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In  this  work,  we prepared  a novel  composite  based  on hybrid  gelatin  carriers  and  montmorillonite  clay
(MMT)  to  analyze  its viability  as controlled  drug  delivery  system.  The  objective  of  this  research  involves
the  characterization  of  composites  formed  by structured  lipid-gelatin  micro-particles  (MP)  and  MMT  clay.
This  analysis  included  the  evaluation  of  the  composite  according  to its  rheological  properties,  morphology
(SEM),  particle  size,  XRD,  FT-IR,  and  in  vitro  drug  release.  The  effect  of pH in  the  properties  of the  composite
is  evaluated.  A novel  raspberry-like  or  armor  MP/MMT  clay composite  is  reported,  in  which  the  pH  has
heology
ontmorillonite
ybrid microparticles
elatin
torvastatin
rug delivery

an important  effect  on  the final  structure  of  the  composite  for ad-hoc  drug  delivery  systems.  For  pH
values  below  the isoelectric  point,  we  obtained  defined  morphologies  with  entrapment  efficiencies  up
to 67%.  The  pH  level  controls  the MP/MMT  composite  release  mechanism,  restringing  drug  release  in the
stomach-like  environment.  Intended  for oral  administration,  these  results  evidence  that  the  MP/MMT
composite  represents  an attractive  alternative  for intestinal-colonic  controlled  drug  delivery  systems.

© 2018  Elsevier  B.V.  All  rights  reserved.
. Introduction

Atorvastatin (AC) ([R-(R/, R/)]-2-(4-fluorophenyl)-b, d-
ihydroxy-5-(1-methylethyl)-3-phenyl-4 [(phenylamino)
arbonyl] − 1H-pyrrole-1-heptanoic acid) is widely prescribed as a
holesterol-lowering agent. It belongs to the second generation of
tatins as a synthetic reversible inhibitor of the microsomal enzyme
-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) reductase
hich catalyzes the rate-limiting step in cholesterol biosynthesis.
C is rapidly absorbed after oral administration, but possesses poor
ioavailability (∼12%) attributed to instability in stomach acidic
edium, crystalline properties, low aqueous solubility and high
epatic first-pass metabolism. Usually an administration of high
oses and longtime therapies is necessary, although it is related

∗ Corresponding author.
E-mail address: manero@unam.mx (O. Manero).

ttps://doi.org/10.1016/j.colsurfb.2018.04.020
927-7765/© 2018 Elsevier B.V. All rights reserved.
to adverse effects particularly rhabdomyolysis, liver abnormalities
and kidney failure may  be present [1].

Several approaches considered the enhancement of oral
bioavailability and water solubility of drugs, including micro and
nano-carriers based on polymers, lipids, oils, proteins, polysac-
charides, inorganic materials and so on. Various studies with
Atorvastatin have reported enhanced oral bioavailability and effi-
cacy, including nanoparticles of poly(lactic-co-glycolic acid) (PLGA)
[2,3], chitosan [4], Eudragit [5] and poly(�-caprolactone) [6] are
include.

In the development of new drug carriers, each material pro-
vides distinct advantages. However, a strategy to use drug-carriers
hybridization involves the design of a new delivery vehicle named
lipid-polymer hybrid carrier, which combines the characteris-
tics of polymeric nanoparticles and liposomes [7–11]. With these
systems, some studies pointed out the improvement in drug load-

ing capacity, solubility, bioavailability and sustained release to
oral administration [10,12]. In addition, clays and polymer blends
constitute novel hybrid drug delivery systems also known as

https://doi.org/10.1016/j.colsurfb.2018.04.020
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2018.04.020&domain=pdf
mailto:manero@unam.mx
https://doi.org/10.1016/j.colsurfb.2018.04.020
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olymer-clay composites. Clays have an important role in pharma-
eutical formulations used as excipients and active agents. Clays
ay  interact with drug molecules and other formulation compo-

ents such as polymers. The addition of clays can improve polymer
roperties related to controlled-release systems, namely, swelling,
rosion, biodegradation and dissolution. Various mechanisms are
nvolved in the interaction between clays and polymers such as
ydrogen-bonding, dipole–dipole interactions, covalent bonding
nd electrostatic interactions or cation exchange, depending on the
olymer type and pH of the medium [13]. Polymer-clay composites
re prepared by several methods, in particular: (1) intercalation of
olymers from solution; (2) intercalation of polymers from melt,
3) in situ intercalative polymerization and (4) template synthesis

ethods [14].
Montmorillonite (MMT)  has become prominent among other

lays due to its abundance, environmentally friendliness and well-
tudied chemistry. MMT  is a natural material with high internal
urface area, high cation exchange capacity (CEC), high adsorption
nd swelling ability, low or null toxicity, good biocompatibility and
t is a material “generally recognized as safe” (GRAS) by the FDA
15–17]. MMT  is a layered hydrate aluminum silicate which belongs
o the smectite group of phyllosilicates. The layer thickness of each
latelet is in the order on 1 nm and the lateral dimension is approx-

mately 200 nm.  These platelets are composed of one Al-octahedral
heet (O) sandwiched between two Si-tetrahedral sheets (T). The
riple sheet structure is stacked in layers bound together by van
er Waals forces and is referred as 2:1 (T-O-T) layer configura-
ion of tactoids. It possesses a net negative charged face (F) due
o isomorphous ionic substitution in the T-O-T structure, com-
ensated by interlayer hydrated cations potentially exchanged by
ations and organic molecules. In addition, MMT  possesses a pH-
ependent charge in their edges (E), with reported isoelectric point
IEP) between 5.0 and 7.0. This allows face-to-face (F-F), edge-to-
ace (E-F) and edge-to-edge (E-E) interactions leading to formation
f different particle associations like “house-of-cards” at pH < 7.0,
hich are responsible for interesting rheological properties such

s its viscosity and viscoelastic response [13,18,19].
On the other hand, due to its negative permanent charge, MMT

