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Abstract In this work, the phase behavior variations of

an ascorbyl palmitate (Asc16) system in aqueous solution

were analyzed when immunologically active hydrophilic

compounds (CpG and OVA) were introduced. This study

was carried out through optical polarizing microscopy

(OPM) and differential scanning calorimetry (DSC) at

different temperatures and over a broad range of concen-

trations. The combination of both techniques allowed the

determination of a complete phase diagram which was

compared with those built for Asc16-water system and it

was demonstrated that fixed concentrations of hydrophilic

compounds (300 and 24 lg/g for CpG-ODN and OVA

respectively) generate two lamellar liquid crystals, a cubic

liquid crystal phase, and also other aggregates. However,

no changes were observed in the phase diagram in terms of

formation of new mesophases. The aqueous phase behavior

was also studied as a function of surfactant and tempera-

ture. DSC and Fourier transform infrared spectroscopy

(FT-IR) measurements show differences in the free water

and mainly in the secondary hydration layer, which confirm

that the studied compounds are situated in the aqueous

domain. The construction and analysis of Asc16 phase

diagrams with a fixed concentration of CpG-ODN/OVA

allows the comprehension of Asc16 phase behavior and

could be easily adapted to other concentrations. Moreover,

these findings could be extrapolated to other hydrophilic

substances in aqueous solution introduced in liquid crystal

phases since they follow a similar behavior as those

reported in the literature.
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Introduction

Alkanoyl-6-O-ascorbic acid esters (Asc) help in the trans-

fer of the antioxidant activity of vitamin C into lipophilic

media. Due to their chemical structure i.e. a hydrophobic

portion (hydrocarbon chain) and a polar group (ascorbic

acid), these esters behave as amphiphilic molecules [1].

Furthermore, during the preparation of these chemicals the

entire ascorbyl ring remains intact, therefore the final

amphiphilic species undergo similar radical scavenging

activity of vitamin C and the antioxidant efficacy is similar

to others natural reducing compounds, for instance phe-

nolic acids, flavonoids, and essential oils. Moreover, due to

their structural architecture they can be easily solubilized in

hydrophobic liquids, or mixed with biological lipophilic

compounds such as fats, oils, vitamins, and lipid membrane

bilayers [2].

Ascorbic acid esters form supramolecular aggregates in

aqueous dispersions; their nature depends on their chemical

structure, concentration, and temperature. The phase
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behavior of Ascn (cn being the length of the alkyl chain) is

probably one of the most reliable physicochemical evi-

dence of the complex series of intermolecular interactions

(hydrophobic, electrostatic and hydrogen bonding interac-

tions), which control the thermal behavior of aqueous

dispersions of these surfactants. Ascorbyl palmitate (Asc16)

belongs to this family of molecules and its physicochemi-

cal behavior has been widely studied [1–4]. Ambrosi et al.

[5] and later Benedini et al. [3] have reported that Asc16-

water system forms clear dispersions at temperatures

higher than the critical micelle temperature (CMT) and at

higher concentration than the critical micelle concentration

(CMC). On cooling these water dispersions form coagels

(Coa) [2, 6]. The ‘‘coagels’’ are hydrated crystalline phases

[7–9] and their lamellar structure produces at least one

highly ordered dimension, so they exhibit sharp X-ray

diffraction (XRD) patterns and optical birefringence.

Besides, they have been extensively studied as drug

delivery systems with potential application in ocular and

dermal therapies [9–11]. In this context, Benedini et al. [3]

reported the complete phase diagram of Asc16-water sys-

tem in which, at concentration below to 0.48 weight frac-

tion this system shows hydrated crystals in an isotropic

liquid, and give rise to a lamellar liquid crystal when

heated to *60 �C. Therefore, by mean of phase studies we

were able to evaluate the potential utility of this new liquid

crystal system, which has evidenced interesting properties

as pharmaceutical carrier [2, 4, 12, 13].

Vaccine formulations are steering away from live

attenuated microorganisms toward subunits of pathogens

(highly purified or recombinant molecules). Although the

latter antigens (Ag) are intrinsically safer, they are often

poorly immunogenic as a result of the inadequate inherent

immune-stimulatory property and therefore they require an

adjuvant to trigger an efficient immune response. In

immunology, the term ‘‘vaccine adjuvant’’ comprises all

molecules/compounds or formulations that are able to

stimulate the specific immune response when used in

combination with Ag [14]. In that sense, there has been

significant interest in the potential use of oligodeoxynu-

cleotides (ODN) containing specific cytosine-guanine

(CpG) sequences as an immunotherapy for malignant,

infectious and allergic diseases [15, 16]. In contrast to

currently licensed adjuvants, CpG-ODN have demonstrated

that they elicit strong humoral and cellular immune

responses towards a broad heterogeneity of Ag and confer

protection against a wide variety of bacterial, viral, and

parasitic agents in several animal models [17, 18].

