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In the field of drug delivery, there is growing concern over the self-assembly of fatty acids, since their
structures and properties are similar to liposomes, which are characteristically nontoxic for humans,
possess good biocompatibility and biodegradation, and are without immunogenicity. Changes in pH,
temperature, concentration, molecular structure of the amphiphilic molecule, head group type and
hydrocarbon chain length have significant effects on the self-assembled structures; however, the degree
of unsaturation can also influence the self-assembled structures of fatty acids. The aggregation
behaviors of the mixtures of arginine and three kinds of unsaturated fatty acids (UFAs, oleic acid, linoleic
acid and linolenic acid) in aqueous solutions have been investigated. Phase transition from transparent
micelles (L, phase) to birefringent bilayer structures (L, phase) occurred with increasing amounts of
UFAs. However, the L, phase was different for macro and micro structures. Oleic acid with only one
double bond was regarded as less flexible and curved, but with higher stacking, leading to a gradual
phase transition process from the vesicle phase to the stacked lamellar phase in the L, phase region,
which could be proved by cryogenic transmission electron microscopy (cryo-TEM) and polarizing
microscopy observations combined with 2H-nuclear magnetic resonance (°H NMR) and rheological
properties. The turbid vesicle phase with weak viscoelastic properties were only observed in linoleic acid
and linolenic acid systems because UFAs with more than one double bond are easier to bend, indicating
that highly curved vesicles are likely to form. Through the analysis of the proposed mechanism and FT-IR
spectra, the synergistic effects of non-covalent interactions, including hydrogen bonding, electrostatic
interaction, and hydrophobicity, were considered to be responsible for the aggregation behaviors. Finally,
vesicles displayed their potential in encapsulating water-soluble model drugs such as calcein. The results
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In these times of sustainable development, in the search for
environmentally safer surfactants researchers have turned their

1. Introduction

The self-assembly of surfactants in solution has attracted
extensive research interest both experimentally and theoreti-
cally over the past decade. The structures of these aggregates,
including micelles,"” vesicles,** bilayers,>® fibers”® etc., can
influence the properties of surfactant solutions such as their
solubilization ability for hydrophobic substances® or their
viscous and viscoelastic properties,' and their performance in
various applications. These self-assembled structures possess
numerous applications in many fields, such as nanotech-
nology,'>"* environment'* and biomedicine.'***
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attention to renewable sources to replace conventional sources.
Fatty acids are anionic surfactants that can be used to form
catanionic surfactants by surface proton transfer in the pres-
ence of a base such as alkali metal hydroxide (NaOH and KOH)
or amine components, which are supposed to be charged up by
surface proton transfer.’® These fatty acids show great advan-
tages, due to their availability in large amounts in nature and
their biocompatibility, and are considered to be environmen-
tally safer surfactants. Thus, many researchers began to focus
on the self-assembly of fatty acids. Gebicki and Hicks' mixed
oleic acid and oleate together to observe the vesicles formed in
aqueous solution through freeze-etched electron microscopy.
Cistola™ concluded that fatty acid vesicles could be formed
within a certain pH range, ca. 7-9. Walde™ reported that an
unsaturated fatty acid (UFA), docosahexaenoic acid (DHA), was
self-assembled into vesicles in dilute aqueous solution if the
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molar ratio of the neutral form of DHA to anionic DHA was kept
between 1 : 1 and 1 : 3. However, long chain fatty acid salts that
were formed from alkali metal hydroxide, such as NaOH and
KOH, had a very low solubility in aqueous solution corre-
sponding to a high Krafft point.>*® On the contrary, the counter-
ions in the presence of amines, such as tetraalkylammonium,
showed a drastic increase in the solubility, compared to the
alkali salt.”* Furthermore, ions of biological origin, such as
choline and alkaline amino acids (lysine and arginine), have
been used as counter-ions to disperse fatty acids because they
exist in aqueous solution with different ionic states such as
anionic, cationic and amphoteric, due to the amino groups and
carboxyl groups.”*?* The self-assembled structures formed by
these two kinds of biomaterials can greatly increase the solu-
bility of fatty acids in aqueous solution by decreasing the Krafft
point;'*** on the other hand, the ion of biological origin itself
provides a beneficial effect for biomedical applications.