ay  be a safe candidate to prepare composites by electrostatic
nteractions with cationic polymers, like gelatin (GEL). GEL is a
iopolymer derived from collagen with ample applications in phar-
acy and medicines due to its biodegradability, biocompatibility

n physiological environments, low-cost, readily available and low
ntigenicity. In addition, due to its gel-forming properties, GEL has
een extensively studied with relation to the preparation of micro
nd nanocarriers, including nanoparticles for swelling controlled
elivery of chloroquine phosphate [20] and insulin [21]. The inher-
nt cationic property of GEL is due to lysine and arginine residues;
22] thus, GEL shows cationic behavior at pH values below the IEP
ia protonation of amine groups. GEL properties can be tuned eas-
ly by pH, ionic strength and temperature without any additional
omplex functionalization [23,24]. In the literature, several authors
ave reported the preparation of GEL/MMT composites for con-
rolled drug delivery such as intercalation of pure GEL chains [13],
ydrogel systems [25] and nanoparticles [26]. Nevertheless, it has
een reported that the addition of MMT  inside GEL carriers reduces
he entrapment efficiency and drug loading capacity [17,26,27].
ence, it is highly recommended to search for composites of various

tructures keeping high the drug entrapment efficiency and taking
dvantage of MMT  controlled release properties with Atorvastatin
a low water-soluble drug). Since GEL is an amphoteric biopolymer,
he interaction with MMT  may  depend on the pH of the medium for

omposite preparation and mechanism/rate release. The objective
f this research was the preparation of a novel composite of hybrid
icroparticles (lipid-polymer) and MMT  clay and to evaluate the

ffect of Gastrointestinal tract (GIT) pH conditions on Atorvastatin
s B: Biointerfaces 167 (2018) 397–406

controlled release. In addition, measurements of particle size, zeta
potential, infrared spectroscopy (FT-IR), X-ray powder diffraction
(XRD), scanning electron microscopy (SEM) and rheological charac-
terization may  shed light into the structure-properties relationship
of this composite.

2. Materials and methods

2.1. Materials

Gelatin (type B, gel strength ∼225 g Bloom), Lecithin (L-�-
Phosphatidylcholine from egg yolk, ∼60% TLC), methylene blue,
Atorvastatin calcium salt trihydrate (AC) and Montmorillonite clay
(Na+ MMT)  NanoClay Nanomer

®
from Sigma-Aldrich were used

as received. Materials included Glutaraldehyde (GA) grade I (25%
solution in water) from Merck, regenerate cellulose dialysis bags
(MWCS  12–14 kDa) from Spectra/Por, USA, ultrapure water of qual-
ity 18.2 M� cm at 25.0 ± 1 ◦C from distilled water with a Barnstead
Nanopure diamond system. All buffer solutions were prepared
according to the USP30-NF25 and all other reagents and solvents
were analytical grade.

2.2. Preparation of lipid-polymer hybrid microparticles (MP)

The lipid-polymer hybrid microparticles (MP) were prepared
by the previously reported two-step desolvation method [28,29],
with slight modifications as per laboratory conditions. Briefly,
GEL (200.0 mg)  was dissolved in deionized water (10.0 mL)  at
40.0 ± 1 ◦C. High molecular weight (HMW) GEL chains were pre-
cipitated by addition of acetone (10.0 mL)  as desolvating agent.
The supernatant was  discarded and the precipitated HMW  GEL
was re-dissolved in deionized water (10.0 mL)  at 40.0 ± 1 ◦C. The
pH was adjusted to 3.0 ± 0.1 with HCl 0.2 M.  AC (10.0 mg)  and
lecithin (100.0 mg)  were dissolved in methanol (5.0 mL), the result-
ing AC/lecithin solution was  added to the HMW GEL  solution
drop-wise under constant stirring at 750 rpm. Methanol was evap-
orated at room conditions for 12 h and acetone (10.0 mL)  was added
drop-wise under constant stirring to precipitate hybrid MP.  Finally,
an aqueous solution of Glutaraldehyde (2% v/v, 25 �L) was  added as
a cross-linking agent and stirred for 12 h at 750 rpm. The AC loaded
MP were centrifuged at 14 000 rpm (Sorvall Biofuge Primo R) dur-
ing 30 min  at room temperature, the supernatant was  discarded
and the pellet was  re-dispersed in deionized water two times. The
MP dispersion was  freeze-dried at −50.0 ± 1 ◦C and 0.024 mBar for
48 h (Labconco free zone triad).

2.3. Characterization of lipid-polymer hybrid microparticles (MP)

2.3.1. Entrapment efficiency (EE%)
Entrapment efficiency of AC was  determined by mixing the

MP  dispersion (0.5 mL)  with acetone (1.0 mL)  and sonicated for
1 h (Cole-Parmer Ultrasonic) at room temperature with a high-
frequency output of 42 kHz. The solution was centrifuged at 14
000 rpm for 30 min  (Sorvall Biofuge Primo R); the supernatant
was analyzed by UV–vis Spectrophotometric method with a S2000
spectrometer using a DT1000 deuterium light source, a SAD500
serial port interface (Ocean Optics, Inc.), with 10 mm path length
quartz cuvette (Prolab). Measurements were performed in tripli-
cate at room temperature and the data was  presented in mean ± SD.

The entrapment efficiency (Eq. (1)) was  calculated as follows:

Entrapment Efficiency (%) = Amount of AC in microparticles
Total amount of AC

(1)
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.4. Preparation of microparticle/MMT clay composite (MP/MMT)

The MP/MMT  composite was prepared by an exfolia-
ion/adsorption from solution and evaporation method previously
eported [30] with slight modifications. An amount of MMT
lay (50.0 mg)  was added to deionized water and adjusted to
H = 3.0 ± 0.1 (2.0 mL)  with HCl 0.2 M and sonicated during 30 min
Cole-Parmer Ultrasonic) at room temperature with a high-
requency output of 42 kHz. A fresh MP  dispersion (5.0 mL)  adjusted
o pH = 3.0 ± 0.1 was added dropwise to the MMT  clay dispersion
nd stirred for 1 h at 750 rpm under room conditions. The MP/MMT
omposite dispersion was verted in a petri dish and air dried at
5.0 ± 1 ◦C for 12 h.