The mechanisms of action which control the synergistic

responses between CpG-ODN and Ag are not well under-

stood, but numerous factors could contribute such as the

protection of CpG-ODN from enzymatic degradation, a

depot effect whereby CpG-ODN is gradually released from

the site of injection, and possibly an increasing uptake by

antigen presenting cells (APC) for example dendritic cells

[19]. While preliminary human experimentation has yiel-

ded encouraging results, clinical use of free CpG-ODN still

deal with different challenges, which limit their effective-

ness. These comprise lack of in vivo stability, toxicity,

unfavorable biodistribution/pharmacokinetic pattern,

unspecificity for target cells and a weakly intracellular

uptake [17, 20, 21]. In this context, the development of an

efficient drug carrier system which could overcome these

drawbacks and improve the adjuvant properties of CpG-

ODN is mandatory. To this end, a great number of for-

mulations have been explored, such as microspheres [22]

liposomes [23] nanoparticles [24] and nanotubes [25]

applying different material engineering and technological

approaches. Although some of these formulations appeared

promising, they also have had some problems mainly

relating to manufacturing issues, such as scaling-up, toxi-

city associated with cationic materials, and the purity of the

products [26, 27].

On the other hand, the formulation of CpG-ODN impact

on the immune response, and therefore, the resulting

therapeutic effects. It is expected that the efficacy of CpG-

ODN could be substantially improved by using appropriate

drug delivery systems. Early experiments showed that the

addition of CpG-ODN to a conventional protein model Ag

such as ovalbumin (OVA) boosts the antibody production

by approximately threefold [28]. In those experiments,

both OVA and CpG-ODN were free to diffuse from the site

of injection.

Results from different investigations have reported that

immunological activity is improved by linking CpG-ODN

directly to the Ag, [29] co-encapsulating into liposome

vesicles [23] or adsorbing them onto cationic poly-actide

co-glycolides (PLG) microparticles [30]. Regarding this,

conjugates containing CpG-ODN and Ag were preferably

taken up by APC leading to significantly higher cytotoxic T

lymphocytes responses compared to unconjugated mix-

tures. Such results confirm the hypothesis that optimal

immunological response is achieved once Ag and adjuvant

are presented to the immune system in temporal and spatial

closeness. However, it is difficult to compare different

formulations of CpG-ODN reported in the literature

because the amount and the type of CpG-ODN/OVA as

well as the mouse strain and the immunization protocols

are divergent. For example, Erikci et al. [31] showed the

results in Balb/c mice immunized with OVA (7.5 lg) and
CpG-ODN (15 lg) co-encapsulated in anionic nanolipo-

somes injected intraperitoneally. Similarly, in Fischer et al.

[32] experiments, one group of mice received 10 mg of

chitosan-coated PLGA microparticles contained between

90 and 140 lg of OVA peptide (SIINFEKL) covalently

attached to CpG-ODN (20 lg). There are almost endless
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combinations of doses that are possible and doing such

studies in mouse models just contribute to estimate the

optimal human dose for CpG-ODN since the activity in

humans may be less than in mice, due to differences in

TLR9 expression in dendritic cell populations [33].

Accordingly, CpG-ODN was formulated with OVA in

coagels formed by self-assembly of Asc16 [34]. Here, the

authors showed that CpG-ODN loaded into Coa-Asc16

dramatically enhances the magnitude of both OVA-specific

humoral (immunoglobulins G1 and G2) and cellular (in-

terferon gamma and interleukin 17) immune responses

even when the dose of CpG-ODN was reduced twice

compared to CpG-ODN in solution. Sanchez Vallecillo

et al. [34] hypothesized that the particular local immuno-

competent environment created by coagels may signifi-

cantly impact in the final OVA-specific immune response.

This could be one of the mechanisms by which coagels

increases the immunogenicity of OVA/CpG-ODN.

