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A B S T R A C T   

It is well known that the prolonged exposure to UV radiation from sunlight can compromise human health and is 
particularly damaging to the skin, leading to sunburn, photo-aging and skin cancer. Sunscreen formulations 
containing UV-filters present a barrier against solar UV and help to mitigate the harmful effects however, concern 
about their safety for both human and environmental health is still a much-debated topic. EC regulations classify 
UV-filters depending on their chemical nature, particle size, and mechanism of action. Furthermore, it regulates 
their use in cosmetic products with specific limitations in terms of concentration (organic UV filters) and particle 
size and surface modification to reduce their photo-activity (mineral UV filters). The regulations have prompted 
researchers to identify new materials that show promise for use in sunscreens. In this work, biomimetic hybrid 
materials composed of titanium-doped hydroxyapatite (TiHA) grown on two different organic templates, derived 
from animal (gelatin - from pig skin) and vegetable (alginate - from algae) sources. These novel materials were 
developed and characterized to obtain sustainable UV-filters as a safer alternative for both human and ecosystem 
health. This ‘biomineralization’ process yielded TiHA nanoparticles that demonstrated high UV reflectance, low 
photoactivity, good biocompatibility and an aggregate morphology which prevents dermal penetration. The 
materials are safe for topical application and for the marine environment; moreover, they can protect organic 
sunscreen components from photodegradation and yield long-lasting protection.   

1. Introduction 

Sunlight is essential for human health. It is responsible for internal 
clock regulation, metabolism stimulation, hormonal and immune sys-
tem modulation. However, high levels of UVA and UVB in sunlight 
provoke negative health effects such as photo-aging, sunburn (ery-
thema), dermatitis, immune suppression and ultimately photo- 
carcinogenesis in the forms of carcinoma and melanoma [1,2]. A com-
mon strategy to mitigate these conditions is to apply sunscreen before 
sun exposure. Correctly formulated sunscreens normally contain active 
ingredients to filter incident UV radiation, excipients to ensure a 
comfortable feel on the skin and anti-oxidants to ensure shelf-life and 
stability. These components are formulated as either oil-in-water or 
water-in-oil emulsions, often incorporating high molecular weight esters 
to optimize viscosity [2]. 

Among the UV radiation given off by the sun, UVC (100–290 nm) is 
completely absorbed by oxygen molecules in the stratosphere (ozo-
ne‑oxygen cycle) and UVB (290–320 nm) is partially absorbed by the 
ozone. The remaining UVA radiation (320–400 nm) and a minimal part 
of UVB reach the skin provoking metabolic and biological reactions [3]. 

According to EC Regulation No. 1223/2009, UV filters allowed in 
cosmetic formulations are classified based on their chemical composi-
tion and mechanism of action in organic (also chemical) or inorganic 
(also physical) UV filters [1,4,5]. Organic filters are usually aromatic 
compounds able to absorb UV radiation energy, releasing it as heat or 
radiation at a higher wavelength. Although they are cost effective, easily 
formulated and provide good ‘skin feel’, several are photo-unstable, 
degrading to non-UV absorbing products which decreases the effi-
ciency of the sunscreen and leading to toxicological concerns for both 
human and environmental health [6–8]. In particular, as a recent review 
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by Narla et al. [9] reported, the main problem linked to their use is their 
lipophilic property which often determines their penetration into the 
skin, furthermore, the tendency to photochemically degrade, generates 
free radicals which cause phototoxic reactions and skin irritation 
[2,9–11]. Furthermore, their long-term persistence in the marine envi-
ronment at ppb concentrations provokes irreversible damage to the 
ecosystem, such as coral bleaching, which led several governments 
(Palau, Thailand, Philippines, Mexico, Florida, Virgin Island, and 
Hawaii) to ban some of them [12]. According to COSMOS [13] their use 
in cosmetic products is prohibited, however, a recent opinion of SCCS 
states that they can be considered but limited within a specific range of 
concentration [14]. 

Physical filters, on the other hand, are mineral, inorganic or com-
posite (coated) particles that provide UV-shielding through absorption, 
reflection and scattering properties largely depending on their particle 
size (e.g. absorption mechanism is prevalent in nano-particles) and offer 
an alternative to the organics. Among the largely used physical filters 
are zinc oxide (ZnO) and titanium dioxide (TiO2) [1,2,15], which are 
allowed at the maximum concentration of 25 % according to EC regu-
lation no. 1223/2009 [5]. TiO2 is mostly a UVB filter, but it can also act 
as a UVA filter depending on its particle size, and thus suitable to pre-
pare a formulation with high-SPF without the requirement of additional 
filters. ZnO is less efficient due to lower UVB shielding, whereas has a 
broader profile in the UVA range and a lower refractive index which 
gives more transparency to formulations than TiO2. TiO2 above 200 nm 
in size, can reflect also visible light resulting in an unpleasant whitening 
effect in sunscreen. This effect has been overcome by reducing the 
particles’ size below 100 nm, conversely, the nano-sized particles, 
despite improving sunscreen texture, increase the risk of deeper skin 
layer penetration, causing toxic reactions and skin irritation [16–18]. 