Among the fatty acids, the unsaturated fatty acids (UFAs),
such as oleic acid (Cys.1), linoleic acid (Cys.y), linolenic acid
(Cis:3), eicosapentaenoic acid (EPA, C,.5) and docosahexaenoic
acid (DHA, C,,.6), are parts of constructive components of cell
membranes and of important physiological functions.”® The
UFAs-based self-assembled vesicles are characteristic by non-
toxicity for humans, good biocompatibility and biodegradation,
and are without immunogenicity.”” They have been considered
as promising carriers for drugs, food and cosmetics capsules,
not only for their structures and properties similar to lipo-
somes, which can entrap hydrophilic agents in their aqueous
compartment and hydrophobic ones into their membranes,*®
but also for the special physiological effects of UFAs.*® Analysis
of natural membrane phospholipids from the pressure area
measurements on fatty acid surface films suggested that the 12
to 22 carbon fatty acids would be suitable for the formulation of
stable ufasomes.” In fact, many research efforts have been
focused on self-assembled behaviors with oleic acid as an
anionic surfactant. Dowling®® developed gelatin gels containing
oleic acid to create pH-sensitive nanosized vesicle-loaded gels. A
vesicle-to-micelle transition occurred at higher pH and thus
they could be widely applied in pH-controlled release in drug
delivery systems. Berclaz®* used cryo-transmission electron
microscopy (cryo-TEM) and dynamic light scattering (DLS) to
investigate the matrix effect of oleic acid/oleate vesicles and
mixed phosphocholine/oleic acid/oleate vesicles. Hao** studied
the phase behavior of salt-free cationic and anionic surfactant
mixtures by mixing diethylenetriamine with oleic acid. In
addition to the study of the physical and chemical properties,
some researchers began to realize the application in drug
delivery. Foziyah® explored the potential of fatty acid vesicles
for the topical delivery of fluconazole, which was prepared by
film hydration method using oleic acid as a fatty acid principal
component. Jiang®** used oleic acid as the biocompatible
surfactant to react with drug molecules for the straightforward
fabrication of catanionic vesicles.

So far, most of the research work on UFAs has focused on the
self-assembly behavior of oleic acid. Actually, due to differences
in the numbers of double bonds in the molecular structure of
UFAs, the geometry configuration of the molecule will present
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differences even with the same carbon-chain, such as oleic acid
(C1s:.1), linoleic acid (Cys.,) and linoleic acid (Cyg.3), as shown in
Fig. 1, which will definitely influence the self-assembled
behaviors of UFAs. Based on this, we systematically investi-
gated the self-assembly of C;3 UFAs in the mixture of arginine in
aqueous solution, aiming at comparing the aggregation
behaviors of these UFAs with different degrees of unsaturation,
which result from the variation of molecular packing caused by
the bending of double bonds. Meanwhile, the potential of the
vesicles constructed by UFAs and arginine for drug delivery was
preliminarily evaluated as well. The aim of this meaningful
work is to provide basic information for developing a kind of
biocompatible drug delivery system, not only to encapsulate
either hydrophilic or hydrophobic drugs, but also to take the
effects of both UFAs and amino acid in organisms.

2. Results and discussion

The aggregation behaviors of arginine (Arg) with C;g unsatu-
rated fatty acids (UFAs) in aqueous solution were systematically
investigated to study the influence of the degrees of unsatura-
tion on self-assembly. This basic amino acid has one carboxyl
group, one amino group and one guanidine group, and it can
form a homogeneous and transparent solution in aqueous
media due to the high hydrophilicity and solubility of the
molecule. When fatty acids were added, they were deprotonated
by the amino groups to form anionic species, hence, the solu-
bilities of the fatty acids in aqueous media were greatly
increased. Meanwhile, with the variation of fatty acid concen-
tration, the different aggregation behaviors could be observed
through the acid-based reaction and non-covalent interactions.

2.1 Phase behavior of the Arg/UFAs/H,O system

The phase behaviors of the Arg/UFAs/H,O system can be
investigated at room temperature because they have lower
melting points and exist as liquids, compared to the Cig,
saturated fatty acid (Table 1). As shown in Fig. 2, the curves on
the left are the phase diagrams with the changing composi-
tions. At a fixed concentration of Arg, with the addition of UFAs,
the homogeneous L, (micelles) phase solutions were formed at
first, which was confirmed by the solubilization of Sudan II.*®
The transparent micelles exhibited very good viscoelasticity.
After the L, phase region, the birefringent L, (vesicles) phase
occurred at the bottom of the solutions in the L,/L,, region, and
extended to form single L, phase solutions. Finally, the L,/
emulsion phase appeared with the excess of UFAs. Sometimes,
a sponge phase could be observed after the vesicle phase in
different fatty acid systems; it was found by Li et al*® in the
mixtures of octanoic acid and lysine solutions, which was
confirmed by freeze fracture-transmission electron microscopy.