.5. Cation exchange capacity (CEC) and surface area (SBET)
etermination

The CEC determination of MMT  clay was made according to the
tandard test method for methylene blue index of clay (ASTM C
37-81). An amount of clay (2.0 g) was placed in a beaker; deionized
ater (300.0 mL)  was added and sufficient sulfuric acid to bring

he pH within 2.5–3.8. After the adjusting the pH, a burette was
lled with methylene blue solution (0.1 meq  mL−1) added (5.0 mL)
o the slurry and stirred for 1–2 min. Finally, a drop of the slurry was
laced on a filter paper. The methylene blue solution was added in

ncrements of 1.0 mL  under constant stirring, after each addition a
rop was added on filter paper. The end point was  indicated by the
ormation of a light blue halo around the drop [31]. The CEC (Eq.
2)) was calculated as follows:

EC = E ∗ V
W

100 (2)

here, CEC is the cation exchange capacity in equivalents 100 g−1

f clay, E represents equivalents of methylene blue per milliliter, V
epresents the milliliters of methylene blue solution required for
he titration and W is grams of dry clay.

Brunauer-Emmett-Teller (BET) surface area (SBET) was obtained
rom N2 adsorption-desorption isotherms at 77 K measured on a
ova 2200e (QuantaChrome Instruments) after degassing the sample
nder vacuum for 24 h at 120.0 ± 1 ◦C for MMT  clay raw powder.

.6. MP,  MMT  and MP/MMT  clay composite characterization

.6.1. Particle size and zeta potential (�)
The hydrodynamic diameter and polydispersity index (PDI)

ere determined by dynamic light scattering (DLS) using a Zeta-
izer Zen3600 (Malvern Instruments) at 25.0 ± 1 ◦C with 173◦

ackscatter as angle of detection for MP,  MMT  and MP/MMT com-
osite. MMT  (10.0 mg  mL−1) was dispersed with magnetic stirring
uring 30 min, after that the dispersion was sonicated (Cole-Parmer
ltrasonic) with a high-frequency output of 42 kHz during 30 min
t room temperature. All measurements were taken in triplicate
nd the data was presented in mean ± SD.

Zeta Potential (�) of MP,  MMT  and MP/MMT  composite was  eval-
ated by electrophoretic light scattering. The surface charge of MP
nd MMT  was determined with the dispersion (100.0 �L) diluted
o 1.5 mL  with 10.0 mM NaCl solution adjusting the pH to values
etween 3.0 ± 0.1 and 8.0 ± 0.1, using HCl 0.2 M or NaOH 0.2 M.
he NaCl solution compensated for the conductivity effect result-

ng from the addition of HCl or NaOH [32]. The Zeta potential of
he final MP/MMT  composite was evaluated in deionized water. All

easurements were taken in triplicate at room temperature and
he data was presented in mean ± SD.
s B: Biointerfaces 167 (2018) 397–406 399

2.6.2. Fourier-transform infrared (FT-IR) spectroscopy
The MP,  MMT  clay raw powder and MP/MMT composite

were characterized by FT-IR. Transmission infrared spectra were
recorded with a FTIR/FIR Spectrum 400 spectrophotometer (Perkin-
Elmer). The infrared spectra of the samples were measured over a
wavelength range of 4000–400 cm−1.

2.6.3. XRD powder diffraction
X-ray powder diffraction (XRD) determinations on powdered

MMT  clay alone and MP/MMT  clay composite, within the scattering
angle range of 2� = 2–70 at the rate of 0.01◦s−1. To evaluate the
pH effect on the interaction, XRD patterns were recorded in the
MP/MMT  composite followed by adjusting the pH ± 0.1 to 1.6, 3.0,
5.0, 6.5 and 7.0, using HCl 0.2 M or NaOH 0.2 M.  XRD and air dried at
room conditions for 12 h. XRD patterns were analyze with software
Match! 3

®
.

2.6.4. Shape and morphology by scanning electron microscopy
(SEM)

The shape and surface morphology were determined by scan-
ning electron microscopy (SEM) (JSM-35 CF, JEOL) with 20 kV.
A drop of MP  dispersion or MP/MMT  composite was deposited,
air-dried at room conditions and coated with gold to obtain a
conducting surface. Finally, the sample was analyzed under vac-
uum. The pH effect on morphology was  analyzed by SEM in
MP/MMT  composite prepared at different pH conditions (namely
pH = 3.0 ± 0.1 and 7.0 ± 0.1).

2.7. Rheological characterization

Rheological measurements were performed in a stress-
controlled model TA Instruments Discovery HR3

®
rheometer

using a concentric cylinders geometry (21.96 mm outer diameter,
20.38 mm inner diameter, 59.90 mm height and 500 �m gap).

To analyze the pH effect on the rheological behavior, MP and
MP/MMT  composite were re-suspended in deionized water at
25.0 ± 1 ◦C (10 mg  mL−1), adjusting the pH ± 0.1 to 3.0, 4.8 and 7.0
using HCl 0.2 M or NaOH 0.2 M.  Samples were characterized under
steady-simple shear flow in the range from 1 to 100 s−1, and under
oscillatory flow in the linear viscoelastic regime, previously deter-
mined for each experimental conditions (� < 50%) at 37.0 ± 1 ◦C. The
angular frequencies (�) of the tests ranged from 1 to 100 rad/s at
37.0 ± 1 ◦C (circulating water bath Cole Parmer Polystat and Peltier
AR-G2). Both G′ (elastic) and G′′ (viscous) moduli served to analyze
the viscoelastic behavior of the samples. All data were analyzed by
one-way analysis of variance (ANOVA) and a value of (p < 0.05) was
considered statistically significant [33].

