix 8 mL of
methylene chloride (in which 500 mg of PLGA were dissolved) and
2.5 mL of a 1% w/v solution of NH4HCO3 (porogen agent). Next, this
emulsion was poured into 300 mL of a 1% w/v solution of PVAL and
stirred at 250 rpm during 4 h using a mechanical stirrer (CaframoTM

Limited, Wiarton, Ontario N0H 2T0, Canada). The porous micro-
spheres were recovered by filtration, using a stainless steel mesh
with a 10-mm aperture, and dried at room temperature.

2.2.3. Physical characterization
The mean diameter and particle size distribution of the micro-

and nano-structures were analyzed using dynamic light scattering
(Zetasizer1 and Mastersizer1, Malvern Instruments, UK). The
morphology of the polymeric nanoparticles and porous biode-
gradable microspheres was analyzed by Scanning Electron
Microscopy (SEM) (JSM-25 S II microscope, JEOL, Japan), and the
specific surface area was obtained as indicated in section 2.5.

2.3. Adsorption studies of a-amylase

2.3.1. Adsorption onto porous microspheres
To evaluate protein adsorption behavior, increasing amounts of

a-amylase were adsorbed onto porous polymeric microspheres at
different pH. First, 25 mg of dried microspheres were immersed
into 1 mL of several solutions of the protein. Five concentrations
were tested – 2.5, 5.0, 7.5, 10.0 and 12.5 mg/mL – using sodium
acetate buffer solution (0.02 M) at pH 4.0 and potassium
phosphates buffer solution (0.02 M) at pH 7.2. The samples were
labeled as SA, SB, SC, SD and SE, respectively. All samples were
gently agitated during 1 h (Water Bath ShakerTM, American Optical,
USA). The microspheres with adsorbed a-amylase were recovered
by filtration and the protein concentration in the supernatant was
determined using the bicinchoninic acid assay to ascertain total
proteins at 562 nm with a spectrophotometer (Varian Cary 50
Conc, Agilent technologies, Santa Clara, CA, USA). The amount of
protein adsorbed (in milligrams) were calculated on the basis of
the weight differences between the initial and final concentrations.
Three replicates were performed.

2.3.2. Adsorption onto polymeric nanoparticles
Evaluation of the protein adsorption onto polymeric nano-

particles was done by measuring the z-potential (zeta-potential)
Fig. 1. Scanning electron micrograph of (A) porous polymeric microspheres of PLGA 5
bar = 1 mm).
when different amounts of protein were adsorbed. In this step,
100 mg of nanoparticles were re-suspended in 10 mL of sodium
acetate buffer at pH 4.0 (0.02 M) during 12 h. Afterwards, 10, 20, 30
and 40 mg of protein were added to the suspensions and subjected
to magnetic stirring during 1 h. A nanoparticle suspension with no
protein was set as the blank. The z-potential of the dispersions was
measured using a Zetasizer1 (Malvern Instruments, UK) after
appropriate dilution with the same buffer solution (n = 3).

2.4. Obtaining of the protein drug-delivery system assembled by the
adsorption/infiltration process

Briefly, 25 mg of dried porous microspheres were weighed and
placed in an eppendorf tube. Simultaneously, a measured amount
of polymeric nanoparticles was re-suspended by magnetic stirring
(Multistirrer1, Velp Scientifica, USA) in 1 mL of sodium acetate
buffer pH 4.0 (0.02 M), during 12 h. The prepared nanoparticle
suspensions had 25, 50, 75 and 100 mg/mL. Then, 10 mg of
a-amylase were added to each nanoparticle suspension and
agitation continued for 1 h more. The suspensions with protein
were poured into the eppendorf tube with the porous micro-
spheres and subjected to agitation for 1 additional hour (Water
Bath ShakerTM, American Optical, USA), in order to infiltrate the
nanoparticles with adsorbed protein into the microspheres. The
systems were recovered by filtration through a stainless steel mesh
(10 mm) and dried at room temperature. These systems were
labeled as S2–S5. System S1 was prepared under the same
conditions, but without nanoparticle infiltration. The protein
content in the remaining suspension was quantified by the
bicinchoninic acid assay, and the adsorption efficiency (%AE)
was calculated on the basis of the differences between the initial
and final concentrations using the following equation:

