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Abstract 

The development of biomaterials with tunable properties is indispensable for advancing biomedical 

applications such as tissue engineering and drug delivery. In this study, amorphous silica/sodium 

alginate (SiO₂/SA) hybrid materials were synthesized via the sol–gel method by incorporating 2, 5, 

and 8% of sodium alginate into the silica matrix. The hybrids were extensively characterized to 

evaluate their structural, surface, thermal, moisture-responsive, and biological properties. FTIR and 

XRD analyses confirmed the successful formation of organic–inorganic networks and amorphous 

structures. BET measurements revealed a substantial increase in specific surface area for the 2 and 

5% SA hybrids, reaching up to 325 m²/g, while the 8% SA sample showed a marked decrease due to 

pore blocking. Moisture sorption capacity followed a similar trend. Thermal analysis indicated 

improved thermal behavior and partial stabilization of the polymer within the silica matrix. 

Cytotoxicity tests on HaCaT cells showed increased cell viability inhibition for the 2% SA hybrid, 

attributed to its high surface area, while the 5 and 8% hybrids showed better biocompatibility. 

Overall, the SiO₂/SA 5% hybrid demonstrated the best balance between enhanced functional 

properties and a good biocompatibility, suggesting it as the most promising candidate for future 

biomedical applications. 

Keywords: SiO2; sodium alginate; sol-gel; surface area; BET; thermal analysis; moisture; cytotoxicity 

 

1. Introduction 

Biomaterials are a class of materials able to interact with specific part of the human body to 

enhance and assist tissue regeneration. Indeed, their interaction with damaged tissues stimulate 

growth and repair [1–3]. Nowadays, several biomaterials, including natural and synthetic polymers, 

metal oxides, and bioceramics, provide flexible solutions for tissue regeneration and drug delivery. 

According to their composition, they are divided into four categories: i) metallic, ii) ceramic, iii) 

polymers and iv) biocomposites [4,5]. Among ceramics, amorphous silica represents a valuable 

choice as a biomaterial due to its chemical inertness, which prevents undesirable reactions with 

surrounding molecules. Moreover, it exhibits favourable surface properties, such as a well-developed 

surface area and numerous hydroxyl groups on its surface. Unlike bioceramics obtaining through 

traditional melting process, sol–gel-derived glasses are produced at lower temperatures, resulting in 
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higher surface area and porosity [6–8]. This improves bioactivity [9], bone bonding [10,11], drug 

release [12], and degradation rates [13]. 

The abundance of –OH groups on the silica surface enables hydrogen bonding with various 

pharmacologically relevant molecules, which can be adsorbed onto its porous structure, making it 

highly suitable for drug delivery applications [14]. In addition, the high surface area of amorphous 

silica contributes to its biomimetic potential and biocompatibility [15]. The rough surface topography 

also facilitates cell attachment and proliferation of stem cells, which play a key role in effective tissue 

regeneration, and promote better integration with biological tissues [16,17]. 

The incorporation of a natural organic polymer into the silica matrix improves the 

biocompatibility and increases the tolerance within the host tissue. It also enhances degradability of 

the material, potentially eliminating the need for a further surgical procedure to remove the material 

once the tissues have healed and regenerated [18,19]. 

Numerous studies have highlighted that incorporating natural polymer into the inorganic silica 

matrix can significantly improve the properties of silica-based biomaterials. For instance, the 

combination of chitosan with silica to form xerogels has been shown to exhibit a high surface area, 

bioactivity and osteoconductive properties, thereby enhancing cell differentiation and prompting 

quick bioactive responses [20]. Similarly, the silica/collagen system synthesized via the sol-gel 

provided a fiber-reinforced, porous structure with mechanical properties applicable to bone 

proliferation for in low-load-bearing areas of body  [21]. Other hybrids have been synthesized by 

combining silk fibroin with silica, improving their biomedical applicability [22]. Another organic 

polymer of biomedical interest is alginate, a polysaccharides obtained from cell walls of brown algae 

and bacterial capsule of Azotobacter sp. and Pseudomonas sp. The most common form is sodium 

alginate [23]. 

