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ABSTRACT 

Over the last few years, bone repair has increasingly gained in importance. In recent years, 

considerable attention has been given to the administration of therapeutic biomolecules to 

promote tissue regeneration. The aim of this work is the study of the influence of functional 

groups present at the surface of silica pores and the textural structure on the release kinetics of a 

model protein (i.e. Soybean Trypsin Inhibitor, STI) and on the preservation of its inhibitory 

activity. For this purpose, two alternative methods have been investigated: i) impregnation of 

presynthesized silica gels with the protein solution (i.e. impregnation method), ii) direct 

incorporation of the protein during the synthesis of the gel (i.e. in situ method). Regarding the 

impregnation method, a fast release of STI was observed when incubated in physiological 

conditions (i.e. burst followed by a plateau for the calcined samples or by a sustained release for 

the dried sample) while the in situ method allowed a better control of the release rate of this 

protein over the first 24 h. This difference in release kinetics could be explained in terms of the 

expected geometry of the pores (open versus closed porosity). Interestingly, no significant change 

in the activity of the protein was noticed for the silica synthesized via the in situ method, while a 

partial or total loss of inhibitory activity was measured after four weeks of incubation for the 

impregnated silica. 

Keywords: biomaterials, bone reconstruction, protein encapsulation, silica gel, sol-gel process, 

surface modification.  
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1. INTRODUCTION 

Bone possesses the capacity of self-regeneration allowing its repair without any scar [1,2].  

However, in the case of large fracture defects (i.e. gaps beyond two and a half times the bone 

radius), this physiological repair is not sufficient and requires external assistance in order to 

recover the complete structure and function of the native bone [3]. Every year, over 4 million 

surgical procedures involving bone grafting or bone graft substitutes are performed worldwide, 

making bones the second most grafted organ after blood transfusion [4,5]. Moreover, the 

importance of bone repair is expected to increase within the next decades with the aging of the 

population (i.e. almost doubling of the population over 65 years in 2050) and the constant 

increase in implementation of healthcare services worldwide [6]. 

Several materials have been developed to promote bone healing [7–10]. In recent years, 

considerable attention has been given to the administration of therapeutic biomolecules to 

promote tissue regeneration [11,12]. In particular, bone morphogenetic proteins (BMP), a family 

of cytokines, are well-known to be good candidate to promote bone reconstruction [13–15]. 

Indeed, BMPs have been shown to induce significant bone formation via the regulation of cell 

adhesion, proliferation, differentiation, and apoptosis in bone tissue. Studies have showed that 

BMP-2 could promote the bone differentiation of stem cells as well as the fracture repair through 

the recruitment of osteogenic progenitor cells [16–18]. Moreover, BMP-2 and BMP-7 have been 

approved by the Food and Drug Administration for the treatment of bone fractures [13,19]. To 

achieve a good reconstruction process, the release of BMP from the matrix must be controlled to 

avoid undesirable growth of tumors or neovascularization of non-targeted tissues due to an 

excessively high dose of growth factors [20]. Several delivery system have already been 

proposed for the sustained delivery of BMP [21–23]. Among them, silica gels have gained 

increasing interest to control the sustained release of different biomolecules in tissue engineering 
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[24–29]. Sol-gel silica is an amorphous porous material formed by an interconnected network of 

silicon atoms, which can be synthesized under soft conditions not detrimental to the activity of 

these biomolecules (e.g. via sol-gel process) [30–33]. One of the most attractive features of this 

material is its large specific surface area, allowing a large amount of biomolecules to be adsorbed 

at the surface of the pores [34]. Moreover, the morphology of the pores can be tuned with the 

synthesis conditions (e.g. pH, solvent, processing conditions) in order to match the hydrodynamic 

diameter of typical biomolecules and to regulate the diffusion inside the pores and the subsequent 

release process [24,33,35]. The surface chemistry of the wall of the pores can also be modified to 

graft functional groups allowing the adjustment of their surface charge density or their 

hydrophilic/hydrophobic balance to modulate the interaction (i.e. electrostatic forces, hydrogen 

bonding, van der Waals forces) between the protein and the pore walls [35–38]. From a 

processing perspective, silica gels can be processed in a wide variety of forms ranging from 

monoliths to films and particles (micro and nano size) [24,30,36]. Silica is also very interesting 

from a biocompatible point of view, being resorbable and non-toxic [30,34,39]. Furthermore, 

studies have shown that immobilization of enzymes protects them against physico-chemical 

stresses that could alter their structural integrity and their biological activity [26]. This inorganic 

material also offers as additional advantages, limited swelling and good mechanically stability 

[25,40]. 

In this study, a model protein has been chosen: the Soybean Trypsin Inhibitor (STI). STI has been 

chosen because of its similarities with BMP in term of size, molecular weight, point of zero 

charge, hydrophobic properties, and release kinetics (see Table 1).[30,41,42]. This protein has 

been used in previous studies to model BMP release [7,30,42]. The encapsulation of BMP and 

STI inside silica gels has already been studied though the impregnation of pre-synthesized gels 

(i.e. impregnation method) [12,43–45] and the direct incorporation of protein during the 
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formation of the gel (i.e. in situ method) [7,30,46,47]. Due to the versatility of the sol-gel method, 

silica gels have been processed to produce different forms such as particles [7,12,46,47], films 

[20,30,43,44], and complete scaffolds [45]. These studies have showed that immobilization of 

these proteins in silica and their subsequent release over several days and even weeks is feasible. 

However, even if the materials were characterized in terms of composition and porosity, these 

studies did not directly present the link between the textural properties and surface chemistry of 

silica, and the release kinetics and remaining activity of the proteins. Indeed, the textural 

properties and the surface chemistry of silica play a key role in these phenomena by greatly 

influencing the diffusion of the proteins inside the pores. They also modulate the protein activity 

via interactions with the functional groups present at the pore surface or by physical restriction of 

the protein conformation [35,36]. Altering the textural properties (e.g. pore size, surface area) as 

well as the surface chemistry (e.g. addition of specific functional groups) would thus be of great 

interest. Moreover, the complete comparison of the different encapsulation methods (mainly, 

impregnation and in situ method) has not been realized, even though they provide different 

features with their own advantages and drawbacks. 