%AE ¼ ðCi � Cf Þ
Ci

;

where, Ci= initial concentration of a-amylase and Cf = concentra-
tion of a-amylase in the remaining suspension. Three replicates
were done for each nanoparticle concentration (n = 3). Finally, to
determine the load of nanoparticles in the assembled systems the
remaining suspension was frozen and lyophilized at 50 � 10�3

mbar and �40 �C for 24 h (FreeZone 6; Labconco1, Kansas City, MO,
USA) to obtain the remaining weight of the nanoparticles after the
assembly process. Thus, nanoparticle-loaded efficiency were
calculated by the weight differences between the initial amount
of nanoparticles and the remaining weight in the final suspension
(considering the proportional amount of mannitol per sample).
0:50 (scale bar = 1000 mm) and (B) polymeric nanoparticles of PLGA 50:50 (scale



Fig. 2. Amount adsorbed of a-amylase (mg) onto porous microspheres of PLGA at
different pH, without nanoparticle infiltration. SA, SB, SC, SD and SE: samples
immersed in a solutions with 2.5, 5.0, 7.5, 10.0 and 12.5 mg/mL of protein,
respectively.

Fig. 3. z-potential of NP’s adsorbed with increasing amounts of a-amylase at pH
4.0. Blank represents the z-potential of the polymeric nanoparticles without protein
adsorption. NP’s = nanoparticles.
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2.5. Measurement of N2 isotherms

The nitrogen adsorption–desorption isotherms were deter-
mined on the free microspheres, polymeric nanoparticles and all
the assembled systems (from S1 to S5) using a Bel-Japan Minisorp
II apparatus and applying a multipoint technique. Specific surface
area was calculated with the Brunauer–Emmet–Teller (BET)
equation (Brunauer et al., 1938; Rouquerol et al., 1999) from N2

adsorption at �196 �C. Because of the low glass transition
temperature of the samples, they were out gassed at 30 �C prior
to nitrogen adsorption.

2.6. Characterization of the assembled systems by thermal analysis

Differential scanning calorimetry (DSC) and thermogravimetric
(TGA) techniques were used to carry out a physical characteriza-
tion of the assembled systems. For the DSC studies, 2–4 mg of the
dried assembled system, pure PLGA and pure a-amylase were
placed on aluminum pans and then sealed hermetically. Tests were
carried out in a temperature range of 30–280 �C with a 10 �C/min
heating rate, under ultrapure nitrogen flux (50 mL/min) (DSCQ10
calorimeter, TA Instruments, USA). Finally, TGA was performed in
order to monitor the mass of the system during heating, under the
same conditions described above for the DSC studies, but using
platinum pans (TGA Q5000IR, TA Instruments, USA).

2.7. In vitro protein release

Potassium phosphate buffer (0.02 M) at pH 7.2 was used as the
dissolution medium. The release profiles of all the assembled
systems (S1–S5) were obtained. Briefly, 25 mg of each system were
weighed on a 5-cm piece of stainless steel mesh (10-mm aperture)
and dipped in 10 mL of the dissolution medium before being
Table 1
Characterization of the assembled systems.

System a-Amylase adsorbed at pH 4.0 (mg) %AE (%) 

S1 2.5 � 0.16 25.2 � 1.6 

S2 2.7 � 0.29 27.2 � 2.9 

S3 3.8 � 0.06 37.7 � 0.6 

S4 4.8 � 0.15 47.4 � 1.8 

S5 5.1 � 0.12 50.7 � 1.2 

The results are shown as mean � standard deviation. S1: system assembled without nan
with 25, 50, 75 and 100 mg/mL, respectively. NP’s: polymeric nanoparticles; %AE: adso

a System with no nanoparticle infiltration.
poured into a glass vial. The vials were transferred to a
thermostated bath at 37 �C under magnetic agitation. Afterwards,
100 mL were withdrawn at different times and replaced with fresh
medium. “sink conditions” were maintained throughout the study.
The amount of a-amylase released at each time was determined by
bicinchoninic acid assay (n = 3).