Even if several structure and dynamics features of bulk

water could be considered as rational, these could not be

applied to water found in interfacial or restricted environ-

ments. Therefore, the activity of water molecules could be

restricted when they are linked to the protein’s surface,

lyotropic liquid crystals or micelles. The water layer in the

pool of a reverse micelle is heterogeneous, even on a

molecular level, and its properties in the layer are sus-

ceptible to the detailed interactions with the adjacent sur-

face [35]. The water in the immediacy of biomolecules,

e.g., biological water is especially relevant to their organic

or living functions. Furthermore, biological macro-

molecules are physiologically inactive in the absence of

water. In regards to this, the properties of water in colloidal

systems represent a significant factor that must be consid-

ered [5].

In summary, the analysis of the physicochemical

behavior of systems based on lamellar structures such as

coagels could lead to elucidate the mechanisms that govern

the establishment and the way of action of CpG-ODN once

incorporated into this carrier. Another important aspect for

systems that are likely to be applied for biological pro-

cesses is the function of water found in the polar layer.

Regarding this, the conformation and dynamics of water in

the microstructure of aqueous surfactants represent an

essential point in the comprehension of the aggregation

phenomena and the resulting interactions in the inner

phase. Taking into account these considerations, the aim of

this work was to study the whole phase diagram of the

CpG-ODN/Asc16-dextrose solution in order to evaluate the

modification in the structure of Asc16 in solution induced

by CpG-ODN and thus, the change in the water behavior in

these supramolecular structures. The characterization of

nature of the phases and water behavior into bilayers was

performed by differential scanning calorimetry (DSC) and

the observation of textures through an optical polarizing

microscope (OPM) at different concentrations and tem-

peratures. The results of water behavior were confirmed by

Fourier transform infrared spectroscopy (FT-IR). Finally,

the results were compared with those obtained by Benedini

et al. [3] in which a complete phase diagram for Asc16-

water system was described (Fig. 1).

Materials and Methods

Materials

Phosphorothioated CpG oligodeoxynucleotide 1826,

seq (50–30: tccatgacgttcctgacgtt) was acquired from Operon

Technologies Inc. (Alameda, California, USA) and it was

reconstituted in 0.9 % NaCl saline solution (B. Braun

Medical S.A, Buenos Aires, Argentina) to a final concen-

tration of 1 mg/ml. Ovalbumin (albumin from chicken egg

white grade v A5503) was purchased from Worthington

Biochemical (New Jersey, USA) and OVA stock solution

was prepared in dextrose 5 % solution (Roux-Ocefa Bue-

nos Aires, Argentina) to reach a 10 mg/ml final concen-

tration. L-ascorbic acid 6-hexadecanoate (Asc16) was

obtained from Fluka Analytical (Saint Quentin Fallovier,

France). All others chemicals were of analytical grade and

used as received.

Methods

The samples were prepared by mixing the components

(Asc16, dextrose solution, and CpG-ODN/OVA) in the

chosen ratios in glass containers. The suspensions were

heated (72 �C) in ultrasonic equipment (15 min), left to

reach room temperature in hermetically sealed plastic tubes

and kept in darkness for further analyses. The dispersions

were made with an increasing concentration (C) of Asc16:

0.02, 0.05, 0.10, 0.3, 0.5 and 0.7 weight fraction in dextrose

solution. Equivalent samples were prepared by replacing

the dextrose solution with 75 and 6 ll of CpG-ODN and

OVA solutions respectively in order to obtain the loaded

systems while maintaining the concentration of Asc16
constant. These quantities were the same as those used in

the in vivo experiments developed by Vallecillo et al. [34]

and were kept constant in all samples. Mouse strains and

adjuvant doses for this model antigen were determined to

be optimal based on previous studies conducted in our

laboratories [36, 37].

Special attention was paid to reduce Asc16 oxidation by

dissolved oxygen taking rigorous care to minimize the

contact with air [38, 39]. Considering the possible
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oxidation of the cyclic ring, the length of degraded Asc16

in lamellar mesophases and crystals is predicted to be

further diminished in these micro-environments due to the

low water exposition. In addition, the confinement of water

in the lamellae reduces the possibility of oxygen diffusion

inside the crystalline and liquid crystalline microstructures.

Differential Scanning Calorimetry Measurements

(DSC)

Calorimetric measurements were performed with a Q20

Differential Scanning Calorimeter (TA Instruments).

Samples were prepared using hermetically sealed alu-

minium pans which had been weighed with a ±0.00001 g

precision balance. The samples were previously cooled to

20 �C for 5 min (min). Afterwards they were heated up to

150 �C at a rate of 5 �C/min. Occasionally, several samples

were maintained at this temperature for 1 min in order to

corroborate the decomposition of Asc16 revealed by

changes in the heat flow. No degradation was detected

under these conditions (samples in hermetically sealed

pans at 120 �C). Others dispersions were also cooled at the

same ratio and the cycle was carried out again. Under these

new conditions, no significantly changes in comparison

with the first cycle were observed. The superposed peaks

were analyzed by means of Gaussian fits and the phase

diagram obtained displayed contrasting regions delimited

by the transition temperatures.

