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a b s t r a c t

This article reports the development of a precursor liquid crystalline system based on a mixture of
monoglycerides (MO) and Cremophor® (CREM) that exhibits in situ gelation to a liquid crystalline phase.
The effects of different MO/CREM ratios and the water content (WC) on several performance charac-
teristics were investigated with a full factorial design. The formulations were characterized by polarized
light microscopy, small-angle X-ray scattering, and water uptake assays. Rheological, syringeability, and
mucoadhesion evaluation were also performed. The polarized light microscopy and small-angle X-ray
scattering results for average and high MO/CREM ratios (2.1 and 4.0, respectively) indicated the coex-
istence of phases in transition to the liquid crystalline phase, independently of the WC. These systems
became more viscous after taking up water, showing peaks characteristic of a cubic phase. Systems that
had average and high MO/CREM ratios also exhibited shear-thinning behavior and high elasticity. Most
systems showed suitable mucoadhesion for buccal purposes. Response surface methodology results
demonstrated that the relative contribution of MO was the principal factor that affected the performance
of the system. Accordingly, these precursor systems with average to high MO/CREM ratios and an average
WC (10% w/w) demonstrated physicochemical and mucoadhesive properties that could enable them to
be used as an in situ-gelling controlled drug delivery platform.

© 2016 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.
Introduction

In situ gelling systems are an attractive approach for the design
of formulations for sustained drug delivery via different adminis-
tration routes.1-4 The viscosity of this type of system can be
modulated by the amount of water it contains,5 by temperature,
and by pH changes6 and can undergo a transition to gel on contact
with the bodily fluid at a mucosal site.1 The administration of the
drug delivery system (DDS) into confined spaces, for example,
within the vaginal7,8 and nasal1,9 cavities, periodontal pocket,10,11 or
conjunctival sac,2 is a complex task and remains as a challenge for
formulation scientists.
from the authors by request
2016.05.005.
3 2101 4947).
unes).

®. Published by Elsevier Inc. All rig
Several limitations due to anatomy and physiology must be
overcome during studies of formulations, including the limited size
and depth of the area and the flow of the relevant bodily fluid.12

Thus, such systems must combine 2 main characteristics: (1)
fluidity, enabling ease of application into the desired site via a
syringe and (2) suitable mucoadhesion, to persist for an adequate
time at the site.

In this regard, hydrophilic polymers, such as Carbopol®, sodium
alginate, Poloxamer®, hydroxypropylmethylcellulose, and hydrox-
yethylcellulose, have been widely studied.13,14 However, the high
hydrophilicity and hydration capacity of these polymers facilitate
the erosion of the system in aqueous medium, resulting in rapid
drug release.15 It can also induce irritation in the administration
region and patient discomfort, whichmay impair the efficacy of the
clinical treatment.

To address these concerns, other polymers and copolymers
have been studied, such as polyesters and their copolymers with
hts reserved.
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poly(ethylene) (PEG),16 poly(lactic acid),17 and poly[(lactic acid)-co-
(glycolic acid)],18 as well as pseudo poly(amino acids)19 and
amphiphilic lipids, for example, monoglycerides (MO).20

MO are polar, amphiphilic lipids which have remarkable
chemical and physical stability, nontoxicity, biocompatibility,
biodegradability, and the extraordinary ability to self-assemble into
a viscous liquid crystalline phase (LCP) in the presence of excess
water21,22 forming a fluid precursor system (FPS). Their use in a
gelling system for the development of new formulations has
intensified over the last few years in both academic research and
industry, mainly for pharmaceutical application.23-27

Depending on the amount of water in the mesophase, the
properties of the solid and liquid states are combined in different
ways to create a phase with 1 of 3 structures: lamellar, hexagonal,
or cubic.28-30 This drug delivery technology can control the speed
and extension of drug release at the administration site and
provide stability against disintegration in the biological
environment.31,32

Although FPS based on MO enable drugs of different polarities
and molecular weight to be carry within their compartments,33 the
release efficiency of poorly water-soluble drugs is low. This limi-
tation can be avoided by the addition of a surfactant34,35 such as
Cremophor®EL (CREM), which is a nonionic surfactant widely used
as a pharmaceutical excipient in oral, parenteral, and topical for-
mulations because of its high solubility and recognized nontoxicity
and nonirritability.36

To study the applicability of these systems for mucosal
controlled drug delivery via a syringe, we developed a FPS from
MO, CREM, and water. The effects of the MO/CREM ratio (w/w) and
the water content [WC (% w/w)] on the self-assembly profile,
rheological properties, syringeability, hydration, and mucoadhe-
sion of various formulations were systematically evaluated using a
chemometric approach.

Experimental

Chemicals

MO (Myverol® 18-92 K), were supplied by Kerry do Brasil
(TrêsCoraç~oes, Brazil). Myverol® 18-92 K has a purity of 93% MO
[containing 65% glyceryl monolinoleate, 3% glycerylmonooleate, 6%
monoglyceride (C16), 4% monoglyceride (C18), 1% monoglyceride
(C20), and 1% monoglyceride (C18:3)], 6% diglycerides and tri-
glycerides that have the same fatty acid profile as the MO and other
Table 1
Full Factorial Design Matrices and Results of Liquid Crystalline Phase Precursor's Perform

Run Orderb Standard
Orderc

FPS Code X1.MO/CREM (�) X2.WC [% (w/w)] k (Pa.s)