2.8. Evaluation of the enzymatic activity of the a-amylase released

The enzymatic activity of a-amylase was evaluated after release
from the all the assembled systems. Free a-amylase dissolved in
the same conditions was used as a control (buffer pH 7.2 and 37 �C).
2-cChloro-4-nitrophenyl-a-D-maltotrioside (CNP-G3) was the
substrate used to measure amylase activity. During the enzymatic
reaction, a yellow product was generated: 2-chloro-4-nitrophenol
(Foo and Bais, 1998). The assay reagent was prepared using sodium
citrate buffer solution (0.01 M) at pH 6.2, CNP-G3 (2.25 mM),
sodium chloride (300 mM), calcium chloride (5 mM) and potassi-
um thiocyanate (900 mM). Samples of 75 mL were withdrawn
during in vitro release studies at 12 h. Samples were placed in assay
tubes with 3 mL of the reagent assay previously incubated at 37 �C
in a water bath. Once the tubes were agitated by vortex, they were
placed back in to the incubation bath. A tube with no sample was
set as a blank, then absorbance was measured at 405 nm every
minute during 2 min. The a-amylase activity (International Units
per liter, U/L) of each sample and control was calculated using the
following formula:

a�amylase
U
L

� �
¼ DA

mins
� DA
minb

� �
� TV � 1000
e � SV � d

;

where DA/mins = change in the absorbance per minute for the
sample or control, DA/minb = change in the absorbance per minute
for the blank, TV = total volume of the assay (3.075 mL),
NP’s Loaded (mg) Specific surface area as,BET (m2/g)

0a 4.25
8.1 � 2.2 2.23
16.5 � 1.3 1.94
32.4 � 2.4 0.45
57.9 � 2.6 –

oparticle infiltration; S2–S5: systems with infiltration of nanoparticle suspensions
rption efficiency.



Fig. 4. Scanning electron micrograph of polymeric microspheres of PLGA (50:50). (A) free microspheres and (B) microspheres with infiltrated nanoparticles. (Scale
bar = 10 mm).

Fig. 5. N2 isotherms: from top to bottom; (^) free microspheres of PLGA (50:50);
(&) S1: system without nanoparticle infiltration; (~) S2: system with 25 mg/mL of
NP’s; (*) S3: system with 50 mg/mL of NP’s and ( ) S4: system with 75 mg/mL.
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1000 = conversion from U/mL to U/L, e = the millimolar extinction
coefficient of 2-chloro-4-nitrophenol at 405 nm (12.9), SV = sample
volume (0.075 mL) and d = light path (1 cm).

2.9. Evaluation of the conformational structure of a-amylase by
circular dichroism spectroscopy (CD)

Each assembled system (from S1 to S5) was placed in 10 mL of
phosphate buffer pH 7.2, during 12 h at 37 �C in order to release the
a-amylase from the systems. Subsequently, samples of 500 mL
were withdrawn and centrifuged at 25,000 rpm for 20 min. The
samples were diluted with the same buffer solution until a
concentration of 100–400 mg/mL was achieved. CD measurements
were performed in a JASCO J-815 spectropolarimeter (Jasco Inc.,
Easton, MD), equipped with a PFD-425S Peltier-type cell holder for
temperature control and magnetic stirring. CD spectra were
recorded from 200 to 250 nm, using 1 cm path-length cells.
Ellipticities are reported as millidegrees. A CD measurement of free
amylase was determined for use as a control.

3. Results

3.1. Obtaining and characterizing system components

The components of the system – the porous microspheres and
the polymeric nanoparticles of PLGA – were prepared using the
methodology described above. Nanoparticles were solid structures
with a main size of 251 � 2.9 nm, a polydispersity index of 0.08, and
a specific surface area of 6.25 m2/g. The microspheres we obtained
were porous structures with a main size of 104 � 2.7 mm, a
uniformity index of 0.61, and a specific surface area of 4.40 m2/g.
The mean diameter of the exposed pores was approximately of
10.2 � 6.1 mm. The morphologies of solid nanoparticles and porous
microspheres are shown in Fig. 1. Kim et al. (2006b) reported how
the porosity of microspheres can be controlled using different
amounts of ammonium bicarbonate in the first aqueous phase
(W1) during the manufacture of microspheres (Alcalá-Alcalá et al.,
2013; Kim et al., 2006b). These characteristics are adequate for
carrying out the assembly process based on the adsorption/
infiltration of nanoparticles into porous microspheres.

3.2. Studies of adsorption onto micro- and nanoparticles

To select the best pH of the aqueous medium for the adsorption
process and the most suitable amount of protein to be added to the
systems (protein/microsphere ratio), adsorption studies were
performed using two pH values (4.0 and 7.2). Results are presented
in Fig. 2. As can be seen, a larger amount of protein adsorbed onto
microspheres was achieved at pH 4.0. Based on this finding, we
chose pH 4.0 to prepare the assembled systems.

