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Abstract 

Mesoporous silica nanoparticles (MSN) and periodic mesoporous organosilica nanoparticles 

containing bridging benzene (PMOBTB) and ethane (PMOBTE) moieties are synthesized, 

characterized and evaluated for application in skin protection from UVA/UVB sun irradiation. 

Furthermore, the influence of surface functionalization with chelating  3-(2-

aminoethylamino)propylsilane  and Zn2+ ions on the UV-blocking ability of MSN is evaluated, 

along with the photostability and capability of the synthesized nanomaterials to carry 

avobenzone, a known UV-absorbing agent. The obtained results reveal promising characteristics 

of MSN and PMO materials with regard to their potential for sunscreen applications, which could 

be beneficial in terms of alleviating concerns about health and environmental hazards of 

sunscreen ingredients. 

Keywords: 

Mesoporous silica nanoparticles, periodic mesoporous organosilica, sunscreen nanoparticles, UV 

protection, functionalized nanoparticles, application of nanoparticles 
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Different types of silica nanomaterials, typically classified as synthetic amorphous silica (SAS), 

can be found in the formulations since 1950s as reinforcement and thickening agents in various 

industries due to their high specific surface area and high water absorption capacity.1 In cosmetic 

products, SAS materials are regarded as safe additives,2 mostly used as abrasive, adsorbent, 

anticaking, bulking, opacifying and thickening agents. Currently applied sunscreen ingredients 

for active UVA and UVB protection of skin are predominantly ZnO and TiO2 nanoparticles, 

which absorb, reflect and scatter UV radiation, along with organic molecules as UV absorbers 

e.g. avobenzone. However, there is an increasing concern regarding the adverse health and 

environmental effects of these sunscreen ingredients,3-6 motivating researchers to find safer 

alternatives e.g. by coating the surface of hazardous nanomaterials with silica layers7 or by 

encompassing organic UV absorbers within the framework of organosilica nanoparticles.8 Recent 

in vivo study revealed that amine-functionalized silica nanoparticles of 55 nm in diameter did not 

penetrate the skin even in the case of disrupted skin structure,9 which sustains the notion of their 

safety for application in skin products. However, particular attention needs to be taken into 

account during formulation of the SAS materials, as the skin penetration of silica nanoparticles 

increases in the case of formulation with skin penetration enhancers such as isopropyl 

myristate.10 

Mesoporous silica nanoparticles (MSNs) have been demonstrated for a variety of applications 

since the beginning of the 21st century. This nanomaterial is characterized by its 

biocompatibility,11 facile synthesis protocols,12 possibilities for modifications of particle and pore 

sizes and morphologies,13 a plethora of strategies for surface functionalization and modification 

of the nanomaterial’s physico-chemical properties,14 high surface area and thermal stability. 

Periodic mesoporous organic nanoparticles (PMO NPs) are more recently developed structural 
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analogues of MSNs, distinguished by the presence of bridging organic moieties within the silica 

framework.15-17 Even though both types of porous SAS nanomaterials are thoroughly investigated 

for construction of multifunctional disease-targeting nanotherapeutics,18 as well as in 

heterogeneous catalysis, separation and sensing, their application as UV-blocking agents, to the 

best of our knowledge, have not been characterized in the literature.  

Herein we focused the study on evaluating the UV-blocking features of the porous silica 

nanomaterials with different constitution, i.e. MSN and PMO NPs with ethane and benzene 

bridges, PMOBTE and PMOBTB, respectively. These PMO materials were recently developed 

for promising biomedical applications.19-20 The influence of surface functionalization on UV-

blocking ability was also investigated by constructing material containing a chelating ligand 3-(2-

aminoethylamino)propylsilane N-[3-(trimethoxysilyl)propyl]ethylenediamine (DA) on the 

surface of MSN (DAMSN) and the material with coordinated Zn2+ on DAMSN (ZnDAMSN). 