8 1 MC025W5 0.25 (�1) 5 (�1) 0.72 ± 0.02
5 2 MC025W10 0.25 (�1) 10 (0) 0.69 ± 0.02
9 3 MC025W15 0.25 (�1) 15 (þ1) 0.96 ± 0.04
2 4 MC21W5 2.1 (0) 5 (�1) 2.28 ± 0.23
4 5 MC21W10 2.1 (0) 10 (0) 1.74 ± 0.10
7 6 MC21W15 2.1 (0) 15 (þ1) 1.58 ± 0.01
1 7 MC40W5 4.0 (þ1) 5 (�1) 13.51 ± 1.3
3 8 MC40W10 4.0 (þ1) 10 (0) 15.08 ± 2.5
10 9 MC40W15 4.0 (þ1) 15 (þ1) 530.5 ± 73
11 10 MC21W10 2.1 (0) 10 (0) 1.83 ± 0.12
6 11 MC21W10 2.1 (0) 10 (0) 1.63 ± 0.05

Xi, Coded factors in the experimental design; �1, 0, 1: low, average and high coded leve
Myverol® 18-92 K/Cremophor®EL ratio (w/w); WC, water content; k, consistency ind
mucoadhesion strength; WM, mucoadhesion work.

a Results are presented as average ± standard deviation.
b Randomized.
c Nonrandomized.
minor (<1%) free fatty acids, and glycerol. Cremophor®EL (CREM)
was purchased from Sigma-Aldrich (Steinheim, Germany).
Experimental Design, Preparation of FPS, and Response Surface
Methodology

The experimental design was a 2 factor and 3-level full factorial
design with 2 replicates of the central point (32 þ 2). The factors
studied (independent variables) and their levels were as follows:
X1, theMO/CREM ratio at 0.25, 2.1, and 4 (w/w) and X2, theWC at 5%,
10%, and 15% (w/w). The full factorial design matrices with coded
and noncoded values of each factor studied are summarized in
Table 1. The trials were randomized to minimize the effects of
unexplained variability due to extraneous factors on the observed
responses.

The FPSs were prepared from appropriate amounts of MO
melted at 45 ± 1.0�C in a water bath with CREM and warm water.
The components were completely homogenized and kept at room
temperature (25 ± 1.0�C) for 24 h for further evaluation. Eleven FPS
(Table 1) were prepared and labeled using the notation MCxWy.
MCx indicated the MO/CREM ratio (0.25, 2.1, and 4.0), and Wy
indicated theWC (5%, 10%, and 15%, w/w). For example, MC025W15
means that the FPS was prepared with MO/CREM ratio of 0.25% and
15% WC. Viscous LCP were obtained from 500 mg of preprepared
FPS in contact with excess water (40% w/w).

Table 1 summarizes the actors coded for the ANOVA by the
response surface methodology (RSM) following the coding rule
given by Equation 1:

Codedvalue¼ðuncodevalue�0:5�ðhighvalueþlowvalueÞÞ
0:5�ðhighvalue�lowvalueÞ (1)

An ANOVA/RSM on the experimental data was performed using
the visual general linear model from the Statistica 12 (StatSoft Inc.,
Tulsa, OK) software package. The mathematical models for each
response were evaluated using a multiple regression method. The
response function applied was a linear polynomial equation, given
by Equation 2:

Y ¼ b0 þ
Xk

i¼1

bixi þ
X

bijxixj (2)

Y is the dependent variable; b0 is the constant term, k is the number
of variables, bi represents the coefficients of the linear parameters,
ance Indicatorsa

n (�) WS (N.mm) Wu 24 h (% w/w) SM (N) WM (N.mm)

0.98 ± 0.004 152.2 ± 5.1 Undetermined 0.14 ± 0.03 0.59 ± 0.17
0.99 ± 0.001 187.8 ± 3.1 Undetermined 0.09 ± 0.01 0.36 ± 0.04
0.97 ± 0.002 187.3 ± 8.1 Undetermined 0.13 ± 0.03 0.67 ± 0.15
0.75 ± 0.01 103.5 ± 5.9 8.9 ± 1.8 0.17 ± 0.05 1.0 ± 0.36
0.77 ± 0.003 111.5 ± 2.7 30.4 ± 1.6 0.18 ± 0.01 0.91 ± 0.26
0.84 ± 0.01 156.1 ± 4.1 9.8 ± 4.0 0.16 ± 0.03 0.92 ± 0.28

5 0.51 ± 0.02 182.8 ± 6.2 15.0 ± 4.4 0.17 ± 0.01 0.83 ± 0.05
1 0.52 ± 0.01 193.0 ± 3.5 29.5 ± 1.4 0.19 ± 0.04 1.17 ± 0.17
.26 2.10�8 ± 1.10�8 484.3 ± 18.4 27.3 ± 1.8 0.15 ± 0.01 0.94 ± 0.17

0.78 ± 0.001 103.1 ± 5.9 33.9 ± 5.4 0.17 ± 0.02 0.97 ± 0.22
0.77 ± 0.004 109.9 ± 5.3 29.3 ± 1.1 0.18 ± 0.01 0.93 ± 0.09

ls, respectively, in the experimental design; FPS, fluid precursor system; MO/CREM,
ex; n, flow behavior index; WS, work of syringeability; Wu, water uptake; SM,



K.M. Nunes et al. / Journal of Pharmaceutical Sciences 105 (2016) 2355-2364 2357
bii represents the coefficients of the quadratic terms, and bij rep-
resents the coefficients of the interaction parameters.

The significance of the equation parameters for each response
variable was analyzed by an F-test. Only the factors with a signifi-
cance higher than or equal to 5% (p � 0.05) were considered. The
adequacy of the model was checked to account for the coefficient of
determination (R2).