The photographs of typical samples with crossed polarizers
(Fig. 2, right) exhibited the phase transition processes. At a fixed
concentration of Arg at 100 mmol L™, when the molar ratio
(narg : Muras) was below 1 : 1, the transparent L, phase appeared,
and then the slightly turbid bluish L, phase was observed when
the molar ratio was below 1:2, which showed a colorful

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Molecular structures of arginine and UFAs.

Table 1 Physical properties of C15 UFAs

RSC Advances
. .
Oleic Acid
H H H H H H H H H H H H H H H H H
oo M
G Cr—C—Cr—C—C—C—C—C = C—C—C—C—C—C—C—C—C—H
P2 T N R O I ﬁ [ T (O (O
H H H H H H H H H H H H H H H
H H H H H H H H H H H H H H H H H
LN (N N T Y O N (O U P U O P O OO
Rl e e (5 M i i et e e e i e Wil el
2 I O R | | | |
H H H H H H H H H H H
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C,g UFAs Structure and degrees of unsaturation
Steric acid 18:0
Oleic acid 18:1; (cis)9

Linoleic acid
d-Linolenic acid

18:2; (cis)9,12
18:3; (cis)9,12,15

birefringent texture. At higher UFA contents, the excess UFAs
separated from the bulk aqueous solutions to form o/w emul-
sions. The Arg/UFAs/H,0 systems with the different degrees of
unsaturation, oleic acid, linoleic acid and o-linolenic acid,
exhibited different birefringent textures. For the oleic acid
system, the turbid and bright strips between crossed polarizers
were observed at 150 mmol L™, and then it changed to trans-
parent and colorful patterns at 200 mmol L™, indicating the
changes in the microstructures in the L, phase region. However,
the colorful patterns for the other two systems did not appear at
all; we only observed the weak birefringent texture after shaking
the samples for the linolenic acid system. The results demon-
strated that with the existence of more double bonds in the fatty
acid, the less rich phase behavior appeared. This difference in
phase transition caused by double bonds is related to the
structure of UFAs (Fig. 1). The existence of one or more double
bonds in the hydrocarbon chain in UFAs results in one or more
“bends” in the molecule.’” The geometry of the double bond is
almost always a cis configuration in natural fatty acids. The
more double bonds the chain has in the cis configuration, the
less packed it is. In other words, when a chain has many cis

This journal is © The Royal Society of Chemistry 2017

54-57 10.0

13-14 9.85
—5to -1 9.24
—11 to —10 8.28

bonds, it becomes quite curved in its most accessible confor-
mations. For example, oleic acid, with one double bond, has
a “kink” in it, whereas linoleic acid, with two double bonds, has
a more pronounced bend. a-Linolenic acid, with three double
bonds, favors a hooked shape. Therefore, it seems that poly-
unsaturated fatty acids with more than one double bond form
highly curved vesicles more easily, without further phase tran-
sition in the L, phase region under the same conditions.

The phase transition could also be reflected by the changes
in pH and conductivity presented in Fig. 3. It is well known that
amino acids exist as zwitterions in aqueous solution within
a certain range of pH.*® The Arg aqueous solution had a high pH
value, ca. 11.0, showing a rather strong basicity. The pH
decreased gradually with the continuous addition of UFAs, and
reached a stable value below 8.0 at excess UFAs. Due to the acid-
base reaction, these three Arg/UFAs/H,0 systems had a similar
pH value range (~8-9) in the L, region. At the same time, the
tendencies for conductivity changes were similar among the
three systems. The conductivity increased with the increase in
UFAs concentrations in the L; phase, because of the transition
of Arg from zwitterionic form to cationic form and the

RSC Adv., 2017, 7, 41561-41572 | 41563
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Fig. 2 Phase diagrams of Cyg; (a), Cig:o (b), Cig3 () (left) and photographs of typical samples with crossed polarizers (right) at cag =
100 mmol L. The concentrations of (a) oleic acid, (b) linoleic acid, (c) a-linolenic acid were 50 (L; phase), 100 (Ly/L,, two phase), 150 (L, phase),

200 (L, phase), and 220 (L,/E phase) mmol L™ E: emulsion.

increasing carboxylate ions with the addition of UFAs. It was
worth noting that a sharp decrease in conductivity appeared in
the L,/L, two-phase region, which could be used to determine
the phase boundary in the phase diagram. The reason might be
ascribed to the formation of vesicles, for which the ions could
be entrapped in the water layers and cores in vesicles, which
could therefore weaken the conductivity capability. The
conductivity maintained rather low values in the L, phase, and
finally reached a rather stable value. Compared to oleic acid, the
conductivities of linoleic acid and linolenic acid were higher
and the values reached 0.8 and 0.7 ms ecm™ " almost at the same
concentration, respectively, while the pH values were lower than
oleic acid because of the lower pK, values. Interestingly, we
found that for oleic acid, the L,/L,, region was wider, compared
to linoleic acid and linolenic acid, while the L, region was
exactly the opposite, which corresponds to the phase diagrams
(Fig. 2). All of the changes may also ascribe to the chemical and
physical properties induced by the degrees of unsaturation.