2.8. In vitro drug release studies

The drug release profile was  measured by the dialysis bag
method. An amount of MP  or MP/MMT  composite was loaded into
a pre-swelled dialysis bag. The dialysis assembly was  then sus-
pended in release medium (100.0 mL)  at 37.0 ± 1 ◦C in a closed
beaker with constant magnetic stirring (250 rpm). The study was
carried out using different media to simulate GIT pH conditions
considering the effect of food intake on pH and the transit time
[34]. For the study in the fasted-state (FAS) the dialysis bag was
first soaked in a simulated gastric fluid (SGF), a hydrochloric acid
buffer solution pH 1.6 ± 0.1 (FAS-SGF) and kept for 2 h. Then, it
was transferred into simulated intestinal fluid (SIF) (100.0 mL)  of
phosphate buffer solution pH 6.5 ± 0.1 (FAS-SIF) and kept for 6 h.

Finally, it was extracted and immersed in simulated colonic fluid
(SCF) (100.0 mL), a phosphate buffer solution pH 7.0 ± 0.1 (FAS-SCF)
for 40 h. For the fed-state (FED) an acetate buffer solution was used
at of pH 5.0 ± 0.1 (FED-SGF), a phosphate buffer solution with pH
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f 5.8 ± 0.1 (FED-SIF) and pH of 7.0 ± 0.1 (FED-SCF). At determined
ime intervals, a volume of the release medium was withdrawn and
ssayed by UV–vis spectrophotometric method. An equal amount
f fresh medium, which was preheated to 37.0 ± 1 ◦C, was added
or compensation after each sample drawing to maintain sink con-
itions. All the experiments were performed in triplicate and the
ata was presented in mean ± SD. A Spectrophotometric (UV) anal-
sis of AC was carried out at wavelength of maximum absorbance
	max=243.07 nm). The analyze was performed in a S2000 spec-
rometer using a DT1000 deuterium light source, SAD500 serial
ort interface (Ocean Optics, Inc.) and 10 mm path length quartz
uvette (Prolab). Statistical comparisons were made using one-way
nalysis of variance (ANOVA). A value of p < 0.05 was considered
tatistically significant. Data processing used a statistical software
rogram (Statgraphics Centurion

®
XVII).

The AC release at physiological pH conditions was  analyzed to
valuate the release kinetics and mechanism from the MP  and
P/MMT  clay composite with a semi-empirical equation devel-

ped by Korsmeyer (1983) and Peppas (1985) to describe drug
elease from polymeric systems (Eq. (3)):

Mt

M∞
= ktn (3)

ere, Mt/M∞ is the drug fraction released at time t, k is the
elease rate constant and n is the release exponent. The value of

 was used to characterize different release mechanisms, such that
 = 0.5 corresponds to Fickian diffusion, values of n between 0.5
nd 1.0 corresponds to a non-Fickian (anomalous) transport, and

 = 1.0 corresponds to Case II transport (relaxational). Generally,
his model was used to analyze the drug release from polymeric for-

ulations when the mechanism is not well known or when more
han one type of release mechanism could be involved. The exam-
nation of the goodness of fit statistics was made by determination
f R-square (R2) [35].

. Results and discussion

.1. Characterization of lipid-polymer hybrid microparticles (MP)

Lipid-polymer hybrid microparticles were prepared by two-step
esolvation method, which separate low molecular weight chains
LMW)  to achieve uniform size distribution and reproducibility. At
H 3.0 ± 0.1 GEL (IEP=4.8-5.0) protonated lysine residues and a pos-

tive charge due to amine groups (NH3
+) prevented uncontrolled

gglomeration of GEL chains. This behavior allowed the interaction
ith negative charged lecithin, which is a mixture of zwitterionic

nd anionic phospholipids [28]. The desolvating agent was used
o dehydrate GEL molecules and induce conformational stretched-
oil changes and precipitation of MP  [29]. Finally, GA was used as

 cross-linker to further harden and stabilize the MP  structure to
vercome its rapid dissolution in aqueous media and avoid a fast
rug release at body temperature. GA is a well-known crosslinking
gent for proteins, reacting easily at room temperature with the
oncurrent formation of aldimine linkage (-CH N-) between free
rotein amino groups. In addition, it is highly soluble in aqueous
olution and a good GEL crosslinking agent (generating inter/intra
ovalent bonds). Also, GA has been used extensively with GEL to
repare nano-carriers for insulin delivery [21], bone tissue repair
caffolds [36], nanoparticles for oral drug delivery [28,37], intra-
esical cancer therapy [38] and magnetic targeted drug delivery
39].
.1.1. Entrapment efficiency (EE%)
Entrapment of hydrophobic drugs in GEL carriers could be

xplained considering the preferential localization of drug inside
he carrier core, which is less hydrophilic than the external aque-
Fig. 1. pH effect on Zeta potential (�) for MP and MMT  clay.

ous environment [29]. However, lipid-polymer carriers have been
employed successfully for drug delivery of low-water soluble drugs
and acid labile nature in biological milieu, for instance Ampho-
tericin B [28] and Resveratrol [12], hence these carriers were
selected to load hydrophobic and low-water soluble drug AC. In
this work the hybrid MP,  formed by lecithin and GEL, enabled the
interaction of phospholipids hydrophobic region with AC, and the
interaction with GEL through their hydrophilic region. Accordingly,
AC can be loaded within the lipid core and stabilized by a GEL coat
[28]. The EE determined for MP  is 67.30% ± 2.65 (n = 3), which is
higher than that of other reports with AC-PLGA nanoparticle sys-
tems (EE 34–37%) [2]. As reported recently, loaded gelatin-stearic
acid hybrid nanoparticles possess lower efficiency (EE 18–58%)
than that of our systems [40].

3.1.2. Particle size and Zeta potential (�)
The average size of MP  was 1.42 ± 0.21 �m (n = 3) with a PDI of

0.27 ± 0.03. Unimodal size distribution was  found with PDI lower
than 0.5, which is an evidence of a uniform dispersion. Two-step
desolvation method allowed the preparation of AC loaded hybrid
MP with desirable size and PDI.

