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Abstract: A combination of experimental and theoretical approaches is proposed to determine the best 

template and conditions to synthesized a bio-active open mesopore structure material with a 3D- 

sponge-like network similar than those existed in trabecular bone with a consequent saving of time and 

products. Specifically, we discuss the possibility of combining experimental methods with theoretical 

methods that have been published in J Mater Sci 2012, 47, 2837-2844 and Langmuir 2015, doi: 

10.1021/acs.langmuir.5b03074, respectively. The strategy proposed opens a new gate to the rational 

design of 3D hierarchically scaffolds for bone repair in the future. 
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1. Introduction 

Nanomedicine goes beyond the use of 

classical medicine at cell scales, currently faces 

an exceptional opportunity to improve global 

healthcare[1,2]. One of the main goals of 

nanomedicine is to develop new biocompatible 

scaffolds[3]. These materials in order to perform 

effectively must have an appreciation of the 

complex interrelationships between humans and 

the physical/chemical components of the 

environment [4].  

Around 45% of the population aged 50 years 

and older will have an osteoporosis-related 

fracture in their lifetime. Such statistics 

demonstrate the vast need for new developments 

in this area. Bone is a complex composite 

material, with living and nonliving matter. The 

stiff nature of bone clearly enables it to form a 

semirigid framework, enable motion, and provide 

organ protection. Because of the trabecular bone 

exhibit spongelike bicontinuity at the millimeter 

scale, there is a growing interest in the synthesis 

of spongy-like materials[5]. However, there are 

too many factors to consider: immune response, 

vascularization, chemotactic and so on [6]. To 

overcome these challenges particular interest 

must be paid in the molecular sieve [7]. Here we 

propose a combination of experimental and 

computational tools to characterize and optimize 

the properties of sieves based on bicontinuous 
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pore silica materials templated with bile salts 

mixtures.  

 

2. Results and Discussion 

 

Self-aggregation of binary systems has received 

considerable attention recently due to their 

potential as sustainable templates. In different 

works, we have studied, both experimentally and 

with molecular modeling, the optimization of the 

conditions and routes for the development of the 

best bio-active implantable materials. Such 

studies allows for the direct assessment of the 

role that molecular architecture and experimental 

conditions plays in approaches to simulate the 

trabecular bone organization  

2.1. Computational models 

On one side, in a previous work published this 

year we have built the first model that combines 

perturbation theories (PT) and linear free energy 

relationships (LFER) ideas [8]. The model uses 

as input covariance PT operators (CPTOs). 

CPTOs are calculated as the difference in 

covariance ΔCov(iμk) functions before and after 

multiple perturbations in the binary system[9]. In 

turn, we can calculate the covariances calculated 

as the product of two Box−Jenkins operators 

(BJO) operators [10]. BJOs are used to measure 

the deviation of the structure of different 

chemical compounds from a set of molecules 

measured in a given subset of experimental 

conditions (bj). The best CPT-LFER model 

found predicted the effects of 25000 

perturbations over 9 different properties of 

binary systems. The best CPT-LFER model 

found with this algorithm was the following: 

 

𝑓0 ( 𝑝𝜀𝑖𝑗)𝑛𝑒𝑤 = −0.275152 𝑓1 ( 𝑝𝜀𝑖𝑗)𝑟𝑒𝑓 −

−0.158186Γ𝑝𝑖(𝑑𝑖𝑝)
0 + 0.037112Γ𝑝𝑖(𝑠𝑜𝑙𝑣)

0 +

+0.017595Γ𝑝𝑖(𝑝𝑎𝑟𝑡)
0 − 0.150110Γ𝑝𝑖(𝑠𝑜𝑙𝑣)

− +

+0.095564Γ𝑝𝑖(𝑠𝑜𝑙𝑣)
+ + 0.181357

 

 

where the output function 𝑓0 ( 𝑝𝜀𝑖𝑗)𝑛𝑒𝑤  is a 

multi-output function that quantifies the 

numerical values (ε) of different pth 

physicochemical properties of the ith binary 

system that have been experimentally determined 

under a certain set of jth boundary conditions 

(cj). Γ𝑗𝑝(𝑘)
𝑞  are the covariance perturbation 

functions. The types of potentials were the 

electrostatic dipole potential (dip), electrostatic 

potential in solution (solv) and thermodynamic 

potential for water−nonpolar phase partitioning 

(part). The notation for q is 0 when both species 

are molecules, + and − when both species are 

cations and anions, respectively. 

2.1. Experimental methods 

On the other hand, in other recent work [11] we 

reported the experimental study of the 

physicochemical properties of the nanostructures. 

The nanostructures studied are formed within 

aqueous mixtures of bile salts sodium 

glycodeoxycholate (NaGDC), dehydrocholic 

acid (HDHC), Sodium deoxycholate (NaDC) and 

surfactant didodecyldime thylammonium 

bromide (DDAB) as a function of total 

concentration and mixed ratio. The experimental 

study has been carried out by means of 

thermodynamic analysis, fluorescence 

spectroscopy, field emission-scanning electron 

microscopy (FE-SEM) and energy dispersive X-

ray microanalysis (EDX) experiments [11].  

Experimental measurements were perfectly 

reproduced by our CPT-LFER model, which was 

further used to examine different systems under 

other conditions not studied experimentally with 

a consequent saving of time and products. 