The z-potential (zeta-potential) of the free nanoparticles and
with increasing amounts of the protein was determined, at pH 4.0,
in order to evaluate the influence of the electrostatic forces on the
adsorption process, using a electrophoretic light scattering
method. Data showed that z-potential became more positive as
the amount of protein adsorbed increased, see Fig. 3. Changes in
z-potential could be explained by neutralization of charges during
the adsorption process (see Section 4).

3.3. Obtaining and characterizing of the assembled systems

Protein drug-delivery systems assembled by the adsorption and
infiltration of polymeric nanoparticles onto porous biodegradable
microspheres were prepared using several nanoparticle concen-
trations. Table 1 show the results for the amount of protein loaded,
the adsorption efficiency, and the amount of nanoparticles
infiltrated, as well as the specific surface area for all the assembled
systems. S1 represents a system without nanoparticle infiltration,
but only protein adsorption onto microspheres. It is clear that as
the amount of adsorbed nanoparticles increased, the amount of
protein in the system also rose. In addition, one can see how the
NP’s = polymeric nanoparticles.
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amount of nanoparticles infiltrated increased when a large amount
of nanoparticles was in suspension, though this amount seems to
reach a maximum, likely related to saturation of the microsphere
surface. Fig. 4 shows a porous microsphere saturated with
infiltrated nanoparticles compared to a free microsphere.

Fig. 5 presents the N2 isotherms for all the assembled systems.
According to BET theory, the specific surface area is represented by
the slope (Brunauer et al., 1938; Rouquerol et al., 1999), such that a
steeper slope indicates less surface area. Thus, as can be observed,
the slope is higher in S2, S3 and S4 (systems with increasing
amounts of infiltrated nanoparticles) compared to S1 (the system
with no nanoparticle infiltration) and the free microspheres. The
reduction of the surface area shows the loss of surface and
saturation as the amount of infiltrated nanoparticles increases.

On the other hand, if the protein is first dissolved and then
adsorbed onto both surfaces (micro- and nanoparticles), interac-
tion between the biomolecule and the surfaces takes place at a
molecular level. For this reason, thermal studies (DSC and TGA)
were performed to understand the interaction of the system’s
components. DSC thermograms are shown in Fig. 6 and TGA
thermograms in Fig. 7 for pure PLGA (50:50), pure a-amylase, and
all the assembled systems (from S1 to S5).

The thermal events depicted in the DSC thermograms indicate
the presence of a characteristic endothermal peak at 47–52 �C that
corresponds to the glass transition temperature (Tg) of the
polymeric material (PLGA); however the dehydration event, at
�100 �C, seen in the pure a-amylase thermogram disappeared in
all the assembled systems, suggesting that protein is molecularly
dispersed on the available surface of the system. Above 200 �C,
degradation processes were detected in all DSC thermograms, but
were more evident in the assembled systems. Degradation events
were followed in TGA thermograms – see Fig. 7 – where it was
noted that weight loss was faster in the assembled systems (from
S1–S5) than in the pure components.

3.4. In vitro protein release

Protein release studies from the assembled systems were
carried out in buffer phosphates, pH 7.2, as the dissolution
 6. Differential scanning calorimetric studies. DSC thermograms: from top to
om; pure PLGA (50:50); pure a-amylase; S1: system assembled without
oparticle infiltration; S2–S5: systems with infiltration of nanoparticle suspen-
s with 25, 50, 75 and 100 mg/mL, respectively. NP’s = polymeric nanoparticles.

Fig
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medium. Release profiles for all systems (S1–S5) are presented in
Fig. 8, which shows that in S1 (the system without nanoparticles
infiltration) a-amylase was completely released at 24 h. A similar
behavior was observed in S2 (system prepared with 25 mg/mL of
nanoparticles), but systems S3, S4 and S5 only delivered 73, 45 and
38% of the loaded protein, respectively, at that time. It is suggested
that, depending on the degree of saturation, the infiltrated
nanoparticles create a physical barrier that reduces the release
rate. Different mathematical models have been proposed to
explain the mechanism of release from drug-delivery systems
(Costa and Sousa-Lobo, 2001), though only the adjustment to the
mathematical model proposed by Higuchi was reported because it
was the best model that data fit (r2� 0.800). The mathematical
model is described as: Mt/M1 = KHt

1/2; where Mt = the amount of
drug released at time t,M1 = the total drug has been released, KH

(min�1) = the Higuchi dissolution constant and t = time (Costa and
Sousa-Lobo, 2001). Fig. 9 shows the fit of the release profiles to
Higuchi’s model.

