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ABSTRACT 
 
Gallic acid (GA) and its derivatives are natural 

polyphenolic substances that have been widely used as 
antioxidants in food, health and polymer technologies. In 
the present work, we present the synthesis and 
characterization of hybrid nanomaterials prepared by 
covalently grafting GA antioxidant molecules on well-
characterized SiO2 nanoparticles (NPs) of varying specific 
surface area (96-352 m2/gr). All hybrid NPs were 
functionalized to yield the same surface-density of GA 
molecules (i.e. ~1 GA per nm2). The Radical-Scavenging 
Capacity [RSC] of the SiO2-GA NPs was quantified in 
comparison with pure GA based on the 2,2-diphenyl-1-
picrylhydrazyl radical (DPPH.) method, by using Electron 
Paramagnetic Resonance and UV-Vis spectroscopy. The 
resulting hybrid nanomaterial possess superior antioxidant 
properties that can be employed in the food, polymer and 
biomedical industry. 
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1 INTRODUCTION 
 

The use of antioxidants to prevent free-radical reactions has 
become an area of intense scientific and economic interest 
in human health,1,2 food-industry3 as well as in polymers’ 
industry.4 Antioxidants are substances that -when present in 
low concentrations- are capable of delaying, retarding, or 
preventing the molecular deterioration caused by adverse 
radical reactions and radical-related oxidation.1-3 Primary 
antioxidants quench radical activity by donating H-atoms to 
free radicals.1,2 Secondary antioxidants are generally less 
active and are not involved in radical reactions.1  

Biomedical scientists and clinicians are interested in 
antioxidants because they protect the body against damage 
by reactive oxygen species.1 Furthermore, industrial 
polymers are subjected to heat and shearing forces during 
processing, and they are exposed to oxygen, light, heat, and 
water during their service life.4 All these factors may cause 
oxidative degradation of the polymer, resulting in changes 
of chemical, physical, mechanical, and aesthetical 
properties. To avoid polymer oxidative degradation, 

antioxidants are added to polymers in small amounts.4 
Traditional stabilizer systems for polyolefins are typically 
based on a phenolic antioxidant.4 In food-industry, free-
radical reactions are an important issue (see Review in 4 
and references therein) where manufacturers minimize 
radical-induced deterioration in foods by use of 
antioxidants during the manufacturing process. That way, 
foods are produced that maintain their nutritional quality 
over a defined shelf life.5 Moreover, the replacement of 
synthetic antioxidants by natural ones may have benefits 
due to health implications and functionality.5  

Among natural antioxidants, phenolic compounds which 
abound in nature, have the ability to scavenge free radicals 
via their phenolic OH groups.6 Several studies have 
documented the high correlation between the content of 
phenolic substances and the total antioxidant activity of 
various plant extracts.7,8 Currently, several phenolic food 
antioxidants are in commercial use. Among them gallic acid 
(3,4,5-trihydroxybenzoic acid, and its derivatives, are 
regularly applied to protect edible fats, and vegetable oils 
from turning rancid. Chemically, gallates are alkyl esters of 
the gallic acid and differ from each other in their side 
chains. The three variants commercially employed, encoded 
by the Codex Alimentarius Commission are: propyl gallate 
(PG) [E310], octyl gallate (OG) [E311], and dodecyl gallate 
(DG) [E312]. They have been extensively used in the food, 
cosmetics, and pharmaceutical industries.9 Gallic acid and 
its derivatives are widely present in the plant kingdom and 
represent a large family of plant secondary polyphenolic 
metabolites as natural antioxidants. They are inevitable 
components of the food and beverages of plant origin, such 
as tea. In the US, for example, the average GA intake from 
food is about 1 g/day.10 GA derivatives have also been 
found in many phytomedicines with a number of biological 
and pharmacological activities, including scavenging on 
free radicals,11 inducing apoptosis of cancer cells12-14 and 
interfering the signal pathways involving Ca2+ and oxygen 
free radicals.15-17 

Specific aims of the present work were to study the 
radical reactions, stability of the antioxidant GA molecules 
on the [SiO2-GA] NPs and as a proof-of-concept, to assess 
their Radical Scavenging Capacity in vitro by monitoring 
scavenging of DPPH. radicals. 
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2 EXPERIMENTAL 

 
The preparation protocol for the SiO2-GA nanoparticles 

employed in the present work was based in our previous 
work,18 with a modification in the final washing of the 
materials. In brief, before functionalization, all SiO2 
nanoparticles particles were dried at 140 0C for 12 h. 
Aminopropyl-SiO2 (APTES-SiO2) was prepared by reacting 
5 gr of dry SiO2 with 5 ml of aminopropyl-triethoxy-silane 
in 50 ml of toluene. The suspension was refluxed for 24 h at 
80 0C, then each material was rinsed three times with 
toluene, (3x) ethanol and (3x) acetone, dried for 18 h at 
80 0C in a Buchi (B-585) rotating furnace-drier. The 
obtained nanoparticles were aminopropyl-SiO2, herein 
named SiO2-NH2 for brevity. Then, covalent 
immobilization of GA on the SiO2-NH2  nanoparticles was 
achieved by formation of amide bonds between the amine 
groups of SiO2-NH2 and the carboxyl group of GA 
activated by the EDC coupler. This method was 
successfully applied previously on SiO2,18 as well as for 
grafting of GA on chitosan19,20 via the carboxylate groups. 