Polarized Light Microscopy

The FPS and viscous LCP were placed on a glass microscope
slide, carefully covered with a coverslip to distribute the contents
by application of pressure and analyzed by polarized light micro-
scopy (PLM) at room temperature using a Carl Zeiss Axioplan 2
microscope (Oberkochen, Germany) equipped with a digital
camera.

Small-Angle X-Ray Scattering

Measurements were performed at room temperature in a
small-angle X-ray scattering (SAXS1) beamline located at the
National Laboratory of Synchrotron Light (LNLS, Campinas,
Brazil). The LNLS beamline was equipped with a mono-
chromator (l ¼ 1.5498 Å), a vertical detector located approxi-
mately 580 mm from the sample and a multichannel analyzer
that registered the scattering intensity I(q) as a function of the
scattering vector, q.

The samples were injected into the sample holder with mica
windows placed perpendicular to the X-ray beam. The data were
normalized for beam decay, detector sensitivity, and sample
transmission. Silver behenate powder was used as a standard to
calibrate the sample-to-detector distance, the detector tilt, and the
incident beam position. The parasitic scattering intensity, resulting
from the cell windows and air, was subtracted from the total
scattering intensity.

Rheological Measurements

Steady shear rate and dynamic frequency sweep tests were
performed using a stress controlled rheometer AR2000ex (TA In-
struments, Surrey, England) in the flow and oscillatory modes,
respectively, with a parallel steel plate geometry (40mm) and a gap
of 500 mm between the plates. FPS samples were carefully applied
to the lower plate of the rheometer and analyzed at room tem-
perature, ensuring the minimum shear and a 5-min rest time
before each measurement was allowed.

Steady shear rate sweep tests (upward and downward) were
carried out over a range of shear rates (0-2000 s�1). The shear rate
was increased over a period of 150 s and held at the upper limit for
20 s, then decreased for a period of 150 s. The flow properties were
determined for each measurement at least in triplicate. The
experimental upward flow curves for the samples are described by
a power law (Oswald-de-Waele equation), as follows:

s ¼ k$ _gn (3)

s is the shear stress (Pa), k is the consistency index (Pa.s), _g is the
shear rate (s�1), and n is the flow behavior index (dimensionless).37

In the dynamic frequency sweep tests, the linear viscoelastic
region was identified via an oscillatory stress sweep at a fixed
frequency (1 Hz). Then, the samples were subjected to frequency
sweep tests at 25�C over a frequency range of 0.1-10 Hz, at a con-
stant stress (1 Pa). The elastic modulus (G') and loss modulus (G')
were determined using the Rheology Modifier Advantage Control
AR software.
Syringeability Tests

Syringeability tests were performed in a stress strain tester
model DL-2000 (EMIC, S~ao Jos�e do Pinhais, SP, Brazil) with a cell
charge of 10 kgf in the compression mode, using a glass syringe (1
mL) with an internal diameter of 9.8 mm and a height of 97.8 mm,
equipped with a 21-G needle (25� 8mm), fixed in a specific device
coupled to the tester. The FPS samples were carefully transferred to
the interior of the syringe, avoiding the formation of air bubbles, to
a fixed height of 30 mm. The syringe plunger was then moved at a
speed of 2.0 mm$s�1 (compression mode) over a distance of
30 mm.38

The minimum force required to start the sample flow was ob-
tained from the graph generated by the TESC version 3.01 software
(EMIC) and the work expended in extrusion or the work of syrin-
geability (WS, N.mm) was calculated from the area under a curve of
force versus distance using the Origin® 6.1 version software (Ori-
ginLab Corporation, Northampton, MA). The tests were performed
at room temperature, and the results for each formulation were
averaged from 5 separate runs.

Hydration Studies

Hydration studies were performed gravimetrically using a 15-
mm cylindrical plastic device fitted at one end with a mesh that
had a porosity of 138 � 75 mm, which contained the test sample
within the device. Samples from each FPS (160 mg) were placed
into the device, weighed (M1), and immersed in 10 mL of phos-
phate buffer (0.1M, pH 7.0) at room temperature. At predetermined
incubation times (i.e., 0.5, 1, 2, 3, 4, 5, 6, and 24 h), each device was
removed from the buffer, blotted dry and reweighed (M2).

The percentage increase in mass as a result of water uptake
(Wu) was calculated using Equation 4.39 All experiments were
performed at least in triplicate.

Wu ð% w=wÞ ¼ ðM2 e M1Þ
M2

� 100 (4)

In Vitro Assessment of Mucoadhesion

Porcine cheek was obtained from a local slaughterhouse (Fri-
gorífico Olhos D’agua, Ipu~a, SP, Brazil) and was collected immedi-
ately after the animals were slaughtered and kept at 4�C during
transport to the laboratory. Then, the cheek was rinsed with water,
and the mucosa was separated from the muscular layer by cutting
the loose connective fibers with a scalpel, preserving the basal
membrane, and stored at �80�C before use.

Immediately before the use, the mucosa was defrosted, cut into
discs (1 cm inner diameter) using a stainless steel punch and
incubated with artificial saliva40 for 5 min tomoisten the tissue and
hydrate the sample. The mucoadhesive properties were evaluated
by a stress strain tester model DL-2000 with a cell charge of 10 kgf
in the tension mode.

Samples of the mucosa were fixed on acrylate plates using
cyanoacrylate adhesive with the mucous layer upward. The plates
were attached to the inferior and superior accessories of the
equipment. This system was maintained at 37 ± 1�C by a thermo-
static bath. The FPS test sample (0.1 g) was smeared in a thin layer
with a syringe onto the buccal mucosa that was attached to the
inferior accessory.

