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Two choices for the functionalization of silica nanoparticles
with gallic acid: characterization of the nanomaterials
and their antimicrobial activity against Paenibacillus larvae
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Abstract Silica nanoparticles attached to gallic acid
were synthesized from 7-nm diameter fumed silica
particles by different functionalization methods in-
volving the condensation of hydroxyl or carboxyl
groups. The particles were characterized by thermal
analyses and UV-vis, FTIR, NMR, and EPR spec-
troscopies. In comparison to free gallic acid, en-
hanced stability and increased antimicrobial activity
against Paenibacillus larvae were found for the
functionalized nanoparticles. Thus, both derivatiza-
tion strategies result in improved properties of the
natural polyphenol as antimicrobial agent for the
treatment of honeybee pathologies.
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Introduction

Considerable efforts are currently devoted to the devel-
opment of new materials aimed to decrease the prob-
lems generated by the extensive use of antibiotics. In
this sense, naturally occurring antimicrobial agents rep-
resent an interesting choice with reduced potential
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impact on the environment and health (Borges et al.
2013). This is an especially relevant condition in the
field of beekeeping, where the problems associated with
the prolonged use of antibiotics are the reduction of
bee’s lifetimes, the increased risk of resistant strain
emergence, and the contamination of hive products with
chemical residues that affect their quality and safety for
human consumption (Genersch, 2010; Antinez et al.
2008). Thus, while oxytetracycline hydrochloride
(OTC) is generally used to treat a honeybee larvae
disease named American foulbrood (AFB), caused by
the endospore-forming bacteria Paenibacillus larvae,
the antibiotic is banned for the same purpose in most
European countries (Genersch, 2010). On the other
hand, natural products such as propolis extracts (which
contain phenolic acids, flavonoids, terpenes, and essen-
tial oils) have been proved to be effective in the control
of AFB (Antuinez et al. 2008).

Polyphenolic compounds in general, and particu-
larly gallic acid (3,4,5-trihydroxybenzoic acid, GA),
are good antimicrobial agents which also show an-
tioxidant capacity (Borges et al. 2013; Marino et al.
2014). However, one of the main concerns about
their use is its sensitivity to environmental factors
such as light, heat, and oxygen (Fang and Bhandaria
2010). In fact, GA and analog plant polyphenols are
susceptible to autoxidation in aqueous solution in
the presence of oxygen (Mochizuki et al. 2002;
Friedman and Jurgens 2000).

Various approaches, including the association to
different nanostructured matrixes, have been ex-
plored with the purpose of increasing the stability
and conserving the bioactivity of this substance
(Fang and Bhandaria 2010). GA has been bonded
to organic polymers such as gelatin and chitosan
(Cirillo et al. 2010; Cho et al. 2011), and included
in cyclodextrins (Olga et al. 2015) or linked to
inorganic materials, for example silica nanoparticles
(Deligiannakis et al. 2012; Hu et al. 2013). In par-
ticular, silica nanoparticles have the advantage of
being a cheap inert material from the biochemical
point of view to which the GA can be chemically
bonded on the surface to generate a functionalized
nanoparticle. A highly efficient antioxidant hybrid
nanomaterial results when GA is covalently grafted
to aminopropyl-SiO, nanoparticles by amide bonds
with the carboxyl group of the phenolic acid
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(Deligiannakis et al. 2012). However, the condensa-
tion of the silanol groups with phenolic hydroxyls
has not been explored for GA (Ruiz et al. 2007,
Escalada et al. 2014). This strategy could offer an
interesting alternative for the functionalization of the
SiO, which may allow the assessment of structure-
activity connections since the potential of phenolic
acids to inhibit microbial growth has been found to
be influenced by the number of hydroxyl groups and
substituents on the aromatic ring (Borges et al.
2015; Sanchez-Maldonado et al. 2011).

In the present work, we achieved the modification of
silica nanoparticles surface by linking GA through two
different binding sites: the carboxyl and the hydroxyl
moieties, with the aim of characterizing and comparing
both nanomaterials in terms of their stability, radical
production ability, and antimicrobial capacity against
the bacteria Paenibacillus larvae.

Experimental

Chemicals GA monohydrate (purum >98%) was pur-
chased from Panreac (Barcelona, Spain). Fumed silica
(Sigma, specific surface area (SSA) =390 40 m” g ',
particle diameter estimated from the SSA = 7 nm) was
dried in a crucible at 120 °C for 15 h and then in a muffle
at 250 °C for 3 h and stored in a desiccator. The
chemicals N,N-dicyclohexylcarbodiimide (DDC); N-
hydroxysuccinimide; KH,PO, and K,HPO, (all from
Sigma-Aldrich); CaH, (Fluka); and the solvents o-xy-
lene, toluene, methanol, ethanol, acetone (all from J.T.
Baker for use in HPLC), and ethyl acetate (Cicarelli)
were used without further purification. For the studies
on the antimicrobial activity, Mueller-Hinton broth,
yeast extract, and agar were from Britania, and glucose
(Merck), sodium pyruvate (Stanton Ind. Argentina) and
OTC (Lab. Key Words) were used.

