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Abstract 

A challenging objective of drug delivery is the 
development of innovative multidisciplinary approaches to the 
design of novel nanocarriers for targeted delivery of 
protein/peptide drugs via oral route.  

This study aims to engineer drug delivery nanocarriers 
based on the liposil concept: silica-coated liposomes.  
The coverage of vesicles by silica was done using a sol-gel 
technique, based on the hydrolysis and condensation of inorganic 
and/or hybrid silica precursors, forming a shell that grows around 
the liposomes. Various compositions were tested for both 
liposomes and silica shells, which were chosen to improve the 
stability of liposomes and facilitate their coating with silica shells. 

The samples were successfully obtained and 
characterized according to their size, morphology, molecular 
structure and stability, resulting in a significant improvement 
compared to uncoated liposomes. 

These systems are good candidates for oral drug delivery 
carriers, due to increasing protection against the harsh 
environment of the digestive system. Functionalizing the silica shell 
would allow specific targeting. 

KEYWORDS: Liposome; Self-assembly; Silica; Sol-Gel; 
Liposil; Drug Delivery. 

I. INTRODUCTION 

During the last decade, research in 

biocompatible materials field has focused in the 

preparation of systems capable of storing and 

gradually administering active molecules (1). Such 

systems find application in the field of oral drug 

delivery, and factors such as stability inside the 

gastrointestinal (GI) tract and smart release 

mechanisms need to be considered. 

Since their discovery, liposomes have been 

widely studied for various applications such as drug 

delivery nanosystems. In order to achieve good 

performance, a successful formulation has to be 

guaranteed. Thus, critical factors such as colloidal 

stability must be considered and optimized. Liposomes 

are physically unstable in the gastrointestinal tract 

(due to aggregation, disruption, etc.), which can 

change vesicle size and drug release mechanisms or 

the rapid elimination of the drug delivery system. 

Coating liposomes with silica (building a system 

designated by liposil) successfully increases their 

protection and protection of drugs inside them. 

A sol-gel technique was used for coating 

liposomes with silica, based on the hydrolysis and 

condensation of silica precursors. Several formulations 

were used for both liposomes and silica shells, chosen 

to improve the stability of liposomes and control silica 

growth. To add functionality to the silica shell, hybrid 

silica precursors were used.  

Synthesis parameters need were studied and 

optimized in order to fulfill the requirements of the 

intended application.  

II. MATERIALS AND METHODS 

A. Materials 

L-alpha-dipalmitoyl phosphatidylcholine 

(DPPC, Avanti Polar Lipids, Inc.), 5-cholesten-3β-ol 

(chol, Sigma-Aldrich), Stearyamine (SA, Sigma-Aldrich), 

chloroform (RP Normapur, Prolabo), 5,6-

carboxyfluorescein (CF, Sigma-Aldrich), 

tetraethoxysilane (TEOS, Sigma-Aldrich), 
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Methyltriethoxysilane (MTES, Sigma-Aldrich), 

phosphate buffered saline (PBS, Sigma-Aldrich), and 

Sodium Fluoride (NaF, Kocj-Light Laboratories Ltd) 

were used as received. 

B. Synthesis of liposils 

Synthesizing liposil involves two steps: a) 

preparation of liposomes and b) coating liposomes 

with silica, by adding silica precursors that will growth 

around the liposome structures. 

Three different liposome compositions were 

prepared: DPPC; DPPC and Chol (7:3 molar ratio); and 

DPPC, Chol and SA (7:2:1 molar ratio) were used (Table 

1). All mixtures were dissolved in chloroform. The 

chloroform was completely removed from the samples 

using a rotary evaporator (40 °C under reduced 

pressure), promoting the formation of a film on glass 

balloon. This was followed by hydration of the film 

using a solution of 5,6-carboxyfluorescein (100mM in 

PBS, 50mM, pH 7.4) at 45 ºC, to obtain a lipid 

concentration of 10 mg ml-1. 

In order to reduce the size and homogenize 

the vesicles, samples were extruded through 

polycarbonate membranes with pore diameters of 400 

nm, 200 nm, 100 nm and 50 nm. The extrusion of the 

lipids was done above their respective transition 

temperature. 

At this point, CF can be found inside and 

outside the liposomes. A size exclusion column was 

used to separate the CF loaded vesicles from the non 

incorporated CF.  

Silica coating is the last step for synthesizing 

liposils. Thus the inorganic precursors are hydrolyzed 

in PBS for 48h at 40 °C under stirring. The different 

molar ratios of the precursors TEOS:TMES were tested: 

8:0, 4:4 and 2:6 (Table 1). The hydrolyzed precursors 

were added incrementally to the liposome suspension 

(in order to obtain a silica percursor:lipid molar ratio of 

8:1) at room temperature, under gentle stirring. This 

final mixture was kept in gentle stirring for 24h. 