In order to explain the different morphologies of self-
assemblies of amphiphiles in aqueous solutions, a well-
known theory called critical packing parameter (P.) was
proposed by Israelachvili et al.:*®

14

Pci (1)

aolc
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where v and /. are the volume and length of the hydrophobic
chain, respectively, and a, is the average headgroup area of
amphiphilic molecules. It was reported that spherical micelles
(P. = 1/3), rod-like or wormlike micelles (1/3 < P. < 1/2), bilayers
(1/2 < P. = 1), and reverse structures (P, > 1) could be obtained at
different P, values. Within the L, phase region, vesicles appear
at lower P, 1/2 < P, =< 7/10, and transform into tubular or planar
bilayers (7/10 < P. = 1). Therefore, with the addition of UFAs,
the amounts of ion pairs and hydrogen bonding increase
continuously and modulate the interactions, including elec-
trostatic interaction, hydrogen bonding, and hydrophobic
interaction, inducing an increase in P.. This leads to the
formation of different aggregates from transparent micelles (L,
phase) to turbid bilayer structures (L,). The degrees of bending
induced by different numbers of double bonds can also affect
the packing of molecules. Due to the effect of steric hindrance,
oleic acid with a single bond has a higher v value than the other
two UFAs, leading to a higher P. value; owing to the nature of
intermolecular interaction, more stacking occurs as the degree
of unsaturation is less, thus leading to the rich phase behaviors.

2.2 Microstructure observation

The samples in the birefringent L, phase region were observed
by polarizing microscopy and cryo-TEM. Typical pictures of the

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The phase behaviors and variations in the conductivity and pH of (a) oleic acid, (b) linoleic acid and (c) linolenic acid with the variations in

concentrations. car,g = 100 mmol L. E: emulsion.

L, phase are presented in Fig. 4 and we can clearly see the
typical Maltese crosses, indicating the formation of lamellar
structures.® At a fixed concentration of Arg at 100 mmol L™, the
shape of the oleic acid vesicle at 150 mmol L™ " was a regular
circle (Fig. 4a), revealing the formation of spherical vesicles,
while for the 200 mmol L™" sample, the vesicles were out of
shape (Fig. 4b). This difference of aggregation structures was
demonstrated by cryo-TEM observations, which is a powerful
tool that enables an unambiguous observation of the surfactant
self-assembled structure in their hydrated states.*® As shown in
Fig. 4c and d, polydisperse vesicles with diameters from 100 nm
to near 500 nm were clearly observed. It can be seen that most
were unilamellar vesicles. The vesicles were likely to be slightly
deformed, indicating the flexibility of the vesicle bilayers, which
is often found in hydrocarbon surfactant systems.** When the
oleic acid concentration increased to 200 mmol L™, we could
not observe the microstructures because the thin films were
hard to form when the excess solution was bolted with two
pieces of filter paper, due to the high viscoelasticity of the
system.

2.3 Rheological properties

The viscosity properties of the Arg/UFAs/H,O system can be
characterized by rheological properties. Steady and oscillatory
shear experiments were performed to detect the changes in the
microscopic structures. Fig. 5 illustrates the variation in
viscosity via the shear rate at ca; = 100 mmol L. All of the
samples’ apparent viscosities decreased with the increase in

This journal is © The Royal Society of Chemistry 2017

shear rate. In the micelle region, the sample with c¢¢ A =
60 mmol L' possessed rather low viscosity, which then
increased by 10 times when the concentration reached
80 mmol L. This might be ascribed to the formation of worm-
like micelles.*”> Within the L, phase region, the samples showed
shear thinning behavior, which was typical for vesicle solu-
tions.> Moreover, with the increase in the oleic acid concen-
tration, the viscosity increased. This might be ascribed to the
increasing vesicles density, due to the formation of vesicles with
the addition of oleic acid. With further addition of oleic acid, at
¢c,,, = 210 mmol L™, the viscosity did not change more because
of the formation of the lamellar phase (L,).*® Linoleic acid
and linolenic acid exhibited very low viscosities even at higher
concentrations, which reflected the formation of small
low-density vesicles.