Modified nanoparticles with the 3-aminopropyl-
triethoxysilane (APTES) group were synthesized as de-
scribed by Arce et al. (2015).

Synthesis of the nanoparticles SiO, nanoparticles cova-
lently functionalized with GA were prepared by two
different approaches. One of the methods involved con-
densation of the silanol groups with the phenolic
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hydroxyls of GA to produce GAO-NP (Eq. (1) (Ruiz
et al. 2007).

HO} HO
\ o \ = .0
—si-oH + HO—( )< —  _—5i—0—{ ) +  HO (1)
/ ‘}LJ/ OH / \ 7/ “oH
HO HO

Alternatively, condensation of the carboxyl
group of the phenolic acid with the aminopropyl
moiety group of APTES was used to yield silica
nanoparticles with covalent attachment to GA

HsC
H
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through an amide bond (GACON-NP) (Eq. (2)
(Deligiannakis et al. 2012). Details of the respec-
tive synthetic procedures are given in the following
sections.
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Synthesis of the GAO-NP The synthesis was performed
in a Soxhlet extractor containing CaH,. Four grams of
GA and 180 mL of o-xylene were added to 3 g of
activated commercial silica nanoparticles and refluxed
in 24 h. The products were filtered with 20-nm nylon
filters (Osmonic Inc. Magna Nylon, Hydrophilic),
washed with 50 mL of different solvents, in the follow-
ing order: xylene, methanol, ethanol, and ethyl acetate.
The resulting gel was first dried at 0.1 Torr and room
temperature for 1 h and then at 80 °C for 17 h (Ruiz et al.
2007; Escalada et al. 2014).

Synthesis of the GACON-NP. This synthesis was
carried out according to the method reported by
Deligiannakis et al. (2012) with some modifications.
Two grams of SiO, nanoparticles previously derivatized
with APTES was suspended with 0.35 g of GA in
100-mL toluene. DDC and N-hydroxysuccinimide were
further added as coupler reagents to favor the formation
of the peptide bond, in a ratio 1:0.5:1 of DDC, N-
hydroxysuccinimide, and GA, respectively (Sehgal
and Vijay 1994). The reaction mixture was refluxed in

a silicone bath for 22 h and then the products were
filtered with 20-nm nylon filters and washed with
50-mL toluene twice, methanol and acetone. An orange
gel was obtained which was dried at 0.1 Torr and room
temperature for 1 h and then in an oven at 80 °C for 19 h.

Characterization studies The UV-visible spectroscopy
analysis was performed by using a diode array spectro-
photometer Agilent 8453. Solutions of free GA, GAO-
NP, and GACON-NP were prepared in phosphate buffer
at pH 7, with GA final concentrations of 3.0 x 10_4,
1.0 x 10_4, and 7 x 107> mol L%, respectively. These
concentrations are correspondingly equivalent to
0.051 g L' for free GA, 0.157 g L' for GAO-NP,
and 0.311 g L™ for GACON-NP. Under these condi-
tions, suspensions of the nanoparticles were obtained
and corrections for light dispersion were needed. Thus,
the extinction spectra were modeled as the sum of the
absorption component and a scattering component (as a
function of A™). The scattering contribution, acquired
from a least squares minimization in the region of 400 to
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700 nm, was extrapolated to lower wavelengths. The
absorption contribution was calculated after subtraction
of the scattering component to the absorbance measure-
ment (Ruiz et al. 2007).

In order to characterize the functional groups present
in the nanoparticles, Fourier transform infrared spectros-
copy (FTIR) was performed on a Thermo Scientific
Nicolet 380 FT-IR spectrometer with an ATR sampling
accessory Pike MIRacle. Spectra between 550 and
4000 cm™" were recorded for the solid samples with
1 cm™' resolution.

Thermogravimetric (TGA) and differential ther-
mal analyses (DTA) were carried out with Shimadzu
thermal analyzers TGA-50 and DTA-50 under syn-
thetic air atmosphere with a flow of 30 mL min '
and heating rate of 5 °C min~'. From the thermo-
gravimetric determinations, the mass drop assigned
to the organic groups present in the sample is
expressed as the organic group percentage (OG%).