Zeta potential reflects the stability of colloidal dispersions, a
high value indicates a high electric charge on the particles sur-
face, leading to strong repellent forces between particles to prevent
aggregation. A lower value of zeta potential is related to an eventu-
ally aggregation due to Van Der Waal inter-particle attractions [41].
The MP  zeta potential was  22.30 ± 0.35 mV  (deionized water).The
MP surface charge was also evaluated in a pH range from 3.0 ± 0.1
to 8.0 ± 0.1 as shown in Fig. 1. Upon increasing the pH, a decrease in
MP  zeta potential was measured, confirming that the zeta potential
is an inverse function of pH. This indicated that the GEL was present
on the particle surface. The positive charge is primarily attributed
to predominance of NH3

+ groups, and the negative charge is due
to COO− groups. The IEP of GEL where the net charge is equal to
zero was observed around pH = 4.8 ± 0.1 as reported in literature
[29,32]. For the MMT  clay, zeta potential in deionized water was
found at −38.20 ± 0.50 mV  (n = 3) in good agreement with reported
data, for instance D. Zadaka et al. reported zeta potential values of
Montmorillonite (MMT)  from −37 mV  to −42 mV [42]. In the dis-
persion of MMT  clay (5 mg  mL−1) (see Fig. 1) a slight increase in zeta
potential from −27.90 to −20.50 mV  was observed as pH decreases.
MMT has a negative charge at all pH values, but in acidic environ-

ment, an excess of protons create positive edge charges, the density
of which decreases with rising pH [43].
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ig. 2. XRD patterns of MMT  and MP/MMT  composite prepared at pH 3.0 ± 0.1.

.2. Characterization of microparticles/Montmorillonite clay
omposite (MP/MMT)

There are several of methods to determine CEC, but methy-
ene blue adsorption is faster and widely used. The estimated CEC
alue of MMT  clay raw powder was 75.77 ± 2.39 meq  100 g−1 (n = 3)
ccording to the literature (70–130 meq  100 g−1) [44]. The DLS
article size of MMT  dispersion after magnetic stirring amounted
.9 �m,  and after sonication it was 478.7 ± 24.38 nm with PDI of
.391 ± 0.014 (n = 3), indicating that after the sonication process
he MMT  was well-dispersed since the particle size was  around
00 nm which is a value previously reported [41] and the sur-
ace area (SBET) was 54.94 m2 g−1. The process of intercalation of
olymers chains and colloidal dispersions is well known. The poly-
er  intercalation in MMT  clay in aqueous medium is driven by

isplacement of surface-associated water molecules. But, in our
ork, the intercalation was performed at pH = 3.0 ± 0.1 consisting

n the adsorption of negative charged MMT  (� −20.5 ± 0.30 mV)
n the positive charged MP  surface (� 18.87 ± 0.25 mV), and so
he process was driven by a strong electrostatic attraction. The
reparation of hybrid materials using electrostatic interactions of
olymer and inorganic nanoparticles has been previously reported
y direct addition method, which consists of mixing both compo-
ents together to form aggregates of the two oppositely charged
aterials. After water evaporation, the dispersion re-assembled

roducing exfoliated/intercalated structures. However, a propor-
ion of the layers may  stack again in parallel re-forming the tactoids
45].

In the MP/MMT  composite particles the zeta potential dimin-
shed (� 11.10 ± 0.64 mV)  indicating that hybrid particles were
artially covered by the MMT  clay. This result corroborates the
lectrostatic adsorption between MMT  clay and MP.  In addition,
n increase in size to 5.77 ± 0.60 �m (n=3) with a PDI of 0.28 ± 0.03
as observed, which is likely to be caused by the MMT  adsorption

o the MP  leading to the new raspberry-like structure, this increase
n particle size indicates the formation of a different structure from

P or MMT  alone. Other authors reported similar results with dif-
erent systems, for instance Xu et al. (2014) mentioned that the
article distributions are broader and the sizes are bigger in com-
osite particles than those of the pure polymer particles, due to the
resence of MMT  [46].
XRD patterns allowed to investigate the pH effect on
he MP/MMT composite preparation (Fig. 2). The Braggı́s law
	 = 2dsin�,  where n is a positive integer and � is the incident wave
avelength was used to calculate the crystallographic space d [44].
Fig. 3. pH effect on XRD patterns of MP/MMT  composite: a-pH 7.0 (2�  5.05), b- pH
6.5  (2�  5.03), c-pH 3.0 (2�  4.98), d-pH 1.6 (2� 4.69) and e-pH 5.0 (2� 5.08).

The d001, d003, d020-110, d130-200, and d060 diffractions of the main
MMT  component were observed at 6.03, 19.80, 34.80 and 61.75
(2�). Also, a peak from the non-clay component Dolomite (D) was
observed at 29.05 (2�)  [44]. MMT  reflection at 2� = 6.03 indicated a
basal spacing of 14.65 Å, whereas a major shifting to a lower diffrac-
tion angle 2� = 4.98 with expansion of basal spacing up to 17.74 Å
was observed in the MP/MMT  composite. The increase in the basal
spacing provided evidence of intercalation of the GEL in the inter-
layer space of the clay. Besides, there was a decrease in intensity in
the other MMT  characteristics reflections [25].