The viscoelastic properties for six typical selected samples
were detected by dynamic rheological measurements. As shown
in Fig. 6, the storage modulus (G’) and loss modulus (G”), which
were often used to describe whether the fluid was mainly
dominated by viscosity or elasticity, were almost independent of
the frequency within the range 0.01-10 Hz. However, the
complex viscosity |n*| linearly decreased within the studied
frequency range. The G’ was found to be higher than G”, pre-
senting an elastic dominant property. For the Cyg.4 System, in
the L, phase region (Fig. 6a), G’ and G” were in the same order of
magnitude. In the L, phase region (Fig. 6b-d), G’ was about an
order of magnitude higher than G”, which was the typical
characteristic of vesicle solutions. With the increasing amount

RSC Adv., 2017, 7, 41561-41572 | 41565
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Fig. 4 Typical polarized images (a and b) and cryo-TEM (c and d) images of the L, phase with caq = 100, c(Cyg.1) = 150 (a, ¢ and d) and

200 (b) mmol L%,
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Fig. 5 Viscosity changes with different concentrations and UFAs at
Carg = 100 mmol L™%. T=25.0 + 0.1 °C.

of Cyg.4, G' and G” both increased, being consistent with the
steady rheological results. For the polyunsaturated fatty acids
(C1g:2, C15:3) (Fig. 6 and f) at the concentration of 200 mmol L ™"
in the L, phase region, the results showed very low complex
viscosity and modulus. Both G’ and G” were lower than 5 Pa and
even lower than C;g; in the L; phase region, representing the
rather low viscoelasticity. The difference in rheological proper-
ties can also be ascribed to the structures of UFAs. As described
previously, the bending of double bonds can lead to the folding
of molecules, which will affect the packing of the molecules,
and thus impact the physical properties. By comparing the three

41566 | RSC Adv., 2017, 7, 41561-41572

fatty acids, oleic acid is considered to be less flexible, with
higher stacking and less curvature leading to rather high
viscoelasticity. In contrast, molecules with two or more unsa-
turations are more flexible and the membranes become more
fluid-like, resulting in the formation of vesicles with higher
curvature and lower viscoelasticity.

2.4 >H NMR

*H NMR experiments were carried out to study the anisotropy of
the lamellar phase in aqueous solution at room temperature.
The *H NMR technology supplies the information about the
motion averaged electric quadrupole couplings between the
deuterium nuclei and the electric field gradients around the
nucleus;* this interaction is ascribed to the motion of D,O
molecules and is sensitive to the interface of the surfactant
assemblies.*” For a macroscopically anisotropic solution, D,O
molecules at the anisotropic site experience a nonzero average
of the quadrupole interaction, leading to a splitting of reso-
nance, while for an isotropic environment, the interaction has
a zero average due to the fast molecular motion and only
a single sharp peak is obtained. Fig. 7 shows quadrupolar
nuclear magnetic resonance spectra induced by the changes in
concentrations and components. For oleic acid, when the Arg
concentration was fixed at 100 mmol L™, with the increase of
the oleic acid concentration, the sharp peak (L,/L,) gradually
became wide (L,), and finally a doublet quadrupole splitting
was observed in the spectrum due to the long-range ordered
anisotropic bilayer structure, which revealed the coexistence
phase of vesicles and lamellar phase (L,y/Ly).*® In order to
observe the ’H NMR spectra of single L,;, we doubled the

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Dynamically rheological results of six typical samples. Carg is 100 mmol L% and Cc,,, is (@) 80 (L1 phase), (b) 150 (L, phase), (c) 200 (L,
phase), (d) 210 (L, phase), (e) cc,,, and (f) cc, is 200 (L, phase) mmol L. T=250=+0.1°C.

concentrations of Arg and oleic acid to 200 and 400 mmol L™,
respectively. Interestingly, an apparent doublet quadrupole
splitting peak was observed, indicating the formation of
lamellar structure.*”®* For linoleic acid and linolenic acid, the
water molecules bounded at the interface of curved bilayers
exhibited local anisotropy, but a long-range isotropy; only
a single narrow peak was observed in the spectrum.

2.5 Surface tension

The change in hydrophobicity can be reflected by surface
activity. The surface tensions of Arg-UFAs mixtures are shown
in Fig. 8. The chosen samples were in the region of the L, phase.
The critical micelle concentration (cmc) and surface tension at
cme (Yeme) Were identified to evaluate the efficiency and the
effectiveness of surfactants to reduce the surface tension,
respectively. Arg had a very poor surface activity, which was
shown in the inset in Fig. 8. When fatty acids were added to Arg