Nuclear magnetic resonance spectra were obtain-
ed with a Bruker Avance II 400 spectrometer at
room temperature, by assaying approximately 1 g
of the solid sample compacted into a 7-mm zirconi-
um oxide rotor. The measurements were performed
at 75.47 and 59.61 MHz for carbon and silicon
nuclei, with a magic-angle spinning technique at
10 kHz. To increase the signal-to-noise ratio, the
cross-polarization technique was applied. NMR
spectra of '>C and *°Si were obtained with a pulse
repetition of 1 and 3 s and contact times of 1 and
3 ms, respectively. Similar conditions were
employed for obtaining NMR spectra of silica nano-
particles modified with other organic groups (Arce
et al. 2015). The spectral simulations were per-
formed with ChemDraw Ultra 12.0, Cambridge
Software.

Electron paramagnetic resonance (EPR) spectra
were obtained in a Bruker ELEXSYS ES500T spec-
trometer operating in the X band with the following
measurement conditions: central field, 3484 G; scan
width, 10 G; modulation amplitude 0.20 G; sweep
time, 10 s; microwave attenuation of 22 dB; micro-
wave frequency, 9.78 GHz; and microwave power,
1287 MW. GA, GAO-NP, and GACON-NP samples
with a final concentration of 4 x 107> GA mol L™
were analyzed at different pHs regulated with phos-
phate buffer HPO, %/H,PO, ' and 0.1 mol L'
NaOH solutions. The simulated spectra were obtain-
ed with WINSIM 2002 software.
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Stability studies The stability of the GA-functionalized
nanoparticles was compared to that of free GA by fol-
lowing their respective UV-visible absorption spectra as
a function of time. The spectra were taken in HPO, %/
H,PO, ! buffer of pH 7 at short time intervals (0, 1,2, 3,
and 4 h) and at longer time periods (0, 2, 5, and 10 days).

Antimicrobial activity The antimicrobial activities of
GA and GA-functionalized nanoparticles were exam-
ined against P. larvae. The bacterial strain was isolated
from brood combs of beehive (located in the city of Mar
del Plata, Buenos Aires, Argentina) with AFB clinical
symptoms. Isolations were achieved on Mueller-Hinton
broth, yeast extract, glucose, and sodium pyruvate
(MYPGP) (Dingman and Stahly 1983) agar supple-
mented with 9 ug mL™" of nalidixic acid to inhibit
P, alvei growth and were incubated under microaerobic
conditions (5-10% of CO,). The genotypic identifica-
tion of the strain was achieved by using PL2-Fw and
PL2-Rv primers (Martinez et al., 2010). The pure strain
was maintained on MYPGP agar with 15% v/v glycerol
until used.

The minimal inhibitory concentrations (MICs) of GA
and GA-functionalized nanoparticles were determined
by the agar dilution method described by Alippi et al.
(2007) with some modifications. GA and GA-
functionalized nanoparticles were incorporated in melt-
ing MYPGP agar yielding dilutions from 10,000 to
78 ug mL™" for GA, from 712 to 5.9 ug mL™" GA for
GAO-NP, and from 368 to 24.5 pg mL™' GA for
GACON-NP. The final concentration of GA in the
functionalized nanoparticle solutions was calculated
from the corresponding OG% obtained by TGA. The
bacterial suspensions were prepared in saline solution
from P, larvae grown on MYPGP agar for 48 h at 37 °C,
adjusted with Mc Farland scale, and diluted to achieve
an inoculum of 10°~10° CFU mL™". Plates were inocu-
lated with the bacterial suspensions and incubated at
37 °C for 48 h. The MICs were determined as the lowest
concentrations inhibiting the visible growth of P. larvae
on the agar plate. Controls without GA-functionalized
nanoparticles with silica nanoparticles free of GA and
with OTC control were made. An average pH of ca. 7
was verified in all of them.

In order to evaluate synergic or additive effects be-
tween free GA and silica nanoparticles against P, larvae,
different concentrations of GA were mixed with various
amounts of bare nanoparticles in the same agar culture
plate before inoculation. To compare the effect of GAO-
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NP to that of its separated components, GA in final
concentrations between 712 and 5.9 ug mL ™" was added
to different suspensions of silica nanoparticles (final
concentrations from 3288 to 27.2 pg mL™") so as to
keep the proportion according to the OG% of this func-
tionalized nanoparticle. Analogously, GA solutions (fi-
nal concentrations from 368 to 24.5 ug mL™") were
mixed with bare nanoparticle solutions (final concentra-
tions from 3632 to 241 pg mL™") correlating the amount
of GA and silica found in GACON-NP as given by its
OG%. In addition, a mixture of 1250 pg mL™! of GA
and 4000 ug mL " of bare silica nanoparticles was also
tested.

Non-parametric tests were used for the statistical
analysis of the results by means of Bioestat 5.0 software
(Belém, PA., Brazil). The Kruskal-Wallis test
complemented by the post hoc test of Dunn was applied
to evaluate the statistical differences regarding the anti-
microbial activity of the substances. The significance
level was set at 5%, p < 0.05, for all the tests (Kowalski
et al., 2005).