The Fig. 3 illustrates the pH effect (namely pH ± 0.1 = 1.6, 3.0,
5.0, 6.5 and 7.0) on the XRD diffraction patterns in MP/MMT  com-
posite. The interaction was  highlighted by the appearance of the
peak around 2� = 4.69◦–5.08◦ (d spacing 18.85–17.74 Å) whose d
increased as the pH decreased, except for pH values close to IEP.
These results may  be explained according to the existing inter-
actions of MP  surface with MMT  clay. It is well known that GEL
possesses amphoteric properties, so at pH values of 1.6 ± 0.1 and
3.0 ± 0.1 (pH<IEP), GEL has a positive surface charge due to NH3

+

groups, interactions with MMT  negative faces is promoted, as
reflected by an increase in d spacing to 18.85 and 17.74 Å respec-
tively. Moreover, at pH = 6.5 ± 0.1 and 7.0 ± 0.1 (pH>IEP) the MP
have a negative surface charge due to COO− groups coordinating
with MMT  laminae, but with lower interaction level which was
reflected in lower increase in d spacing (17.55 and 17.51 Å). At
pH>IEP the interaction between GEL and MMT  occurs through the
pH-dependent edges charge. Moreover, hydrogen bridge interac-
tions between carbonyl groups in GEL and MMT  hydroxyl groups
also exist. However, at pH 5.0 ± 0.1 (pH ∼ IEP) the GEL ionization
degree was lower, leading to the lowest increase of d spacing
to 17.39 Å. Our results were in general agreement with previ-
ous reports and revealed the complex interaction between both
materials[30,47,48].

The FT-IR spectra of MP,  MP/MMT  composite and raw mate-
rials allowed to find evidence of interactions, compatibility and
crosslinking. The AC spectra is shown in Fig. 4, revealing charac-
teristic peaks of aromatic (N H) stretching and (C O) stretching
at 3234 cm−1 and 1649 cm−1. In addition, peaks at 3365 cm−1

from ( OH) and 2972 cm−1 of ( CH3), 1579 cm−1 of (C N) and
1432 cm−1 corresponding to (C C) are observed [6]. The GEL

spectra showed the characteristic absorption band for amide A
(N H) as stretching vibration at 3306 cm−1, amide B at 3071 cm−1,
1636 cm−1 of (C O) stretching of amide I and (N H) bend at
1534 cm−1 of amide II [26,49]. The lecithin spectra showed peaks



402 P. García-Guzmán et al. / Colloids and Surface

F
m

a
a
t
B
a
p
t
[
T
(
i
T
t
a
M

ig. 4. FT-IR spectra of Atorvastatin (a), gelatin (b), hybrid microparticles (c), Mont-
orillonite clay (d), and MP/Montmorillonite composite (e).

t 1737 cm−1 for the vibrational signal of (C O) and at 1227, 1060
nd 824 cm−1 of (PO2) [50]. In the AC loaded MP,  spectra depicted
he characteristics bands of amide A (3307 and 3309 cm−1), amide

 (3074 and 3071 cm−1), amide I (1634 cm−1) and amide II (1548
nd 1543 cm−1) indicating a major amount of GEL. In addition, the
eak observed at 1452 cm−1 was due to aldimine (CH N) absorp-
ion, which is a strong evidence indicating the cross-linking in MP
21]. The bands of AC were hidden by the GEL and lecithin bands.
he MMT  spectra depicted a broad band near to 3400 cm−1 due to

 OH) stretching band for interlayer water. The band at 3613 cm−1

s due to the ( OH) stretching in (Al Al OH) and (Al Mg  OH).

he characteristic peaks at 1022, 988 and 403 cm−1 corresponds
o the (Si O Si) stretching band. Bands at 693 and 520 cm−1

re attributed to (O Si O) and (Al Si O) vibrations [44]. In the
P/MMT  composite, spectra revealed characteristic bands of GEL

Fig. 5. SEM images of MP (a), MP/MMT  composite prepared at pH 3.
s B: Biointerfaces 167 (2018) 397–406

around 3300 and 1634 cm−1 from amide A and B, and the charac-
teristic signal of crosslinking aldimine at 1452 cm−1 corresponding
to MP,  in addition to MMT  bands around 512 cm−1 indicating the
composite composition.

3.3. Shape and morphology by scanning electron microscopy
(SEM)

The shape and surface morphology were determined by SEM.
Fig. 5A ilustrates the spherical morphology and smooth surface,
without cracks or heterogeneitie of the MP  sample. The SEM image
of MP/MMT  composite (Fig. 5B) revealed MMT  clay particles ran-
domly adsorbed onto the MP  surface, leading to a rough and
irregular surface maintaining the spherical shape of the original MP
system [26]. The composite depicted a raspberry-like or armor mor-
phology, consisting in organic cores coated with inorganic particles
[51]. This morphology was  previously reported in systems such
as silver/polypirrole composites attached to the surface of silica
spheres [52] and polystyrene/laponite composites [53]. Despite of
the existence of reports on the preparation of GEL/MMT composites
for controlled drug delivery, no raspberry-like structures have been
mentioned so far. Moreover, the addition of MMT  inside GEL car-
riers reduces the entrapment efficiency of drugs [17,26,27]. In our
system, this effect can be avoided by the localization of MMT  clay
on the MP  surface preventing fast release and allowing the maxi-
mum EE% and drug loading capacity. However, different ratios of
MP and MMT  clay should be explored in future studies, to evaluate
the ratio effect on morphology and drug release more thoroughly.

To evaluate the pH effect on morphology, SEM was performed
at pH below the GEL IEP (pH 3.0 ± 0.1) and above IEP (pH 7.0 ± 0.1).
At pH 3.0 ± 0.1, Fig. 5C illustrates the afore-mentioned raspberry-
like structure due to the adsorption of negative permanent charged

MMT  layers on the MP  surface by electrostatic attraction. While
at pH 7.0 ± 0.1, Fig. 5D illustrates that MP  preserved their smooth
surface, since MP  and MMT  clay are negatively charged, preventing
the adsorption of MMT  layers on the MP  surface.