Functionalization with zinc was conducted having in mind the necessity of these ions in various 

zinc containing enzymes, most notably superoxide dismutase, alkaline phosphatase, matrix 

metalloproteinase and zinc finger proteins, which have significant roles in skin wound repair, 

maintenance and protection against inflammation.21 Finally, we tested the photostability of 

materials under sun-simulated lamp and the capability of the synthesized materials to adsorb 

avobenzone. Photodegradation products of avobenzone have been correlated with photoallergic 

and cytotoxic effects on skin.22 However, research studies already showed that mesoporous 

silicates have the capability to inhibit photodegradation of sunscreen ingredients, as in the 

example of entrapping octyl methoxycinnamate inside the mesopores of MSN, which yielded in 

the enhanced sunscreen photostability and safety.23  
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The nanoparticulate materials were obtained by condensation of silica precursors in basic 

aqueous environment, in the presence of mesopore-templating surfactant 

cetyltrimethylammonium bromide. In case of MSN the silica precursor was tetraethoxysilane 

(TEOS), while for PMOBTE and PMOBTB the sole silica precursors were 1,4-

bis(triethoxysilyl)ethane (BTE) and 1,4-bis(triethoxysilyl)benzene (BTB), respectively (Figure 

1a). After washing the materials with copious amounts of water and ethanol, the surfactant was 

removed by calcination at 600 ˚C in case of MSN or by sonication in ammonium nitrate solution 

(6 g/L in ethanol) in case of PMO materials. The analysis of scanning electron miscroscopy 

(SEM) images (Figure 1a-c) showed that all prepared materials were composed of spherical 

nanoparticles, with particle diameters in the ranges 75 - 215 nm, 510 - 710 nm and 120 - 330 nm 

for MSN, PMOBTE and PMOBTB nanoparticles, respectively. Transmission electron 

microscopy (TEM) images of these materials are shown on Figures S1-S3, evidencing hexagonal 

arrangement of tubular mesopores for MSN material, while the porous nature of PMO materials 

is less perceptible due to smaller diameter of pores with non-uniform packing and lower contrast 

between the organic framework and empty pores in comparison to the SiO2 framework in MSN. 

However, the porous nature of all synthesized materials is indicated by their high Brunauer–

Emmett–Teller (BET) specific surface areas and calculated Barrett-Joyner-Halenda (BJH) 

average pore diameters of nitrogen adsorption analyses (Figure S4). The highest specific surface 

area was obtained for MSN material (1369 m2/g) with BJH average pore diameter of 2.8 nm. 

Among the porous organosilica nanoparticles, PMOBTE showed higher specific surface area 

(778 m2/g) with BJH average pore diameter of 2.2 nm, while PMOBTB exhibited specific surface 

area of 391 m2/g with BJH average pore diameter of 13.6 nm. The BJH values are obtained 

experimentally for average pores in the material and often differ from the peaks which can be 
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seen on the BJH graph (Figure S4), as the peaks on BJH graph typically represent the most 

predominant pore diameters. The value of average pore diameter is typically larger than the 

predominant pore diameters because of the pore voids between the nanoparticles, which are taken 

into calculation during BJH analysis. 

 

Figure 1. a) Schematic representation of the synthesized MSN and PMO NPs and representative 

SEM images of MSN (b), PMOBTE (c) and PMOBTB (d). 

 

Infrared spectroscopy confirms the composition of the synthesized nanoparticles (Figure 2). 

Mesoporous silica nanoparticles are characterized by the strong overlapping Si-O vibrations in 

the 1000-1250 cm-1 region. Peak at 1635 cm-1 and the broad band centered around 3400 cm-1 are 

vibrations of the surface-adsorbed water. Upon functionalization of the silica surface, with (N-[3-

(trimethoxysilyl)propyl]ethylenediamine) DA in dry dimethylformamide at 110 ˚C, the new 

bands appear in the spectrum of DAMSN at 2974 cm-1 and 2935 cm-1 due to CH(υ) vibrations, 
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1653 cm-1, assigned to NH(δ) vibrations and CH bending vibrations at 1452 cm-1 and 1400 cm-1 

(Figure 2a). The same bands appear in the IR spectrum of the material with Zn2+-functionalized 

DAMSN (ZnDAMSN), with the additional sharp peak at 620 cm-1, which indicates the presence 

of sulfate group on the nanoparticles upon reaction of ZnSO4 with DAMSN in aqueous 

environment.24 The presence of Zn ions in ZnDAMSN was confirmed by electron absorption 

spectroscopy, which quantified Zn2+ in the amount of 0.5 wt% in the material. The amount of 

functional groups on the DAMSN was 15.7 wt%, determined by the prominent weight loss in the 

range 200-530 °C from TGA measurement (Figure S5).25 The weight loss at temperatures below 

200 °C can be attributed to the surface-adsorbed water, while condensation of surface silanols 

occurs at temperatures around 600 °C.26 In case of ZnDAMSN the weight loss peaks in TGA 

(Figure S6) shift to higher temperatures, indicating the binding to zinc ions, and the band overlap 

with the peaks for silanol condensation. The amount of Zn2+ in ZnDAMSN was determined by 

electron absorption spectroscopy in the amount of 0.5 wt%. These values also indicate that the 

molar ration of DA/Zn2+ is ca. 20, revealing that much of the surface-functionalized ligand 

remained non-coordinated, probably due to strong electrostatic interaction between amine 

moieties and deprotonated surface silanols, along with possible inaccessibility of ligands if 

functionalized deep inside the mesopores.  