When TiO2 is photo-excited, it generates reactive oxygen species 
(ROS) able to oxidize and degrade the other formulation ingredients, as 
well as harming the environment once released in water, raising un-
questionable safety concerns [19,20]. Two different crystalline forms 
are possible for TiO2, anatase and rutile, which have different photo-
catalytic activity [20]. Anatase is often used for water and air purifica-
tion or photodynamic treatment of cancer due to its pronounced 
photocatalytic activity and, consequently, it should be avoided in sun-
screen formulations. On the other hand, rutile is less, but still photo-
reactive [20]. Despite these issues, COSMOS, in a communication of 
August 2016, reported that ZnO and TiO2 are the only alternatives to 
petrochemical UV filters in terms of efficacy and safety. In addition, EC 
regulation no. 1223/2009 now restricts their use in cosmetics by spec-
ifying that the number of particles with size below 100 nm must be <50 

% and that the mass fraction below 100 nm constitutes <10 % of the 
total mass [5,13]. 

Recent studies developed TiO2 nanoparticles with decreased photo-
catalytic activity due to modification with organic or inorganic coating 
[21,22]. Despite this, was demonstrated that TiO2 particles used in 
sunscreen are still photoactive and responsible for damaging cultured 
human skin [23], DNA plasmids and cultured human skin fibroblasts 
[24]. 

For these reasons, there is an urgent need of developing safer and 
more effective solar filters. This work addressed this issue by engineer-
ing an active material as a UV filter, with composition and particle size 
that fulfil the formulation requirements and environmental and human 
safety concerns [25–27]. 

Given the growing interest of the last decade in calcium phosphates 
(CaPs) based compounds, especially hydroxyapatite (HA), the main 
component of hard human connective tissues, used in the most diverse 
applications, such as bone tissue engineering, nanomedicine and 
cosmetic [28], due to its excellent biocompatibility, biomimicry and 
versatility [21,29–31], we aimed here to create an innovative physical 
UV filter based on it. 

A bioinspired in-lab biomineralization process was employed to 
nucleate nanostructured hydroxyapatite (nano-HA) crystals directly 
onto an organic natural matrix, obtaining hybrid particles where the 
nano-HA is confined and linked to the organic molecules, and endowed 
with UV shielding properties thanks to the titanium ions doping 
[32–34]. 

Two natural organic matrices, alginate (Alg), a polysaccharide 
derived from brown algae [35], and gelatin (Gel), a collagen-derived 
polypeptide [36], were selected to obtain two types of hybrid material. 

The first, GelTiHA, obtained by the biomineralization of Ti-doped 
HA onto Gel molecules, was developed looking upon the increasingly 
important concept of circular economy, being Gel a byproduct of the 
food industry. The second, AlgTiHA, obtained by following an analogous 
process involving Alg molecules, was developed considering the pref-
erence of cosmetic industries for ingredients plant-derived rather than 
animal-derived. 

Both compounds were compared in terms of performance to a 
commercial physical solar filter (Solaveil™). They are shown to be 
effective solar filters, with no photo-catalytic effect and harmless 
degradation products. They emerge as highly promising ‘green’, eco- 
sustainable physical UV filters, and viable alternatives for the develop-
ment of safe and efficient sunscreen formulations. 

Fig. 1. Schematic representation of GelTiHA synthesis.  
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2. Materials & methods 

2.1. Chemicals and reagents 

Gelatin (Gel) with mesh 4 and bloom 280 extracted from pig skin was 
purchased from Italgelatine (Cuneo, Italy). Alginic acid sodium salt 
(Alg) from brown algae, phosphoric acid (H3PO4, 85 wt%), calcium 
hydroxide (Ca(OH)2, 95 wt%), titanium (IV) isopropoxide (Ti(iOPr)4, 
97 wt%) and isopropanol (C3H8O) were purchased from Sigma Aldrich, 
(USA). Commercial standard (Solaveil™ XTP1), composed of titanium 
dioxide (80 wt%), stearic acid and alumina in form of round nano-
particles with a diameter of about 50 nm, were purchased from Croda 
(UK). 

2.2. Synthesis process 

2.2.1. GelTiHA synthesis 
Heterogeneous nucleation of TiHA nanocrystals on assembling Gel 

matrix was realized through a neutralization reaction performed as 
follows (Fig. 1). A Gel solution (3.32 g of gel in 83 mL H2O at 45 ◦C) was 
mixed with a phosphate solution (3.46 g of H3PO4 in 30 mL H2O) to 
obtain an acid solution. Meanwhile, a titanium solution was prepared by 
adding 2.20 g of Ti-(iOPr)4 dropwise to 15 mL of isopropanol under 
argon flux to eliminate moisture and avoid TiO2 formation. Finally, a 
basic suspension was obtained by dispersing 3.90 g of Ca(OH)2 in 100 
mL of H2O at 45 ◦C under mechanical stirring for 30 min. In a three- 
necked round bottom flask the basic solution, maintained at 45 ◦C, 
was vigorously mechanically stirred. Two dropping funnels, containing 
the gel/phosphoric acid solution and titanium isopropoxide solution 
respectively, were attached to the flask, and these solutions were added 
dropwise and simultaneously to the basic solution. During the addition, 
the gradual formation of a white precipitate was observed. After the 
addition of the two reagents was completed, stirring at 45 ◦C was 
continued for 2 h, the flask was then left to rest at room temperature for 
a further hour. The product was centrifuged at 11,000 rpm for 10 min. 
The resulting pellet was washed with double-distilled water by resus-
pension and centrifugation 3 further times before freeze-drying. 

A controlled freeze-drying process was applied, setting the cooling 
temperature at − 40 ◦C and the heating ramp at 5 ◦C min− 1 up to − 5 ◦C 
and 2 ◦C min− 1 up to 15 ◦C, under a pressure of 0.086 mbar until the 
obtainment of a dried white powder. 