Based on this rational, the aim of this work was the study of the influence of the textural 

properties and surface chemistry on the encapsulation of proteins in functionalized silica gels. 

With this goal, STI has been encapsulated either by impregnation or by in situ synthesis. Surface 

chemistry and textural properties have been controlled via the choice of the method, the use of a 

nucleating agent for silica particles, and the calcination treatment. These new materials were then 

characterized via infrared spectroscopy (FTIR) to study the chemical composition, 

thermogravimetric analysis (TGA) to determine the organic content, nitrogen adsorption-

desorption and mercury porosimetry to assess the textural properties, and by the method of 

equilibrium pH at high loading to determine the point of zero charge (PZC). The release kinetics 
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of the protein in vitro as well as the inhibitory activity after release were also determined over a 

period of 12 weeks. 

2. MATERIALS AND METHODS 

2.1.Materials 

In this section, the activity of the proteins is expressed in Nα-Benzoyl-L-arginine ethyl ester 

hydrochloride (BAEE) units. In this context, one BAEE unit yields a difference of absorbance at 

253 nm (ΔA253) of 0.001/min with BAEE as substrate at pH = 7.6 at 25 °C.  

Tetraethyl orthosilicate (TEOS, Si(OC2H5)4), ammonium hydroxide solution NH3 (28-30 %), 3-

(2-aminoethylamino) propyltrimethoxysilane (EDAS, (CH3O)3Si(CH2)3NHCH2CH2NH2 (97 %)), 

potassium phosphate monobasic (KH2PO4), sodium chloride (NaCl), potassium chloride (KCl), 

and Trypsin from bovine pancreas (Type I, 10,000 BAEE units/mg) were purchased from Sigma-

Aldrich ; absolute ethanol (C2H5OH), hydrochloric acid (HCl (37 %)), and sodium hydroxide 

(NaOH) from Merck; tetramethyl orthosilicate (TMOS, Si(OCH3)4), sodium phosphate dibasic 

(Na2HPO4), and Nα-Benzoyl-L-arginine ethyl ester hydrochloride (BAEE, C15H22N4O3·HCl) 

from Acros Organics; Soybean Trypsin Inhibitor STI (≥ 7000 BAEE units/mg) from Carl Roth. 

Unless indicated otherwise, all these chemicals were ≥ 99 % pure and were used without further 

purification. Phosphate Buffer Saline (PBS) solution was prepared using 1.4 mM KH2PO4, 10 

mM Na2HPO4, 137 mM NaCl and 2.7 mM KCl and was adjusted to pH = 7.4 using 0.1 M HCl or 

0.1 M NaOH. 

2.2.Sample preparation 

Two processes were used in this study for the encapsulation of STI in silica gels: an impregnation 

method (denoted Imp) and an in situ method (denoted IS). 
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2.2.1 Impregnation method 

This procedure was adapted from Lambert et al. and Mahy et al. [33,48]. The samples were 

synthesized in absolute ethanol, with TEOS, EDAS, and 0.18 M of aqueous NH3 solution. 

Synthesis processing variables were selected in order to adopt a hydrolysis ratio (i.e. [H2O] / 

([TEOS] + 3/4 [EDAS])) equal to 5, a dilution ratio (i.e. [C2H5OH] / ([TEOS] + [EDAS])) equal 

to 10, and a ratio of EDAS to TEOS (i.e. [EDAS]/[TEOS]) equal to 0.2. This gave a molar ratio 

TEOS : EDAS : ethanol : water : NH3 of 157 : 31.5 : 1890 : 903 : 2.9. 

The samples were synthesized in absolute ethanol, with TEOS, EDAS, and 0.18 M aqueous NH3 

solution [33,48]. TEOS (32.71 g) was first mixed with ethanol (55 mL) at room temperature 

under stirring. EDAS (7 g) was then added under constant agitation. Ethanolic NH3 solution (16.3 

mL of 0.18 M aqueous NH3 solution in 55 mL of ethanol) was finally added to the mixture under 

vigorous stirring. The volume of the final solutions was about 200 mL. For gelation and ageing, 

the sample vessel was closed and heated to 80°C for 72 h. Then, the resulting gels were dried 

under air at room temperature for 72 h. The gels were further dried under vacuum by placing the 

open vessel in an oven at 150°C at 50 Pa for 24 h. Samples were finally calcined by heating up to 

450°C at a rate of 2°C/min for 12 h and then at 550°C for 12 h at a rate of 2°C/min. Imp-Dry 

sample was obtained after drying, Imp-450 after calcination at 450°C, and Imp-550 after 

calcination at 550°C. 

After the synthesis, the samples were ground and the powder fraction between 300 and 700 µm 

was kept for further treatments and characterization. This fraction was impregnated in a STI 

solution (1 mg/mL in PBS) for 3 h or 72 h (50 mg of sample per mL of solution) at 25°C under 

agitation. The impregnation was undertaken in duplicates. The suspensions were then centrifuged 

Jo
urn

al 
Pre-

pro
of



8 
 

at 3000 rpm for 5 min and the supernatant was removed. The particles were finally freeze-dried 

for 3 days. The resulting samples were stored at -20°C. 

2.2.2. In situ method 

This procedure was adapted from Reiner et al. [30]. The samples were synthesized in PBS, with 

TMOS, and 2.5 mM of aqueous HCl solution. Synthesis processing variables were selected to 

ensure a prehydrolysis ratio (i.e. [H2O]prehydrolysis / [TMOS]) equal to 1.25 and a total dilution ratio 

(i.e. ([H2O]prehydrolysis +  [H2O]PBS)/ [TMOS]) equal to 19. This gave a molar ratio TMOS : water : 

HCl of 50.4 : 972.2 : 2.88 x 10-3. 