Then, the superior instrument probe was lowered at speed rate
of 0.5 mm/s until contact with the test sample was made, and a
constant compression of 0.5 N was maintained. After 3 min of
contact, the superior probe was withdrawn at a rate of 0.5 mm/s.



K.M. Nunes et al. / Journal of Pharmaceutical Sciences 105 (2016) 2355-23642358
The peak detachment force (mucoadhesion strength, SM) was
calculated automatically with the TESC version 3.01 software. The
mucoadhesion work (WM) corresponding to the area under a
curve of force versus distance was calculated using the Origin® 6.1
version software. The experiments were performed in
quintuplicate.
Results and discussion

PLM and SAXS Studies

PLM is a technique that qualitatively identifies different phases
by their texture. All FPSs were evaluated by PLM and showed a dark
field, indicating isotropic behavior (Supplementary Fig. 1). These
results suggest that the FPS was characterized as a micellar or cubic
phase (both are isotropic and present a dark field). To confirm the
phase indicated by PLM and evaluate the influence of theMO/CREM
ratio, and the WC on the formation of the FPS, SAXS studies were
performed. Figure 1 shows representative SAXS curves [scattering
intensity versus scattering vector (q)] for some FPS and neat MO for
comparison.

The SAXS pattern of neat MO shows 2 distinct scattering peaks
that result from intermolecular correlations related to the electron
density difference between the oxygen-rich portion (the polar
portion of the glycerol moiety) and the nonpolar portion composed
of hydrocarbon chains with a low electron density.42

The first peak is narrower and stronger in intensity and centered
at a low q-value of approximately 1.30 nm�1 and suggests the
formation of a structured phase. In fact, in the solid state, MO can
present a lamellar phase due to structural organization of the
hydrophilic “head group” (glyceryl group) and the hydrophobic
“tail” (the hydrocarbon chain).23 The second broad scattering peak
is weaker and centered at a q-value of approximately 2.00 nm�1

typical of dispersed system exhibiting L2 phase.41 These results
suggest that neat MO consists of a lamellar plus L2 coexisting
phases.

The SAXS curves for MC025W5 and MC025W10
(Supplementary Fig. 2a) have a profile similar toMC025W15 (Fig. 1)
with a broad peak that has a q value of approximately 0.8 nm�1,
which is characteristic of the fluid isotropic phase (L2).41 This
behavior is typical of an aqueous micellar solution formed by a
surfactant in water.
Figure 1. Representative SAXS patterns of liquid crystalline phase precursors
MC025W15, MC21W5, MC40W15, and neat Myverol® 18-92 K (MO).
In this study, for a FPS with a MO/CREM ratio of 0.25, CREM (the
surfactant) is in excess comparedwithMO (at a 4-fold increase) and
forms amicellar system in the presence of water that contributes to
the SAXS curve profile and confirms the dark field observed by PLM.
The water content did not significantly affect the structure because
the profile of the SAXS curves did not vary with an increasing
amount of water for a MO/CREM ratio of 0.25.

An additional, but much smaller peak, is also visible at a q-value
approximately 1.30 nm�1 (highlighted by an arrow), which can be
attributed to presence of small quantities of lamellar phase from
MO (Fig. 1).

An increase in the MO/CREM ratio from 0.25 to 2.1 induces
structural changes in the FPS, as demonstrated by the SAXS curves
for MC21W5 (the profile is the same for MC21W10 and MC21W15,
Supplementary Fig. 2b). It is noteworthy that the increase in MO/
CREM did not lead to a formation of a lamellar, cubic, or hexagonal
LCP, but the profile was the same as observed for neat MO.

This behavior is even more evident when the ratio is increased
to 4.0 (MC40W15) at which 2 broad peaks are still evident (Fig. 1).
The first peak is fixed and insensitive to variations in the MO/CREM
ratio, whereas the second broad peak is shifted from 1.65 to 1.83
nm�1 at a MO/CREM ratio of 4.0. These results indicate that the WC
used in the formulations did not affect the FPS formation at any
MO/CREM ratio and did not form a characteristic LCP.

Rheological Behavior

Steady Shear Rate Sweep Test
Flow properties must be considered for a gel that is adminis-

tered through a syringe, along with adequate storage and applica-
tion at specific sites, for their possible effects on drug release.31

Figures 2a, 2b, and 2c show the rheological behavior for MO/
CREM ratios of 0.25, 2.1, and 4.0, respectively, at several WC. Ex-
periments were performed at 25�C, simulating storage and syringe
administration.43

For MC025W5, MC025W10, and MC025W15 (Fig. 2a), the shear
stress behaved was a linear function of the shear rate, indicating
Newtonian behavior that increased linearly with the WC. Such
behavior is typical of a micellar system, as confirmed by SAXS and
PLM (Fig. 1). However, when the MO/CREM ratio was increased to
2.1 or 4.0, the system was no longer Newtonian but viscoelastic
instead (Figs. 2b and 2c). Rheograms showed a nonlinear relation
between the shear stress and the shear rate, which was charac-
teristic non-Newtonian behavior; that is, at a constant pressure and
temperature, the viscosity is dependent on shear rate.44

MC21W5, MC21W10, and MC21W15 displayed viscoelastic
behavior with a small yield stress value (s0), which indicates that
these systems have plastic behavior. According to Barnes,45 mate-
rials that display such behavior, known as soft solids, have the
material capacity of being molded but require a minimal force,
called the yield stress, to start flowing. This phenomenon has been
attributed to the formation of a tridimensional network.31 These
findings suggest that the system became reorganized and a phase
transition from micellar to LCP occurred. However, the results do
not confirm this, which means that this behavior is simply due to
the high amount of MO in the formulation.