Alginates are composed of alternating β-D-mannuronic acid (M) and α-L-guluronic acid (G) 

units, which are linked by 1,4-glycosidic bonds. Alginates with a high M content form more elastic, 

non-toxic, and non-immunogenic hydrogels, making them more biocompatible, more degradable, 

and highly suitable for soft tissue regeneration and controlled drug release [18,24]. The incorporation 

of this biopolymer increases the biocompatibility of silica-based biomaterials and improves their 

structural properties, particularly the swelling capacity, allowing them to absorb of body fluids 

without structural collapse, thereby increasing their adaptability within human tissues [18,25–27]. 

Since most of the literature finding deals with hybrid materials in which silica nanoparticles are 

embedded in alginates beads or composites [28,29], the aim of this work is to synthesize SiO₂/sodium 

alginate (SA) hybrid materials by incorporating 2, 5, and 8% of the polymer via the sol-gel route, to 

obtain biomaterials with enhanced properties for potential applications in the biomedical field. The 

hybrids were characterized in terms of their chemical composition using FTIR, structural features 

through XRD analysis, surface area via BET analysis, as well as their thermal behavior and moisture 

sorption capacity. Biocompatibility was assessed by testing the hybrids against HaCaT cell cultures, 

which are used as a model of healthy human cells. The goal was to obtain preliminary data to evaluate 

how the incorporation of sodium alginate can improve the properties of amorphous SiO₂. Since most 

of the literature finding deals with hybrid materials in which silica nanoparticles are embedded in 

alginates beads or composites [28,29], the aim of this work is to synthesize SiO₂/sodium alginate (SA) 

hybrid materials by incorporating 2, 5, and 8% of the polymer via the sol-gel route, to obtain 

biomaterials with enhanced properties for potential applications in the biomedical field. The hybrids 

were characterized in terms of their chemical composition using FTIR, structural features through 

XRD analysis, surface area via BET analysis, as well as their thermal behavior and moisture sorption 

capacity. Biocompatibility was assessed by testing the hybrids against HaCaT cell cultures, which are 

used as a model of healthy human cells. The goal was to obtain preliminary data to evaluate how the 

incorporation of sodium alginate can improve the properties of amorphous SiO₂. 
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2. Results and Discussion 

2.1. Sol-Gel Synthesis 

The SiO₂/SA hybrids, as well as the pure SiO₂, were synthesized using the sol-gel technique 

through hydrolysis and polycondensation reactions in the presence of water and ethanol. The 

synthesis was conducted under acidic conditions to accelerate the hydrolysis reactions relative to the 

condensation steps. The acidic environment promotes the hydrolysis of the tetraethyl orthosilicate 

(TEOS) precursor by facilitating the cleavage of alkoxy (–OR) groups from the water molecules and 

leads to the formation of numerous silanol (–Si–OH) groups. The subsequent delay in the 

condensation of these silanol groups, caused by the protonation of the hydroxyl moieties, results in 

the formation of a limited number of nuclei. These nuclei then grow into large amorphous silica bulks, 

characterized by a dense matrix with a fine and narrowly distributed porosity [30]. The incorporation 

of sodium alginate (SA) significantly modifies this process. Under acidic conditions, the carboxylate 

groups (–COO⁻) of SA are protonated to –COOH, losing their negative charge and becoming capable 

of forming hydrogen bonds with the silanol groups (–Si–OH) generated from TEOS hydrolysis, the 

SiO2 precursor of these sol-gel synthesis [23]. These hydrogen bonds promote the formation of an 

organic–inorganic hybrid network and locally inhibit or modulate the condensation of the silica 

species. Additionally, SA adopts a highly hydrated and expanded conformation in aqueous solution 

due to its polyelectrolyte nature. During the early stages of silica condensation, this polymer network 

swells, taking up space and sterically hindering the formation of compact silica agglomerates [31]. As 

a result, preliminary morphological observations based on the acquired digital photographs of dried 

SiO2/SA hybrids showed spongy-like structures, potentially indicating a more open porosity respect 

to pure SiO2. In addition, hybrids lost the typical transparency of SiO2 glass appearing instead of 

opaque and white materials (Figure 1). 