TMOS (7.67 g) was first prehydrolyzed in dilute aqueous HCl solution (1.15 mL, 2.5 mM) at 

room temperature for 30 min under constant stirring. STI solution (16.35 mL, 1 mg/mL in PBS) 

was then added under agitation. For gelation and ageing, the sample vessel was sealed and left at 

room temperature for 72 h. The gels were finally dried under air at room temperature for 72 h. 

After the synthesis, the samples were ground into powders and the fraction between 300 and 700 

µm was kept for further treatments and characterization. The resulting samples were stored at -

20°C. Protein-free gels were prepared for characterization by replacing the protein solution by a 

protein-free PBS solution. These samples are denoted IS-Blank. 

2.3. Sample characterization 

2.3.1. Chemical and physical characterization 

The presence of specific functional groups was confirmed by Fourier transformed infrared 

(FTIR) spectroscopy in ATR mode using an IRAffinity-1 from Shimadzu. The following 

instrumental settings were used: absorbance, range from 4000 to 400 cm-1, 30 scans, resolution 2 
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cm-1. The spectra were normalized to the peak corresponding to Si-O-Si stretching (around 1050-

1060 cm-1). 

The organic content was determined by thermogravimetric analysis (TGA, TGA 7 from Perkin-

Elmer) under nitrogen atmosphere at a heating rate of 20°C/min between 50°C and 90°C and 

10°C/min between 90°C and 750°C. The weight loss was measured between 150°C and 750°C. 

The textural properties were characterized by nitrogen adsorption-desorption isotherms in an 

ASAP 2420 multi-sampler adsorption-desorption volumetric device from Micromeritics. From 

these isotherms, the microporous volume (VDR) and the equivalent microporous surface (SDR) 

were calculated using Dubinin-Radushkevich theory [49]. The surface area was evaluated using 

Brunauer, Emmett, and Teller theory (SBET) [49,50]. The mesoporous volume and surface were  

determined by Barrett, Joyner, and Halenda theory (VBJH and SBJH) [50]. The textural properties 

were also analyzed by mercury porosimetry. The measurements were performed with sample 

powders from 0.01 to 200 MPa using a Carlo Erba Porosimeter 2000 after a 2-h outgassing at 

ambient temperature. Analysis of mercury porosimetry was based on Washburn’s intrusion 

theory [50] and on the collapse theory introduced by Pirard et al. [51]. The collapse theory was 

used for samples with aerogel-like texture, which were crushed and not intruded by mercury. 

Mercury porosimetry measurements provided the specific macroporous volume (VHg), the 

buckling model constant (k), and the pressure of change from collapse to intrusion (Pt) [51]. The 

combination of nitrogen adsorption–desorption isotherms and mercury porosimetry was used to 

calculate the pore size distribution [33]. 

The point of zero charge (PZC) was  determined by the method of equilibrium pH at high loading 

[52]. The mass of the samples was first adjusted to obtain a surface loading equal to 10,000 m2/L 

Jo
urn

al 
Pre-

pro
of



10 
 

in 20 mL (in line with previous studies [52,53]). The porous solids were then soaked for 3 h 

under stirring in 20 mL of water solutions of various starting pH ranging from 1 to 13 adjusted 

using HCl or NaOH solutions. After equilibration, the equilibrium pH was measured using an 

InLab Expert Pro-ISM electrode from Mettler Toledo. The PZC of the solid corresponds to a 

plateau in a plot of the final pH vs. the initial pH [52]. 

2.3.2. Biochemical characterization 

For the impregnation method, the amount of encapsulated proteins was evaluated by measuring 

the STI concentration remaining in the supernatant after 3 h or 72 h of incubation via the Lowry 

method using STI as standard (UV-Vis absorbance measurement at 750 nm, spectrophotometer 

Lambda 25 from Perkin Elmer) [54]. For the in situ method, it was assumed that the entire 

quantity of the protein was encapsulated inside or at the surface of the silica. Hence, the amount 

of encapsulated proteins was calculated from the amount of sample produced and the amount of 

STI added during the synthesis. 

The kinetics of protein release was determined by immersing 0.1 g of sample in 2.5 mL of PBS 

solution in closed vials. This analysis was performed in duplicates. Gels were incubated at 37°C 

under continuously agitation in a water bath. At scheduled times (i.e. 30 min, 4 h, 1 day, 1 week, 

2 weeks, 4 weeks, 12 weeks), samples were centrifuged at 1000 rpm for 5 min. The supernatant 

supernatant was removed, stored at -20°C until analysis, and replaced by fresh PBS. The STI 

concentration was assessed via the Lowry method using STI as standard (UV-Vis absorbance 

measurement at 750 nm, Lambda 25 spectrophotometer from Perkin Elmer) [54]. For the 

impregnation method, the kinetics of protein release was determined for samples after 72 h of 

impregnation. 
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This technique was adapted from Merck’s protocol [55]. The biochemical activity of STI after 

release was assessed by measuring the reduction of synthetic BAEE. Briefly, 1 mL of protein 

sample was mixed with 0.25 mL of trypsin solution (1 mg/L trypsin in 1 mM HCl) and 3.75 mL 

of 1 mM HCl and incubated for 5 min at room temperature. An aliquot (0.1 mL) of this solution 

was then added to a solution of BAEE (3 mL, 0.25 mM in 1.67 mM Sodium Phosphate Buffer) 

and HCl (0.1 mL, 1 mM). The increase in absorbance at 253 nm with time was measured at 30°C 

using a Specord50 Plus spectrophotometer from Anaytikjena. The concentration of active protein 

was calculated using a standard curve obtained using free STI under the same conditions. Finally, 

the remaining activity was defined as the ratio between the concentration of active proteins and 

the total concentration of proteins. The analysis of the activity was measured in duplicates for 

each sample. Sample times of 30 min, 1 week, and 4 weeks after incubation were adopted for the 

impregnation method and were limited to 1 week of incubation for the in situ method due to the 

low amount of protein released. For the impregnation method, the biochemical activity of STI 

after release was only determined for samples after 72 h of impregnation.  