Results and discussion
Characterization of GA-functionalized nanoparticles

The extinction spectra of GA-functionalized nanoparti-
cles in phosphate buffer were recorded in the UV-vis
range. The absorption spectra show a band centered
around 260 nm, characteristic of free GA at neutral pH
(Fig. 1) (Fink and Stong 1982). The occurrence of this
band supports the presence of organic chromophores
attached to the nanoparticles since SiO, does not absorb
within this wavelength range. The similarity between
the absorption peaks of GA-functionalized nanoparti-
cles in comparison to GA is consistent with the associ-
ation of the phenolic compound to the silica.

FTIR absorption spectra of free GA, silica NPs (free
of GA), and GA-functionalized nanoparticles are com-
pared in Fig. 2. The spectra of both synthetized nano-
particles show peaks in the 1300-1700 cm ™' region,
which are not observed for bare silica nanoparticles.
These additional peaks are also present in the spectra
of solid GA. The intensity ratio of the bands due to Si—
OH absorption at 34003450 cm™ ' and those assigned
to Si-O-Si absorption at 1100 cm ™' is smaller for the
modified silica particles than for the bare ones.

0.0

300 400 500
Al nm

Fig. 1 UV-visible absorption spectrum of a free GA
(0.051 g L"), b GAO-NP (0.157 g L"), and ¢ GACON-NP
(0.311 g L") in phosphate buffer (pH 7). Correction parameters
for the scattering contribution are given by the equationy = a + ¢/
", where a, ¢, and n are respectively 9.7927 x 107", 653.9000,
and 1.4407 for of GAO-NP and —2.4669 x 107", 16.7838, and
0.5673 for GACON-NP

Therefore, a considerable diminution of the amount of
silanol groups occurs after functionalization, as
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Fig.2 FTIR spectrum for a bare SiO, nanoparticles, b GAO-NP,
¢ GACON-NP, and d GA
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expected from the covalent bonding between the nano-
particles and the organic molecules. Any absorption due
to the vibration modes assigned to Si-O—C bonds is
masked by the strong Si—O-Si absorption signals at
1100 cm ™! (Arce et al. 2015; Arce et al. 2012).

The lower intensity of the absorption bands for the
functionalized silica due to GA moiety is explained by
the lower concentration of the organic acid present in the
hybrid systems. The 1324, 1400, 1535, and 1612 cm !
peaks in the spectrum of GAO-NP are assigned to C=C
stretching and CH in plane deformation vibrations of the
aromatic ring of GA (Zieglera and Billes 2002). The
peak at 1684 cm™' is assigned to the stretching C=0
from the COOH functional group in the GA moiety.
However, the absorption peak at the C-O frequency is
not evident, probably because of the low intensity of the
band and the overlap with the broad band due to the Si—
O modes. The FTIR spectrum for GACON-NP shares a
similar pattern with that of GAO-NP, although the peaks
at the 1500 and 1640 cm ™' region are hardly resolved
probably due to the poorer amount of GA bonded to
these nanoparticles.

It is important to note that the peak at 1684 cm ' in
the spectrum of GA due to the C=0 stretching of the
COOH bond is not observed in the case of GACON-NP,
as expected. Instead, the absorptions of the new bond
generated in the synthesis, the C=0 and C—N stretching
from the amide functional group, may appear at lower
wave numbers (16701630 cm™ ) (Deligiannakis et al.
2012). However, these peaks are not well resolved be-
cause of the low intensity of the broad band due to Si—O
in the nanoparticle spectrum.

Besides, the spectrum of GA shows a broad band
around 3400 cm ™' arising from the phenolic OH
stretching. In this frequency range, the OH vibrational
mode of silanols is also active, although only a slight
absorption band was observed in the spectra of both
nanoparticles. It should be considered that changes in
the vibration frequencies could be associated with the
generation of hydrogen bridge bonds between the OH in
GA and unreacted silanol groups or with any further
reaction that may occur after the covalent binding of the
acid to the silica (T6th et al. 2014).

The thermogravimetric curves for both functional-
ized nanoparticles (Fig. 3) account for a mass loss on
increasing the temperature to about 100 °C. This change
corresponds to the removal of residual solvents used in
the synthesis that may have remained on the nanoparti-
cles. These organic molecules, together with water from
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room humidity, can easily interact with the silanol
groups available on the silica surface through the for-
mation of hydrogen bonds. Mass loss at temperatures
above 200 °C is attributed to degradation of the organic
groups linked to the nanoparticle surface. A sharp drop
of the mass is observed for GAO-NP (Fig. 3a) up to
stabilize at about 600 °C. This decrease may be attrib-
uted to the amount of GA covalently bonded to the
silica.