 

Figure 1. SiO2/SA hybrids images compared to SiO2 in sol, gel, dried gel steps. 

2.2. FTIR Analysis 

An FTIR study was performed to investigate the interaction between the SiO₂ network and 

sodium alginate (SA) polymer during formation of the hybrid materials. The FTIR spectra of SiO₂/SA 

hybrids, pure SiO₂, and pure SA are shown in Figure 2. In the spectrum of pure sodium alginate, the 

broad band centered at 3443 cm⁻¹ is attributed to O–H stretching vibrations of hydroxyl groups while 

the sharp peaks at 2926 cm⁻¹ and 2852 cm⁻¹ correspond to the C–H stretching vibrations of methylene 
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(–CH₂–) groups in the saccharide backbone [32,33]. The peaks at 1628 cm⁻¹ and 1418 cm⁻¹ are assigned 

to the asymmetric and the symmetric stretching vibrations of carboxylate (νCOO⁻) groups, 

respectively [34,35]. The band at 1308 cm⁻¹ is attributed to C–O stretching. Meanwhile, the peaks at 

1086 cm⁻¹ and 1040 cm⁻¹ are associated with νC–O and νC–O–C stretching modes, linked to 

mannuronic (M) and guluronic (G) units [36,37]. These features, particularly the C–H stretching and 

symmetric νCOO⁻ peaks, are still visible in the spectra of hybrid samples and increase in intensity 

with SA content (as indicated by pink arrows in Figure 2). In pure SiO₂, the broad band centered at 

3455 cm⁻¹ and the peak at 1641 cm⁻¹ are attributed to O–H stretching and bending vibrations, 

respectively, from silanol groups. The 1641 cm⁻¹ band undergoes a red shift to 1637 cm⁻¹ in the 

SiO₂/SA 8% hybrid, suggesting the formation of hydrogen bond between silanol groups and 

polysaccharide hydroxyls [38,39] The broad band at 1079 cm⁻¹ and the peak at 796 cm⁻¹ in pure silica 

correspond to Si–O–Si asymmetric and symmetric stretching vibrations, respectively [40]. The 796 

cm⁻¹ band shows a gradual red shift with increasing SA, reaching 791 cm⁻¹ in the 8% hybrid, 

indicating a weakening of the siloxane network due to hydrogen bonding between alginate –COOH 

groups and bridging oxygen atoms in silica. Conversely, the Si–O–Si asymmetric band shifts towards 

higher wavenumbers (i.e., a blue shift), reaching ~1096 cm⁻¹ in the 8% SA hybrid. Additionally, its 

shape changes significantly, suggesting overlapping contributions from both Si–O–Si vibrations and 

carboxylate bands at ~1068 and 1040 cm⁻¹. The increasing intensity and complexity of this band may 

also be due to the growing presence of –COO⁻ groups from SA overlapping the Si–O–Si signal. 

 

Figure 2. FTIR spectra of SiO2/SA hybrids. Pink arrows indicate increasing peak intensity; green filled squares 

indicate red shifts; violet filled squares indicate blue shifts; orange empty squares highlight the complex Si–O–

Si band region. 

To further investigate the impact of the polymer on the silica network peak deconvolution was 

performed in the 1600–800 cm⁻¹ region of the Si-O-Si stretching band. Pure SiO₂ displays seven 
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deconvoluted peaks at approximately 1252, 1210, 1137, 1077, 1035, 963, and 932 cm⁻¹, which attributed 

to the asymmetric stretching modes of the transverse optical (TO) siloxane framework [41]. 

According to De los Arcos et al., the peaks at 1137 and 1210 cm⁻¹ (both associated with TO–AS2 modes) 

reflect different structural features: the 1137 cm⁻¹ band is directly related to terminal silanol groups 

(Si–OH) which are present on the surface or within porous domains, indicating reactive sites and 

surface defects. The 1210 cm⁻¹ peak corresponds to asymmetric Si–O–Si vibrations and is typically 

used as a marker of topological disorder and reduced network connectivity. The bands in the 1035–