3. RESULTS AND DISCUSSION 

3.1. Composition of samples 

The characteristic peaks of silica are identified in the FTIR spectra (Figure 1). The peaks 

corresponding to the bending mode of Si-O-Si groups are observed at 440-444 cm-1 [56–58]. The 

stretching modes of Si-O-Si groups are detected at 810 (i.e. symmetric stretching), 1054 (i.e. 

transverse optical mode of antisymmetric stretching), and 1120-1300 cm-1 (i.e. longitudinal 

optical mode of antisymmetric stretching) for the Imp-450 and Imp-550 samples [57–60]. These 

values are shifted towards lower wavenumbers for the Imp-Dry sample (i.e. 792, 1044, and 1100-

1250 cm-1 respectively, for the symmetric, transverse optical mode of antisymmetric, and 
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longitudinal optical mode of antisymmetric stretching). This shift is related to the deformation of 

the network to incorporate the organic groups within the silica matrix (i.e. greater Si-O-Si angles 

and Si-O bond lengths) [59]. For the IS sample, the values are 797, 1060, and 1120-1300 cm-1 

respectively. Characteristics peaks of silanol groups are found at 560-567 cm-1 (i.e. rocking mode 

of Si-OH groups) and around 900-990 (i.e. antisymmetric stretching of Si-OH groups) [56,58–

60]. These bands are less marked in the case of the Imp-450 and Imp-550 samples compared to 

the Imp-Dry sample. This can be explained by the condensation of adjacent silanols into siloxane 

bonds during the calcination [61,62]. Comparing the two encapsulation methods, a larger 

proportion of silanols groups can be observed for the in situ method. This is probably due to the 

absence of any thermal treatment (synthesis and drying at room temperature) in the case of the IS 

sample. The difference in intensity observed for the peaks corresponding to –OH groups (i.e. 

bending at 1635-1645 cm-1 and stretching around 3000-3600 cm-1) follows the same explanations. 

The presence of –NH-(CH2)2-NH2 groups is revealed in Imp-Dry by the presence of peaks 

corresponding to –CH groups (i.e. bending at 691 and 1412 cm-1), –CH2 groups (i.e. bending at 

1365 cm-1 and 1459 cm-1 and stretching around 2800-3000 cm-1), and –NH2 groups (i.e. bending 

at 1600 cm-1) [59,63,64]. After calcination at 450°C, most of these organic groups are replaced 

by –OH groups (i.e. bending at 1645 cm-1 and stretching around 3600 cm-1) but some organic 

groups are still present (i.e. bending of –CH2 groups at 1366 cm-1) probably due to an incomplete 

combustion [56–59,63]. After calcination at 550°C, only –OH groups are detected (i.e. –OH 

stretching around 3000-3600 cm-1) [56–59]. Regarding the IS sample, only characteristic peaks of 

silica and –OH groups are observed. 

 

The percentage of organic content of the functionalized silica samples was determined by TGA 

(Table 2). In the case of the impregnation method, it is observed that the organic content depends 
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on the thermal post treatment. Imp-Dry sample presents a large weight decrease due to the 

presence of ethylene diamine groups at the surface of the pores. This amount is similar to the 

theoretical organic content of 22.7 wt% and corresponds to a concentration of 2.05 mmol/g.   

Calcined samples exhibit a much lower organic content compared to the dried sample because of 

the combustion of ethylene diamine groups during the calcination step. Nevertheless, a weight 

decrease is measured, which correspond to the condensation of adjacent silanols at high 

temperature with the formation of siloxane bonds and the release of water molecules [61,62]. The 

proportion of uncondensed silanols decreases with the calcination temperature, leading to a 

slightly smaller weight decrease for Imp-550 sample compared to Imp-450 sample. These 

observations are in concordance with the conclusions made regarding FTIR spectra. The weight 

decrease observed in the case of the IS sample can also be explained by the condensation of 

silanols. The values observed respectively for the Imp-450, Imp-550, and IS samples correspond 

to a concentration of 4.6, 4.5, and 4.9 –OH groups/nm² respectively, which is in agreement with 

those obtained by Zhuravlev et al.[65]. 

 

3.2. Textural properties analysis 

To adjust the release kinetics and protect the protein from denaturation, the textural properties are 

important parameters to consider because of their key role regarding protein diffusion and 

physical interaction between the protein and the matrix. A compromise needs to be identified in 

the mean pore size of silica. A reduction of their size will increase the surface area accessible for 

protein adsorption, but will also limit their accessibility and the diffusion rate of the biomolecules 

afterwards [34,35]. As already mentioned, the pore morphology can be controlled during the 

synthesis notably through the pH, the temperature or the solvent, and is controlled in an easier 
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way in the case of the impregnation method [32,66]. On the other hand, physical and geometrical 

interactions between the pore walls and the proteins can also regulate the diffusion inside the 

pores and consequently the release kinetics. 

The nitrogen adsorption-desorption isotherms are depicted in Figure 2(a). The textural properties 

of the samples are given in Table 3. Two types of isotherms are present depending on the 

synthesis method. For the impregnation method, a mixture of Types I and IV isotherms according 

to the BDDT classification are observed [49]. They are characterized by a rapid increase of the 

adsorbed volume at low pressure due to the micropore filling as in Type I isotherm (microporous 

solid) and by the presence of a hysteresis resulting from capillary compensation as in Type IV 

isotherm (mesoporous solid). The hysteresis presents a H2 Type shape [67]. The steep desorption 

branch is due to pore-blocking resulting from the presence of large mesopores with narrow 

mouths (i.e. bottle-like pores). This is also confirmed by the BJH distribution (i.e. presence of a 

small peak at 8.8, 9.4, and 8.9 nm for Imp-Dry, Imp-450, and Imp-550 samples respectively and a 

larger peak at 18.7, 19.0, and 18.4 nm respectively) and the higher value of the mesoporous 

volume VBJH compared to the total pore volume, VT (representative for meso and macroporous 

solids). The lower surface area of Imp-Dry sample (i.e. 330 m2/g) is explained by the presence of 

the ethylene diamine groups inside the pores. These groups are degraded after calcination at 

450°C, which increases the surface area of Imp-450 sample (i.e. 585 m²/g) compared to Imp-Dry 

sample. At 550°C, the silica sintering process occurs, which leads to a reduction of the specific 

surface area of Imp-550 sample (i.e. 445 m2/g) [32]. These values are in concordance with 

previous studies [33,68]. The higher VDR, VBJH, and SBJH obtained for Imp-450 sample compared 

to Imp-Dry and Imp-550 samples follow the same explanation. It is worth noting that the higher 

SBJH values compared to SBET values could be due to an under-estimation of the pore size via the 

BJH method (see Table 3). In this method, the considered size is the size for which the pore 
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empties (i.e. the aperture size of the pore), which does not correspond to the mean size of the pore 

in the case of bottle-like shape. Nevertheless, the relative magnitudes are consistent across the 

various results. 