3.5. Enzymatic activity of the released a-amylase and evaluation of its
structural integrity

The assembled systems (S1–S5) were placed in a buffer
phosphates solution, pH 7.2, at 37 �C, during 12 h in order to release
the enzyme. Samples of free a-amylase were treated in the same
conditions to be used as a control. Enzymatic activity (UI/L) for all the
systems can be observed in Fig. 10, where no significant statistical
differences were found in comparison to free a-amylase (p > 0.05).

The structural integrity of the released a-amylase was evaluated
by circular dichroism. Fig. 11 shows the far-UV CD spectra of
a-amylase under the different treatments. Clearly, all the CD spectra
are verysimilar, indicating that there were no appreciable changes in
the secondarystructureof the amylasewhenitwasreleasedfrom the
assembled systems, as judged by the CD signal.

4. Discussion

4.1. Protein adsorption onto the components of the system (micro- and
nanoparticles)

These results show that pH and protein concentration have
influence on the adsorption process onto the surface of PLGA

. 7. Thermogravimetric analysis. TGA thermograms: from top to down;
amylase pure; PLGA (50:50) pure; S1: system assembled without nanoparticle
ltration; S2–S5: systems with infiltration of nanoparticle suspensions with 25,
, 75 and 100 mg/mL, respectively. NP’s = polymeric nanoparticles.



Fig. 8. Release profiles of a-amylase from all assembled systems. Studies
performed in phosphates buffer (pH 7.2) at 37 �C. (^) S1: system without
nanoparticles infiltration; (&) S2: system with 25 mg/mL of NP’s; (~) S3: system
with 50 mg/mL of NP’s; (*) S4: system with 75 mg/mL of NP’s and ( ) S5: system
with 100 mg/mL of NP’s. NP’s = polymeric nanoparticles.
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microparticles. The isoelectric point of a-amylase is 4.2 (Bautista
et al., 1999), while the pKa of PLGA is 3.8 when the polymer has an
end carboxylic group (the polymer used in this work, PLGA 4A, has
an acid terminal group). Two pH were tested: a pH of 4.0 where
a-amylase is charged positively and the carboxylic groups in PLGA
are ionized; and pH 7.2, where both are negatively-charged. More
molecules are adsorbed when the medium has an acid pH (4.0) and
opposed charges exist. This behavior can be explained by the
changes in the properties of the surface of the microspheres and
the charges generated in the protein at each pH. Because the
process was carried out in an aqueous medium, adsorption is
favored. When pH is higher than the isoelectric point, 7.2, the
hydrophobic interactions become more important and the
adsorption capacity decreases because the microsphere surface
presents the same charge as the enzyme. Kondo et al. (1996) and
g. 9. Fit of the release profiles of a-amylase to the Higuchi’s model. (^) S1: system witho
ith 50 mg/mL of NP’s; (*) S4: system with 75 mg/mL of NP’s and ( ) S5: system with 100
ount total released. KH (min�1) = Higuchi dissolution constant. r2 = coefficient of determ
Bautista et al. (1999) described this behavior and the influence of
pH when a-amylase is adsorbed onto a hydrophobic surface
(Bautista et al., 1999; Kondo et al., 1996), while Li and Li (2007)
reported this effect and the role of surface groups when bovine
serum albumin is adsorbed onto polymeric PLGA microspheres (Li
and Li, 2007). Kim et al. (2006) reported the adsorption of human
growth hormone onto porous PLGA microspheres with similar
results, though their approach used solvents in order to close the
pores (Kim et al., 2006a). Meanwhile, when protein concentration
is high, the molecules adsorb close to each other, yielding a higher
adsorbed amount that increases when surface area increases and
there is less conformational changes (Nakanishi et al., 2001).

The changes observed in z-potential confirm the cancellation of
charges between the molecules, indicating that electrostatic
attractions occur in the aqueous medium at pH 4.0. The charged
surface brings the charged proteins nearer to itself and concen-
trates them there through an attraction phenomenon. Similar
effects have been seen when SiRNA is adsorbed onto chitosan-
coated-PIBCA nanoparticles (Martimprey et al., 2010). Therefore,
electrostatic interactions must be considered to obtain better
adsorption efficiencies and increase the amount of drug on the
surface. Low adsorption efficiencies have been reported when
organic solvents and other structures, like silicon microparticles,
are used to adsorb peptides, since no electrical attractions occur
(Kilpeläinen et al., 2011).