Sodium fluoride is then added (4% molar ratio to 

TEOS), followed by stirring at room temperature for 

48h. Finally, the samples were filtered (using 

membranes with pore diameter of 200 nm) and the 

residual solid is dried at 40 °C for 24h. 

 

 

Figure 1 – Liposil synthesis diagram  
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Table 1 – Liposis composition (values in molar ratio). 

Liposil 

Sample 
Liposomes (Core) Silica precursors (shell) 

Lipid mix 
Molar 
ratio 

Silica 
precursors 

Molar 
ratio 

A1 DPPC:Chol 7:3 TEOS:MTES  4:4 

A2 DPPC:Chol 7:3 TEOS:MTES  2:6 

B0 DPPC:Chol:SA  7:2:1 TEOS:MTES  8:0 

B1 DPPC:Chol:SA 7:2:1 TEOS:MTES  4:4 

B2 DPPC:Chol:SA 7:2:1 TEOS:MTES  2:6 

C. Characterization 

1. Dynamic light scattering (DLS) 

The size measurements of liposomes and 

liposil were performed by DLS equipment (Nano Zs, 

Malvern Instruments Ldt.) with a scatter angle of 173°. 

DLS analyzes Brownian motion, and relates it to 

particle size (hydrodynamic diameter). The larger the 

particle, the slower the Brownian motion will be. The 

Brownian motion velocity is defined by a property 

known as the translational diffusion coeficient, D0. 

Particle size is calculated from this coefficient by using 

the Stokes-Einstein equation: 

     (1) 

where D0 is the diffusion coefficient, k is de 

Boltzmann’s constant, η is the viscosity of the medium 

and T is the absolute temperature (5). 

A small volume of a sample is hit by a laser beam 

and the incident light is scattered. Shortly, a 

correlation function of the light intensity fluctuations is 

obtained, from which the DLS device derives a 

diffusion coefficient, hence obtaining hydrodynamic 

diameter Rh by the Stokes–Einstein equation 

mentioned above (2) 

2. TEM 

The size and morphological characterization was 

done by conventional transmission electron microscopy 

(Hitachi H-8100), with beam energy of 100 keV (9; 10; 

11; 12) following a two drop standard protocol and 

using a phosphotungstic acid (PTA) (1,5% m/m) as a 

negative staining prepared by single drop technique 

(3). 

3. Fluorescence measurements 

A spectrophotometer (Hitachi F-3000, 

Fluorescence spectrophotometer) was used for  

stability tests related with the release of CF entrapped 

inside liposomes and liposils through different stimuli, 

such as by changes of osmotic pressure, low pH or 

addition of Triton X-100 (solubilizer agent of 

membranes). The excitation and emission wavelength 

were set to 492 nm and 514 nm respectively, for all 

tests. 

3.1. Osmotic stability 

The osmotic stability was tested by placing the 

sample in media buffers with different osmolarity and 

taking measures of intensity of emission of 

fluorescence.  

3.2. Low pH stability 

To evaluate the response of liposomes and 

liposis at low pH the samples were placed in PBS buffer 

at pH 2 for 10, 20, 30 and 40 minutes.  

It should be noted that the changes in pH 

change the fluorescent emission of CF, and to ensure a 

correct measure the pH have to be corrected to pH 7,4 

(the same of buffer) after time of exposing ended. 

3.3. Triton X-100 stability 

The stability of liposomes and liposils before 

and after treatment with Triton X-100 (TX100) was 

evaluated by measuring the release of CF. The TX100 is a 

nonionic surfactant with biological membranes 
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solubilizer properties, which interferes with the 

thermodynamic stability of liposomes makes them 

progressively into micelar structures and thus the 

fluorescent molecule stored in the aqueous interior of 

liposomes are released (3). 

The release of CF is calculated by equation 2, 

taking into account the intensity of fluorescence before 

the addition of TX-100, I0, intensity of fluorescence 

detected at time t, after addition of TX-100, It, and the 

intensity of fluorescence after complete disruption of 

liposomes I∞ (4). 

% Lib CF = (It-I0)/(I∞-I0)×100   (2) 

The incubation times were 1, 10, 30 and 60 

minutes. 