Comparison of the IR spectra of MSN, PMOBTE and PMOBTB is shown on Figure 2b. As 

expected, the PMO materials also exhibit the broad bands for different Si-O stretching vibrations 

in the material, as well as the peaks related to the surface adsorbed water as in the spectrum of 

MSN. In addition, PMOBTE material shows peaks from stretching CH vibrations at 2976 and 

2922 cm-1 and the peaks from scissoring and rocking vibrations of the bridging CH2 groups at 

1412 and 1271 cm-1, respectively. Both PMOBTE and PMOBTB exhibit Si-C stretching peaks at 
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1159 and 1155 cm-1, respectively. The IR spectrum of PMOBTB additionally exhibits the peaks 

arising from the bridging benzene moiety, i.e. stretching CH at 3062 and 3014 cm-1, out of plane 

CH bending vibrations at 924, 777 and 534 cm-1, while the stretching C=C band is overlapping 

with the vibration peak of adsorbed water at 1632 cm-1.27 

 

Figure 2. Infrared spectra of the synthesized materials: a) Comparison of IR spectra of MSN, 

DAMSN and ZnDAMSN; b) Comparison of MSN, PMOBTE and PMOBTB 

The UV-blocking features of the materials were characterized by determination of sun protection 

factor (SPF) values, the critical wavelength and UVA/UVB ratios. SPF is defined as the UV 

energy required to produce a minimal erythemal dose (MED) on protected skin, divided by the 

UV energy required to produce a MED on unprotected skin. MED is defined as the lowest time 
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interval or dosage of UV light irradiation sufficient to produce a minimal, perceptible erythema 

on unprotected skin.28 Absorption spectroscopy has been shown as a simple methodology for 

characterization of UV-protection characteristics of materials, with thus calculated SPF values 

which can be reliably correlated to the in vivo determined SPF.29,30   For the calculation of SPF 

values, the absorbance values at wavelengths of 290-320 were noted and SPF values were 

determined by employing the Mansur equation.30 

��������	
��
�
���	
� 	= �� ×���
���

���
��� × ���� × ������ 

Where CF is the correction factor (=10), EE (λ) erythemal effect spectrum, I (λ) solar intensity 

spectrum, Abs (λ) absorbance of the solution. The values of EE and I are constants, determined 

by Sayre et. Al.31 

The critical wavelength and UVA/UVB ratios were also determined from the obtained UV/VIS 

spectra according to the established equations:8 
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���
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where λc is the critical wavelength, A(λ) is the average absorbance at each wavelength, and dλ is 

the wavelength interval between measurements.  
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In case of the herein synthesized materials the calculated SPF values of both porous organosilica 

nanomaterials (PMOBTE and PMOBTB) are significantly higher than the SPF value of MSN, i.e. 

9.1 and 18.5 vs. 1.2, respectively (Table 1), while surface functionalization of MSN increases the 

SPF values from 1.2 to 5.5 and 4.3 for DAMSN and ZnDAMSN, respectively.  

Table 1. Spectrophotometric characterizations of the UV-blocking features of the materials 

 
MSN DAMSN ZnDAMSN PMOBTE PMOBTB 

SPF 1.2 ± 0.1 5.5 ± 0.1 4.3 ± 0.2 9.1 ± 0.1 18.5 ± 0.2 

λ(critical) 386 nm 386 nm 386 nm 388 nm 386 nm 

UVA/UVB 0.74 0.79 0.78 0.90 0.78 

 

To explain the obtained results of SPF calculations, dynamic light scattering (DLS) 

measurements on suspensions in ethanol of all prepared materials were performed (Figure 3). The 

average hydrodynamic diameters (from the three consecutive measurements) of the nanoparticles 

were 179 ± 23 nm, 224 ± 7 nm, 229 ± 13 nm, 541 ± 70 nm and 357 ± 17 nm for MSN, DAMNS, 

ZnDAMSN, PMOBTE and PMOBTB respectively. 