This journal is © The Royal Society of Chemistry 2017

solution, both the cmc value and <.y, obviously decreased,
indicating the enhancement of surface activity, which could be
ascribed to the formation of electrostatic interactions and
hydrogen bonding. When the molar ratio of Arg and oleic acid
was increased from 100 :40 to 100 : 60, the surface tension
showed very little difference. However, the degrees of unsatu-
ration played an important role in influencing the surface
activity. In general, the hydrophobicity of the aliphatic chain
will be weaker if the number of unsaturated bonds is higher;
therefore, oleic acid molecules with only one double bond in the
aliphatic chain had a small cmc (0.018 mmol L™') and veme
(27.87 mN m ™), which exhibited stronger hydrophobic prop-
erties, hence they were less soluble in aqueous solution. On the
contrary, linolenic acid molecules that correspond to three
unsaturated bonds had the highest cme (0.021 mmol L™") and
Yeme (30.11 mN m™'), owing to the fact that they had the
weakest hydrophobic property.
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L~ for Cyg.4, 100 : 60 mmol L™ for Cyg.» and Cyg.3. Inset: the surface
tension vs. Arg concentration. T = 25.0 + 0.5 °C.

2.6 Proposed mechanism

L-Arg can exhibit ionization not only at the amino-carboxylic
groups, but also at the guanidinium portion.*” The degree of
protonation can be changed with varying the acidity or basicity;
thus, four different species can be available for 1-Arg, as shown
in Fig. 9. According to the three different dissociation constants
of 1-Arg, pK,; (-COOH) = 2.17, pK,, (-NH3) = 9.04, pKas
(guanidine group) = 12.48,"® the distribution coefficient () of
L-Arg as a function of pH value in aqueous solution is calculated
as follows:

K31K32Kd3
[H+:|3 + Kal [H+}2 + KalKa2 [HJF} + KalKaZKaS

0p =
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5= KalKaz [H+]
=
]+ Ka [+ KK [H] + KKK
. Kq[H)?
-
H) + K [H]? + Ko Ko [H] + Ko Ko Ko
N [H']

N [Hﬂ} + K [H+]2 + K Koo [H'] + Koy Ko K3

where the brackets “[ ]” refer to the concentrations of the cor-
responding components in the brackets. The distribution
curves of 1-Arg ionic states were drawn as in Fig. 10. It can be
seen from the distribution curves that when the pH is below 2, 1-
Arg will exist as a totally protonated state (type I); when the pH is
between 3-8, species II is the major form, which exists as
zwitterions with a charge on the guanidinium group; species I11
shows no charge in the solution when the pH is up to 10-12;
species IV only appears when the pH is higher than 13. In our
Arg/UFAs/H,0 system, species II could be observed because this
species is the thermodynamically more stable species and thus
has the highest probability to be present in aqueous solution
under physiological conditions.

The Arg/Cis.4/H,O system was chosen to illustrate the
interactions between Arg and UFAs in the aggregation process.
The proposed model for the interactions in aqueous solutions is
shown in Scheme 1. In pure Arg solution, the guanidine group
in the side-chain shows high alkalinity, existing in protonated
species III in aqueous solution, and can easily form double
hydrogen bonds with carboxyl acids. With the increase in oleic
acid, the -NH, group connected to the -COOH group is
protonated by the H' dissociated from fatty acids to form ion-
pairs through the strong electrostatic interaction. Another
hydrogen bond is considered to exist between oleic acid and
deprotonated oleate anions. Finally, induced by the hydropho-
bicity of the hydrocarbon chains of fatty acids, micelles, vesicles
and lamellar phase are formed with the change of composition.
Therefore, the formation of the self-assembled structures is
mainly driven by the synergistic effects of electrostatic interac-
tion, hydrogen bonding and hydrophobic interaction.

FT-IR spectroscopic studies were conducted to detect the
hydrogen bonding in mixtures. Fig. 11 shows the FT-IR spectra
of pure Arg solution (a), oleic acid (b), and ion-pair compounds
formed from Arg and oleic acid (c). For the complex (curve c),
firstly the stretching vibration band of -NH, disappeared, which
was located at 3430 cm ™" for Arg solution, instead of a new band
at 3260 cm ™ '. It can be presumed that this broad band is the
asymmetric stretching vibration of -NH;*. Two obvious peaks
appeared at 1698 cm ' and 1639 cm ™'
sponding to the -COOH stretching peak at about 1710 cm™
(curve b) and the -COO™ (curve a) stretching peak at 1650 cm ™.
The hypsochromic shift of these two absorption peaks could be
attributed to the formation of hydrogen bonding between the

, respectively, corre-
1

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Different ionic states of L-arginine molecules.

carboxyl group and guanidinium group (Scheme 1). All these
characteristic absorption bands confirmed that Arg molecules
accepted protons donated by oleic acid molecules, thus forming
the ion-pair compounds through elastic electrostatic interac-
tions and then the aggregates self-assembled by hydrogen
bonding and hydrophobicity.