1077 cm⁻¹ region (TO–AS1) are attributed to more ordered and crosslinked Si–O–Si domains, while 

the lower-frequency peaks at 963 and 932 cm⁻¹ are associated with silanol bending and stretching 

modes, further indicating structural defects and surface hydroxylation [41]. SA exhibits characteristic 

saccharide bands that partially overlap with the Si–O–Si stretching region: 1154 and 1112 cm⁻¹ 

(asymmetric and symmetric C–O–C stretching), 1085 and 1041 cm⁻¹ (C–O and C–O–C vibrations from 

mannuronic/guluronic units), and 947 and 888 cm⁻¹ in the anomeric region, associated with glycosidic 

bond vibrations and deformation modes [42]. The deconvolution analysis of the SiO₂/SA hybrids 

reveal significant spectral modifications, indicating molecular interactions and structural 

rearrangements (Figure 3). The 1137 cm⁻¹ band (grey curve in Figure 3) which is associated with 

terminal Si–OH groups in pure SiO₂ disappears in the hybrid samples, suggesting a chemical 

interaction with the –COOH groups of sodium alginate. Additionally, the 1210 cm⁻¹ band (green 

curve in Figure 3) is red shifted to approximately 1191 cm⁻¹ upon hybrid formation, accompanied by 

increased intensity. This shift indicates enhanced structural disorder induced by SA incorporation. 

The area of the TO–AS2 band (initially centered at 1210 cm⁻¹) increases with increasing SA content, 

reaching a maximum in the SiO₂/SA 5% sample, and decreasing slightly at 8%. This is likely due to a 

redistribution of vibrational modes and the growing influence of the organic phase. The 1085 cm⁻¹ 

band (yellow curve in Figure 3) also shows increased intensity with higher SA content, due to 

overlapping contributions from the 1077 cm⁻¹ SiO₂ band and the 1085 cm⁻¹ saccharide band of SA. 

This TO–AS1 contribution increases from 15 to 68 of the total area (Figure 4) due mainly to SA 

increasing amount. Finally, the 963 cm⁻¹ band (red curve in Figure 3) increases significantly in 

intensity in the hybrid materials and correlates with the SA concentration. Its integrated area 

increases fourfold compared to pure SiO₂, further confirming the incorporation of organic content 

(Figure 3). Although primarily associated with Si–OH bending vibration, this band likely includes 

growing contributions from from glycosidic bonds and suggests that the alginate structure remains 

intact despite acidic conditions. This indicates a protective effect of the silica matrix, which likely 

shields the polymer from acid hydrolysis during hybrid formation [23]. 

 

Figure 3. Deconvoluted spectra of SiO2/SA hybrids in the range of 1600-800 cm-1 compared to pure SiO2. 
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Figure 4. Area peak of deconvoluted Si-O-Si band in the range 1600-800 cm-1 of SiO2/SA hybrids in the range of 

1600-800 cm-1 compared to SiO2. TO-AS2: 1210 cm-1 peak; TO-AS1: 1077-1085 cm-1 peak. 

2.3. XRD Analysis 

Figure 5 shows XRD spectra of pure SA and SiO2, as well as the SA/SiO2 hybrids materials 

prepared by the sol-gel method. The diffractogram of the sodium alginate sample (Figure 5(a)) 

exhibits two broad signals centered at 13.6, 21.8°. These peaks are attributed to the (1 1 0) and (2 0 0) 

planes of the guluronate (G) and mannuronate (M) units, respectively [43–45]. The additional peak 

at 24° is also attributable to the sodium alginate structure as observed in some recent works [46,47]. 

The XRD patterns of the SiO₂/SA hybrids (Figure 5(c–e)) showed amorphous structures, similar to 

pure SiO₂ (Figure 5(b)). A broad peak around 23° indicates low crystallinity. The crystalline signals 

of sodium alginate disappeared into the broad SiO₂ peak, suggesting that the polymer is present 

either in an amorphous state or as very small crystallites undetectable by XRD. This result is 

consistent with other SiO₂-based hybrid materials prepared by the sol-gel method, where crystalline 

organic polymers or drugs were incorporated, as reported in other studies [48,49]. 