Optical Polarized Microscopy (OPM)

A polarizing microscope (Nikon Eclipse E-200 POL,

Tokyo, Japan) was used for optical microscopy analyses.

The microphotographs were taken from dispersions placed

within glass slides and heated in order to achieve one of the

distinctive areas present in the phase diagram defined by

calorimetric analyses. Aiming to determine the various

phase changes, the textures observed on cooling were also

recorded. Additionally, images were recorded with a

lambda (k) retardation plate and without crossed polarizers.

Infrared Spectroscopy (FT-IR)

A full scanning spectrum (64 scans) ranged from 4000 to

400 cm-1 was obtained on a Thermo Nicolet FT-IR-Nexus

470 equipped with a Nichrome DTGS Detector and a KBr

beamsplitter (Minnesota, USA). The background was

established with anhydrous KBr. Log mode: as a solid

dispersion in a solid (2.0 mg of anhydrous compound in

150 mg of anhydrous KBr) contained in a microcapsule

Diffuse Reflectance accessory.

Water Properties

The determination of water properties and the number of

water molecules per molecule of Asc16 was carried out by

means of DSC, FT-IR and thermodynamic calculations.

Fig. 1 Chemical structures. a Ascorbyl palmitate (Asc16). b Ovoalbumine (OVA). c Oligodeoxynucleotides with CpG motifs (CpG-ODN)
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Phase Diagram

The identification of the nature of the diverse phases was

carried out by observation of the optical textures at dif-

ferent concentrations and temperatures using polarized

microscopy and comparing the results with those obtained

by DSC and thermodynamic calculations. Once thermo-

grams have been obtained, the heated plate of the micro-

scope was set to the transitional temperatures that were

observed in the thermograms and thus mesophases were

imaged.

Results and Discussion

DSC Determinations of Water Properties in CpG-

ODN/OVA/Asc16-Dextrose Solution

Since water content modifies the structure of Asc16 coa-

gels, a description of phase behavior is presented in this

section. Figure 2 shows the thermograms of the following

systems: Asc16-water, Asc16-dextrose solution, CpG-ODN/

Asc16-dextrose solution and CpG-ODN/OVA/Asc16-dex-

trose solution. It should be noted that the transition points

of water and Asc16 for the last system do not show any

variation compared to the Asc16-water system. Therefore,

neither the presence of CpG-ODN nor OVA alter the

transition temperatures of the Asc16-water system. The

comparison of DSC thermograms of Asc16-dextrose solu-

tion and Asc16-water systems shows that there are no

considerable differences between them. This fact allows us

to suggest that the structuring effect of dextrose does not

substantially change the appearance and the number of

phases found in the Asc16-water system.

Regarding the effects induced by saccharides, Lo Nostro

et al. [40] demonstrated that sucrose strengthens the

hydrogen bonding network so that a higher temperature is

essential to permit the breakdown of the lamellar coagel

structure and the generation of a liquid micellar phase.

Therefore, the authors also confirmed that a hydrogen

bonding network in the bulk dissolvent is the determining

point in the transition coagel/gel phase. However, in the

present case the amount of dextrose was not high enough to

modify the phase behavior. Therefore, we assume that the

phase diagram built for the Asc16-water system could

account also for this system [3]. Furthermore, the lack of

alterations of these transition temperatures in all the con-

centrations evaluated for this new system could be due to

the low amounts of CpG-ODN and OVA in the samples.

Several investigations were conducted in order to

understand the behavior of water in the interlayer space and

the presence of different kinds of water which are affected

by the surface of polar head groups of Asc16. Therefore, as

it was reported by Benedini et al. [3] for Asc16-water

system, three kinds of water could be detected. However,

for Asc16-dextrose solution loaded with CpG-ODN/OVA,

the structure of the second hydration layer was consider-

ably modified compared to Asc16-water system (Fig. 3a).

As mentioned above, the superposed peaks of thermo-

grams were analyzed by means of Gaussian fits and this

makes it possible to assign to each water peak a single

category. Thus, two kinds of water are perfectly distin-

guishable from the thermograms. The kind of water that

starts to melt at 0 �C is bulk water; but there is other kind

that starts to melt a few degrees before which is considered

surface water. This kind of water is ascribed to a secondary

hydration water layer. The number of molecules that

belong to each of these layers is shown in Fig. 3a.