0 ± 0.1 (b–c), MP/MMT composite prepared at pH 7.0 ± 0.1 (d).
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ig. 6. pH effect (pH = 3.0 (�), 4.8 (�) and 7.0 (�)) on the rheological behavior of 

P  viscosity vs shear rate (a), MP/MMT  complex viscosity vs frequency (b), MP/MM

.4. Rheological characterization

The rheological behavior was analyzed according to the pH
n the composite particle forming-solution (CFS). Under steady
imple-shear the viscosity (
) depends on pH, being Newtonian
n the MP  system alone (Fig. 6A) at all pH values. Magnitudes of
iscosity amounted to follows: 
 3.0 ± 0.1 (pH<IEP)> 
 7.0 ± 0.1
pH > IEP)> 
 4.8 ± 0.1 (pH=IEP). At pH values above and below IEP,
trong positive or negative charges produced electrostatic repul-
ion between GEL chains, allowing relaxation and increasing water
ptake, with increasing 
. The Newtonian behavior stems from the
eeble interaction among the spherical particles observed in SEM.
owever, the addition of clay induced a significant increase in the
omplex viscosity (
*) and a change to a non-Newtonian shear
hinning behavior (n < 1) for MP/MMT  system (Fig. 6B), as the com-
lex viscosity decreased with increasing frequency (�) [54]. The
on-Newtonian behavior was caused by the clay which associated
o form structures that were susceptible to flow-induced changes.
he 
* is pH-dependent, resulting from MP  and MMT  interactions,
ith a maximum 
* at pH = IEP. Viscosities follow the order 
*

.8 ± 0.1 (pH = IEP) > 
* 7.0 ± 0.1 (pH > IEP) > 
* 3.0 ± 0.1 (pH < IEP).
hese results were agreement to those reported in the literature
or similar GEL/MMT systems [48].

The pH-dependent edge charge of MMT  allowed for different
odes of associations between particles such as face-to-face (F-

), edge-to-edge (E-E) and edge-to-face (E-F). At acidic pH (below

EP), structure formation occurring due to the electrostatic attrac-
ion between negatively charged faces and positively charged edges
E-F) appeared. Hence, MMT  particles associate in the so called
house-of-cards” structure [55], but this structure was weakened
olid symbols) and MP/MMT  composite particle-forming solutions (open symbols).
s frequency (c) and MP/MMT  G′G′′ vs frequency (d).

with positively charged MP.  Thus, at pH 3.0 ± 0.1, the lowest 
*
value was corresponded to the less frequency-dependent behavior
(Fig. 6B).

Conversely, at high pH values (above IEP), edges and faces of
MMT are negatively charged. Here, structure formation was due to
the long-range electrostatic repulsion (E–E and F-F). Moreover, at
this pH (7.0 ± 0.1) negatively charged hybrid MP  appeared, allowing
a stronger “house-of cards” structure, with a large complex vis-
cosity and pronounced frequency-dependent behavior (Fig. 6B).
Interactions between MMT  and MP  revealed a “solid-like” behavior
(see Fig. 6C, dominant viscous behavior G′′ > G′ but with a fre-
quency independent plateau) observed at low frequencies. At IEP
(pH 4.8 ± 0.1), hybrid MP  are neutral and do not interfere in the
MMT particle association. Instead, they allowed (E-F) associations,
which lead to the strongest “house-of-cards” structure, observed in
Fig. 6B. This structure showed the highest 
* viscosity, as reported
elsewhere for similar systems [18,19].

Fig. 6C shows the results of the linear viscoelastic oscillatory
tests. The inset depicts the elastic modulus G′

(� = 1rad/s) as function
of pH. G′ attains a maximum at IEP (pH = 4.8 ± 0.1) followed by a
decrease for pH values far from IEP (pH 3.0 ± 0.1 and 7.0 ± 0.1).
These results support pH-dependent elasticity of the MP/MMT
composite. At pH = IEP the composite presents a highly elastic
structure based on a continuous network (“house-of-cards”)  which
relaxes as the system moves away from IEP [18,19]. It is important
to mention that at pH 3.0 ± 0.1 and 7.0 ± 0.1, the viscous character

dominated along the entire range of frequencies (G′′ > G′), but at pH
4.8 ± 0.1 the elastic character dominated (G′ > G′′ ı́) corresponding
to a semi-solid behavior (see Fig. 6D).
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orsmeyer-Peppas model.

.5. In vitro drug release studies

When formulations are administered orally, they pass through
ifferent gastrointestinal regions where they are exposed to differ-
nt pH conditions. To account for such path, the in vitro release of
C was evaluated in various pH media that simulated the GIT envi-
onment and transit time at corporal temperature (37.0 ◦C ± 1 ◦C).
n vitro release profile from MP  and MP/MMT  composite were
xamined during 48 h with the dialysis bag method under gas-
ric, intestinal and colonic conditions for both FAS (Fig. 7A) and
ED states (Fig. 7B). An immediate release in gastric conditions
as retarded, releasing only 14.89% for FAS state (pH 1.6 ±0.1) and

.24% with the FED state (pH 5.0 ± 0.1) within 2 h. At intestinal con-
ition it can be seen that AC cumulative release was 40.60% for FAS
pH 6.5 ± 0.1) and 17.84% for FED (pH 5.8 ± 0.1). The release profile
bserved at FAS and FED mediums was delayed, after which the
elease was continuous and in a controlled manner during 48 h. The
elease profile depicted an initial rapid release period during 12 h,
ollowed by a slower release rate up to 48 h. The biphasic pattern
f drug release observed is similar to that reported elsewhere [40].
oreover, a significant difference (p < 0.05) past 48 h occurred, the

umulative% AC release under FAS state (pH 7.0 ± 0.1) amounted
o 66.13%, which is larger and faster than that of the FED state (pH
.0 ± 0.1) with 54.99%.

The drug release from GEL carriers involves desorption, diffusion
nd biodegradation. In addition, crosslinking has been reported
o have a significant impact on the drug release rate [29]. When
he AC loaded MP  are in contact with the release medium, sol-
ent molecules diffuse to the GEL network followed by subsequent

elaxation of GEL chains. Therefore, the AC molecules dissolve in
he medium and release out through channels. The significant dif-
erence (p < 0.05) in the FAS and FED profile release of MP  may  be
ue to the role of pH in regulating water sorption and swelling of

able 1
C cumulative release (%) and Kormeyer-Peppas parameters for MP  and MP/MMT compos

p  < 0.05) for FAS, ** and for FED).