 

Figure 5. XRD profiles of pure SA and SiO2 and SiO2/SA hybrids materials prepared by sol-gel method. 
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2.4. BET Study 

Table 1 reports the specific surface area values determined by the Brunauer-Emmett-Teller (BET) 

method for samples pre-treated at 80 °C for 24 hours. The BET analysis involves the adsorption of 

nitrogen gas onto the sample surface at low temperatures. The gas molecules form a monomolecular 

layer, and by knowing the diameter of the nitrogen molecule and the number of molecules required 

for complete coverage, the total surface area of the sample can be calculated. As shown in Table 1, 

the specific surface area of the as received SA is very low (0.2307 m2/g), which is consistent with its 

semicrystalline nature observed in the XRD analyses. In contrast, the bare SiO2 gel exhibits a 

significantly higher surface area value (9.6861 m2/g), typical of its amorphous structure. Interestingly, 

a synergistic effect between SA and SiO₂ is observed: the specific surface area of the SiO₂/SA hybrid 

gels increases by more than one order of magnitude compared to pure SiO₂. The highest BET surface 

area (325.2 m²/g) is recorded for the SiO₂/SA 2% sample, while the surface area decreases to 138.7 and 

104.3 m²/g in hybrids containing 5 and 8% SA, respectively. The initial increase in surface area with 

the addition of a small amount of SA (2%) can be attributed to the highly hydrated and expanded 

conformation of alginate in aqueous solution, which forms a swollen polymer network as previously 

discussed in paragraph 2.1. The weak interaction between the alginate and the silica matrix prevents 

shrinkage or structural collapse during gelation and drying promoting the formation of a more open 

structure with a greater accessible surface area. However, at higher SA content (5 and 8%), the surface 

area decreases by approximately two-fold and three-fold, respectively. This can be explained by the 

increasing of SA filling the voids within the silica network, reducing the accessible surface, and 

altering the hybrid gel structure. These results are in good agreement with those reported by Han et 

al. for sodium alginate-silica composite aerogels prepared using the sol-gel process followed by 

freezing drying [50]. In their study, it was observed that increasing the sodium alginate content led 

to a gradual thickening of the composite aerogel cell walls, hindering pore formation and decreasing 

pore volume. 

Table 1. BET Surface Area on all prepared samples after treatment at 80 °C for 24 hours. 

Samples BET Surface Area (m2/g) 

SA 0.2307 ± 0.0067 

SiO2 9.6861 ± 0.3576 

SiO2 / SA 2% 325.2401 ± 5.3292 

SiO2 / SA 5% 138.6862 ± 2.1163 

SiO2 / SA 8% 104.3471 .0956 

2.5. Moisture Sorption Analysis 

A moisture absorption test was conducted on the hybrid materials to evaluate the effect of 

incorporating SA the moisture sorption capacity of SiO₂, wich is well known for their hydrophilicity 

due to large number of hydroxyl groups on its surface [51]. This property is particularly relevant for 

biomaterials designed for cell and tissue contact, as the ability to retain moisture improves 

biocompatibility, supports cell viability, and facilitates integration within hydrated biological 

environments [52]. The moisture sorption graphs show the ratio of the weight at various time points 

to the initial weight of different samples exposed to 99% relative humidity, reflecting their moisture 

uptake behaviour (Figure 6). Pure SiO₂ exhibits relatively limited moisture absorption, reaching a 

weight ratio of approximately 1.23 after 72 hours. Conversely, pure sodium alginate (SA) exhibits 

significantly higher moisture uptake, reaching a weight ratio close to 1.73. SiO₂/SA hybrid materials 

display intermediate moisture absorption characteristics: higher than pure SiO₂ but generally lower 

than pure SA. Notably, the hybrids containing 2% and 5% SA demonstrate the highest moisture 

uptake, approaching a weight ratio of 1.9 at 72 hours. In contrast, the 8% SA hybrid absorbs less 

moisture relative to these two but more than pure SiO₂. These observations correlate strongly with 

the BET-specific surface area measurements. The hybrids with 2% and 5% SA possess substantially 
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increased surface areas (approximately 325 m²/g and 139 m²/g, respectively) compared to pure SiO₂ 

(≈9.7 m²/g) and pure SA (≈0.23 m²/g). This indicates enhanced mesoporosity and a greater available 

surface for interaction with water molecules, facilitating higher moisture uptake. The reduced 

moisture absorption of the 8% SA hybrid aligns with its lower surface area compared to the 2% and 

5% hybrids, suggesting that the increased SA content begins to fill the open pores of the hybrid 

matrix, thereby reducing the availability of sites for moisture uptake. 