4.2. Systems assembled by adsorption/infiltration

With the use of the adsorption/infiltration method, assembled
systems can be prepared at different levels of saturation that show a
clear interdependence between the amount of nanoparticles
infiltrated and the amount of protein adsorbed. This finding is
related to the fact that protein is adsorbed on both surfaces (micro-
and nano-particles) since the structures or components of the
system are immersed in the same solution in which the protein is
dissolved. In addition, there is more available surface area when the
amount of nanoparticles in suspension is greater. Because the
ut nanoparticles infiltration; (&) S2: system with 25 mg/mL of NP’s; (~) S3: system
 mg/mL of NP’s. NP’s = polymeric nanoparticles. Mt/M1 = amount released at time t/
ination.
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amount of microspheres was constant during the assembly, the
surface area offered by the nanoparticles is the main factor involved
in obtaining betteradsorption efficiencies because the area increases
when the concentration of nanoparticles increases. Similar results
were achieved in a previous study, where a peptide – leuprolide
acetate, a small nonapeptide – was used as a drug model (Alcalá-
Alcalá et al., 2013). The saturation process is explained by the
reduction of the specific surface area in the assembled systems, see
Fig. 5. Fig. 5 alsoshows how the surfacearea of the system S1 (withno
infiltration of nanoparticles) and the free microspheres are not so
different; thus it is suggested that the reduction of the surface area is
mainly due to the adsorption and formation of a nanoparticle film on
the surface of the porous microsphere.

Thermal analysis showed the molecular interaction of the protein
with the polymer in the assembled systems because the character-
istic peaks of protein thermograms are not present in the system
thermograms. This can be related to a molecular dispersion of the
protein over the entire porous polymeric matrix. However, small
movements in the Tg of PLGA in the system thermograms can be
detected in comparison to pure PLGA. This finding could be
associated with rearrangements and interfacial segregation of the
polymer after the manufacturing processes involving micro- and
nano-structures (Bouissou et al., 2006). TGA studies evidence how
the loss of weight in the assembled systems begins at approximately
at 190 �C and is more pronounced than in the pure components,
indicating that molecular interactions occur between the protein
and PLGA during the adsorption/infiltration assembly process.

4.3. Protein release

The dominant mechanism of protein release from the assem-
bled system is passive diffusion associated with a concentration
gradient. The porous structure allowed water to penetrate into the
polymeric matrix from the dissolution medium, thus dissolving
the adsorbed protein and returning it to the medium. The profiles
shown in Fig. 8 fit Higuchi’s model, indicating a release mechanism
associated with Fickian diffusion, which could be related to the
water passing through the pore channels (see Fig. 9). Mao et al.
(2007) described the influence of surface porosity and the internal
morphology of PLGA microspheres on the release behavior of
hydrophilic molecules, and reported that the initial release phase is
mainly characterized by pore diffusion (Mao et al., 2007). The
“burst effect” observed in all release profiles could be related to the
protein adsorbed onto more external surfaces. Sun et al. (2009) and
Kilpeläinen et al. (2011) found the same effect when human serum
albumin (protein model) and melotan II (peptide model) were
Fig. 10. Enzymatic activity of a-amylase. Assays were performed in citrates buffer
(pH 6.2), at 37 �C, using CNP-G3 as substrate. S1: system assembled without
nanoparticle infiltration; S2–S5: systems with infiltration of nanoparticle suspen-
sions with 25, 50, 75 and 100 mg/mL, respectively. NP’s = polymeric nanoparticles.
adsorbed onto polymeric and silicone surfaces, respectively
(Kilpeläinen et al., 2011; Sun et al., 2009). Finally, Fig. 8 clearly
shows how the release rate is modified after 24 h; thus, the
increasing amount of nanoparticles inside the porous micro-
spheres causes a decline in the release rate. The infiltrated
nanoparticles tend to form a film on the microsphere surface that
becomes more continuous when the amount of nanoparticles
inside the microsphere is large, and so acts as a physical barrier
that modifies the release rate (Alcalá-Alcalá et al., 2013).