For the in situ method, the sample with and without proteins have been analyzed to study the 

potential templating effect of the protein. In both cases, a mixture of Types I and IV isotherms is 

observed. In contrast to the impregnation method, the smaller size of the hysteresis and the 

presence of a plateau prior to saturation suggest a much lower proportion of mesopores compared 

to micropores [49,50]. This is confirmed by the BJH distribution with a large proportion of 

micropores and a bimodal distribution of small mesopores (i.e. around 2.8 and 3.5 nm). In the 

case of the sample without proteins, no other pore size seems present. The microporous volume, 

VDR, also present a similar value to the specific liquid volume adsorbed at the saturation pressure 

of nitrogen, VP (representative only for microporous solids) (Table 3). On the opposite, in the 

case of the sample containing the protein, the hysteresis is larger and closes at higher relative 

pressure, which indicates the presence of a larger proportion of larger mesopores. The BJH 

distribution confirms this observation by the presence of supplementary size distributions (i.e. 

around 9.3 and 24.8 nm, and above 30 nm). These results are in opposition to those obtained by 

Reiner et al. (i.e. pores smaller than 5 nm, no BET isotherm) [30]. However, due to the small 

proportion of mesopores, it is probable that they were neglected by the authors. SBJH and VBJH 

values indicated in Table 3 for the IS samples are overestimated and not representative of the 

sample because the BJH method should be applied for a perfectly mesoporous solid while the IS 

sample is mainly microporous (Figure 2 (a-c)). 

The mercury porosimetry curves (Figure 2(d)) highlight two successive behaviors for samples 

synthesized by the impregnation method. First, samples collapse under the mercury isostatic 

pressure at low pressure. Then, above a pressure of transition (Pt), which is observed in the 
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mercury porosimetry curves by a change of slope, the mercury enters into the pores of the 

samples. Two models are used to describe these two phenomena and calculate the pore size 

distribution from mercury porosimetry measurements. Below Pt, Pirard’s model is used to 

describe the collapse of larger pores [51].  Above Pt, Washburn’s equation is applied for the 

mercury intrusion [50]. 

The cumulative volume distribution for pore sizes larger than 4 nm (i.e. STI size) is obtained by 

combining the nitrogen adsorption–desorption isotherms and the mercury porosimetry 

measurements. The total volume of the pores smaller than 2 nm is calculated by the Dubinin–

Raduskevitch’s method for micropores (VDR, gas adsorption) and the BJH method for mesopores 

between 2 and 4 nm (V2-4nm, gas adsorption). The pore size distribution is then determined using 

Pirard’s and Washburn’s models for pores larger than 4 nm (VHg, mercury porosimetry). The pore 

size distributions of the samples are displayed in Figure 2(e). The addition of the microporous 

volume (VDR), the cumulative volume of the pores between 2 and 4 nm (V2-4nm), and the specific 

pore volume obtained by mercury porosimetry (VHg) gives the total cumulative volume (VT), 

summarized in Table 3. 

The samples produced via the impregnation method are characterized by a broad size distribution 

with the presence of micropores, mesopores, and macropores. The distribution shifts towards the 

smaller pores when decreasing the amount of organic component in the sample (Imp-Dry > Imp-

450 > Imp-550). This is probably due to the sintering process, as mentioned previously. On the 

other hand, the IS sample without protein mainly contains micropores and small mesopores (i.e. ≤ 

4 nm). Indeed, 90 % of the pores are smaller than 8.5 nm. The total cumulative volume of pores, 

VT, is also much smaller compared to the other samples (Table 3). Nevertheless, as indicated by 

the nitrogen adsorption-desorption analysis, the proportion of larger mesopores is higher in the 
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sample containing the protein. As shown in Figure 2(c), their size are larger than the protein size 

(4.5 x 4.5 x 4 nm, Table 1), allowing the diffusion of proteins outside of the pores. 

For both encapsulation methods, VP measured by nitrogen adsorption-desorption is greater than 

VHg determined by mercury porosimetry. This is linked to the presence of pores whose width is 

less than the limit size taken into account by the mercury porosimetry. 

3.3. Determination of the Point of Zero Charge (PZC) 

The evolutions of the final pH as a function of the initial pH curves (Figure 3) clearly show a 

plateau for all samples, which corresponds to the Point of Zero Charge (PZC) value (i.e. 9.5, 5.6, 

5.4, and 6.5 respectively for Imp-Dry, Imp-450, Imp-550, and IS samples). The characterization 

of the PZC value allows the determination of the surface charge of the samples, which influences 

the “silica-protein” interactions and subsequently the protein release kinetics and the inhibitory 

activity. For silica samples, when pH < PZC, the surface charges of the sample are positive, 

characteristic of the presence of –OH2
+, –NH2

+, and/or –NH3
+ surface groups. In contrast, when 

pH > PZC, the surface charges of the sample are negative, characteristic of the presence of –O-, –

N-, and/or –NH- groups [52,53]. Following this reasoning, it is evident that the surface of Imp-

Dry sample is positively charged at the pH of the release solution (i.e. 7.4, Figure 3) while Imp-