Increasing theWC also increases the viscosity and contributes to
the plastic behavior of the FPS, and an extreme effect was evident at
a MO/CREM ratio of 4.0 (Fig. 2c). The MC40W15, with 15% water,
had a high viscosity and consequently a high s0 (i.e., a high mini-
mum shear stress value was required to disrupt the internal
structure so flow could begin).

Moreover, different thixotropic levels are observed between
systems with MO/CREM ratios of 2.1 and 4.0, with more pro-
nounced thixotropic levels at a MO/CREM ratio of 4.0. Thixotropic



Figure 2. Rheological behavior for MO/CREM ratios of (a) 0.25, (b) 2.1, and (c) 4.0, respectively, for several water contents (5%, 10%, and 15% w/w) at 25�C. Filled symbols show the up
curves and open symbols the down curves. Relative standard deviation of at least 3 replicate tests was less than 5%.
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behavior is the ability to recover the original flow properties,
irrespective of time.31,45 The thixotropic level for MC40W15 is
higher than for the other samples. These results suggest that MO
and water promote the formation of a thixotropic formulation.

To quantitatively determinate the change in the rheological
properties of the FPS as a function of the MO/CREM ratio and the
WC, the datawere calculated by the power law, that is, the Ostwald-
de Waele model (Eq. 3). Most coefficients of determination (R2)
obtained were near 0.999, which indicated agreement between the
model and the experimental data. The system MC40W15 was an
exception; its viscosity, and s0 are high enough to disable the
model fit. The Oswald-de Waele power law was used to quantify
the shear-thinning behavior of the system: for a Newtonian system,
n ¼ 1; for a system which exhibits shear-thinning behavior, n < 1;
and for a system which exhibits shear thickening, n > 1.37

The n values were close to 1 for all FPS with a MO/CREM ratio of
0.25, which indicated Newtonian behavior, and the values of k for
MC025W5, MC025W10, and MC025W15 were on average 0.72,
0.69, and 0.96 Pa.s, respectively, which confirmed the low viscosity.

MC21W5, MC21W10, and MC21W15 showed plastic flow
behavior with moderate thixotropy (Fig. 2b). These 3 FPS had
similar rheological behavior, with k values between 1.63 and 2.28
Pa.s, which indicated that the viscosity increased with an increase
in MO and the WC. In this case, increasing the WC was correlated
with a linear rate decrease of k (R2 ¼ 0.76).

The n values of approximately 0.8 confirmed shear-thinning
behavior, with minor thixotropy. MC40W5 and MC40W10
(Fig. 2c) had a higher thixotropy, shear-thinning (both 0.5) and
viscosity (13.5 and 15.1 Pa.s, respectively) than the other systems.
MC40W15 showed a high yield stress value (so) of approximately
800 Pa, which contradicts the power law fit.
The gradual increase of the MO/CREM ratio and the WC in each
FPS produced a slight decrease in the n value (1.0 to 0.5). This
confirmed that the increase in MO content had a greater effect on
the plasticity of the system, with concomitant increases in the
consistency index and the apparent sensitivity of viscosity to shear
rate.

Oscillatory Measurements

Several research groups have used dynamic oscillatory rheo-
logical measurements in conjunction with PLM and SAXS to obtain
complete information on in situ structural events in the transitions
of FPS to LCP, in addition to the coexistence of transition phases.46,47

These techniques contributed to the understanding and charac-
terization of the physicochemical properties of the FPS. The visco-
elastic properties, such as the storage modulus G' and loss modulus
G', were evaluated by sweeping the frequency.

An FPS with a MO/CREM ratio of 0.25 did not demonstrate
viscoelastic properties, which indicated a low apparent viscosity
and predominantly liquid behavior (Supplementary Fig. 3). At
higher MO/CREM ratio such as 2.1 or 4.0, the viscoelastic properties
were greatly affected by the WC. A better understanding can be
gained from the G' and G'' moduli of the FPS (MC21W5, MC21W15,
and MC40W15) that are presented in Figure 3.

An increase in the WC at a constant MO/CREM ratio (2.1),
MC21W5 (5% WC) showed a dependence on the frequency and a
“liquid-like” viscosity; G'< G''. The relation G' > G'' held for
MC21W15 (15% WC) across the entire frequency range tested,
indicating “gel-like” behavior; that is, that water favored the for-
mation of the liquid crystalline phase. The same behavior was
observed for FPS with a high MO/CREM ratio (4.0).



Figure 3. Oscillatory measurements showing the frequency dependence of the storage
moduli G' (filled symbols) and loss moduli G'' (open symbols) of MC21W5 (-),
MC21W15 (C), and MC40W15 (:) at 25�C.

Figure 4. Water uptake profiles of liquid crystalline phase precursors incubated in
buffer solution at 25�C. Data represent mean ± standard deviation, n ¼ 3.
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However, for MC40W15, G' > G'' and independent of the oscil-
latory frequency, indicating the formation of a strong gel network.
According to Cordob�es et al.,48 the existence of this plateau region
at a high frequency index is an important criterion for the identi-
fication of a gel-like network.

Syringeability

The syringeability work is an important parameter to evaluate
during the development of a DDS to be sustained at a specific site,
such as the vaginal or nasal cavity, the conjunctival sac, or the
periodontal pocket. For a successful clinical administration, the
delivery system must have suitable flowability for easy application
into the desired mucosal sites.7,38

The work was characterized by the extrusion of the system
though a syringe fitted with a needle and increases with the MO/
CREM ratio and the WC (Table 1), due to the increased viscosity and
structure of the system, as shown by the rheological and SAXS
measurements.