2.2.2. AlgTiHA synthesis 
Heterogeneous nucleation of TiHA nanocrystals on assembling Alg 

matrix was realized through a neutralization reaction performed as 

follows (Fig. 2). A basic suspension of Ca(OH)2 (4.72 g of Ca(OH)2 in 
100 mL H2O) and a phosphate solution (4.15 g of H3PO4 in 30 mL H2O) 
were prepared. Meanwhile, a titanium solution was prepared by adding 
2.20 g of Ti-(iOPr)4 dropwise to 15 mL of isopropanol under argon flux 
to eliminate moisture and avoid TiO2 formation. In a three-necked round 
bottom flask the basic solution, maintained at 45 ◦C, was vigorously 
mechanically stirred. Two dropping funnels, containing the phosphoric 
acid solution and titanium isopropoxide solution respectively, were 
attached to the flask, and these solutions were added dropwise and 
simultaneously to the basic solution. Once finished the dripping, Alg 
solution (4 g of alginate in 100 mL H2O) was slowly added to the mixture 
to avoid agglomerates formation. During the addition, the gradual for-
mation of a white precipitate was observed. After the addition of all the 
reagents was completed, stirring at 45 ◦C was continued for 2 h, the flask 
was then left to rest at room temperature for a further hour. The product 
was centrifuged at 11,000 rpm for 10 min. The resulting pellet was 
washed with double-distilled water by resuspension and centrifugation 
3 further times before freeze-drying. 

2.3. Characterization methods 

2.3.1. Scanning Electron Microscopy 
Sample morphology was examined by Scanning Electron Microscopy 

(SEM). In particular, the equipment employed was a FEG-SEM (Field 
Emission Gun Scanning Electron Microscope, FEI, Quanta 200, USA) for 
high-resolution images at high magnification and ESEM (Environmental 
Scanning Electron Microscope, Quanta 600 FEG, FEI Company, Hills-
boro, OR) for high-resolution images at low magnification. For both 
analyses, the specimens were previously mounted on aluminium stubs 
utilizing carbon tape and gold coated using a coating unit Polaron 
Sputter Coater E5100 (Polaron Equipment, Watford, Hertfordshire, UK). 
The dimensional analysis was performed through ImageJ software. 

2.3.2. X-ray diffraction 
The crystal structure of the composites was established by powder X- 

Ray Diffraction (XRD) analysis. The D8 Advance diffractometer model 
(Bruker, Karlsruhe, Germany) working with Bragg-Brentano configura-
tion was employed, equipped with a LINXEYE position-sensitive detec-
tor (CuKα radiation, λ = 1.5418 Å) generated at 40 kV and 40 mA. The 
XRD patterns were recorded in the 2θ range 10◦-80◦, 0.02◦ scan step and 
0.5 s step time. Secondary phase (TiO2) presence was calculated by 
Rietveld refinement considering a multi-phase system, using tabulated 
atomic coordinates of HA and TiO2 (HA: PDF card 00–009-0432, TiO2: 
PDF card 00–088-1175) with TOPAS5 software. 

Fig. 2. Schematic representation of AlgTiHA synthesis.  
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2.3.3. Thermogravimetric analysis 
The thermal behaviour of the composites was determined by Ther-

mogravimetric Analysis (TGA) using the Simultaneous Thermal 
Analyzer (STA 409C, Netzsch, Germany). The experiment was per-
formed within the 10–1100 ◦C temperature range, using a heating rate 
of 10 K/min under airflow. For the analysis, 20 mg of sample and an 
Al2O3 crucible were employed. 

2.3.4. Fourier-transform infrared spectroscopy 
The spectra were collected by Fourier-Transform Infrared Spectros-

copy (FTIR) with a Thermo Nicolet-Avatar 320 FT-IR (Thermo Fisher 
Scientific Inc., Waltham, MA, USA). For the analysis, about 2 mg of the 
sample was finely ground with 100 mg of anhydrous potassium bromide 
(KBr) to remove scattering effects from large crystals, and then pressed 
at 8000 psi into 7 mm diameter disc to form a translucent pellet. All the 
spectra presented resulted from the average of 64 spectra, collected at 
room temperature in 400–4000 cm− 1 wavelength range at the resolution 
of 4 cm− 1. Potassium bromide was used as a control. 

2.3.5. Inductive coupled plasma optical emission spectroscopy 
The chemical composition of the samples was obtained by Inductive 

Coupled Plasma Optical Emission Spectroscopy (ICP-OES). To perform 
the analysis an ICP-OES Liberty 200, Varian (Clayton South, Australia) 
was employed. Samples were prepared by dissolving 20 mg of each in 2 
mL of nitric acid (HNO3) and then making them up to 100 mL volume 
with deionized water after 30 min of sonication. Standard solutions of 
the element of interest were used as a reference and equally diluted in 
the solution of nitric acid as blank. 

2.3.6. Ultraviolet-visible spectroscopy 
Absorbance, reflectance and transmittance of the samples were 

recorded by Ultraviolet-Visible Spectroscopy (UV–Vis), using a UV–Vis- 
NIR spectrophotometer Lambda 750 (Perkin Elmer Instrument, USA). 
AlgTiHA and GelTiHA absorbance, reflectance and transmittance 
spectra were recorded from 280 to 700 nm and compared with one of the 
commercial references Solaveil™. For absorbance analysis, the powders 
were suspended in distilled water with a concentration of 10 mg L− 1 and 
sonicated for 10 min with a sonicating probe, while for reflectance and 
transmittance, the powders were simply loaded on a sample holder. 