450, Imp-550, and IS samples present a negative charge at their surface. The difference of PZC 

between Imp-Dry sample and the other samples is explained by the surface chemistry. On the one 

hand, ethylene diamine groups present at the surface of Imp-Dry sample are responsible for the 

high PZC value (i.e. 9.5) observed in Figure 3 (pKa for the protonation of the amine groups into 

the corresponding ammonium form equal to 9.6) [62]. On the other hand, the presence of silanol 

groups and siloxane bridges at the surface of Imp-450, Imp-550, and IS samples explains the 

lower PZC value (between 5.4 and 6.5). Comparing to the literature, the PZC value measured for 
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Imp-Dry sample is similar to the PZC value found in the literature for silica gels containing 

amine groups (i.e. PZC around 10) [62]. On the opposite, the value measured for Imp-450, Imp-

550, and IS samples is higher than the PZC value found in the literature for bare silica (i.e. PZC = 

2-3) [69]. This indicates a larger proportion of siloxane groups (less acidic) compared to silanol 

groups (more acidic) [62]. For Imp-450 and Imp-550 samples, this larger proportion can be 

explained by the complete condensation of adjacent silanols at high temperature [61,62]. For IS 

sample, the presence of residual salt from the PBS leads to an increase in the PZC, which reaches 

6.5. 

3.4. Protein encapsulation 

While no significant change is observed in the amount of encapsulated proteins for Imp-450 and 

Imp-550 samples between 3 h and 72 h of impregnation (Table 4), a significant increase (i.e. 

30 %) is noticed for Imp-Dry sample. This difference in diffusion/adsorption kinetics of the 

protein can be attributed to the presence of the ethylene diamine groups that delays the diffusion 

of the proteins inside the pores via a steric hindrance effect and electrostatic interaction (i.e. 

positively charged surface and negatively charged protein). The difference in the quantity of 

protein adsorbed per unit mass between the samples seems rather explained by the difference in 

the specific surface area between the samples (Table 3) than by a difference in protein-silica 

affinity. Indeed, when calculating the quantity of protein adsorbed after 72 h per unit of specific 

surface area of silica, it is observed that the values for Imp-Dry and Imp-550 samples are close, 

while the quantity of protein per unit surface area of silica is smaller for Imp-450 sample (Table 

4). This indicates that some proportion of surface area of the Imp-450 sample is not used for the 

protein adsorption. Nevertheless, these values are higher than the ones corresponding to the 

Jo
urn

al 
Pre-

pro
of



19 
 

adsorption of BMP-2 or STI at the surface of silica recorded in the literature (i.e. 0.5-4 

mgprotein/gSilica) [7,30,45]. 

In the case of the in situ method, it is assumed that the entire quantity of STI has been 

encapsulated inside or at the surface of the silica. The amount of encapsulated proteins is thus 

estimated from the amount of silica produced and the amount of STI added during the synthesis. 

The calculations show that the quantity of protein encapsulated via the in situ method (i.e. IS 

sample) is 5 to 9 times smaller than via the impregnation method. This quantity is directly fixed 

by the quantity of STI in the solution added during the gel synthesis and can therefore be 

controlled by regulating the concentration of the STI solution. 

It is important to notice that these results represent the total amount of protein present inside and 

at the external surface of the samples and that they should be further contrasted in section 3.4. 

Nevertheless, the conclusions drawn regarding the relative magnitudes of encapsulation remains 

valid despite this remark. 

3.5. Release test 

3.5.1. Release kinetics profiles 

As previously mentioned, surface chemistry should be considered to adjust the release kinetics 

and protect the protein from denaturation. Surface chemistry of the pores can be tuned in order to 

incorporate specific functional groups [36–38]. These groups can specifically interact with the 

protein through electrostatic forces, hydrogen bonding, and van der Waals forces [35–38]. In 

principle, the local chemical environment can be tailored to promote the adsorption of the 

proteins while slowing down their diffusion inside the pores, without significantly altering their 

activity. The tuning of surface chemistry must be specifically adapted to the protein of interest, 
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i.e. in order to match its specific features, including surface charge distribution, size, secondary 

and tertiary structures, hydrophobicity, surface reactivity, etc.. 

Figures 4(a-c) illustrate the release kinetic profiles. In a clarity purpose, the results are divided in 

three parts: (a) profiles over 80 days, (b) zoom on the first 24 h of release, and (c) amount of STI 

released after the first day. This last subfigure is expressed as the percentage of STI remaining in 

the silica at day 1. 

The release kinetics profiles (Figure 4(b)) highlight a fast release of STI from impregnation 

samples within the first 24 h. During this period, 40 % of the encapsulated STI are released. Due 

to the rapidity of this release, it is assumed that this burst is mostly affected by the fraction of the 

protein molecules that have only adsorbed on the external surface of the silica particles and not 

those that have penetrated inside the pores of silica. After immersion in the release medium, these 

biomolecules can easily and rapidly desorb from the silica particles. A remark must therefore be 

expressed regarding the results presented in Table 4. These results represent the total amount of 

protein present inside and at the external surface of the samples. Taking into account the results 

of this section, it seems that the proteins present at the surface of the silica accounts for about 40 

% of the total amount. This means that the quantity of encapsulated proteins would vary between 

8.5 and 13.9 mgSTI/gSilica. Yet, the remarks expressed above regarding the relative magnitudes of 

encapsulation remains valid. In the case of Imp-450 sample, this probably explains the presence 

of surface area unused for the adsorption of protein. Indeed, if a large amount of proteins adsorbs 

on the external surface of silica particles, increasing the internal porosity will only lead to a small 

increase in the amount of adsorbed protein, resulting in the detection of a smaller amount of 

protein per unit of surface area (Table 4). Following the rational that the burst is probably due to 

STI adsorb at the surface, it was decided to express the rest of the profile as the proportion of the 

remaining STI in the silica at day 1 that is released in the medium (Figure 4(c)). Beyond day 1, a 
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sustained release of STI is observed to achieve a plateau at day 30 for the calcined samples at 