In Asc16-water system, Benedini et al. [3] have

demonstrated by DSC that there are three kinds of water:

bulk water, second hydration layer and first hydration

layer. The first hydration layer is identified by plotting the

enthalpy vs sample concentration (Fig. 3b), and it is dis-

tinguished by the lack of melting peaks of water (Fig. 3c).

In the first hydration layer the molecules of water are firmly

linked to the polar heads groups of Asc16 and do not freeze;

and in consequence, they are not detected by DSC [41].

The overall water fusion peak disappeared at a

C = 0.55 ± 0.005 weight fraction (Fig. 3c). Therefore,

there is no free water detectable, and thus, in Fig. 3b when

Fig. 2 Thermograms of Asc16 solutions (Heat flow vs temperature).

Samples composition from the top to the bottom: CpG-ODN/Asc16
0.05 weight fraction in dextrose solution, CpG-ODN/OVA/Asc16 0.1

weight fraction in dextrose solution, Asc16 0.1 weight fraction in

water, CpG-ODN/Asc16 0.05 weight fraction in dextrose solution,

CpG-ODN/OVA/Asc16 0.05 weight fraction in dextrose solution,

Asc16 0.1 weight fraction in dextrose solution, Asc16 0.02 weight

fraction in dextrose solution, CpG-ODN/Asc16 0.02 weight fraction in

dextrose solution, CpG-ODN/OVA/Asc16 0.02 weight fraction in

dextrose solution, Asc16 0.05 weight fraction in dextrose solution. The

black arrow indicates water transitions and the grey arrow indicates

Asc16 transitions
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the enthalpy per gram of sample is plotted, the system has

no free water, and all the water belongs to the first

hydration shell at C = 0.667 ± 0.007 weight fraction

which correspond to a hydration number of 11.5 ± 1.3

water molecules per Asc16 molecule. These two values

(C = 0.667 ± 0.007 and C = 0.55 ± 0.005 weight frac-

tion) were estimated by fitting the curve.

Regarding the melting transition of water, it might be

noticed that it is actually represented by two peaks. These

peaks were separated into Gaussian components, which

allow to determinate the beginning of the melting point and

the respective enthalpies. Besides, the second hydration

layer for Asc16-water system involves around 50–60 water

molecules/surfactant, directly connected to those located in

the first hydration layer. This last layer could be affected by

the presence of the polar head-groups resulting on a dif-

ferent melting peak in comparison with that of bulk water.

In the present work, with CpG-ODN/OVA/Asc16-dex-

trose system, the overall water fusion peak disappeared at

0.671 ± 0.009 weight fraction of Asc16 which corresponds

to 11.2 ± 1.2 water molecules/Asc16 molecule (Fig. 3b).

This means that modifying the solvent (5 % dextrose

solution instead of water) and the presence of hydrophilic

compounds (CpG-ODN and OVA) do not disturb the

lamellar arrangement reported before for Asc16-water

system. As seen in Fig. 3b, there is no difference between

the extrapolated intersection point with x axis (weight

fraction Asc16) of CpG-ODN/OVA/Asc16-dextrose solu-

tion and Asc16-water systems. These results confirm that

the first hydration layer had not been modified compared to

the first hydration layer reported for Asc16-water system.

However, in the current study we observed that bulk water

and second hydration water changed. For this system, the

second hydration shell at 0.05 weight fraction shifts

from *50 to *200 water molecules per Asc16 molecule

(Fig. 3a). These results were obtained by establishing the

relation between the enthalpies of the different species of

water related to the surfactant amount. The increased

number of water molecules in this shell compared to Asc16-

water system is probably due to both hydrophilic com-

pounds (CpG-ODN and OVA) being located in this second

water layer between the lamellar phase layers, with all their

–OH groups able to develop hydrogen bonds which could

keep more water molecules in this location. The opposite

a

b

c

bFig. 3 a Number of water molecules/surfactant: D bulk water in

Asc16-water, r surface water in Asc16-water, open circles bulk water

in CpG-ODN/OVA/Asc16-dextrose solution, unfilled squares surface

water in CpG-ODN/OVA/Asc16-dextrose solution. b Enthalpy per

gram of sample vs Asc16 weight fraction unfilled squares CpG-ODN/

OVA/Asc16-water, filled squares Asc16-water. Linear fit of CpG-

ODN/OVA/Asc16-water (dashed line), and linear fit of Asc16-water

(solid line). c Enthalpy per gram of Asc16 vs Asc16 weight fraction

unfilled squares CpG-ODN/OVA/Asc16-water, filled squares Asc16-

water. Linear fit of CpG-ODN/OVA/Asc16-water (dashed line), and

linear fit of Asc16-water (solid line)
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effect is observed at this concentration (0.05 weight frac-