2.3.7. Photodegradation test 
Photoactivity tests were conducted by Rhodamine B (≥95 %, Sigma 

Aldrich) degradation under simulated sunlight. Into a refrigerated 
beaker, 50 mg of powder was dispersed in 60 mL of a 5 mgL-1 Rhoda-
mine B solution and stirred in dark conditions for 30 min to allow 
Rhodamine B molecule absorption on the powder surface. The refrig-
erated beaker was irradiated by a solar simulator (ABET Technologies 
Sun 2000, Connecticut), previously calibrated with a Silicon reference 
cell at 1000 W m2 AM 1.5. For each sample, 3 mL aliquots of suspension 
were removed after 0, 15, 30, 60, 90 and 120 min and after centrifu-
gation at 5000 rpm for 1 min to separate the powder from the dye so-
lution each aliquot was analyzed by the UV–Vis-NIR spectrophotometry. 
TiO2 Aeroxide P25 (Evonik Industries, Germany), was used as the pos-
itive control. Analysis was performed in three replicates [34]. 

2.3.8. Generation of reactive oxygen species 
Reactive oxygen species (ROS) generation was evaluated by X-Band 

EPR spectroscopy (Miniscope 100 EPR spectrometer, Magnettech, Ber-
lin, Germany). Instrument settings were microwave power 7 mW, 
modulation amplitude 1G, scan time 80 s, and two scans. 

Samples were irradiated with a 500 W mercury/xenon lamp (Oriel 
Instruments) equipped with an IR water filter to avoid suspension 
overheating and a 400 nm cut-off filter. Light irradiance, measured with 
a photo-radiometer (Delta Ohm S. r. L., Padova, Italy) was set to 518.5 
W m− 2 (1050–400 nm, NIR-vis) and 67.8 × 10− 3 W m− 2 (400–315 nm, 
UVA). 

For evaluating the reactivity with sodium formate, 20 mg of samples 
powder were suspended in 0.5 mL of buffer solution (Phosphate Buff-
ered Saline (PBS) 6 mM, pH 7.4) containing DMPO (72 mM) and sodium 
formate (1 M) and the suspension maintained under illumination in 
constant stirring in a quartz vial. The EPR spectra were recorded on 50 
μL of the sample after 60 min from the reaction start. 

For singlet oxygen formation, 20 mg of samples powder were sus-
pended in 2 mL of a 50 mM solution of 4-oxo-TMP (2,2,6,6-tetramethyl- 
4-piperidone, Sigma-Aldrich) in PBS (10 mM, pH 7.4) and the suspen-
sion maintained under illumination in constant stirring in a quartz vial. 
The EPR spectra were recorded on 50 μL of the sample after 60 min from 
the reaction start. 

As negative controls, in all the experiments, the same solutions not 
containing the samples and illuminated at the same conditions were 
employed. TiO2 Aeroxide P25 (Evonik Industries, Germany), was used 
as the positive control. Analysis was performed in two replicates. 

2.3.9. Cell culture 
BALB/3 T3 murine fibroblast (Clone A31, ATCC® CCL-163™) were 

cultured in high glucose with pyruvate Dulbecco’s Modified Eagle’s 
Medium (DMEM) (Gibco) supplemented with 10 % Calf Bovine Serum 
(CBS, Gibco) and 1 % penicillin-streptomycin solution (100 U/ml-100 
μg/mL, Gibco), kept at 37 ◦C under 5 % CO2 atmosphere conditions and 
controlled humidity. Cells were detached from the culture flask by 
trypsinization and centrifuged. The cell number and viability were 
defined by the Trypan Blue Dye Exclusion test. 

AlgTiHA, GelTiHA and Solaveil disks with a final dimension of 15 of 
diameter × 2 mm height were obtained by pressing 0.5 g of each powder 
for 60 s at 110 mbar (CCR Nannetti, A/84) and sterilized by 25 kGy 
gamma-ray radiation before use. They were pre-conditioned for 24 h in 
complete culture media before seeding 80.000 cells/sample by carefully 
dropping 30 μl cell suspension on the sample’s upper surface. After 30 
min-incubation at 37 ◦C which allows a preliminary cell adhesion, 1.5 
ml of complete culture media was added to each sample and gently 
changed after 3 days. Cell cultures were kept at 37 ◦C with 5 % CO2 
atmosphere and controlled humidity conditions up to 7 days. All cell- 
handling procedures were performed under biological laminar-flow 
hood and sterility conditions. 

2.3.10. Cell viability analysis 
Quantitative cell viability analysis was performed via MTT assay. 

Briefly, MTT reagent ([3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide] (Sigma) was dissolved in PBS 1× at a concentration 
of 5 mg/mL. At each culture time point (1, 3 and 7 days), the samples 
were incubated with 10 % well-volume MTT solution for 2 h at 37 ◦C. 
The culture medium was then removed and substituted by Dimethyl 
Sulfoxide (DMSO), to dissolve insoluble formazan crystals derived from 
MTT conversion by living cells’ metabolism. After 15 min of incubation 
under slight stirring conditions, each supernatant was transferred to a 96 
well-plate in triplicate (200 μL/well) and the absorbance was read at 
570 nm by Multiskan FC Microplate Photometer (Thermo Scientific). 
The absorbance values report in a directly proportional way to the alive 
cells’ number. For each type of material, three samples were analyzed at 
each time point. 