2.7 Invitro release study

Vesicles are of technological interest for potential application in
various areas such as the cosmetic industry, nanostructured
systems and especially in drug delivery systems. Vesicles can
simultaneously encapsulate hydrophilic drug molecules in the
core of the vesicle and hydrophobic drugs in the hydrophobic
membrane (Scheme 1). In order to investigate the effect of the
drug release rate, we utilized vesicles formed from Arg/UFAs/
H,0 to encapsulate the water-soluble model drug, calcein,
which is generally a fluorescent dye used for entrapment in drug
delivery.* The drug-release profiles of drug-loaded vesicles in

Fig. 10 Distribution curves of L-Arg ionic states.
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Scheme 1 Schematic representation of the structural transition in the Arg/Cig.1/HoO system.
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Fig. 11 FT-IR spectra of Arg (a), oleic acid (b), ion-pair compounds
formed from Arg and oleic acid (c).

the phosphate buffered solutions (PBS, pH 7.4) are shown in
Fig. 12. It was observed that pure calcein (control) was rapidly
released into the buffer, and reached about 90% within 4 hours.
For drug-loaded vesicles, however, only 70% calcein was
released for C,5., and 60% for C,g.; and Cg.3, when the molar
ratio of Arg and oleic acid was 1 : 1.5. Finally, the release rate
was stabilized at 85% for C;g.; and Cyg.3. The results indicate
that the vesicles displayed potential in encapsulating the water-
soluble drug. As shown in Scheme 1, the vesicles bilayered
membrane enclosed an aqueous core, and both water and drugs
could be successfully entrapped within the vesicles. The
hydrophilic drugs could be entrapped in the central aqueous
core of the vesicles. Moreover, hydrophobic drugs can also be
entrapped within the bilayered membrane. In this case, firstly,
the drug molecules moved into the core of the vesicles and then
moved out to the solution until they achieved dynamic equi-
librium. Finally, the drug diffused from the dialysis bag into the
buffer. Thus, the transport of the free drug molecules across the
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Fig. 12 Cumulative release of pure drug and vesicles (PBS, pH 7.4).
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dialysis bag reduced the concentration of free drug, leading to
the gradual release of drug molecules. The relatively slow
release suggested that the model drug entrapment and its
subsequent release were not largely influenced by time and
could be easily applied in the pharmaceutical industry.

3. Experiment section
3.1 Chemicals and materials

Oleic acid (Cyg.1) was purchased from Sigma (95%, AR). Linoleic
acid (Cyg.2) was purchased from Wu Han Fortuna Chemical Co.
Ltd. (95%, AR). a-Linolenic acid (C,4.3) was purchased from J&K
Chemical Reagent Co. Ltd. (97%, AR). Arginine (Arg) was
purchased from Aladdin (98%, AR). All of the other reagents
used in this work were of analytical grade and were used as
purchased without further purification.

3.2 Phase behavior study

Phase behavior was studied by visual inspection with the help of
crossed polarizers. Sample solutions were prepared by adding
different ratios of UFAs to arginine aqueous solution, and then
stirring until all the fatty acid dissolved. All samples were frozen
at —20 °C and then heated at 50 °C for at least 10 min. This
process was repeated three times and the samples were finally
stored at room temperature for 4 weeks.

3.3 Surface tension measurements

Surface tension measurements were performed on a fully
automated surface and interface tensiometer-A101 (Kino
Company, USA) using the ring method at room temperature.
The adopted method was dilution. Twenty milliliters of micelle
solution were measured firstly, and then a known volume of
water was added and stirred, and the concentration calculated.
The time interval between each measurement was 5 min and
the ring was fired after each test.

3.4 Conductivity and pH measurements

Conductivity measurements were performed on a DDS-11A
conductivity meter with a DJS-1 platinum-black electrode at
room temperature. The pH value was determined on a PHS-25
pH meter with an E-201-9 glass electrode at room temperature
after the measurement of conductivity.

3.5 Rheological measurements

Rheological measurements were carried out on a Physica MCR
302 Rheometer with a cone-plate system (CP50-1). In steady
shear experiments, the shear rate was typically increased from
0.01to 10 s~ . In oscillatory measurements, an amplitude sweep
at a fixed frequency of 1 Hz was performed prior to the
frequency sweep in order to ensure the selected stress was in the
linear viscoelastic region. The rheometer was connected to the
water bath for controlling the temperature (25.0 &+ 0.1 °C), and
the samples were equilibrated for 5 min before every
measurement.