tion) when free water molecules of these two systems are

considered. The number of water molecules shifts

from *386 (Asc16-water system) to *237 (CpG-ODN/

OVA/Asc16-dextrose system) per molecule of Asc16 and

this behavior could be related to the presence of hydro-

philic compounds which increase the second hydration

layer and in consequence, decreases the free (available)

water molecules in the sample. When the concentration of

Asc16 is higher, this effect is less marked. Thus, if we

consider the sum of molecules of water of both types in

each system is possible to notice that the result is almost

the same (*486 for the Asc16-water system and 437 for the

CpG-ODN/OVA/Asc16-dextrose system) and only the

distribution/proportions are different possibly due to the

presence of a hydrophilic compound located in the second

hydration layer.

It is important to note that the surface is formed by the

first and the second hydration layers, and since the first one

is not changed by the presence of hydrophilic compounds,

the modification may be produced only inside the second

hydration layer.

FT-IR Analysis

In order to confirm the results obtained above, an infrared

spectroscopy (FT-IR) analysis was carried out. Figure 4

shows IR spectra obtained from CpG-ODN/OVA loaded

coagels at four representatives Asc16 concentrations (0.1,

0.3, 0.5 and 0.7 weight fraction) in order to cover all the

concentration range and extend the analysis to the entire

phase diagram.

In the spectra, two bands at 3500 and 3000 cm-1 are

assigned to the oxygen-hydrogen stretching vibration. The

sharp band at 3375 cm-1 is labelled C and the second one,

a broad band at around 3100-3300 cm-1 was labelled B.

The intensity of both bands increases by increasing the

sample concentrations; nevertheless, band C keeps its

position and B undergoes a shift to lower wavenumber

values. The increase in intensities is due to the increased

contribution of stretching modes of water and the shift in

band B is due to the interaction between water and the -OH

groups of the compound, which increases the association.

In this sense, band B could be attributed to intermolecular

bonds which increase with the concentration of Asc16 and

therefore, the number of water molecules. However, the

shift of this band could be attributed to shorter and stronger

bonds among the -OH groups of the superficial water which

are exposed outside the crystal lattice forming aggregates

with Asc16 molecules when its concentration increase. The

band at 1625 cm-1, labelled A, is assigned to the defor-

mation vibration of the -OH bond of water molecules in the

sample, and thus, its intensity increases with the

concentration of Asc16, and therefore, the water content in

the sample [42, 43]. The results obtained by FT-IR,

allowed us to confirm that water behavior changes with

Asc16 concentrations; thus, when the concentration of

Asc16 in the system increases, the proportion of free water

decreases. This result is in good accord with those obtained

by DSC (Fig. 2). The increased intensity in band C is

shown in Fig. 4 and confirms that once the amount of

Asc16 is increased, more bound water is found in the sys-

tem, related to the surfactant polar heads. Notice that this

increase could be visualized by FT-IR spectroscopy, while

it is not possible to be detected by DSC, since the Asc16/

water ratio remains unchanged.

Microscopic Analysis

In Fig. 5a, the photograph of 0.1 weight fraction of Asc16
in water sample was taken while the sample was heated

until 75 �C and myelin figures were observed (see bottom

of the picture). This texture is characteristic of lamellar

liquid crystals, as it was described by Benedini et al. [3].

The picture in Fig. 5b, also shows a texture of laminar

liquid crystal characterized by the presence of oily streaks.

Figure 5c shows light oily streaks from CpG-ODN/Asc16
0.1 weight fraction in dextrose solution system at 75 �C
and in Fig. 5d we could see the same pattern even with the

intercalation of 1k retardation plate. In these pictures (a, b,

c, d) the effect of changing the solution, and the addition of

CpG-ODN/OVA were compared. Indeed, the pictures do

not show a phase perturbation at this concentration (0.1

weight fraction Asc16). When the concentration of the

samples was below the transition point between solid and

lamellar liquid crystal, an isotropic solution and crystals

Fig. 4 Infrared spectra. CpG-ODN/OVA/Asc16 coagels. The con-

centrations and ratio CpG-ODN/OVA were kept constant and the

concentration of Asc16 in each sample was: 0.1, 0.3, 0.5 and 0.7

weight fraction
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appeared. However, when the samples were heated above

the transition point, a lamellar liquid crystal appeared. As it

was seen in Fig. 2, the transition point for Asc16-water

systems, at concentrations below to 0.45 weight fraction

was 62.5 �C, and it was not disturbed by the presence of

CpG-ODN or OVA.