The thermogram for GACON-NP (Fig. 3b) looks
similar to the one described above. However, in this
case, four decomposition steps are distinguished in the
thermogravimetric curve. The first step, from room tem-
perature to 100 °C, corresponds to the elimination of
solvents as mentioned above. The second and third steps
comprise the mass losses between 170 and 290 °C and
from there to 700 °C, which are related to the organic
molecules attached to the silica. These two mass drops
arise from the decompositions of APTES (previously
estimated in 9.8 OG% by Arce et al. (2012)) and GA.
The last stage, from 700 to 800 °C, is attributed to the
condensation of silanols that generate siloxane bonds as
a result of the thermal decomposition of the silica.

a)
100_\\ ---- TGA
95
£ o] 3
5 %07 5}
e 2
= e )
® =
<
80
75 — T T T T T T T T -30
b) 100 200 300 400 500 600
----Tea [10
——DTA
E 0 o
S o
L0 <
75

— 7777
100 200 300 400 500 600 700 800
Temperature/°C

Fig.3 TG curves (dotted line) and DTA thermograms (solid line)
for a GAO-NP and b GACON-NP
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The percentages of organic groups (%0G, w/w) for
the functionalized nanoparticles were calculated from
the thermogravimetric curves yielding 17.8% for GAO-
NP and 9.2% for GACON-NP. Comparable values have
been reported for silica nanoparticles derivatized with
GA (6-25%) (Deligiannakis et al. 2012; Hu et al. 2013)
and for SiO, nanoparticles attached to alcohols (8—10%)
(Ruiz et al. 2007; Arce et al. 2012).

The curves obtained by DTA show an exothermic
peak when samples are burned around 300 °C (GAO-
NP) and 350 °C (GACON-NP), corroborating the de-
composition of GA in the presence of air. Weight losses
from the desorption of the solvent should correlate with
endothermic peaks; however, it is likely that the tem-
perature changes associated with this process are minor
and below the detection limit of the instrument.

In order to assess the success of the functionalization
of the silica nanoparticles, '*C and *’Si NMR experi-
ments in solid samples of GA derivatized nanoparticles
and free GA were performed, respectively (Figs. 4 and
5). For the GA sample, all the >C NMR signals expect-
ed from the structure are observed (Fig. 4a). According
to the numbered chemical structure in Fig. 4a, the sig-
nals are attributed as follows: 143.3 ppm (C3 and C5 of
the aromatic ring), 110.3 ppm (C2 and C6), 121.5 ppm
(C1), and 135.5 ppm (C4). These values are coincident
with those described by Wawer and Zielinska (1997).
The simulated spectra (Figure ESM 1 in the Electronic
Supplementary Material) yielded values with slight dis-
placements between 3 and 5 ppm approximately (C3
and C5 146.1 ppm, C2 and C6 113.3 ppm, ClI
125.6 ppm, and C4 141.2 ppm) but have better accuracy
for the carboxylic carbon (C7: 169.3 ppm). In addition,
the experimental spectrum shows two minor peaks at
118.1 ppm and 174.9 that may arise from impurities of
the original sample and some proportion of ionized GA
derivatives. In fact, trigallic acid is a common impurity
in commercial GA which, according to previous reports,
could account for a peak around 117 ppm (Wang et al.
2007). The other peak could be attributed to the pres-
ence of anionic species (gallate or trigallate) that, ac-
cording to our simulations of the '*C NMR spectra,
yield higher shifts (ca. 177 ppm) for the carboxylate
group.

The >C NMR spectrum for GAO-NP shows nine
bands (Fig. 4b). Two of them (174.9 and 118.1 ppm)
correspond to those ascribed to the impurities of the GA
sample. In order to assign the remaining signals, two
NMR spectrum simulations were carried out for

structures in which the GA is attached to silica in para
or in meta position, alternatively (Figures ESM 2 and
ESM 3). The simulated NMR spectrum for GA bonded
to silica in para position (Figure ESM 2) shows few
differences with respect to the simulation for free GA,
being significant the shifts of the absorptions due to C3
and C5 (146.1 to 148.6 ppm) and to C4 (141.2 to
136.9 ppm). The simulation for the structure linking
silica to GA in meta position (Figure ESM 3) yields
lines comparable to those obtained from the simulation
for free GA (Figure ESM 1). The main difference is
found in the signals due to C2 and C6 at 113.3 and
110 ppm, which are not equivalent according to the
location of the bonding to silica. The experimental

a) o
b)
c)

180 150 120 90 60 30
3/ppm

Fig.4 '*CNMR spectrum for a GA, b GAO-NP, and ¢ GACON-NP
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spectrum shows similar values (C1 125.6 ppm; C3—C5
143.17 ppm; C7 171.6 ppm) and exhibits the unfolded
signals at 113.3 and 110 ppm of C2—C6 according to the
meta bonding. In addition, the signal attributed to C4 did
not show the displacement toward lower densities as
predicted for the para-substituted structure. Instead, the
experimental value of C4 better matches the estimation
for the meta-structure (141.2 ppm).