 

Figure 6. Moisture absorption test of SiO2/SA hybrids underwent 99% relative humidity. 

2.5. Thermal Analysis 

Thermal analysis was carried out to assess the thermal stability of sodium alginate (SA) within 

the SiO₂/SA hybrid materials under nitrogen atmosphere. The TGA/DSC curve of pure SA (Figure 7) 

shows four main mass loss events. The first stage, from 200 °C to 350 °C shows a further mass loss of 

about 40.34%, associated with the thermal decarboxylation of uronic acid residues [53] and cleavage 

of the glycosidic backbone [54–56]. This is accompanied by an endothermic peak in the DSC curve. 

In the second stage (350–500 °C), a further 13.40% mass loss, attributed to carbonization of the 

polymer matrix and the formation of sodium carbonate (Na₂CO₃). Finally, between 550 °C and 900 

°C, a further 30.81% mass loss is observed due to the decomposition of Na₂CO₃ into sodium oxide 

(Na₂O) and CO₂, as confirmed by the DTG peak at 786.78 °C [57–59]. 

The TGA (Figure 8A) and DTG (Figure 8B) curves of the SiO₂/SA hybrids show altered thermal 

degradation behaviour compared to pure SA. The decarboxylation process remains largely 

unaffected by the silica matrix, as evidenced by the similar positions of the DTG peak (~223–237 %/°C) 

for all hybrid samples. However, the 8% SA hybrid exhibits a slightly higher DTG peak (237.36 %/°C), 

suggesting enhanced thermal stability. This stabilization can be interpreted in the context of the 

reduced surface area of this sample (104.35 m²/g), compared to higher values observed for SiO₂/SA 

2% (325.24 m²/g) and SiO₂/SA 5% (138.69 m²/g). The lower surface area likely limits the exposure of 

the polymeric fraction to thermal flow, thus slowing degradation. Across all hybrids, the total mass 

loss is significantly reduced compared to pure SA, consistent with the lower polymer content. The 

carbonization step (350–500 °C) is still evident, with mass losses increasing with SA content: 4.21%, 

6.86%, and 6.93% for SiO₂/SA 2%, 5%, and 8%, respectively. This trend reflects a more extensive 

carbonization process in hybrids with higher organic content. Notably, the Na₂CO₃ decomposition 

step observed in pure SA (550–860 °C) is completely absent in the hybrids, as indicated by the lack of 

a DTG peak in this range [60]. This suggests a reduced presence of residual sodium species or their 

encapsulation within the silica matrix, which may inhibit their thermal decomposition under inert 

conditions. A summary of the main thermal events for pure SA and the hybrid materials is reported 

in Table 2. 
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Figure 7. TGA, DSC and DTG curves of pure sodium alginate. Mass loss of TGA curves is underlined with red 

dashed curve. 

 

Figure 8. (A) TGA curves of SiO2/SA hybrids; (B) DTG curves of SiO2/SA hybrids compared to pure SA. 

Table 2. Summary table of SiO2/SA hybrids and SA thermal events, mass loss and DTG values. 

  Mass loss (%) / DTG (%/°C) 

Trange/°C Phenomena SA SiO2/SA2% SiO2/SA5% SiO2/SA8% 

200 – 250 1. Decarboxylation (Exo) 
40.34%,  

234.78 %/°C 

1.82% 

223.01%/°C 

3.57% 

224.91 %/°C 

3.61% 

237.36 %/°C 

350 – 500 
2. Na2CO3 formation 

(Exo) 

13.40% 

417.37%/°C 
4.21% 6.86% 6.93% 
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550 – 860 
3. Na2CO3 

decomposition (Endo) 