Figure 5e shows the Asc16 0.3 weight fraction in a

water system at 75 �C with 1k retardation plate

intercalated. Here, oily streaks disclosed a lamellar liquid

crystal. This behavior was also reported before [3] for all

concentrations below 0.45 weight fraction in Asc16-water

system. Figure 5f shows the CpG-ODN/OVA/Asc16 0.3

weight fraction in a dextrose solution system at 75 �C,
with 1k retardation plate intercalated. In this case, the

temperature is not homogeneous; therefore, at the top of

the picture oily streaks are present. These textures are

clearly due to the low concentration of Asc16 resulting on

a low concentration of laminar liquid crystals. At the

bottom of this picture, the gel phase appears due to a

decrease in temperature below the phase transition tem-

perature. Furthermore, no modifications in textures are

displayed at the analyzed concentration and temperature.

In Fig. 5g, a cubic liquid crystal is shown corresponding

to Asc16 0.5 weight fraction in water at 90 �C and with 1k
retardation plate intercalated. This phase was also

described in Ref. [3]. It is important to stress that this

event occurs almost in absence of free water, thus, the

isotropic phase that is shown in this picture cannot be

produced by the presence of aqueous solution, but it

should be a cubic liquid crystal. The cubic phase occurs in

small domains of concentration and temperature, and

appears as a rigid gel. The picture in Fig. 5h describes the

CpG-ODN/OVA/Asc16 0.5 weight fraction in a dextrose

solution system at 75 �C with a 1k retardation plate

intercalated. Here a cubic liquid crystal is also present;

however, its formation temperature is lower than in the

Asc16-water system. This difference could be related to

the zone of the phase diagram, which corresponds to a

transition zone where bulk water has disappeared; there-

fore, the effect of CpG-ODN/OVA in the second hydra-

tion layer would be more important and the cubic liquid

crystal begins to appear. Figure 5i shows the Asc16 0.7

weight fraction in water at 75 �C, and in that case Maltese

crosses are observed on the right and a gel phase on the

left side. The occurrence of these two phases is related to

a non-homogenous temperature in the sample. The Mal-

tese crosses correspond to a lamellar liquid crystal texture

which is found at higher temperature than the gel phase.

This last phase appears when the sample is cooled after

the formation of lamellar liquid crystals at high temper-

ature. In this viscous systems the growth of solid crystals

after liquid crystal formation is conditioned by the

kinetics; furthermore, on cooling, this gel phase turns into

a coagel and later into solid crystals. This effect has been

described by Benedini et al. [3]. Finally, in Fig. 5j, the

same system that Fig. 5i but in dextrose solution, Maltese

crosses and oily streaks are observed. These structures are

typical of lamellar liquid crystal and their aspect is in

concordance with the previous figure, showing that the

presence of CpG-ODN/OVA does not disturb the forma-

tion of mesophases.

Fig. 5 Photomicrographs with crossed polarizers (9100). a Asc16 0.1
weight fraction in water at 75 �C, myelin figures growing in an

isotropic matrix (bottom), 1k retardation plate intercalated. b Asc16
0.1 weight fraction in dextrose solution at 75 �C, oily streaks can be

observed. c CpG-ODN/Asc16 0.1 weight fraction in dextrose solution

at 75 �C, light oily streaks appears. d CpG-ODN/OVA/Asc16 0.1

weight fraction in dextrose solution at 75 �C, 1k retardation plate

intercalated and the presence of light oily streaks. e Asc16 0.3 weight

fraction in water at 75 �C, 1k retardation plate intercalated, oily

streaks are observed. f CpG-ODN/OVA/Asc16 0.3 weight fraction in

dextrose solution at 75 �C, 1k retardation plate intercalated. At top

oily streaks, at bottom, gel phase. g Asc16 0.5 weight fraction in water

at 80 �C, 1k retardation plate intercalated, cubic liquid crystals are

observed. h CpG-ODN/OVA/Asc16 0.5 weight fraction in dextrose

solution at 75 �C, 1k retardation plate intercalated, liquid crystal

phase is observed. i Asc16 0.7 weight fraction in water at 75 �C: on
the right Maltese crosses and on the left gel phase. j CpG-ODN/OVA/
Asc16 0.7 weight fraction in dextrose solution at 75 �C: Maltese

crosses and oily streaks are observed
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The Phase Diagram

Figure 6a, b show the phase diagrams of Asc16-water [3]

and CpG-ODN/OVA/Asc16-dextrose solution respectively,

obtained by a combination of DSC measurements, ther-

modynamic calculation, and polarizing microscopy.