4. FTIR   

The mid-infrared spectroscopy, FTIR (Fourier 

Transform InfraRed) use radiation with frequencies 

between 400 cm-1 and 4000 cm-1 (wavelength between 

2.5 µm and 25 µm) to obtain a vibrational spectrum 

molecular bounds. This spectrum represents a unique 

pattern for each structure, which arises from the 

vibrations of bonds between atoms in the sample as a 

result of interaction with infrared waves. 

The liposomes and liposils samples were 

incorpored into pressed KBr pallets; a background of 

simple KBr was obtained. 

The IR peaks were identified (5; 6; 7; 8; 9; 10). 

III. RESULTS AND DISCUSSION 

The following three formulations, with 10 

mg/mL(5) of total lipid concentration, were 

synthesized: (a) DPPC, (b) DPPC:chol (molar ratio of 7:3 

(5)) and (c) DPPC:chol:SA (molar ratio 7:2:1). These 

three samples were compared through the DLS 

method and exhibited different diameters depending 

on the phospholipidic mixture (6; 7). 

It was observed that the diameter of the 

liposomes increased as chol and SA were introduced in 

the lipid suspension (Figure 2). This feature is not 

crucial for oral drug delivery (8). The observation of the 

hydrodynamic diameter evolution showed that all 

formulations remain kinetically stable during the time 

required to the synthesis of silica shell (Figure 2). 

Liposome and liposil samples were observed 

with TEM, representative images are in Figure 3 and 

Figure 4. 

 
Figure 2 - Variation of hydrodynamic diameter of liposomes over 

30 days. 

During TEM observation, samples containing 

only DPPC were notoriously unstable. 

 
Figure 3 – TEM images: DPPC:Chol (A); DPPC:Chol:SA (B) with PTA 

negative staining. 

The large aggregation between liposil 

structures led to their sedimentation and it was not 

possible to check their hydrodynamic diameter. 

However, despite this aggregation and the excess of 

silica that hinders the visualization of those structures 
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using TEM it was possible to distinguish liposil (Figure 

4) better than liposomes (Figure 3).  

Figure 4 shows that, during the examination, 

liposil structures maintained a spherical and well 

defined shape as well as the integrity of the silica shell. 

Occasionally, certain structures burst during TEM 

observation, probably due to silica shell fragility under 

vacuum. 

 
Figure 4 – TEM images of liposil of different composition with PTA 

negative staining. 

Liposomes diameter and silica shell thickness 

around them for different compositions were analyzed 

by TEM and recorded in Table 2. The thickness of silica 

shell is higher than values reported in literature (5). 

Table 2 – Diameter of liposome and silica shell obtained by TEM. 

 

During the work the behavior of liposomes and 

liposil structures were evaluated in buffer PBS 

solutions (pH 7.4) at different osmotic pressures 

(Figure 5 A).The release of internal aqueous contents 

of liposomes were observed by fluorescence.  

In order to study the liposil behavior to 

different osmotic pressure buffers media, liposomes 

and liposil structures were tested under the same 

conditions and the results were compared (Figure 5 A 

and B). 

 
Figure 5 – CF release from liposome at different osmotic pressure 

buffer (A). CF release from liposil at different osmotic pressure 
buffer (B). 

To compare the two graphs of Figure 5 it is 

relevant to notice that the YY scale of Figure 5 B is 

strongly expanded when compared with Figure 5 A. 

Accordingly there are no release of CF from liposil as a 

function of the osmotic pressure in contrast with the 

sharp release of CF observed for liposomes. These 

results validate the statement that the silica shell 

stabilized the liposomes controlling the CF release 

during the osmolarity variation of the medium. This 

means that the structures should resist when passing 

through the different organs of the digestive system, 

which is an important requirement for an oral drug 

delivery application. 
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The liposomes and liposil structures were 

exposed to a pH 2 medium for the period of time of 40 

minutes. and the correspondent profiles are presented 

in Figure 6 A. The graphic shows that this H+ 

concentration affected the biophysical stability of 

liposomes (for both formulations: DPPC:Chol and 

DPPC:Chol:SA), while liposil were not disrupt. The 

alterations observed for the other liposil compositions 

can be explained by an alteration of the fluorescence 

emission as a consequence of some protonation of the 

inner space. This occurred because H+ cross the silica 

shell and enter in the aqueous cavity of liposomes and 

liposil nanostructres causing the CF protonation that is 

inside. As it can be seen in Figure 6 B, the fluorescence 

emission decrease to pH values that differ from 7,4. 