 

Figure 3. Hydrodynamic diameters of nanoparticles as determined by DLS measurements 
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Hence, the difference in SPF between the synthesized materials can be attributed to the 

differences in their capability to scatter light in the UVA (400-320 nm) and UVB region (320-

290 nm). The highest SPF value was obtained for PMOBTB, which has the majority of particles 

in the perfect range for interaction with UVA and UVB light with the average DLS diameter of 

357 nm. PMOBTE nanoparticles have much bigger average DLS diameter (541 nm), though a 

portion of the material shows DLS scattering in the UVA and UVB region as well. On the 

contrary, MSN nanoparticles are too small and show no evidence of light scattering in the region 

of interest for skin protection, and thus exhibit the small SPF value. However, upon surface 

functionalization of MSN with hydrophilic, charged moieties, the average hydrodynamic 

diameters increased from 179 nm (MSN) to 224 nm (DAMSN) and 229 nm (ZnDAMSN), and 

the DLS data evidence significant portion of light scattering in the UVA and UVB region. This 

extension of light scattering to higher wavelengths is probably a result of enhanced capability for 

dimerization and further agglomeration of individual nanoparticles in case of surface-

functionalization with DA moiety, capable of N···H hydrogen bonding and attractive electrostatic 

interactions in the presence of Zn2+ and SO4
2- ions in the case of  ZnDAMSN. Hence, in addition 

to the beneficial effects of the presence of Zn2+ to the skin health, as discussed above, its 

functionalization on the surface also led to the enhanced sun-screening efficacy of the obtained 

material.  

To investigate the influence of composition of nanoparticles on the UV-blocking ability we 

synthesized PMOBTB material with much smaller diameter (PMOBTB2, 114 ± 3 nm by DLS 

size measurements) (Figure S7-S9 for TEM, IR and DLS) and determined its UV blocking 

characteristics. Even though the size of these nanoparticles is even smaller than for MSN 

material, the light scattering/absorption in the UV region was evidently substantially bigger 
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(Figure S10), which can be ascribed to the presence of UV absorbing benzene bridges in their 

framework. Thus, the enhanced UV blocking ability of PMOBTB2 is evidenced by its high SPF 

of 10.4 ± 0.1. Evidently, the bigger diameter of nanoparticles of PMOBTB material still warrant 

higher UV-blocking ability with calculated SPF of 18.5, but the different composition of 

PMOBTB2 and MSN governs the significant differences in the SPF values, 10.5 vs 1.2 

respectively, regardless of the smaller diameter of PMOBTB2. In addition, the difference in the 

intensities of UV/VIS spectra of the suspensions of PMOBTB2 and the same material without 

washing the surfactant template (PMOBTB2s, Figure S10) indicate the significance of porosity 

of the nanoparticles for their UV blocking efficacy. Indeed, higher porosity allows more light-

scattering particles in the suspension per mass unit of the material due to its lower density. 

Hence, without washing out the surfactant the obtained SPF value of PMOBTB2s was 9.1 ± 0.1.  

Critical wavelength (λc) is defined as the wavelength below which 90% of the total UV 

absorbance occurs.30 The obtained UV/VIS absorbance data reveal that all synthesized materials 

have λc well above 370 nm (Table 1, for PMOBTB2 and PMOBTB2s λc = 383 nm), which 

classifies them as broad-spectrum (UVA + UVB) sunscreen agents. The ratios of mean UVA to 

UVB absorbances for all the materials were also calculated (Table 1, for PMOBTB2 = 0.82 and 

PMOBTB2s UVA/UVB = 0.56), and the results reveal that PMOBTE material has the highest 

capability for UVA protection, with the UVA/UVB ratio of 0.9, which is classified as maximum 

(***) UVA protection agent.32 All other materials noted in Table 1 have the values slightly lower 

than 0.8 and would be characterized as superior (***) UVA blockers. Notably, PMOBTB2 

material also shows maximum (****) UVA protection rating while UVA protection capability of 

PMOBTB2s is rated good (**). 
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Typical UV/VIS absorbance spectra of isopropanol suspensions of the synthesized materials and 

their stability upon irradiation with a sun-simulated lamp for 30 minutes are represented on 

Figure 4a. The spectrum of PMOBTB shows a characteristic broad band of the benzene moiety 

centered at 270 nm. The increasing UV-light scattering capabilities of the prepared materials in 

the order MSN<PMOBTE<PMOBTB is clearly evident from the provided spectra of the 

suspensions in the same mass concentrations. In addition, neither of the tested materials changed 

their UV/VIS absorbance spectra after exposure to irradiation, indicating their good 

photostability. As a comparison, irradiation of the solution of avobenzone in isopropanol with the 

same sun-simulating lamp (Figure 4b) led to lowering of absorbance of this typical sunscreen 

ingredient, demonstrating its instability upon exposure to light.   
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Figure 4. UV/VIS spectra of: a) MNS, PMOBTE and PMOBTB in isopropanol before and after 

exposure to sun-simulated irradiation for 30 minutes (Irr), b) avobenzone in isopropanol upon 

exposure to irradiation for different time periods. 