30.81% 

786.78%/°C 
- - - 

2.6. Cytotoxicity Study 

A cytotoxicity assessment was conducted using HaCaT cells, an established model of healthy 

human keratinocytes, to evaluate the biocompatibility of hybrid SiO2/SA materials in comparison 

with their individual components, pure SiO2 and pure sodium alginate (SA) (Figure 9). Both 

references exhibited low cytotoxicity, with cell viability inhibition (CVI%) values remaining below 

20%. Interestingly, incorporation of 2% SA into the silica matrix (SiO2/SA 2%) led to a marked increase 

in cytotoxicity, elevating CVI% to approximately 40%. This trend was reversed at higher SA loadings: 

SiO2/SA 5% showed a CVI% of about 33%, and SiO2/SA 8% returned to values comparable to pure 

SiO2, around 15%. These results suggest that the cytotoxicity of the hybrids is not simply governed 

by the presence of SA, known to be biocompatible, but rather by the physicochemical changes 

introduced upon hybrid formation. BET analysis revealed that SiO2/SA 2% possessed a specific 

surface area nearly three times greater than that of pure SiO2, which may account for the enhanced 

interaction with cell membranes and the observed cytotoxicity. As the SA content increased, the 

surface area decreased accordingly, paralleling the drop in cytotoxic effects. This is also because of 

the anti-inflammatory effect of SA [61]. Furthermore, these findings are consistent with previous 

literature showing that an increased surface area in nanostructured materials can amplify cell-

material interactions, leading to higher biological reactivity. As demonstrated by Spyrogianni et al. 

(2017), both particle size and surface area are critical determinants of silica nanoparticle cytotoxicity 

[62]. Overall, the data indicate that tuning the SA content in SiO2-based hybrids allows modulation 

of cytotoxicity, with intermediate compositions (e.g., 2–5%) requiring careful evaluation due to their 

heightened surface reactivity. 

 

Figure 9. Cell viability inhibition of SiO2/SA hybrids against HaCaT cell line. CVI:Cell Viability Inhibition. 

3. Materials and Methods 

3.1. Sol-Gel Synthesis 

SiO₂ and SiO₂/SA hybrid materials containing 2, 5, and 8% of SA were synthesized via a sol–gel 

route. SA was purchased from Thermo Fisher Scientific (Waltham, MA, USA; Product number 

A18565, Lot 10242904), characterized by a low viscosity of 9 mPa·s (1% solution at 20 °C). The required 

amounts of SA, corresponding to 2, 5, or 8% by weight relative to the final SiO₂ mass, were dissolved 
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in deionized water and slowly added to the solution in a beaker placed on a magnetic stirrer at 40 °C. 

For the pure SiO₂ sample, no SA was added. Tetraethyl orthosilicate (TEOS, Si(OC₂H₅)₄, Sigma-

Aldrich, St. Louis, MO, USA) was used as the silica precursor and dissolved in methanol (≥99.8%, 

HiPerSolv CHROMANORM®, gradient grade for HPLC, VWR; purchased from Sigma-Aldrich), 

which served as a co-solvent. Hydrochloric acid (HCl, 37% w/w, CAS No. 7647-01-0, MFCD00011324) 

was obtained from Sigma-Aldrich Fine Chemicals Biosciences (Product code H1758100ML, 100 mL). 

The SA solution was added dropwise to the TEOS/methanol mixture to obtain a stable, white, 

opalescent mixture free of visible aggregates or phase separation. The molar ratios employed for all 

samples were: TEOS:SiO₂ = 1; H₂O:TEOS = 10.1; MeOH:TEOS = 3.8. The final sol was stirred at room 

temperature for 5 hours. After stirring, the system was sealed to allow gelation. The resulting gels 

were dried in a static oven at 50 °C until complete solvent removal. The dried materials were then 

stored in airtight containers for further characterization. 

 

Figure 10. Sol-gel synthesis of SiO2/SA hybrids. SA: Sodium alginate; TEOS: Tetraethyl orthosilicate; MeOH: 

Methanol. 