Qualitative cell viability and cytotoxicity analysis of the samples was 
performed via Live/Dead Assay for its ability to discriminate live from 
dead cells by simultaneously staining the esterase activity and the loss of 
plasma membrane integrity, respectively. At day 1 of culture, Live/Dead 
Assay (Live/Dead Assay Kit, Invitrogen) was performed according to 
manufacturer instructions. In brief, the samples were washed in PBS 1×
and incubated in Live/Dead solution composed of PBS 1×, Acetox-
ymethyl Calcein (AM-calcein) 2 μM and Ethidium homodimer-1 (EthD- 
1) 4 μM for 15 min at 37 ◦C in dark conditions. Samples were washed 
and rinsed in PBS 1×. The image acquisition was performed by an 
inverted Ti-E fluorescence microscope (Nikon). For each type of mate-
rial, one sample was analyzed. 
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2.3.11. Cell morphology evaluation 
Qualitative fluorescent detection of cell actin filaments and nuclei 

was performed at day 3 of the culture. Samples were washed in PBS 1×
and fixed in 4 % (w/v) paraformaldehyde (PFA) (Sigma) for 15 min. The 
samples were then permeabilized in PBS 1× with 0.1 % (v/v) Triton X- 
100 for 15 min at room temperature, and incubated with FITC- 
conjugated fluorescein-phalloidin (38 nM, Invitrogen) (Faulstich et al., 
1988). Samples were washed with PBS 1× for 5 min and incubated with 
nuclear stain 4′-6-Diamidino-2-phenylindole (DAPI) (Invitrogen) 300 
nM in PBS 1× per 5 min. The images were acquired by an inverted Ti-E 
fluorescence microscope (Nikon). For each type of material, one sample 
was analyzed. 

A further evaluation of cell morphology and cell-material interaction 
was performed by Scanning Electron Microscope (SEM) analysis at day 3 
of culture. Briefly, the samples were washed in 0.1 M Sodium Cacodylate 
Buffer pH 7.4 and fixed in 2.5 % Glutaraldehyde (Sigma) in 0.1 M So-
dium Cacodylate Buffer pH 7.4 for 2 h at 4 ◦C. After washings in 0.1 M 
Sodium Cacodylate Buffer pH 7.4, the samples were dehydrated in a 
graded series of ethanol followed by Hexamethyldisilazane reagent 
(HMDS ≥99 %, Sigma). For the analysis, the samples were sputter- 
coated with 20 μm of gold film. For each type of material, one sample 
was analyzed under high vacuum conditions by SEM (ESEM Quanta 200, 
FEI). 

2.3.12. Statistical analysis 
Statistical analysis of MTT data was performed by GraphPad Prism 

software (version 6.0). The results were reported in the graph as mean 
± standard error of the mean and they were analyzed by two-way 
analysis of variance (two-way ANOVA) followed by Dunnett’s multi-
ple comparison test compared to Solaveil control. 

3. Results & discussion 

The synthesis of Ti-doped HA nanocrystals on Gel and Alg 
biopolymer matrices to obtain the hybrid particles, occurred by repro-
ducing the natural biomineralization process in which the multiple 
sequential steps, specifically the nucleation, crystallization, and growth 
of TiHA nanoparticles, were strongly influenced by the presence of the 
polymeric matrices, which played the role of crystallization inhibitors. 

Analogously to what occurs in the previously investigated 
laboratory-scale biomineralization of collagen [32,33], Gel molecules 
guided the heterogeneous nucleation of low-crystalline TiHA nano-
particles through a neutralization method. For the obtainment of Gel-
TiHA, the final pH of the suspension obtained after the synthesis was 
modified up to neutral value, at which the growth of the mineral par-
ticles on the Gel molecules could take place thanks to the bond of the 

calcium ions with the carboxylic groups exposed by Gel molecules. 
Differently, to obtain the AlgTiHA, since both acid and basic envi-

ronments would induced the alginate gelation [34,37], the Alg solution 
was poured in the reaction flask immediately after the conclusion of the 
neutralization reaction between the phosphoric acid and the titanium 
solutions added to the alkaline calcium hydroxide suspension. In this 
case the well noted high reactivity of Alg molecules with Ca(II) ions 
guaranteed the strong interaction between the mineral nano-particles 
and the organic matrix with the formation of the hybrid AlgTiHA 
particles. 

Both hybrid particles, obtained through these bio-inspired processes, 
were compared with one of the most employed commercial physical UV 
filters, the Solaveil, of which these new eco-sustainable mineral particles 
are potential substitutes, capable of guaranteeing the sun protection 
properties without showing any toxicity for humans and for the marine 
environment [38]. 

Unlike collagen, one of the biopolymers better known for being 
involved in the biomineralization process, Gel and Alg are not featured 
by the tendency of collagen to self-assemble into 3D macromolecular 
fibrous structures, leading, after the biomineralization process, to the 
formation of mineralized hybrid particles characterized from a high 
percentage of mineral phase. This outcome is favoured by the involve-
ment of most of their exposed functional groups in the interaction with 
calcium and phosphate ions, which increase the mineralization rate 
preventing the formation of three-dimensional structures [32,39,40]. 
The obtained hybrid particles morphology was proved through SEM- 
FEG (Fig. 3) analysis; both GelTiHA and AlgTiHA samples showed 
needle-like particles of, respectively, 304 ± 55 nm and 267 ± 76 nm in 
length (n = 30), with a slightly higher tendency to aggregate for Alg-
TiHA particles. 