For a FPS with a MO/CREM ratios of 2.1 and 4.0, the increase in
the WC correlated with a linear increase of the rate of the syrin-
geability work (R2 ¼ 0.86 and 0.78, respectively). These trends are
closely related to the increase in the viscosity as a function of
increasing WC in the FPS. MC40W15 had the highest value of the
series (484.26 N.mm), which was expected on account of its plastic
flow behavior (Fig. 2c) and the high yield stress value required to
start the material flow.45 However, MC21W5 and MC21W10 had
lower syringeability work values than the other FPS (p < 0.05),
likely due to the pseudoplastic behavior coupled with moderate
thixotropy, which are desirable properties for the development of a
syringeable system.

Syringeability studies for intraperiodontal pocket delivery are
still scarce in the literature. Some authors consider that work values
between 10 and 380 N.mm are adequate for easy extrusion.38

However, most reported assays of the syringeability of semisolid
systems for application in the periodontal pocket were carried out
using syringes without needles.

We decided to use syringes fitted with needles of a specific
diameter because of the challenges of administering semisolid
formulations in clinical dental procedures, primarily the limited
space for insertion available in the periodontal pocket (4 mm up to
13 mm).49 The use of a needle can be justified by an accurate
evaluation of the feasibility of DDS to be administered by this route.
Water Uptake (Wu)

The Wu studies are greatly relevant to the design of an LCP
precursor as an injectable controlled DDS. Wu is particularly
important in systems based on amphiphilic compounds such as
MO; the rate of water absorption can affect the in situ transition (or
self-assembly) of the FPS to the LCPs and consequently, the speed
and duration of the drug-release and its stability after exposure to
excess water.32

The study the Wu may therefore provide data on the kinetics of
drug release and the percentage of water that is required to initiate
the transition from the precursor system to the liquid crystalline
mesophase. During the buffer incubation, the FPS containing a high
proportion of CREM (a MO/CREM ratio of 0.25) quickly absorbed
water and completely disintegrated before 1 h. In this case, the
instability in the presence of excess water (disintegration effect)
showed that the formation of a micellar system could be attributed
to the partial replacement of MO by CREM. This effect could be due
the hydrophilic characteristics of CREM,which is a surfactant with a
high HLB (12 to 14), which promoted the complete solubilization of
the MO under conditions of full hydration. Consequently,
nonstructural transitions into the LCP did not occur, and the
swelling profile of these micellar systems could not be obtained.

The rates of Wu by FPS at MO/CREM ratios of 2.1 and 4.0 are
shown in Figure 4. Although the amounts of MO are different
(Table 1), the rates of Wu within the first hour are statistically
similar (p > 0.05). MC21W10, MC40W10, and MC40W15 displayed
a slow increase in their rates up to 24 h, with higher uptake per-
centages (Table 1 and Fig. 4), but the MO/H2O ratios for these sys-
tems was almost the same, approximately 2.

After 5 h, most of the rates increased, but MC21W5 showed a
different profile when compared the others in the group (p < 0.05).
MC21W5 had a minimal Wu rate at a lower WC (Table 1 and Fig. 4),
which could be due to the beginning of matrix erosion after 5 h.
This finding was further supported by the weight loss of the
sample.

Most of the FPS had a rapid Wu during the first 6 h, followed by
an equilibrium uptake equivalent to 30% of the initial mass (w/w),
that was independent of the initial WC. These profiles are in
agreement with Chang and Bodmeier,32 who used monolinoleate
and monooleate (Myverol® 18-92 and Myverol® 18-99, respec-
tively). Taking into account the rapid hydration process, an LCP
precursor would most likely be useful in applications in which the
rapid initial release of a drug is desired, or for prolonged release
from a poorly hydrated region, for example, from the periodontal
pocket, ocular wound healing, and so forth.

Interestingly, after the rapid Wu during the first hours, the FPS
with MO/CREM ratio 2.1 and 4.0 became slower because of the
diffusion of water into the matrices on account of the structural
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transition from the FPS to the viscous cubic phase, which is in
accord with the SAXS pattern (Fig. 5).

As described elsewhere,20,50 most monoglyceride matrices have
a diffusion-controlled release mechanism, inwhich the rate of drug
release is controlled by the diffusion of the molecules through the
LCP, which decreases with time because of the greater distance over
which the drugmust diffuse through thematrix to the exterior. This
phenomenon occurs over time, retarding the drug release,
providing the sustained release of a drug. Nevertheless, the initial
WC and Wu rate are factors that could affect drug release.

Self-Assembly Properties

The study of self-assembly in excess of water was investigated
by SAXS experiments. Peaks characteristic of the cubic phase46 can
be observed in Figures 5a and 5b. The LCP was determined from the
relation between the peak distance and the scattering vector (q)
according to the Bragg equation.29 To calculate the correlation
distance between the scattering objects, we used the equation
d ¼2p/qmax, where qmax was the scattering vector of the first order
peak.

The individual type of cubic phase is distinguished by a char-
acteristic ratio; Pn3m:
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The diffraction patterns show at least 6 characteristic peaks for the
diamond type Pn3m cubic phase.29,51 The phase is an ordered 3-
dimensional water-lipid system inwhich the lipids are organized in
a highly curved, interwoven bilayer network.52

Different self-assembly structures, such as micelle systems
(normal and reverse), microemulsions and LCP, may be formed
after further hydration, assuming an appropriate ratio of surfac-
tants and amphiphilic molecules, such as MO is present.22,25,53 A
cubic phase was not formed at low ratios of MO/CREM (0.25),
independently of the WC. Increasing the hydrophobicity to average
and highMO/CREM ratios (2.1 and 4.0, respectively) produced a FPS
with a greater degree of structural order, on account of the coex-
istence of regions in transition to the LCP.