450°C (Imp-450), i.e. release < 1% between day 30 and day 85 (Figures 4(a) and (c)). Regarding 

the sample calcined at 550°C (Imp-550), the release is also limited after day 30 but slightly 

higher that for Imp-450, i.e. release of 6 % between day 30 and day 85. This limitation in STI 

release, i.e. corresponding to 29 and 39 % of the amount of STI remaining at day 1 for Imp-450 

and Imp-550 samples respectively, is not observed for Imp-Dry sample that still exhibit a 

sustained release beyond 80 days. This difference in release kinetics profile could be explained 

by the difference in surface chemistry of those samples. Indeed, while Imp-450 and Imp-550 

samples bear negative charges, ethylene diamine groups of Imp-Dry sample provide positive 

charges at pH = 7.4. On the other hand, STI is negatively charged at this pH. Ethylene diamine 

groups present in Imp-Dry samples are thus able to interact with STI proteins via electrostatic 

interactions, preventing the proteins from rapidly diffusing from the pores towards the release 

solution. Tang et al. previously studied the encapsulation and release of BMP-2 in unmodified 

silica. They showed the presence of a large burst (i.e. 20-65 %) followed by a constant delivery 

over 28 days [45]. 

In contrast, the IS sample presents a small release over the first 24 h and a slower release until 

day 30, indicating that a large proportion of the proteins are encapsulated inside the particles 

(Figure 4(b)). The amount of proteins present at the surface of the silica can therefore be 

neglected and it can be considered that the results presented in Table 4 only accounts for the 

encapsulated proteins. After day 30, a plateau establishes at 37 % of the amount of STI remaining 

at day 1, i.e. release < 1% between day 30 and day 85 (Figures 4(a) and (c)). This plateau can be 

explained by a physical entrapment of STI inside closed pores. A previous study by Reiner et al. 

also highlighted this constant delivery over 30 days [30]. However, only qualitative comparison 
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can be performed with this study because of the differences in the release conditions (mainly the 

pH and the silica/release medium ratio). 

It is important to notice that these results were obtained in in vitro conditions. Nevertheless, 

previous studies highlighted a fast in vivo degradation of silica nanoparticles in zebrafishes 

[70,71]. The reader must therefore keep in mind that these results could further influence the 

release kinetics. 

 

3.5.2. Activity of released STI  

The inhibitory activity of STI released after 30 min, 1 week, and 4 weeks is expressed in terms of 

ratio of active proteins to the total amount of proteins released (Figure 4(d)). In view of the 

previous results presented in Section 3.5.1, Imp-Dry, Imp-550, and IS samples were chosen. For 

IS sample, only results after 1 week of release could be measured due to the low concentration of 

protein released in solution compared to the sensitivity of the bioassay. 

For Imp-Dry and Imp-550 samples, a significant difference is noticed in the percentage of active 

released protein between the first sampling period at 30 min and 1 week later (Figure 4(d)). 

While the fraction of enzyme released after 30 min is mostly active, after 1 week of incubation, 

the specific activity of STI released decreases below 40 %. This loss in protein activity is only 

explained by a change in its conformation. Accordingly, we could anticipate that when more 

deeply internalized within the pore size of silica, the protein could partially unfold through its 

interactions with the pore walls. This denaturation is still more accentuated after 4 weeks of 

incubation where STI released from Imp-550 sample does not give any inhibitory signal. In 

contrast, the specific activity of STI released from Imp-Dry remains close to the value observed 

after 1 week of incubation (i.e. 30 %).  This difference in evolution in protein stability between 
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these two samples could be explained by the difference in surface chemistry. In the case of Imp-

550 sample, the silanol groups present at the surface of the walls interact with STI via 

electrostatic interactions, causing change in the protein conformation [72]. In Imp-Dry sample, 

ethylene diamine groups protect the proteins from these interactions, leading to a conservation of 

some activity. 

 For IS sample, the protein appears to retain its activity after 1 week of release. This is probably 

due to the presence of pores with size comparable to the protein size. In this case, the pore walls 

could physically restrict protein motions and prevent the unfolding of the protein [73]. 

In addition to the release, the studies mentioned in the Section 3.5.1., also focus on the protein 

activity. On the one hand, Tang et al. have highlighted a small change in protein conformation 

(i.e. 3.5 %). On the other hand, the results of Reiner et al. have indicated that STI is greatly 

affected by the pH of the release medium. Song et al. have notably found that pH can affect the 

conformation of the reactive loop of STI by disturbing the hydrogen bonds of this loop [74]. As 

shown in Section 3.3., the silica samples can influence the pH of the release medium. Moreover, 

the storage of the samples might also have an impact as Thorat et al. have showed that the frozen 

treatment of PBS can decrease the pH solution in frozen state by over 4 pH units [75]. 

 

4. CONCLUSIONS 

In conclusion, silica gels were synthesized via two methods (i.e. an impregnation method and an 

in situ method) for the encapsulation and release of STI. Through control of the 

drying/calcination conditions, the impregnation method allowed the preparation of three types of 

silica gels: Imp-Dry, Imp-450, and Imp-550. This method allows more freedom for the design of 
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the silica matrix because the protein is added after the synthesis and thermal treatments of silica 

matrix. A fine tuning of the textural morphology and surface chemistry is achieved by 

modulating the synthesis conditions such as pH, solvent, temperature, hydrolysis ratio, dilution 

ratio, and the use of functionalized molecules EDAS. However, this technique is more time 

consuming because the adsorption of STI protein is realized in a second time. 

In contrast, the in situ method involves a one-pot synthesis allowing the direct incorporation of 

the protein during the silica gel synthesis, reducing the processing time [35]. However, due to 

their high molecular weight, proteins can be firmly trapped inside the matrix network. Moreover, 

due to the presence of the protein in the sol, the conventional synthesis parameters (i.e. extreme 

pH, high temperature, and non-aqueous solvent) must be adapted to prevent any denaturation of 

the protein. These conditions therefore limit the optimization of the silica matrix.  