The siliceous materials (SM) were prepared 

using hydrothermal synthesis. Tetraethyl 

orthosilicate (TEOS) was added to different bile 

salts mixture solutions. The mixture was stirred 

and left for 24 h in an autoclave at 100 ºC. The 

obtained materials were calcined [12]. The 

material final structures take place through a 

vesicle to sponge-like phase transformation 

whose driving force seems to be the interaction 

of bile salts and silica species during the material 

polymerization synthesis step. Depending of the 

type and amount of BS in the template mixture, 

the film can curve toward the a-polar or toward 

the polar side leading to different final 

morphologies. The highly hydrophobic steroid 

backbone of NaDHC molecule causes a great 

disturbance in the templated liquid crystal 

mixture. The final mesophases obtained 

depending on the materials arises in different 

structures. 

It was demonstrated that the requirement for an 

artificial material to bond to living bone 

(bioactivity) is the formation of bonelike apatite 
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(HA) on its surface when implanted in the living 

body [13],[14], and that this in vivo apatite 

formation can be reproduced in a SBF with ion 

concentrations nearly equal to those of human 

blood plasma. 

The existence of a highly porous surface can 

accelerate the biomimetic process. In 

agreements, the apatite deposition was observed 

only in such specimens which content mesopores 

and high proportion of siloxane bridges in their 

structures. The time evolution of apatite growth 

on the synthesized materials was followed by 

FT-IR measurements (ESM) and confirmed by 

scanning electron microscopy. Figure 1 show the 

FE-SEM microphotographs of the material 

surfaces after soaking in 1.5 SBF. It must be 

noticed that calcium phosphate coatings grow not 

only on the material surface but also in the pore 

interior and the progress of this covering 

increases as a function of the soaking time SEM 

revealed the presence of preformed calcium 

phosphate coatings to be composed entirely of 

straight platelike units with sharp edges, with a 

change in crystal geometry as the time of soaking 

increased. The definite crystalline structure is 

achieved after soaking for 20 days in SBF. The 

thickness of the apatite-like coating increases 

with time and reaches a saturated point after 10 

days of soaking. Assuming that the growth rate 

of apatite coating is controlled by the calcium 

and phosphorous ions diffusion rates from the 

SBF to the material surface, the growth kinetics 

of apatite-like coatings on porous materials can 

be expressed by an empirical relationship 

 

𝑑2 = 𝐾𝑡 
 

where d is the thickness of the coating evaluated 

from SEM photos, t is the soaking time for the 

biomimetic deposition, and K is the growth rate 

constant. The growth rate constant obtained was , 

K = 2.0208 9× 10-18 m2 seg-1. 
 

. 

 

 

 
Figure 1. FE-SEM microphotographs showing the time evolution of HA layer formation on materials. 

Scale bars 3-5m. 

 

 

3. Materials and Methods 

 

Dihidroxy bile salt sodium glycodeoxycholate 

(NaGDC), dehydrocholic acid (HDHC), sodium 

deoxycholate (NaDC), didodecyldimethyl 

ammonium bromide (DDAB) and tetraethyl 

orthosilicate (TEOS) were purchased from 

Sigma-Aldrich and used as received. 

Fluorescence Spectroscopy. Fluorescence spectra 

of pyrene were obtained with a Cary Eclipse 

spectrophotometer equipped with a temperature-

control device and a multicell sample holder 

(Varian 198 Instruments Inc.). All samples were 

prepared with saturated solutions of pyrene 

(3×10−7 mol dm−3). Measurements were 

performed at 298 K, and the fluorescence 

intensities ratios (I1/I3) of the first (I1, 373 nm) 

and third (I3, 384 nm) peaks from the short 

wavelength in the spectra of pyrene were 

obtained with excitation at λ = 335 nm. The 

excitation and emission slit widths were set to be 

5 and 1.5 nm, respectively. 

Field emission-scanning electron microscopy 

(FE-SEM) and energy dispersive X-ray 

microanalysis (EDX) were performed using a 
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FE-SEM ULTRA PLUS microscope. 

Microanalysis EDX: resolution 129 eV and 

wavelength-dispersive (WD) 8.5 nm. 

Transmission electron microscopy (TEM) was 

performed using a Philips CM-12 transmission 

electron microscope equipped with a digital 

camera MEGA VIEWII DOCU. 

Infrared spectra were collected using a Nicolet-

Nexus 470 Fourier-Transform infrared 

Spectrometer (FT-IR) equipped with a pneumatic 

motion interferometer. 

 

4. Conclusions 

We successfully presented a new computational 

method for predicting key physicochemical 

properties of compounds for biomaterials 

templating. For this purpose we developed the 

first model which combines perturbation theory 

(PT) and linear free energy relationship (LFER) 

ideas. We show that a single model may have a 

good quality of predicting multiple properties. 

Results obtained by our model were compared 

with published data, and our experimental results 

obtained standard errors less than 0.02%. 

We also demonstrated that controlling molecular 

architecture is an efficient platform to manipulate 

the material bioactivity. The presence of siloxane 

bridges and its distribution results in HA growth 

not only at the surface but also at pore interior. 

Finally, the kinetics of HA formation was also 

tested and we concluded that the definite 

crystalline structure is achieved after 20 days. 

The detailed analysis and theoretical model 

provided in these studies is expected to be useful 

as a reference to design in a fast and economical 

way new bioactive scaffolds for bone 

regeneration based on surfactant mixtures. 
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