Needle-like particles are indeed reported in the literature as possible 
to induce a cytokines-mediated inflammatory response, which can 
consequently determine the cytotoxicity of the material. In particular, 
the needle-like morphology is highlighted as potentially cytotoxic due to 
the risk of this shape breaking cell membrane and leading to their death 
[41]. Nevertheless, a recent document issued by the Scientific Com-
mittee on Consumer Safety [42] has also made clear that the particle rod 
shape is the most suitable for cosmetic use since it is less dangerous for 
the skin. It must be highlighted that both AlgTiHA and GelTiHA, despite 
the needle-like morphology, are not inorganic single dispersed particles 
but hybrid materials, with the inorganic phase strictly linked to the 
organic matrix, potentially limiting their penetration into the dermis 
and any possible derived toxic effect. This evaluation would be part of a 
more complex dossier that will be presented to the SCCS, supporting the 
safe use of hybrid HA in cosmetic products [42]. 

XRD profiles showed the presence of a pure crystalline phase that can 

Fig. 3. SEM-FEG images of AlgTiHA and GelTiHA hybrid particles.  
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be identified as HA according to the PDF card #09–0432 (Fig. 4A). Both 
XRD patterns are poorly resolved and with low intensity, typical of 
mineral phases with a low degree of crystallinity. The scarce crystallinity 
might be ascribed to various factors. First, the low synthesis temperature 
hampered the formation of highly crystalline structures. Then, the 
presence of Gel and Alg directed the mineralization towards the for-
mation of a low crystallinity phase, typical of the biomineralization 
process, in which the organic molecules act as nucleation templates for 
the mineral phase while hampering its growth [32,40]. Finally, the 
presence of titanium ions distorts the crystal lattice, thus leading to an 
intrinsically increased disordered crystal phase formation. No secondary 
crystalline phases were identified (e.g. TiO2) through Rietveld analysis, 
highlighting as Ti ions are just present within the HA lattice or, in case, 
could be present as a secondary phase only in a highly amorphous state 
and in a quantity not detectable by the XRD analysis nor visible with 
SEM [38]. 

Observing the XRD spectra of the TiO2 commercial sample (Sol-
aveil™), the XRD pattern is in agreement with standard peaks of the 
rutile TiO2 phase in PDF card #21–1276. The main peak is at 27◦, which 
corresponds to (110) plane according to the TiO2 anatase phase and 
(101) plane at 36◦, as well as, (211) plane at 54◦. No peaks of the anatase 
phase were revealed; this is consistent with the literature which shows a 
more photoreactivity of anatase than the rutile phase leading to more 
harmful particles for the cosmetic field [43]. 

FTIR analysis of GelTiHA and AlgTiHA revealed a similar pattern 
(Fig. 4B) showing peaks at 1036, 602, and 562 cm− 1. The signal at 1036 
cm− 1 corresponds to HA asymmetric stretching of PO4 groups, while, 
peaks at 602 and 562 cm− 1 are related to the bending of PO4 groups. In 
AlgTiHA, only peaks related to the mineral phase are clearly visible 

Fig. 4. A) XRD spectra and B) FTIR spectra of AlgTiHA and GelTiHA hybrid 
composites in comparison with Gel, Alg, HA and Solaveil™. 

Table 1 
Inorganic/organic ratio and chemical composition of GelTiHA and AlgTiHA 
evaluated by TGA and ICP.   

HA: 
Pol 
ratio 

Ca/P 
(mol) 

Ti/Ca 
(mol) 

Ti/P 
(mol) 

Ca/(Ti 
+ P) 
(mol) 

(Ca +
Ti)/P 
(mol) 

(Ca +
Ti)/(P 
+ Ti) 
(mol) 

GelTiHA 84:16 
1,66 
±

0.01 

0,15 
±

0.01 

0,25 
±

0.01 

1,33 
± 0.01 

1,91 
± 0.01 

1.53 ±
0.01 

AlgTiHA 92:8 
1,60 
±

0.03 

0,14 
±

0.01 

0,23 
±

0.01 

1,30 
± 0.04 

1,84 
± 0.01 

1.49 ±
0.03  

Fig. 5. A) Reflectance spectra; B) Absorption spectra and C) Transmittance 
spectra of AlgTiHA and GelTiHA hybrid composites in comparison with the 
commercial standard (Solaveil™). 
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probably due to the very high amount of hydroxyapatite fully covering 
the Alg molecules. Quite the opposite, in GelTiHA where a major 
amount of organic phase is present, also Gel peaks are clearly visible. In 
particular, the peak at 3405 cm− 1 corresponds to the stretching vibra-
tions of O–H bonds of Gel, while the peaks at 1650, 1547 and 1453 
cm− 1, are related to the asymmetric and symmetric stretching vibrations 
of the carboxylate groups in Gel [40]. 