In the low concentration region and below 60 �C, both
systems are composed of a mixture of hydrated crystals in

an isotropic liquid. As temperature rises, two-phase areas

appear around 60–70 �C (depending on the concentration),

resulting in a lamellar mesophase with a classical low-

birefringent and smooth oiled streaks (compared Fig. 5b,

Asc16 in water; and 5.e, CpG-ODN/OVA/Asc16 in dextrose

solution). In a system with a 0.1 weight fraction of Asc16-

water, the transition temperature described in previous

reports is 62.5 �C [1, 3]. Due to the differences in the

texture of numerous concentrated liquid crystals, this stage

has been called a low concentration lamellar mesophase as

it was designated in both diagrams. The increase in tem-

perature in systems with no bulk water (C C 0.48 weight

fraction), provokes an abrupt increase in the transition

temperature (starting from *60 to *80 �C). Furthermore,

rather than noticing a singular progression from hydrated

crystals to lamellar mesophase, two events can be regis-

tered: the passage from hydrated crystals toward a cubic

viscoisotropic (V) mesophase (between 80 and 88 �C) and
from a cubic mesophase into a high concentration lamellar

liquid crystal (94–104 �C). This last mesophase shows

more birefringent and rougher oily streaks arrangement. A

difference between both phase diagrams was observed at

Asc16 concentrations higher than 0.5 weight fraction. On

one hand, Asc16-water system shows a high concentration

lamellar liquid crystal with a more birefringent and coarse

oily streaks texture compared to the lower concentrations.

On the other hand, the system with CpG-ODN/OVA/Asc16
dextrose solution displays a coexistence of both lamellar

liquid crystals with coarse oily streaks texture and smooth

oily streaks (see Fig. 5h).

CpG-ODN/OVA/Asc16 dextrose solution system shows

on cooling the appearance of a gel phase from the lamellar

liquid crystal. As it was seen in Fig. 5e, the coexistence of

oil streaks typical of lamellar liquid crystals with coarse

structures typical of the gel phase was due to a relatively

rapid cooling (i.e., the temperature in the sample was not

homogeneous). When the system was left at room tem-

perature, it slowly turned into a coagel, i.e., a mixture of

isotropic solution and microcrystals.

As it was reported by Caboi et al. [44], the addition of

compounds without amphiphilic behavior into liquid

crystals systems in concentrations lower than 12 %, does

not disturb the liquid crystal structures. In the system

studied here this effect was also observed. Furthermore,

Murgia et al. [45] reported that hydrophilic additives, do

not alter the formation of the phases and no changes in the

local order are presented.

In conclusion, for the systems composed by Asc16
coagels in dextrose solution, it was confirmed that water is

in three different states and the nature of the mesophases

formed is affected by temperature. These results are con-

sistent with those described for the Asc16-water system in

which changes were not observed due to the presence of

saccharides [39]. In addition, after loading CpG-ODN and

OVA into coagels there was no formation of new meso-

phases. Moreover, the differences found in the free water

and mainly in the secondary hydration layer, could confirm

that the studied compounds are situated in the aqueous

domain, and in direct contact with the first hydration shell.

These observations allow us to infer that the oligonu-

cleotide (CpG-ODN) and the protein (OVA) are located in

Fig. 6 a Phase diagram of Asc16 in water extracted from Benedini

et al. [3]. b Phase diagram of CpG-ODN/OVA/Asc16 in dextrose

solution system
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the aqueous environment inside the coagel. A schematic

picture of the microscopic structural model proposed for

this system is shown in Fig. 7. Nevertheless, this envi-

ronment is also surrounded and confined by numerous

hydrocarbon layers which could prolong the release of

these compounds, a desirable characteristic for an ideal

oligonucleotide delivery system.

When comparing the charged and uncharged system it

seems that an increase of Asc16 concentration generates a

systematic increase of birefringence in both cases.

Although this trend is the same for both systems, in loaded

liquid crystals this modification is observed at low con-

centrations, in which the birefringence is less intense.

The construction and analysis of the phase diagrams

performed with Asc16 and hydrophilic additives could be a

useful tool to design systems with the same matrix and

other water-soluble components.
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