The capability of the synthesized materials to adsorb and retain the avobenzone on their surface 

was also demonstrated as an additional benefit in utilization of these nanoparticulate materials for 

sunscreen applications. Different types of organic and inorganic sun-screening agents can be 

housed on the silica surface or retained inside their mesopores, which may improve the sun-

screening characteristics of both the nanoparticles and the cargo agents, as well as to possibly 

decrease the health concerns of sunscreen ingredients if they are confined within the silica 

nanoparticles. The loading capacity of avobenzone in MSN was 0.9 mg/g, while for PMOBTE 

and PMOBTB was 1.1 mg/g, which were obtained even after copious washings of the material 

with isopropanol and ethanol. 

Finally, we perceive that even though the calculations suggest that PMOBTB material should be 

chosen for formulation of sunscreens in case of the need for highest SPF and PMOBTE material 

for the sunscreens with the highest UVA protection, these materials would not be typically 

favored for commercial sunscreens due to their strong blocking of light in the visible spectrum, 

which would render the sunscreens non-transparent and thus less esthetically pleasing. Instead, 

other herein synthesized materials would be preferred, having the lower blocking of visible light. 

We presume that a good candidate for formulation of effective and safe sunscreens would be 

PMOBTB2 type of material, having high SPF, critical wavelength and UVA/UVB ratio, along 

with advantages in low visible light scattering and different possibilities for increasing the UV 
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protection capabilities through suitable surface modifications, which is to be confirmed by future 

studies.    

In conclusion, porous silicon-based nanoparticles of different composition (silica or bridged 

organosilica), size and surface characteristics (nonfunctionalized, ethylenediamine- and Zn2+- 

functionalized) were synthesized, characterized and their potentials for applications as UV-

blocking agents were evaluated. Functionalization of the MSN surface led to enhancements of 

UVA and UVB blocking abilities of the materials, while PMO nanoparticulate materials 

showcased superior UV-screening characteristics over their MSN counterparts. Both particle size 

and their composition significantly influence their UV protection efficacy, with particles of ca. 

350 nm in diameter and particles containing UV-absorbing benzene moieties in the framework 

showing the highest SPF values. All prepared materials can be classified as broad-spectrum 

sunscreen agents since the calculated critical wavelengths are well above 370 nm. The 

organosilica nanomaterial with ethane bridges (PMOBTE) showed the highest UVA/UVB ratio 

of 0.9, which, along with the value for PMOBTB2 materials (0.82), is considered as maximum 

(****) UVA protection. All other porous nanomaterials are characterized as superior (***) UVA 

protecting agents. The materials showed high stability toward photodegradation and the 

capability to adsorb avobenzone on their surface. This study reveals for the first time the high 

potential of functionalized MSN and PMO materials for application in skin protection from UV 

irradiation and opens the possibilities to replace the currently used ingredients in sunscreens with 

potentially more health- and environment-friendly silica-based materials.    
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Supporting information 

The Supporting Information is available free of charge on the ACS Publications website at DOI: 

Experimental methods, TEM images of MSN, PMOBTE and PMOBTB (Figure S1-S3), BET and 

BJH graphs (Figure S4), TGA data for DAMSN and ZnDAMSN (Figures S5 and S6), 

characterization of PMOBTB2 material: TEM images (Figure S7), IR spectra of PMOBTB2s and 

PMOBTB2 (Figure S8), DLS measurements of PMOBTB2s and PMOBTB2 (Figure S9), 

UV/VIS spectra of suspensions of all synthesized materials at concentration of 0.2 mg/mL in 

ethanol (Figure S10). 
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Figure 1. a) Schematic representation of the synthesized MSN and PMO NPs and representative SEM images 
of MSN (b), PMOBTE (c) and PMOBTB (d).  
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Figure 2. Infrared spectra of the synthesized materials: a) Comparison of IR spectra of MSN, DAMSN and 
ZnDAMSN; b) Comparison of MSN, PMOBTE and PMOBTB  
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Figure 3. Hydrodynamic diameters of nanoparticles as determined by DLS measurements  
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Figure 4. UV/VIS spectra of: a) MNS, PMOBTE and PMOBTB in isopropanol before and after exposure to sun-
simulated irradiation for 30 minutes (Irr), b) avobenzone in isopropanol upon exposure to irradiation for 

different time periods.  
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