As mentioned above, the mineralization of Gel and Alg matrix 
allowed to obtain a high mineral content, confirmed by thermogravi-
metric analysis (TGA) that assessed the weight loss % at each temper-
ature range, giving information on the hybrid HAs composition: content 
of water, organic fraction and mineral fraction (Table 1). TGA profiles 
revealed for both GelTiHA and AlgTiHA two different weight losses, the 
first, ranging from 20 ◦C to 150 ◦C, consisting of water loss, whereas the 
second, ranging from 150 ◦C to 800 ◦C, consisting of polymer degra-
dation in line with literature reported [40,44,45]. The residual mass 
corresponds to the mineral component, TiHA, biomineralized on the two 
different biopolymers. In detail, GelTiHA ratio is more similar to the 
theoretical ratio (20:80), while the one of AlgTiHA is lower than 20:80, 
showing that less organic phase is present. This behaviour can be as-
cribable to the different biomineralization protocols (Alg was intro-
duced after the neutralization process) and to the high affinity between 
Ca2+ ions and Alg, which favours the immediate interaction between the 
just formed hydroxyapatite and the alginate poured. 

The chemical composition of the mineral phase was measured by ICP 
quantitative analyses in terms of the molar ratio between the elements 
(Table 1). Considering the evidence highlighted from XRD analyses, it 
was possible to assess the effective partial substitution of both Ca2+ ions 
and PO4

3− ions in the HA lattice by, respectively, Ti4+ and TiO4
4− ions, 

coherently with what was previously reported in the literature [38]. In 
particular, as expected, an increment of the (Ca + Ti) / P value 
compared to the Ca / P value was recorded, as well as a decrease in the 
Ca / (Ti + P) value. The small deviation of the Ca / P values from that of 
the pure HA (theoretical ratio 1.67) [46] can plausibly be attributed to a 
similar Ca2+ and PO4

3− ions depletion by Ti4+ and TiO4
4− ions. 

UV–Vis spectroscopy is the best technique to determine the absorp-
tion and reflection properties of sunscreen composites. The reflection 
properties of the hybrid composites were reported in Fig. 5A. The 
reflectance profiles of both composites were very similar, GelTiHA and 
AlgTiHA revealed an area of middle values of reflectance between 280 
and 320 nm followed by an increase of the reflectance value in the UVA 
range (315–400 nm) reaching a plateau of 90 % of reflectance at the 
edge of the visible range (400 nm). Comparing the reflection curves of 
the hybrid composites with a commercial sunscreen, it is clear how the 
reflectance values in the UVA and UVB (315–400 nm and 280–315 nm) 
range of Solaveil™ (TiO2 based commercial sunscreen) are significantly 
lower (10 %) than GelTiHA and AlgTiHA, confirming, even more, the 
good reflection properties of these hybrid composites. 

On the other hand, GelTiHA and AlgTiHA show lower absorption 
(Fig. 5B) than the commercial product: the curves decrease in an almost 
linear manner with the wavelength, while Solaveil presents an enhanced 
absorption, with a maximum peak at 350 nm to then decrease such as 
GelTiHA and AlgTiHA. This behaviour is likely due to the different 
particles size. While the hybrid particles synthesized are bigger than 
200 nm, thus performing mainly as a physical blocker for the radiation, 
Solaveil™ particles, about 50 nm on average, act mainly as an inorganic 
UV absorber, as proven also by the lower transmittance compared to 
absorbance it shows in the UVA and UVB region (Fig. 5C). Despite using 
a different mechanism, both GelTiHA and AlgTiHA were nonetheless 
proven to be effective in shielding UVs radiations (Fig. 5) [47,48]. 

Finally, photodegradation tests of an aqueous solution of Rhodamine 
B were carried out exposing the system to a simulated full solar spec-
trum. No photocatalytic activity was detected by either AlgTiHA or 
GelTiHA under irradiation in comparison with the photo-catalyst Are-
oxide P25, used as the positive control. On the contrary, Solaveil™, 
showed photocatalytic activity, visible by the decrease of Rhodamine B 

absorption maximum during the solar simulator time exposure. With 
Solaveil, >50 % of Rhodamine B was degraded in 120 min (Fig. 6A). 

To dig deeper into this aspect of AlgTiHA and GelTiHA, their ability 
to generate Reactive Oxygen Species (ROS) was assessed by Electron 
Spin Resonance (EPR) spectroscopy. Titanium dioxide is known to 
generate several ROS (hydroxyl and superoxide radicals, hydrogen 
peroxide, singlet oxygen) as a consequence of UV light irradiation, that 
in turn can degrade organic molecules [49,50]. The generation of free 
radical species can be monitored by using formic acid as model organic 
molecule. In presence of free radical species, the carboxylate radical is 

Fig. 6. Photoactivity of AlgTiHA and GelTiHA in comparison with Solavei-
l™and P25 as a control. A) degradation of Rhodamine and in the inset picture: 
Solaveil™, GelTiHA and AlgTiHA suspensions after simulated full solar spec-
trum irradiation in presence of Rhodamine B (5 mg/mL). B) Generation of 
carboxylate radicals by AlgTiHA and GelTiHA in comparison with Solavei-
l™and the photo-catalyst Areoxide P25. Representative EPR spectra were 
recorded after 60 min of samples irradiation in PBS solution (pH 7.4, DMPO) of 
sodium formate. The spectra correspond to the adduct DMPO-COO•- C) Gen-
eration of singlet oxygen by AlgTiHA and GelTiHA in comparison with the 
commercial sample Solaveil and the photo-catalyst Areoxide P25. Representa-
tive spectra after 60 min of irradiation were generated in a solution of 4-oxo- 
TMP in PBS. The spectra correspond to the radical TEMPONE. 
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formed and can be detected by EPR spectroscopy once stabilized by the 
spin trap DMPO [49]. Singlet oxygen can be detected by the probe 4- 
oxo-TMP. This molecule reacts specifically with singlet oxygen, lead-
ing to the formation of the stable radical TEMPONE. 