 
Figure 6 – Liposomes and liposil stability in pH 2 PBS (A).  Effect of 

external pH on the initial intensity of fluorescence of CF 
incorporated into liposomes and into liposil (B) 

To confirm the entry of the H+ both liposome 

and liposil structures, two samples were tested: 

DPPC:Chol:SA liposome and liposil B1 (DPPC:chol:SA 

(7:2:1)//TEOS:MTES (4:4)). As soon as the samples 

were placed in the buffers solutions with different pH 

(2 – 12) the fluorescence was recorded. As shown in 

Figure 6 B, liposome and liposil samples exhibited the 

same immediate response to pH variation. 

The solubilization of phospholipid vesicles by 

presence of a surfactant is a widely used method to 

check the biophysical stability of the nanocarrier 

systems for oral drug delivery. TritonX-100 (as described 

in the previous chapter) is a surfactant broadly used in 

studies of the biochemistry and biophysics of biological 

membranes (13; 14; 15). In order to study the 

liposome and liposil behavior when exposed to 

different concentrations of the solubilizing agent, four 

solutions were prepared with different percentages of 

Triton X-100 (0.5%, 1%, 2.5%, 5% and 10%, in volume).  

 
Figure 7 – Variation of hydrodynamic diameter of DPPC:Chol:SA 

liposomes with Triton X-100 at different concentration. 

Figure 7 shows the variation of hydrodynamic 

diameter of liposomes with the TritonX-100 

concentration. For TritonX-100 concentrations below 

0.5% (v/v) the hydrodynamic diameter of liposomes 

increased. At this stage only one peak in the DLS was 

observed (equals 100% intensity) that resulted from 

the incorporation of surfactant monomers in the 

liposomes, as referred by several authors (16; 9; 10; 

11; 12).  

This maximum hydrodynamic diameter 

corresponds to the saturation point of liposomes, i.e. 

from this point it is not thermodynamically favorable 
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to the structures remain like vesicles, what leads to the 

formation of micelles (13; 14). As a result, when the 

concentration of TritonX-100 exceeds a certain limit (in 

this case corresponds to the solution of about 1% (v/v) 

surfactant) a new peak in the DLS appears 

corresponding to the formation of small micelles 

(about 10-15 nm). As the Triton X-100 concentration 

increases the peak intensity corresponding to the 

micelles increases too.  At a TritonX-100 concentration of 

2.5% (v/v) just one peak appears in the DLS (100% 

intensity) meaning that just micelles are present in the 

solution. These results are consistent with the 

literature (22). 

 
Figure 8 - Variation of relative fluorescence of the liposomes with 

Triton X-100 at different concentration. 

 

The fluorescence variation of the two 

formulations of liposomes suspensions (DPPC:Chol and 

DPPC:Chol:SA) with the surfactant concentration 

increase is represented in Figure 8. It is noticeable that 

both formulations have a similar behavior and in 

concentrations higher than 5% (v/v) Triton X-100 the CF 

is widely released. 

Stability tests for liposil samples were 

performed with Triton X-100 at 5% (v/v) of concentration 

(Figure 9). 

  

Figure 9 - Stability test with Triton X-100 at 5% (v/v) over time for 
liposil suspension. 

Analyzing the variation of liposil fluorescence 

and comparing it to the liposomes results (Figure 8), it 

is clear that the Triton X-100 does not affect these 

structures in the same way it affects the liposomes 

without silica shell. While the graphic of Figure 8, 

presents a fluorescence increase from the baseline is 

evident in contrast to what happens to the graph in 

Figure 9 corresponding to liposil sample. 

Figure 10 show the infrared spectra of the 

samples (A1, A2, B1 and B2.) and the peaks are 

numbered and identified in Table3. 

In all spectra, the more intense band is peak 7, 

(1047 cm-1). This band is characteristic of samples 

containing silica matrices. Peaks 1, 2, 4 and 7 (440, 

544, 777 and 1047 cm-1 respectively) correspond to 

the stretching vibration of SI-O-Si. The size of the peak 

7 verifies and quantifies the extension of the 

condensation reaction of silica. The peak 6 (930 cm-1), 

correspond to the stretching vibration of silanol group, 

Si-OH, that identifies not condensed groups (8). Peaks 

5, 10 and 15 (831, 1640 and 3460 cm-1, respectively) 

are identified as being characteristics of the stretching 

vibration of -OH bonds, with the peak 15 corresponds 

to vibrations of O-H bond. 

Peaks 12, 13 and 14 (2854, 2925 and 2973 cm-

1, respectively) are identified as belonging to the 

stretching vibration of symmetric and asymmetric CH2 
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and CH3. This type of connection is very prevalent in 

various parts of the samples analyzed (DPPC, 

Cholesterol and SA). 