The hybrid SiO2-GA nanoparticles were characterized 
by high resolution transmission electron microscopy (HR-
TEM) on a Tecnai F30 ST. The SSA was obtained 
according to Brunauer-Emmet-Teller (BET) by five-point 
N2 adsorption at 77 K (Micromeritics Tristar 3000). Prior to 
that, samples were degassed in N2 for at least 1 h at 150 °C. 
Organic loading in hybrid nanoparticles was measured by 
thermogravimetric (TGA) analysis performed using a 
Schimadzu DTG-60 analyzer. FTIR measurements were 
performed in KBr pellets using a PerkinElmer FTIR 
spectrophotometer. 

Dispersion of Nanoparticles: For the evaluation of the 
radical scavenging capacity (RSC) of the nanoparticles, 
stocks were prepared by dispersing 3 mg nanoparticles in 5 
ml methanol. They were sonicated with 2 kJ energy (Sonics 
Vibra-cell, 1s/1s on/off). The RSC of the SiO2-GA 
nanoparticles was monitored using the DPPH radical-
method21 that is well standarised and offers a suitable basis 
for comparative evaluation of the RSA for most of the 
natural antioxidants.22,23 Also, the DPPH-method has been 
used to evaluate the antioxidant/RSC of works of GA-
functionalized polymers.19,20,24 

Electron Paramagnetic Resonance (EPR) spectra were 
recorded with a Bruker ER200D spectrometer at liquid 
nitrogen temperature, equipped with an Agilent 5310A 
frequency counter. Adequate signal-to-noise was obtained 
after 5-10 scans. Spin quantitation was done using DPPH as 
spin standard as in ref 18. Herein, EPR spectroscopy was 
used as a state-of the art tool with a double purpose: [i] to 
determine the maximum concentration of GA molecules 
able to form radicals on each type of the SiO2-nanomaterial 
(please see Scheme 1).  

 
Scheme-1: Formation of stable GA radicals by O2 of SiO2-
GA nanoparticles at alkaline pH in H2O. 
 

[ii] to monitor the radical reactions e.g. from DPPH and 
the GA antioxidants on the SiO2 nanoparticles. For each 
material, the reaction mixture consisted of SiO2-GA 
nanoparticle suspension in  Methanol plus DPPH inside the 
EPR tube, Willmad Glass Suprasil [55 mm outer diameter]. 
The initial concentrations [DPPH:GA] were similar to those 
used for the UV-Vis experiments. To monitor the time 
evolution of the DPPH radical scavenging, the reaction was 
quenched at selected times between 0 and 60 minutes, by 
rapid freezing [within 10 seconds] the sample at 77 K. The 
EPR signals from the DPPH:SiO2-GA system were 
recorded at non-saturating microwave power 0.125 mW 
with a modulation amplitude of 2 Gpp. For comparison, 
similar experiments were run for DPPH:GA. 

 
3 RESULTS AND DISCUSSION 

 
Characterization of SiO2-GA Nanoparticles 

After the SiO2 surface functionalization with GA, the 
nanoparticles kept their characteristic white color (obtaining 
a faint yellow color, see Figure 1 for SiO2[90]). In 
methanolic solution these produced a stable opaque 
suspension, see Figure 1. This minimal color change is 
important as such hybrid nanoparticles will not induce any 
sensory change in commercial products that employ them 
(e.g. in cosmetics).  

	   	  

a b c

 
Figure 1. Untreated (a) and functionalized SiO2[90]-GA 
nanoparticles (b).  (c) Suspension (5 mg SiO2[90]-GA 
nanoparticles in 10 ml Methanol).  
 
Figure 2 shows HR-TEM images of the SiO2[90] 
nanoparticles before (a) and after (b) the GA surface 
functionalization, verifying that the treatment has not 
induced any damage on the NPs that kepp their rather 
corrugated structure, in agreement with the literature.18 
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Figure 2: HR-TEM image of the SiO2[90] sample, 

before (a) and after (b) the GA surface fnctionalisation. 
 

EPR Study 
(a) Radical concentration: The EPR spectra for the SiO2-
GA  nanoparticles in H2O[pH 11.5] are compared in Figure 
3, for the same amount [20 mg] of material. It is seen that 
the radical-signal intensity follows the GA surface-loading 
trend.  

 
Figure 3: EPR spectra for 20mg of  SiO2-GA in H2O 

solution at pH 11.5. The smaller particles e.g. for example 
SiO2[380]-GA,  have higher loading of GA molecules per 
gram than the larger particles e.g. for example SiO2[90]-
GA. However the average surface density of GA molecules 
is similar in all particles. 

 
The interaction of the SiO2-GA nanomaterials with 

DPPH radicals resulted in a fast decoloration of the DPPH 
solution, see Figure 4, for the SiO2[90]-GA nanoparticles.  

 
Figure 4: Decolorization of the DPPH solution 

([DPPH]0
=29uM) reacting SiO2[90]-GA NPs. 

 
 
 

4 CONCLUSIONS 
 

SiO2 nanoparticles offer a versatile scaffold to develop 
highly efficient antioxidant SiO2-GA nanoparticles, by 
covalent grafting of GA antioxidant molecules. The SiO2-
GA NPs are capable to perform fast H-Atom Transfer 
reactions to DPPH radicals at rates comparable to GA in 
solution. Thus SiO2-GA NPs are efficient antioxidants, with 
rapid initial HAT kinetics towards DPPH. 
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