Figure 5a shows the SAXS patterns of MC21W5 and MC21W15
after Wu. Despite the change of the WC (5%-15%), the LCP did not
change. Both of these LCPs had a cubic Pn3m with the lattice pa-
rameters of cubic phase, a ¼ 7.84 nm and 7.76 nm, respectively. The
SAXS curves for MC40W5 and MC40W15 after water uptake are
shown in Figure 5b. MC40W5 showed a phasemixture of Pm3n and
Im3m as observed by Yaghmur et al.54 and MC40W5 showed only a
Pm3n phase.

Parameter “a” changed from 7.6 nm to 5.9 nmwhen theWC was
increased from 5% to 15%. When the MO/CREM ratio was increased
while WC was fixed at 5% (MC21W5 and MC40W5), the smaller
ratio produced a pure Pn3m cubic phase but the MO/CREM ratio of
Figure 5. Representative SAXS pattern of liquid crystalline phases (a) MC21W5 a
4 produced a mixture. However, the lattice parameters did not
show a relevant difference (7.8 nm and 7.6 nm, respectively).
Nonetheless, when WC was 15%, increasing the MO/CREM ratio
from 2.1 to 4.0 led to a significant reduction in the lattice parameter
from 7.8 nm to 5.9 nm.

A few studies have been performed on MO/CREM systems for
drug delivery, and the principal factors responsible for the self-
assembling effect were found to be the variation in the lipid
composition, the WC, and the physicochemical properties of the
surfactants.51,54 Shah and Paradkar35 observed that hydrophilic
additives (Hydrophilic-Lipophilic Balance, HLB between 7 and 11)
to the MO matrices resulted in less self-assembly when compared
with the same matrix with lipophilic additives (HLB between 1.5
and 5.0). It is hypothesized that hydrophilic domains may cause the
reduced availability of water for the liquid crystalline mesophase
and, consequently, irregularities in the LCP formation.

CREM is a hydrophilic surfactant with a HLB ranging from 12
to 14, which may have contributed to the organization of the LCP
precursor systems in this study. It also enabled the preparation of
a more fluid system, compatible with administration by syringe,
despite being previously structured for in situ transition to
the LCP.

At a water excess (40% w/w), systems with MO/CREM ratios of
2.1 and 4 undergo a transition from an intermediate liquid crystal
state to the cubic structure of the Pn3m phase. Furthermore, the
results confirm that an increasingMO content had a key role in self-
assembly by providing the transition to the mesophase at equilib-
riumwith the excess water. The higher content of CREM on the FPS
with MO/CREM ratio of 0.25 was unstable in the presence of excess
water, and disintegrated. This observation led us to use a higher
CREM content than Yaghmur et al.54

Mucoadhesive Properties

The main advantage of mucoadhesive DDS is the increased
residence time in the administration site. During slow, continuous
drug release, they can reduce the administration frequency and
often increase both patient compliance and treatment efficacy. For
buccal purposes, this type of DDS must be engineered to surmount
several challenges, for example, pathological conditions in the
administration region; shearing caused by speech, buccal hygiene,
and chewing; and continuous salivary flow.13 This latter is the main
factor responsible for the lack of the success of hydrophilic poly-
mers. Thus, research interest has been shifting toward the imple-
mentation of materials that are biodegradable and nonaqueous or
stable in an aqueous medium, especially those that self-assemble
and are mucoadhesive in such a medium, such as glyceryl
monolinoleate.20,55
nd MC21W15 and (b) MC40W5 and MC40W15 after water uptake at 25�C.



Table 2
Summary of Response Surface Methodology (RSM) Results

Coefficient k (Pa.s) n (�) WS (N.mm) SM (N) WM (N.mm)

Intercept �25.29 0.81*** 99.8* 0.17*** 0.94***
X1 92.79 ¡0.32** 55.5* 0.03* 0.22*
X1
2 73.70 �0.10 103.1* �0.03 �0.19

X2 86.10 �0.07 64.9* �0.01 0.02
X2
2 67.74 �0.06 42.5 �0.02 0.01

X1.X2 129.19 �0.13 66.6 �0.003 0.01
R2 0.78 0.91 0.88 0.73 0.77

X1.MO/CREM,Myverol® 18-92 K/Cremophor®EL ratio (w/w); X2.WC [% (w/w)], water
content; k, consistency index; n, flow behavior index;WS, work of syringeability; SM,
mucoadhesion strength; WM, mucoadhesion work; R2, coefficient of determination
of regression model.
Bold values represent the model coefficient significant at *5%, **1%, and ***0.1%.
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Porcine buccal mucosa from the cheek has beenwidely used as a
tissue model for in vitro mucoadhesion studies because its
biochemical and histological properties approximate those of hu-
man tissue.13 In this study, the mucoadhesive properties of the FPS
were evaluated using porcine cheek mucosa because their primary
use was envisioned as buccal drug delivery platforms, especially in
the periodontal pocket. Table 1 summarizes the results of the
mucoadhesion strength (SM) and mucoadhesion work (WM).