Peak 13 is in a region where the line emerges 

from the -CN vibration (bond present in SA and DPPC) 

and the same applies to the peak 14 that is overlapped 

with a peak corresponding to the vibration of =CH 

bond (present in the molecules of Cholesterol and SA). 

 

Table 3 - Transmission bands of IR in Figure 10 

 

 

 

In the spectra can still find the peaks for the 

vibrations of C=O bond (peaks 10 and 15), C=C (peak 9) 

and N-H (peak 10). These three links are part of 

molecules present in the samples. It is noteworthy that 

despite the subtraction of the background and the 

precautions to keep a reading area without long 

exposures to atmospheric change, the spectra showing 

some characteristic peaks of the vibrations bounds of 

water molecules and CO2 (in the region between 2250 

cm-1 and 2400 cm-1) 

 
Figure 10 - FTIR spectrum of the samples A1, A2, B1 and 

B2. The vertical lines indicate the positions of the IR bands. 

IV. CONCLUSIONS 

Different Liposome and liposil composition 

were testde (DPPC, DPPC:Chol in a molar ratio of 7:3 

and DPPC:Chol:SA in a molar ratio of 7:2:1) and to 

silica shell (TEOS, TEOS:MTES a molar ratio of 4:4 and 

TEOS:MTES a molar ratio 2:6). The lipid compositions 

were chosen to ensure stability and stiffness of the 

liposomes by the addition of cholesterol and also to 

improve the formation of silica shell with the addition 

of SA, which adds positive charges on the surface of 

the liposomes. The addition of hybrid precursor to 

silica matrix (MTES), improve the degree of 

functionalization of coverage allowing future 

Peak 

number 

Wave 

number 

(cm
-1

) 

Chemical 

bound 

Peak 

number 

Wave 

number 

(cm
-1

) 

Chemical 

bound 

1 
440 Si-O-Si 9 1410 C=C 

2 544 Si-O-Si 10 1640 
O-H, 

C=O, N-H 

3 720 C-H 11 1655 C=C 

4 777 Si-O-Si 12 2854 
-CH2, -

CH3 

5 831 O-H 13 2925 
-CH2, -

CH3, C-N 

6 930 Si-OH 14 2973 

-CH2, -

CH3, =C-

H 

7 1047 Si-O-Si 15 3460 C=O, O-H 

8 1277 -CH3    



9 

 

bioconjugation (which will bring benefits to these 

transportation systems making it specific). 

The liposomes obtained by described 

experimental method had good quality (hydrodynamic 

diameter, response to media with different osmolarity 

or pH, stability in the presence of Triton X-100), which is 

consistent with the state of the art. When silica coated 

liposomes (forming the liposil structure) increase the 

diameter of the nanocarrier systems, within an 

acceptable value for the desired application (carriers 

for drug delivery (8)). 

The liposil demonstrate to improve of the 

stability of liposomes in relation to 7,4 buffer media 

with different osmotic pressures  and different pH and 

presence of TritonX-100, which ensures better 

protection for the drug transport and did not affect 

liposil nanostructures 

It is need some clarification about how porous 

the silica matrix are (or if the pores are large enough) 

so that the micelles of Triton X-100 are able to penetrate 

the cover and interact with the molecules of 

liposomes, destabilizing them and releasing the 

molecule fluorescent. This aspect reveals greater 

importance when thinking about the use of theme in 

vitro (simulation of gastric juice) and in vivo tests. 

In analysis of TEM images for all samples we 

conclude that the addition of SA increases not only the 

diameter of the liposomes, but also the thickness of 

the silica coverage given that the positive charges on 

the surface of liposomes facilitated the growth of 

silica, which has negative charges. The addition of 

MTES (or increasing its molar ratio) also contributed to 

the increased thickness of the covering of silica, which 

was perhaps because of semi-organic properties. 

Comparing samples of liposil between them is 

not possible to say that there are substantial 

differences between them (about the behavior in 

different osmotic pressures buffers, different pH or the 

presence of TritonX-100). Although no significant 

changes is related in the fluorescence when the liposil 

are subject to means of pH 2, but it should be noted 

that was detected the passage of protons H+ to inside 

of the liposomes (by measure a decrease in 

fluorescence when the pH was not corrected). 

With the FTIR analysis was possible to identify 

the formation of the silica matrix and that the 

molecules that existing in liposome suspension have 

been preserved. 

Further studies would be needed to optimize 

the experimental method in order to avoid the strong 

aggregation that occurred in the final product. These 

systems are good candidates for drug carriers, for 

many types of drugs, hydrophilic or hydrophobic, 

stable or unstable by implementation of this 

protection that has good non-toxic, biodegradable and 

elimination properties for oral administration. 
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