As observed in Fig. 9, coefficients of determination (r2) indicate
that more than 80% and up to 98% of the data variation of the release
profiles can be explained with the Higuchi’s model. The coefficients
of determination increased from the system S1–S5; thus, there is a
better fit to the model when systems are more saturated with
adsorbed nanoparticles, so that the systems behave as a matrix-type
system. This model is used to describe the drug dissolution from
several types of modified release pharmaceutical dosage forms like
matrix-type systems loaded with water soluble drugs (Costa and
Sousa-Lobo, 2001). An important event that can be seen is the
decreasing in the Higuchi dissolution constant (KH) from the system
S1–S5, which explains how the release rate decreased as the porous
microspheres were more saturated with nanoparticles.

4.4. Protein integrity studies

An assay of a-amylase is used to diagnose of acute pancreatitis.
There are several methods for measuring of the activity of this
enzyme that employ some nitrophenylated oligosaccharides as the
substrate, which releases a chromophore such as 4-nitrophenol.
One example is the substrate 2-chloro-4-nitrophenyl maltotriose
(CNP-G3), which is hydrolyzed by a-amylase in the presence of
high thiocyanate concentrations with no lag phase. The enzymatic
reaction produces a yellow compound (2-chloro-4nitrophenyl)
that can be monitored spectrophotometrically at 405 nm. This
method is sensitive, precise and free of interferences (Foo and Bais,
1998). No significant differences were found between free
a-amylase and the enzyme that was released from the assembled
systems. Studies have described that the affinity of a-amylase for
solid surfaces at high pH (release at 7.2 and activity assay at 6.2)
reduces the extent of conformational changes and increases its
relative activity (Kondo et al., 1996). Meanwhile certain enzymes
acquire their native form in a reversible way after the desorption
process when they come into contact with their substrates. Indeed,
Fig. 11. Far-UV CD spectra of a-amylase after different treatments. Spectra were
recorded in 20 mM of phosphates buffer (pH 7.2), at 37 �C. S1: system assembled
without nanoparticle infiltration; S2–S5: systems with infiltration of nanoparticle
suspensions with 25, 50, 75 and 100 mg/mL, respectively. NP’s = polymeric
nanoparticles.
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a reversible process can be seen in which proteins were adsorbed
onto a surface with an opposite electric charge and at high
concentrations, favoring surface crystallization with a more
densely-packed arrangement (Nakanishi et al., 2001).

The CD spectra obtained for a-amylase are similar to those
reported by Matsuo et al. (2005), who studied the secondary
structure of several proteins, including this enzyme (Matsuo et al.,
2005). As there were no changes in the secondary structure of
a-amylase or in its conformation, it can be inferred that its activity
was not be affected. These findings show that the assembly process
by adsorption/infiltration is a useful tool for formulating sensitive
drugs, like proteins, because no damage in their secondary
structure is found after they are adsorbed and then released.

5. Conclusions

An adsorption/infiltration process was used to obtain an
injectable protein drug-delivery system using a-amylase as the
protein model. This method makes it possible to load proteins in an
environment that is friendly to this kind of molecules because the
common physicochemical stress of a process like microencapsula-
tion is avoided during formulation. Therapeutic doses can be
loaded because the protein is adsorbed first onto nanoparticles and
then onto the microsphere surface. Additionally, the nanoparticles
inside the microsphere saturate the surface of the system at
different levels. The degree of saturation modifies the release
velocity as amount of nanoparticles increases. Therefore, depend-
ing on required dose frequency, a specific system can be prepared.
The properties of the a-amylase, such as its primary structure and
isoelectric point, the properties of the polymers and surfaces, the
pH of the aqueous medium, and the protein concentration, all play
an important roles in adsorption efficiency, so the influence of
these factors on the integrity of the molecule during formulation
must be considered. In order to evaluate the efficacy of this novel
drug-delivery system the enzymatic activity of a-amylase was
determined for all assembled systems, but no significant changes
were found in comparison to a sample of the free enzyme. Finally,
conformational studies by circular dichroism basically showed no
significant changes in the secondary structure once the protein was
adsorbed and then released. This study emphasizes on the
potential use of this approach to formulate sensitive drugs like
biomolecules as a feasible alternative that resolves the incon-
veniences of preparing protein drug-delivery systems using
conventional processes that compromise molecule stability at
every step of the manufacturing process.
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