The SM andWM values varied from 0.09 ± 0.01 N to 0.19 ± 0.04 N
and from 0.36 ± 0.04 N.mm to 1.17 ± 0.17 N.mm, respectively. The
SM results are in agreement with Geraghty et al.,56 who reported
detachment force values ranging from 0.06 to 0.18 N with glyceryl
monolinoleate. In addition, compared with the mucoadhesive
polymeric systems described elsewhere,57 although low, these
values might be suitable for buccal purposes.

The SM of M025W5, M025W10, and M025W15 were signifi-
cantly lower (p < 0.01) compared with the other FPS. This may be
due to the low viscosity and Wu of these formulations during the
transition into the LCP during the contact time with artificial
saliva. Conversely, the FPS that had average and high MO/CREM
ratios had greater average SM and WM values in excess artificial
saliva (p < 0.05), which indicates the transition of the micellar
structure toward the cubic crystalline phase in these systems, as
evidenced by the PLM and SAXS analysis after Wu (Fig. 4). The
phase transition enhanced the elastic properties of the system,
which behaved like a gel, with a positive effect on the mucoad-
hesive properties.7,31

These findings suggest 2 mechanism of mucoadhesion for
these FPS: (1) mucoadhesion occurs on account of weak and
nonspecific interactions between the formulation and the mucus,
for example, hydrogen bonds, Van der Waals forces, and hydro-
phobic bounds (the adsorption theory of mucoadhesion),13 facili-
tated by the amphiphilic molecular structure of glyceryl
monolinoleate; (2) the movement of water from the mucosa to the
formulation generates a capillary flow that facilitates the attach-
ment of both surfaces.

For a semisolid DDS, rupture or failure of the mucoadhesive
bondsmay occur at 3 different regions: (1) the hydrated layer of the
mucoadhesive system; (2) the interface between the mucosa and
the mucoadhesive system; and (3) at the mucus layer. In
mucoadhesive systems with a high SM, the failure occurs at the
mucus layer, but for low and very low SM, it occurs at the interface
and the hydrated layer, respectively.13 Accordingly, the rupture for
these FPSs could have occurred at the interface between the mu-
cosa and the formulation.

FPS Performance Interactions

The significance of the complex results of the individual FPS
characterizations (Table 1) require further investigation, as do the
interactions of the performance indicators (dependent variables)
and the factors studied (independent variables). To accurately
determinate the interactions of MO/CREM ratio and WC with the
performance indicators, an ANOVA and correlation analyses were
performed by the RSM. Tables with the complete ANOVA for each
FPS property are not shown, but a summary of the RSM results is
summarized in Table 2.

The response surface analysis allows the fitting of a polynomial
equation of the dependent variables as a function of the significant
factors to predict performance indicators. In Table 2, the bold
values are the significant model coefficients, and their levels of
significance are displayed as percentages. The sign indicates
whether the effect is positive or negative. The high coefficients of
determination of the fitted models are significant and indicate that
these equations can be used to describe the experimental results.
The response surfaces of the performance indicators are shown in
Figures 6a-6d as functions of the significant factors.

None of the factors studied significantly affected the consistence
index (k). However, the MO/CREM ratio had a linear negative effect
on the flow behavior index (n), that is, an increasingMO/CREM ratio
decreased the n (Fig. 6a). On the other hand, the MO/CREM ratio
positively affected both the SM and WM as shown in Figures 6c and
6d, respectively.

Figure 6b shows the surface response of WS as a function of MO/
CREM and WC. The surface shows that MO/CREM had a positive
nonlinear effect on the WS. The nonlinear effect of MO/CREM was
confirmed by the ANOVA (Table. 2), which had a significance level
of 5% for the squared term (MO/CREM2).

To better understanding how the MO/CREM ratio, WC and the
rheological behavior, syringeability, and mucoadhesion results are
correlated, a correlation matrix was prepared (Supplementary
Table 1). None of the performance indicators was significantly
correlated with the WC. Notwithstanding, the MO/CREM ratio was
negatively correlated with n and positively correlated with the WM
parameters. As expected, the parameters relating to the rheological
properties, that is, k and n, were negatively correlated with each
other. Conversely, the WS was positively correlated with k and
negatively correlated with n.

Finally, the parameters relating to the mucoadhesive properties
(SM and WM) were positively correlated, which means that
increasing one parameter increased the other, and vice versa.
Overall, these results confirmed the trends discussed earlier and
demonstrate that increasing the monoglyceride amount in the LPS
increases the viscosity and consequently, increases the syringe-
ability work and enhances mucoadhesion.
Conclusions

For the first time, the effects of Myverol® 18-92 K, Cremo-
phor®EL, andwater content on the performance of an in situ gelling,
liquid crystalline system have been systematically evaluated with a
factorial design. The self-assembly profile, rheological behavior,
syringeability, water uptake, and in vitro mucoadhesion were
greatly affected by the relative contribution of the MO in FPS. The
best performance was achieved with an average and high MO/
CREM ratio, which had shear-thinning behavior with moderate
thixotropy, viscoelastic properties and desirable syringeability and
mucoadhesion. Moreover, these ratios may enable sustained drug
delivery caused by the transition into the cubic phase after water is
taken up.

Data arising from this report would be extremely useful for
effective DDS engineering and its end usage properties. Further
investigations will be performed to evaluate the in vitro drug de-
livery kinetics for the most promising LCP precursors. For that, both



Figure 6. Response surface plots of (a) flow behavior index (n), (b) work of syringeability (WS), (c) mucoadhesion strength (SM), and (d) mucoadhesion work (WM) as a function of
Myverol® 18-92 K/Cremophor®EL ratio (MO/CREM) and water content (WC).
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hydrophilic and lipophilic substances such as lidocaine hydro-
chloride and clindamycin, respectively, may be used as model
drugs.
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