In Fig. 6B and C the EPR spectra obtained with the AlgTiHA and 
GelTiHA are compared with those obtained with Solaveil and the photo- 
catalyst Areoxide P25, used as the positive control [51]. 

In both tests, no signal was observed either for AlgTiHA or GelTiHA 
(Fig. 6B and C), thus confirming their inertness; on the other hand, the 
typical spectrum of TEMPONE radical was recorded for Solaveil™, 
indicating the production of singlet oxygen. The generation of this 
reactive specie confirmed the results previously obtained with the 
Rhodamine B test. 

An in vitro cytotoxicity test using a common fibroblast cell line 
(BALB/3 T3 A31, ATCC® CCL-163™) was performed to assess the 
relative biocompatibilities of AlgTiHA, GelTiHA and the commercial 
Solveil™ product. Proliferation, performed by MTT assay, clearly 
showed significantly higher viability of cells cultured on both GelTiHA 
and AlgTiHA, demonstrating the absence of a cytotoxic effect. In detail, 
Fig. 7 showed a statistically significant increase in the proliferation of 
AlgTiHA (p values ≤0.05) and GelTiHA (p values ≤0.0001) samples at 
days 4 and 7 of culture, compared to Solaveil™. In addition, GelTiHA 
showed an increasing linear cell culture growth, differently from Alg-
TiHA, where a plateau in cell proliferation and no differences in cell 

viability were observed between day 4 and day 7 (Fig. 7). These results 
suggest Gel can perform better in terms of cell-material interaction, 
confirming the well-known intrinsic bioactivity of Gel on cell prolifer-
ation [52], compared to the relatively inert Alg [34,53]. 

The absence of cytotoxicity was also confirmed by a qualitative cell 
viability analysis performed with Live/Dead assay. Both GelTiHA and 
AlgTiHA samples did not compromise cell viability. At day 1, several live 
cells and very few dead cells were detected in both groups compared to 
the control group which showed higher cytotoxicity (Fig. 8A, B and C) 
confirming the quantitative cell viability results. It is important to notice 
that, 24 h after seeding, GelTiHA group showed also a more uniform cell 
distribution on the sample surface compared to the other two groups 
(Fig. 8A, B and C). Indeed, despite its biocompatibility, the biological 
inertness of Alg, together with its low bio-adhesivity, makes it less 
suitable for cell interaction and spreading as cells cannot establish 
specific attachment points with the polymer [54]. Conversely, Gel, due 
to its retention of collagen bioactive sequences, can create a more suit-
able microenvironment for cell adhesion [55], activating cell/surface 
processes that involve the reorganization of cytoskeleton proteins like 
actin [56]. In Fig. 8D, E and F, phalloidin stains actin filaments and a cell 
layer that covers the sample surface is evident in GelTiHA and AlgTiHA 
groups, compared to the control group where very few cells with 
irregular morphology are detectable at day 3 of culture. In detail, a more 
uniform cell layer is observed in GelTiHA, compared to AlgTiHA and the 
control group where empty zones on the material surface were found, 
confirming the qualitative analysis of cell viability (Fig. 8 D, E and F). 

A further evaluation of cell morphology and interactions with the 
samples was also reported by SEM analysis at day 3 (Fig. 9). The SEM 
images confirmed the results detected with actin staining: overall, both 
AlgTiHA and GelTiHA showed a higher cell density compared to the 
Solaveil™ group (Fig. 9). Nevertheless, also SEM showed the presence of 
a more uniform cell layer on GelTiHA compared to AlgTiHA, confirming 
the previous viability and proliferation reported results. 

4. Conclusion 

A biomineralization synthesis process has been used to prepare two 
hybrid materials (GelTiHA and AlgTiHA) based on a Ti-doped hy-
droxyapatite mineral phase grown on biomolecules. Their nanostructure 
and the partial substitution of both Ca2+ and PO4

4− with Ti4+ and TiO4
4−

ions within the HA lattice are responsible for their UV filtering proper-
ties. In addition, we propose that, since the Ti4+ ions are bound within 

Fig. 7. Cell viability analysis by MTT test. The results were reported in the 
graph as mean ± error standard of the mean; *p value ≤0.05 and **** p 
value ≤0.0001. 

Fig. 8. A, B and C) Live/Dead Assay at day 1. Calcein stains live cells in green and Ethidium homodimer-1 stains dead cells in red; D, E and F) Cell morphology 
analysis at day 3. Fluorescein-phalloidin detection of actin filaments in green and DAPI detection of nuclei in blue. Scale bars are 200 μm. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

E. Campodoni et al.                                                                                                                                                                                                                            



Biomaterials Advances 151 (2023) 213474

9

the structure of HA crystals, this may be the underlying cause for the 
observed lack of photoactivity, which should reduce of the risk of 
sensitization during sun exposure. 

The evidence reported here attests not only to the effectiveness of 
these materials as UV filters but also demonstrates their biocompati-
bility which should ensure enhanced human and ecosystem health 
compared to the ZnO and some of the TiO2 UV filters widely used today 
in sunscreen formulations. Despite the nanometric size of the TiHA 
mineral particles, the organic matrices on which they are grown confine 
them in a hybrid micrometric structure, which reduces the potential risk 
of skin penetration. 

These important features and behaviours make the materials highly 
prospective for the formulation of innovative, eco-sustainable sunscreen 
products endowed with increased safety and long-lasting protection. 
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