In this study, it is shown that the synthesis method of silica samples significantly influences the 

surface chemistry, charge density, and textural properties of silica samples. Indeed, while a large 

range of pore sizes were measured for silica gels prepared by impregnation (i.e. micro-, meso-and 

macropores), the IS silica sample was mainly composed of micropores. Furthermore, for the 

impregnation method, the thermal treatments (i.e. only drying or drying+calcination) of silica 

samples also influence the surface chemistry, charge density, and PZC value. Indeed, for only 

dried silica sample, the PZC is equal to 9.5 due to the presence of amino groups from EDAS 

molecules. When silica samples are dried and calcined, the PZC value decreases to 5.5, with the 

degradation of amino groups and the increase of silanols and siloxanes bond contents. All these 

differences in porosity and surface chemistry of silica have been shown to significantly affect the 

immobilization efficiency of STI, its release kinetics profile, but also the protection of its 

conformation and inhibitory activity. Although limited to a number of experimental criteria, this 
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study has demonstrated the opportunity to control the sustained release of STI over a period of at 

least 40 days according to release kinetics profiles, which can be adjusted as a function of textural 

properties and the surface nature of the silica samples. 

It is worthwhile to notice that the two encapsulation techniques used can be easily extend to other 

proteins. The reader must nevertheless keep in mind that protein-substrates interactions are linked 

to the nature of the protein and more specifically to its size, hydrophobicity, charge etc. Changing 

the protein might therefore lead to different results than those presented here. 
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8. TABLES 

 

 

 

 

 

 

 

 

 

Table 1. Properties of STI and BMP-2 

 STI BMP-2 

Molecular weight (g/mol) 21,000 [7,30] 26,000 [30] 

Size (nm) 4.5 x 4.2 x 4 [74] 7 x 3.5 x 3 [76] 

Point of zero charge (pH unit) 4.5 [77] 4.8-5.1 [78] 
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Table 2. Weight decrease of the samples measured by TGA. 

Sample 
Weight loss 

(wt%) 

Imp-Dry 21  

Imp-450 4 

Imp-550 3 

IS-Blank 4  
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Table 3. Textural properties of silica gels. 

Sample SBET (m²/g) 
± 5 

VP (cm³/g) 
± 0.1 

VDR (cm³/g) 
± 0.01 

VBJH 
(cm³/g) 
± 0.01 

SBJH 
(cm²/g) 

± 5 

VHg (cm³/g) 
± 0.1 

Pt (MPa) k (nm 
MPa0.25) 

V2-4nm 
(cm³/g) 
± 0.001 

VT (cm³/g) 
± 0.1 

Imp-Dry 330 1.5 0.19 1.47 440 1.3 26.3 129 0.026 1.5 
Imp-450 585 1.7 0.26 1.67 535 1.2 44.7 87 0.032 1.5 
Imp-550 445 1.5 0.22 1.47 475 1.3 56.3 73 0.034 1.6 

IS  545 0.3 0.25   0.18*   265* 0.1 34.4 106 0.168 0.5 
IS-Prot 590 0.4 0.28 0.24* 325* / / / / / 

Note: SBET: specific surface area determined by the BET method; VP: specific liquid volume adsorbed at the saturation pressure of nitrogen; VDR: specific micropore volume 
determined by the Dubinin–Raduskevitch theory; VBJH: specific mesoporous volume determined by the Barrett, Joyner, and Halenda theory; SBJH: specific mesoporous surface 
determined by the Barrett, Joyner and Halenda theory; VHg: specific pore volume measured by mercury porosimetry; Pt: pressure of change of mechanism during mercury 
porosimetry (change from collapse to intrusion) ; k: buckling model constant; V2-4nm: cumulative volume pores of diameter between 2 and 4 nm determined by the Barrett, Joyner, 
and Halenda theory; VT: total pore volume obtained by addition of VDR, V2-4 nm, and VHg. 
* = not representative of the sample ; / = not measured. 
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Table 4. Amount of proteins encapsulated. 

 3 hours of impregnation 
72 h of impregnation (Imp) 

or encapsulation (IS) 

Sample 
mSTI/mSilica 

(mgSTI/gSilica) 

mSTI/SBET 

(µgSTI/m²) 

mSTI/mSilica 

(mgSTI/gSilica) 

mSTI/SBET 

(µgSTI/m²) 

Imp-Dry 14.2 ± 0.7 42.4 ± 2.0 18.7 ± 0.1 55.9 ± 0.3 

Imp-450 22.9 ± 0.3 38.9 ± 0.4 23.2 ± 0.9 39.4 ± 1.6 

Imp-550 23.3 ± 0.1 51.2 ± 0.3 23.7 ± 1.1 52.1 ± 2.3 

IS / / 3.8 6.3 

Note: / = not relevant 
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9. FIGURE CAPTURES 

Figure 1. FTIR spectra of silica gels: � Imp-Dry, � Imp-450, � Imp-550, � IS-Blank. (a) Zone 

400-1300 cm-1, (b) zone 1300-1700 cm-1, (c) zone 2600-3800 cm-1. 

Figure 2. Porosity analysis: � Imp-Dry, � Imp-450, � Imp-550, � IS-Blank, � IS-Prot. (a) 

Nitrogen adsorption-desorption isotherms, (b-c) pore size distribution determined from the 

nitrogen adsorption-desorption isotherms, (d) mercury porosimetry curves, (e) pore size 

distributions determined from the nitrogen adsorption-desorption isotherms and the mercury 

porosimetry curves. 

Figure 3. PZC determination of silica gels: � Imp-Dry, � Imp-450, � Imp-550, � IS-Blank. 

The full line represents the pH of the release solution (i.e. pH = 7.4). 

Figure 4. (a-c) Release kinetics profile of STI from silica gels: � Imp-Dry, � Imp-450, � Imp-

550, � IS. (a) Release kinetics profile (b) Zoom on the possible burst (0 to 1 day) (c) Profile of 

the STI released after the first day. (d) Remaining activity after 30 min,  1 week, and  4 

weeks of release. 
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10. FIGURES 

 

 

 

 

Figure 1 
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Figure 4 
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• Encapsulation of STI in functionalized silica via sol-gel process. 
• Impregnation method: burst followed by plateau or sustained release. 
• Partial or total loss of inhibitory activity for impregnation method. 
• In situ method: sustained release followed by a plateau. 
• No significant change in the activity of the protein for the in situ method. 
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