In summary, this analysis confirms the
functionalization of SiO, by a covalent bond in the meta
position of GA, although a minor proportion of the
structure with GA linked in the para position cannot be
discarded.

The '*C NMR results for GACON-NP (Fig. 4c) in-
clude signals at 50, 43, 25, 22, and 10 ppm that corre-
spond to the APTES fragment, in agreement with the
simulated lines for the structure shown in Figure ESM 4:
58, 44, 25, 18, and 16 ppm. The signals assigned to C1
(126.1 ppm) and C2—C6 (108.9 ppm) are both compa-
rable to the experimental results. Similarly, the predicted
value for C7 (167.5 ppm) is close to the experimental
signal at 171 ppm. The C3-C5 signals at 146.3 ppm
could be overlapping the line due to C4 (139.4 ppm) in
the experimental spectrum. The signal at 174 ppm is
coincident with that observed for free GA and ascribed
to an impurity.

The *Si solid state NMR spectroscopy provides
evidence about the features of silicon atoms in the
nanoparticles. The 2°Si NMR spectrum for GAO-NP
(Fig. 5, inset) shows a unique peak at —109.36 ppm.
This chemical shift is in agreement with previous reports

100 150 200 -250 -300 -350
5/ ppm

Fig. 5 *°Si NMR spectrum for GACON-NP. Inset: 2°Si NMR

spectrum for GAO-NP

0 50
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about silicon atoms in siloxane networks denoted as
Si(OSi=),. The peak shoulder to lower shift values can
be assigned to unreacted silanol groups on the nanopar-
ticle surface which absorb at —99 and —100 ppm (Silva
et al. 1999; Sales et al. 2007). These results support the
chemical structure assigned to GAO-NP.

On the other hand, the *Si NMR spectrum for
GACON-NP in Fig. 5 shows an additional peak with
lower intensity at —66.10 ppm, apart from that at
—109.67 due to siloxane groups. Chemical shifts at
—64 and —66 ppm have been reported for R-Si(OSi=);
groups, where R stands for a short saturated carbon
chain (Silva et al. 1999; Sales et al. 2007). Thus, this
small peak can be attributed to Si bonded to the amino-
propyl fragment in the APTES moiety of the nanoparti-
cle, in consistence with the structure assigned to
GACON-NP in Figure ESM 4.

Free radical production from GA-functionalized
nanoparticles

The free radical production from GA-functionalized
nanoparticles was compared to that from free GA by
EPR for4 x 10> GA mol L' solutions at different pHs.
AtpH 3 and 7, no EPR signal attributable to free radicals
was observed, whereas different spectra can be recog-
nized at pH 11 (Figs. 6 and 7). This is consistent with the
reports from Eslami et al. (2010) indicating that acidic
pH conditions inhibit the generation of stable radicals
from GA with non-ionized phenolic OH. However, at
pH 9, GA radical is stabilized and lives long enough to
be detected.

The EPR spectrum for free GA at pH 11 buffer
solution (Fig. 6a) evidences that a mixture of species is
probably present under this condition. The simulated
spectrum (Fig. 6b) considers main contributions from
two different GA-derived radical structures: the
monoanion and the dianion of the gallate group, which
correspond to the deprotonation of the phenolic OH.
Such structures have also been associated with the
EPR signals from various catechin gallates in alkaline
medium (Hagerman et al. 2003; Severino et al. 2009).

According to the reports from Eslami and from
Yoshioka, under rather strong alkaline pH (lower than
13), some of the OH groups of GA may keep protonated
and a slow exchange of the H" between phenolic oxy-
gens is feasible (Eslami et al. 2010; Yoshioka et al.
2003). This mechanism explains the different hyperfine
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splitting arising from the ring protons, as those assigned
to the GA monoanion in the simulated spectrum.

The intensity of the EPR spectrum obtained for
GAO-NP in alkaline solution (Fig. 7a) is similar to that
for free GA (Fig. 6). However, its hyperfine structure is
quite diverse. The signal can be approximately
reproduced by simulation in terms of radical species
from the two isomers, para and meta. In consistence
with the results from °C NMR, the major contribution
in the simulated spectrum is given by GA attached to the
silica by the OH group in meta position where approx-
imately 37% of the structures are protonated and another
33% corresponds to gallate dianion. The other ca. 30%
can be explained by the structures with para-substituted
GA moiety with and without protonated phenolic OH.
The apparent hyperfine splitting constants used in the
simulation are detailed in the caption of Fig. 7c.