This journal is © The Royal Society of Chemistry 2017
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3.6 Cryogenic-transmission electron microscopy (cryo-TEM)
observations

The vesicle phase solution with low viscosity was determined by
cryogenic transmission electron microscopy (cryo-TEM). The
samples were prepared in a controlled-environment vitrification
system (Gatan, USA) at room temperature under 90% relative
humidity. During the process, a micropipette was used to load 1
uL of solution onto a copper grid coated with carbon film. The
excess solution was bolted with two pieces of filter paper,
resulting in the formation of very thin films suspended on the
mesh holes. After 10 s, the samples were quickly plunged into
liquid ethane cooled by liquid nitrogen. The vitrified samples
were transferred to a cryogenic specimen holder (Gatan 626),
and then examined with a Tecnai 12 TEM operated at 120 kV.

3.7 Polarizing microscopy observations

Polarized observations were performed by a Leica DM RXL
(LEICA, Germany) microscope. Several drops of solution were
placed into a glass trough, which was covered by another glass
slide to avoid solvent evaporation.

3.8 2H NMR measurements

*H NMR spectra were recorded on a Bruker Avance 400 spec-
trometer equipped with pulse field gradient module operating
at a deuterium frequency of 61.4 MHz in a 9.4 T magnetic field,
and were controlled by Bruker Topspin 2.0. The samples were
prepared in D,0O, and were placed in 5 mm NMR tubes left at
25.0 = 0.1 °C for 4 weeks for equilibration. Spectra were ob-
tained by Fourier transform using a single pulse sequence,
without field frequency lock.

3.9 Spectral measurements

Infrared spectra were recorded on a Fourier transform infrared
spectrometer (Thermo Scientific Nicolet iS50, Thermo Fisher
Scientific Inc., KBr beamsplitter) with a resolution of 2 cm™* at
room temperature. Samples were freeze dried before testing.

3.10 Calcein entrapment experiments

The water soluble model drug, calcein (0.5 mg mL™ "), was dis-
solved in 50 mmol L™ " arginine solution, and then drug-loaded
vesicles were obtained in the presence of different amounts of
UFAs (150 mmol L™ ") by stirring for 12 hours at room temper-
ature. The unloaded free drug was removed by dialysis using
a dialysis membrane bag with molecular weight cut-off of
~3500 Da according to a reported procedure.*® The dialysis
membrane bag of 5 mL drug-loaded vesicles was immersed in
500 mL of phosphate buffer solution (PBS) and dialyzed at room
temperature with 200 rpm of stirring. Fresh PBS (3 mL) was
added 6 times in 2 hours (20 min each). For calcein release
experiments, 1.0 mL drug-loaded vesicles were sealed in a dial-
ysis membrane bag, and incubated at 37.0 £ 0.5 °C in 50 mL
PBS at pH = 7.4, which is similar to the pH of human blood. The
solution was continuously stirred at 100 rpm. At selected time
intervals, 1.0 mL of solution was withdrawn from the release
media and replaced by the same amount of fresh buffer. The
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solution was assayed by a UV spectrophotometer at a wave-
length of 495 nm, which is the typical absorbance peak of cal-
cein. For comparison, the release of the pure calcein in the
release medium was also investigated.

4. Conclusion

In summary, the self-assembly properties, phase behavior and
potential application of biological molecules, arginine and
three different UFAs, were investigated in detail. The results
clearly demonstrate that the degree of unsaturation has
a significant effect on the self-assembled structures. Oleic acid,
with one double bond, exhibited rich phase behavior—the
phase transition from the vesicle phase to stacked lamellar
phase in the L, region, which was proved by cryogenic trans-
mission electron microscopy (cryo-TEM) and polarizing
microscopy observations combined with *H-nuclear magnetic
resonance (>H NMR). The rich phase transition could not be
observed in polyunsaturated fatty acid systems because poly-
unsaturated fatty acids always exist in a cis conformation
naturally, and are susceptible to bending and kinking, pre-
venting the cis-fatty acids from packing closely together. Thus,
higher curvature vesicles were formed with the increase in
double bonds, which was reflected in the rheological properties.
All of these self-assembled structures (micelles, vesicles and
lamellar phase) were formed in the presence of synergetic
effects of electrostatic interactions, hydrogen bonding, and
hydrophobicity. Finally, the drug release behavior results indi-
cated that drug-loaded vesicles were formed through Arg/UFAs/
H,0 spontaneously, rather than by mechanical processes like
liposomes, exhibiting sustained drug release properties.
Considering the applications of amino acids and unsaturated
fatty acids in many fields, we hope the results from the current
study will have potential applications in drug delivery systems.
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