PARAMETER MP FAS MP/MMT  

SGF (n = 3) ± SD 14.89 ± 0.89* 6.67 ± 0.3
SIF  (n = 3) ± SD 40.60 ± 0.95* 22.26 ± 1.
SCF  (n = 3) ± SD 66.13 ± 0.53* 42.53 ± 3.
kKP  (n = 3) ± SD 15.75 ± 0.43 7.96 ± 0.3
n  (n = 3) ± SD 0.41 ± 0.005 0.47 ± 0.0
R2 0.9140 0.9741 
brid microparticles (�), MP/MMT  composite (©), mean ± SD, n = 3) and FED state
ponds to experimental data; solid line corresponds to the 60% drug release fitted to

MP  as a function of GEL-IEP. At acidic (pH<IEP i.e., 1.6 ± 0.1) or basic
pH (pH > IEP i.e., 5.8 ± 0.1, 6.5 ± 0.1 and 7.0 ± 0.1) swelling increases
by electrostatic repulsions, attaining the minimum value at IEP
(pH ∼ IEP i.e., 5.0 ± 0.1) [26]. However, one of the most important
effects of clays in polymeric systems is the dramatic improvement
of barrier properties. In the MP/MMT  composite, delayed releases
with respect to the MP  alone occurred. The presence of MMT  mod-
ified the AC release through two basic mechanisms. One  is the
improvement of the barrier properties by the creation a tortuous
path that retards the diffusion of drug molecules from MP and
decreasing the solvent uptake. The other limits the swelling behav-
ior of GEL by electrostatic attraction [14,30]. Both MP  and MP/MMT
composite sustained the release of AC for a long periods (48 h) even
in the more extreme pH conditions. This result suggested that the
MP/MMT  composite allowed the maximum% of AC release in the
intestinal and colonic regions where the AC can be absorbed more
efficiently.

At pH = 1.6 ± 0.1 (pH<IEP) the positively-charged MP  surface
attracted negatively charged MMT  particles, reducing swelling
[48]. At pH = 5.0 ± 0.1 (pH ∼ IEP), the MP  surface is neutral result-
ing in similar values (p > 0.05) of cumulative release percentage
between MP  and MP/MMT  composite. Under these conditions, MP
drives the AC release, because of poor interactions with MMT. At
pH = 5.8 ± 0.1, 6.5 ± 0.1 and 7.0 ± 0.1 (pH > IEP) the MP  surface is
charged negatively, thus reducing the interaction with MMT,  allow-
ing the AC release.

The AC release profiles were fitted to the Korsmeyer-Peppas
model with a good fit (R2 = 0.91–0.97), and Table 1 summarizes the
parameters obtained. The release rate of the composite followed

different kinetics depending on the pH release medium, being con-
trolled by interaction between GEL and MMT.  A decrease in release
rate (kKP) occurred with MMT.  Both MP  and MP/MMT  compos-
ite have n-values corresponding to a Fickian diffusion release in

ite in FAS and FED conditions, mean ± SD, n = 3. (*Statistically significant difference

FAS MP  FED MP/MMT  FED

4* 7.26 ± 1.14 6.02 ± 1.90
09* 22.54 ± 1.85** 14.10 ± 3.62**
71* 54.99 ± 0.57** 43.29 ± 1.50**
4 7.21 ± 1.03 4.78 ± 1.74
2 0.57 ± 0.04 0.60 ± 0.12

0.9467 0.9483
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AS (n = 0.41 and 0.47), since for pH < IEP (1.6) and pH > IEP (6.5
nd 7.0). For FED state an anomalous release (non-Fickian) (n = 0.57
nd 0.60) appeared, since pH values corresponded to pH ∼ IEP (5.0)
nd pH > IEP (5.8 and 7.0). In this case, AC release involved a com-
lex mechanism including Fick diffusion and erosion. The slightly

ncrease in n-values for MP/MTT composite with respect to MP
lone indicated the increasing restriction in drug release by MMT
56].

These results revealed that the new MP/MMT  composite is
 good candidate and promising drug release system for con-
rolled intestinal-colonic drug delivery, reducing the AC release in
tomach-like environment controlled by the pH of GIT.

. Conclusions

A novel hybrid lipid-polymer MP/MMT  composite with high
rug entrapment efficiency (>60%) was prepared and character-

zed using size and zeta potential, XRD, FT-IR, SEM and rheometry.
he degree of interaction between the MMT  clay and MP  estimated
y XRD experiments revealed strong pH-dependency. SEM images
epicted a new raspberry-like structure with adsorption of MMT  on
he MP  surface caused by electrostatic attraction. Future work on
ifferent ratios of MP  to MMT  to better tune the swelling/release
elationship should be considered.

A non-Newtonian behavior is observed (n < 1) in MP/MMT  com-
osite water dispersions at all pH studied. The complex viscosity

*) is pH-dependent, resulting from MP  and MMT  interactions,
ith a maximum 
* at pH=IEP. Additionally, at pH 3.0 ± 0.1

nd 7.0 ± 0.1, the viscous character dominates along the entire
requency range (G′′ > G′), but at pH of 4.8 ± 0.1, the elastic char-
cter dominates (G′ > G′′) corresponding to a semi-solid behavior.
oreover, the storage modulus (G′) attains a maximum at IEP

pH=4.8 ± 0.1), whereas for pH values far from IEP (pH 3.0 ± 0.1
nd 7.0 ± 0.1), lower values appeared. These results support the pH-
ependent elasticity of the MP/MMT  composite, and at pH=IEP the
omposite presents a highly elastic structure based on a continuous
etwork (“house-of-cards”).

Finally, the MP  and MP/MMT  systems revealed controlled drug
elease of AC during 48 h whit pH-dependent drug rate and release
echanism. This new composite is a straightforward low-cost and

ttractive drug delivery system intended for intestinal-colonic con-
rolled release. Future studies will include in vivo controlled release
xperiments and pharmacokinetics evaluation of these systems.
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