The EPR spectrum for GACON-NP (Fig. 7d) is
compatible with non-equivalent hyperfine splitting con-
stants from the H atoms in the ring. This situation arises
when considering a dominant contribution from a
semiquinone radical with a slowly exchanging proton,
analogous to that proposed for the free GA radical, and a

0.30
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0.00F
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3482 3483 3484 3485 3486
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Fig. 6 a EPR spectrum of free GA in buffer solution at pH 11; b
simulated spectrum considering a mixture of two radicals: the
gallate dianion (19%) with hyperfine splitting constants of
app = apg = 1.363 G and GA monoanion (81%) with apparent
hyperfine splitting constants of a;, = 0.666 G, ayg = 0.168 G, and
apH = 0.04 G

minor proportion of a radical where all the phenolic
hydroxyl groups are ionized, as shown in the chemical
sketches from Fig. 7f.

In summary, EPR spectra corroborate that GA asso-
ciated to silica generates free radicals in the presence of
air in alkaline pH but not under acidic or neutral condi-
tions. Finally, the analysis of the spectral information for
the radical species detected at pH 10 supports the struc-
tural features of the synthetized nanoparticles.

Stability studies of GA-functionalized nanoparticles

The stability of GA associated with the nanoparticles
was examined as well. Spectral changes in aqueous
solutions of GA and in suspensions of each of the
functionalized nanoparticles were followed along in-
creasing storage times (Figure ESM 5). The absorbance
at 260 nm decayed progressively for all the samples
along the 10-day lapse. For free GA, the absorbance
decreased around 33% in 2 days; for GAO-NP and
GACON-NP, the drop after 5 days was 20 and 10%,
respectively. In addition, new absorption bands of low
intensity appeared at higher wavelengths, which have
been assigned to GA oxidation products and GA dimers.
However, no significant differences in the absorption
features of free GA and GA-functionalized NP solutions
in phosphate buffer at pH 7 were observed at shorter
times (data not shown).

These results demonstrate that GA is relatively stabi-
lized when linked to silica nanoparticles since both
kinds of association, represented by GAO-NP and
GACON-NP, significantly retard the oxidation of the
phenolic compound under ambient conditions.

Antimicrobial activity of GA-functionalized
nanoparticles

GA-functionalized nanoparticles inhibited the growth of
the P, larvae strain with MIC values of 178 pg GA mL ™"
for GAO-NP and 92 pg GA mL™' for GACON-NP
(Table 1). Identical treatment with silica nanoparticles
without GA derivatization yielded counts of P. larvae
similar to positive controls, this confirming that SiO,
can be considered harmless to the bacteria. In addition,
when free GA was mixed in the same agar culture plate
with bare silica nanoparticles in the concentration ratios
and ranges studied for GAO-NP and for GACON-NP,
no antimicrobial activity was observed. The same result
was obtained for the mixture of 1250 ug mL ™' of GA
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Fig. 7 a EPR spectrum of GAO-NP in buffer solution at pH 11; b
simulated spectrum considering a mixture of the radicals shown in
c: the meta-substituted gallate dianion (33.33%, hyperfine splitting
constants: ap = 1.06 G; apg = 1.05 G); the meta-substituted gallate
monoanion (37.18%, hyperfine splitting constants: a;;, = 1.01 G;
ape = 1.08 G; apy = 0.07 G); the para-substituted gallate dianion
(7.30%, hyperfine splitting constants: ay, = 1.12 G; ayg = 1.68 G);
and the para-substituted gallate monoanion (22.22%, hyperfine

(the largest concentration without growth inhibition ob-
served for free GA) and 4000 pug mL™" of non-
functionalized silica nanoparticles (around its solubility
value).

Table 1 Minimum inhibitory concentrations (MICs) for GA,
GAO-NP, and GACON-NP against P, larvae

Antimicrobial agent MIC*

ug mL™" GAP
GA 2500
GAO-NP 178
GACON-NP 92

 Averaged values from triplicate determinations of the antimicro-
bial activity

® The final concentration of GA in the functionalized nanoparticles
was calculated by considering the OG%
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splitting constants: ag, = 1.33 G; ayg = 1.60 G; apy = 0.06 G); d
EPR spectrum of GACON-NP in buffer solution at pH 11; e
simulated spectrum considering contributions from the species
shown in f: a totally ionized semiquinone radical (16.61%, hyper-
fine splitting constants: ay, = 0.88 G; ape = 0.80 G) and a
monoanionic semiquinone radical with an exchanging proton
(83.39%, hyperfine splitting constants: ay, = 0.677 G;
ape = 0.166 G; apy = 0.02 G)

This strain showed sensibility to free GA with MIC of
2500 pug mL™", thus comprised in the range of 300—
2500 ug mL™" reported for other Gram-positive bacteria
(Borges et al. 2013; Taguri et al. 2006). However, the
antimicrobial activity of free GA is low, considering the
limits of MIC generally accepted for antimicrobial phy-
tochemical compounds (100 to 1000 pg mL ™). More-
over, the antimicrobial activity of free GA against
P. larvae is poor in comparison to that of phenolic
essential oils such as thyme and oregano which exhibit
MIC values within 250 to 450 ug mL ™" against the same
pathogen (Alippi et al. 1996).