3.2. FTIR Analysis 

FTIR spectra was recorded using the Prestige21 Shimadzu system, equipping a DTGS KBr 

detector. A resolution of 2 cm−1 was used, and 60 scans were acquired within the range of 400–4000 

cm−1. 1:100 = sample:KBr disks were prepared for analysis. FTIR spectra were elaborated using 

IRsolution (version 1.60, Shimadzu, Milan, Italy) and Origin 8 (version 2022b, OriginLab Corporation, 

Northampton, MA, USA) softwares. The spectra of pure silica and pure sodium alginate were used 

as comparisons. 

3.3. XRD Analysis 

A Philips X’Pert PRO diffractometer (now part of Malvern PANAlytical, Malvern, UK) equipped 

with a fast detector (X’Celerator) was used for the XRD investigations. Measurements were carried 

out at room temperature with continuous sweep, using Cu-kα radiation (λ = 1.5405 Å), with a voltage 

of 40 kV and a current of 40 mA, in the 2θ range from 5 to 70° with a step of 0.04° and a time per step 

of 500 sec. 

3.4. BET Study 

The surface area was determined by BET analysis (Micromeritics GEMINI V, Norcross, Georgia, 

USA). The samples were previously heated to a sufficiently high temperature, using nitrogen 

cleaning gas, to favor the evaporation of any pollutant substances present on the surface of the 

particles but such as not to modify the value of the total surface of the grains, in order to not to hinder 

or distort the absorption of the measuring gas. 
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3.5. Moisture Absorption Analysis 

The hybrid SiO₂/SA, SiO₂, and SA samples were first ground and then dried under vacuum for 

24 hours to completely remove any residual moisture. Each sample was then individually placed 

inside a vacuum chamber maintained at a controlled relative humidity of 99%, using a thermostat-

regulated system. The sample weight was recorded at regular intervals: every hour for the first 8 

hours, and subsequently at 24 and 48 hours. The experiment was carried out separately for each 

sample to avoid interactions between materials and to ensure consistent humidity conditions within 

the chamber. 

3.6. Thermal Analysis 

The thermal analysis of SiO2/SA hybrids was studied through simultaneous DSC/TGA with the 

Discovery SDT 650. The materials were grounded before starting the analysis. Approximately 10 mg 

of each sample was placed in a 90 µL alumina crucible. The flow rate applied for the test was 100 

mL/min with a heating rate of 5 °C/min, starting from 100°C to 1000°C in both hybrids and references 

(SA and SiO2) as reported in Fiorentino et al. 2024 [63]. Measurements were elaborated using TRIOS 

software by TA Instruments and Origin 8 software. 

3.7. Cytotoxicity Study 

Human keratinocyte cell line (HaCaT) was cultured at 37 °C in a humidified incubator with 5% 

CO₂, using Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum, 

50 U/mL penicillin, and 100 μg/mL streptomycin [64]. Cells were seeded into 96-well plates at a 

density of 2.0 × 10⁴ cells per well and exposed to 1 mg of the test materials for 24 hours [65]. Cell 

viability inhibition (CVI%) was evaluated using the MTT assay, which measures mitochondrial 

dehydrogenase activity, serving as an indirect indicator of potential cytotoxic effects through changes 

in cellular metabolic activity. Each experimental condition was tested in triplicate in independent 

assays. Data are reported as mean ± standard deviation. 

5. Conclusions 

The study demonstrated how the incorporation of different percentages of sodium alginate (SA) 

into the amorphous silica (SiO₂) matrix via sol-gel synthesis significantly alters the physico-chemical 

and biological properties of the resulting hybrid materials. BET and moisture absorption analyses 

revealed a significant increase in specific surface area and absorption capacity of the samples 

containing 2 and 5% SA. This was attributed to the more open and porous structure induced by the 

polymer network. However, the increased surface area in the 2% hybrid led to higher cytotoxicity 

toward HaCaT cells, presumably due to greater interaction with cell membranes. In contrast, the 

hybrid with 8% SA exhibited the best biocompatibility, albeit with surface area, likely due to the 

polymer filling effect. Taking into account the balance between physico-chemical performance and 

biological response, the SiO₂/SA 5% hybrid offers the best compromise, providing good specific 

surface area and absorption capacity, as well as and reasonable cell compatibility. Therefore, It is 

hypothesized that this material is the most promising candidate for biomedical applications, such as 

controlled drug delivery or tissue regeneration. 
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