The antimicrobial levels of silica-bonded GA are
between 14 and 27 times higher and fall within the
range of other antimicrobial phytochemicals. In fact,
the growth of this P. larvae strain was inhibited by
GA-functionalized nanoparticles in concentrations
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comparable to those found for the essential oil of
cinnamon, considered as a natural antimicrobial with
very good activity against this microorganism
(Gende et al. 2008).

Seil and Webster (2012) recognized that nanostruc-
tures may have multiple mechanisms of antibacterial
activity that still lack full understanding. The way of
the interaction may rely on the release of inherently
antibacterial materials from the surfaces, and therefore,
the efficiency usually relates to particle size and shape.
Also, the physical properties of the nanoparticle may
enhance cell wall penetration or membrane damage;
alternatively, the chemical ability to produce bactericidal
ROS can be involved.

According to the study by Jiang et al. (2009), SiO,
and other oxide nanoparticles show a greater tendency
to attach to the cell walls than do the respective
microscaled oxides, this contributing to the higher tox-
icity of the nanostructures to different bacteria.

Borges et al. (2013) observed that GA and ferulic
acid affect the integrity of Gram-positive and Gram-
negative bacteria cell membranes by generating changes
in their permeability barriers. They suggest that the
hydrophobicity of the cytoplasmic membrane is altered.
Phenolic acids probably attach to the membrane by their
hydrophobic nature and then enter the cell by passive
diffusion, partially acidifying the membrane and the
cytoplasm. This localized acidification modifies the
phospholipid charges and produce protein denaturation,
generating ruptures in the cell membrane. Thus, acidifi-
cation changes the membrane leading to irreversible
alterations of the permeability and causing cell death.
A negative correlation with the ionization capability of
the molecule has also been found for a series of phenolic
acids, this also suggesting that the higher solubility of
the neutral species in the membrane enhances the anti-
bacterial effect (Ramos-Nino et al. 1996).

It has also been reported that epigallocatechin gallate
disrupts the liposome membrane and produces losses
inside it, and membrane fractions aggregate. The forma-
tion of multicellular aggregates was observed with epi-
catechin gallate against Staphylococcus aureus
(Cushnie and Lamb 2005).

Alvarez et al. (2010) reported that GA bound to
gold nanoparticles enhances their bactericidal activ-
ity. They propose that the nanoparticles facilitate the
transport of the phenolic acid into the cell where the
damages in the membrane are induced more
efficiently.

As regards our derivatized nanoparticles, the increase
in the antimicrobial activity may be due to the improve-
ment of the transport into the cell that probably disposes
larger local concentrations of GA, thus enhancing mem-
brane disruption mechanisms. The results of challenging
P, larvae by adding both free GA and bare nanoparticles
to the same culture plate indicate that the increment of
the antimicrobial activity cannot be explained by syner-
gic or additive effects between the phenolic compound
and the nanostructured silica, then supporting our view.

The sites and number of hydroxyl groups on phenolic
compounds have been correlated with their relative
toxicity to microorganisms, pointing to an increasing
activity upon larger hydroxylation (Cowan 1999). This
would suggest that GACON-NP (with three free OH
groups) may show increased antimicrobial activity in
comparison to GAO-NP (with two free OH groups).
However, the statistical analysis afforded no significant
differences between MIC values for GAO-NP and
GACON-NP at p < 0.05. The comparable level of
antimicrobial activity for both materials leads to con-
clude that the different functional groups involved in the
association of GA to SiO, do not modify enough the
effects related to the bacterial death. On the other hand,
the antimicrobial activity observed for GA and GA
nanoparticles at pH ca. 7 can hardly be attributed to
reactive products of GA oxidation (ROS or GA-
derived radicals), which were only observed under al-
kaline conditions.

Conclusions

Different silica nanoparticles functionalized with GA
were synthesized by condensation of hydroxyl or car-
boxyl groups of GA, yielding in each case GAO-NP and
GACON-NP with 18 and 9% of organic mass, respec-
tively. The attachment of GA to this inert support in-
creases the stability of the polyphenol against oxidation,
though retaining the capacity to produce free radicals in
alkaline conditions.

Besides, GA bonding to the silica strengthens the
antibacterial activity against P. larvae with MIC values
in the range of antimicrobial phytochemical agents
(Cushnie and Lamb 2005). In comparison to free GA,
the antimicrobial activity for GAO-NP and GACON-
NP is 14 and 27 times higher, respectively. This behav-
ior could be explained in terms of more efficient inter-
actions of the nanostructures with the bacteria cell wall.
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Further work is underway to assess the activity of these
functionalized nanoparticles in vivo on honeybees and
their use in the field as an alternative treatment for AFB.
Finally, independently of the type of linking to the SiO,
nanoparticle, GA shows improved properties for the
application tested.
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