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Abstract — The aim of this work was to evaluate antimicrobial activity against Paenibacillus larvae and oral
toxicity against workers and larvae of Apis mellifera of gallic acid (GA) and two nanohybrids of GA and silica. Also,
the physicochemical, structural, and energetic properties of GA and the nanohybrids were determined through
structure—activity relationship (SAR). The minimum inhibitory concentration (MIC) against P. larvae was deter-
mined. GA showed MIC values between 62.5 and 125 pg/ml, whereas the nanoparticle functionalized through the
GA carboxylic moiety (NP2) showed the best antimicrobial activity with a MIC value of 23 g GA/ml for four of the
five isolates used. SAR analysis showed that electronegativity, chemical hardness, and dipolar moment are reliable
estimators of the antimicrobial activity. NP2 showed the lowest toxicity against workers and was innocuous for bee
larvae. Therefore, the nanohybrid NP2 was the best antibacterial and resulted in non-toxic against workers and larvae
of honeybees, becoming a potentially effective and safe agent for the treatment of American Foulbrood disease.

Apis mellifera | Paenibacillus larvae / gallic acid / silica nanohybrid

1. INTRODUCTION
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2007) but are affected by a variety of pest and
environmental threats (Genersch 2010).
Paenibacillus larvae is the main pathogen of the
bee brood, and it is the causative agent of Amer-
ican Foulbrood (AFB) disease (Shimanuki 1997).
It is a Gram-positive and spore forming bacillus.
Only the spore is able to infect initial larval stages,
without being infectious for the adult bee, which
acts as an asymptomatic carrier in the disease
transmission. Larvae ingest spores that germinate
into their midgut, crossing the intestinal wall and
causing the larval death (Djukic et al. 2014).

The prevention and treatment of this disease
have been usually carried out using synthetic
compounds such as oxytetracycline hydrochloride
(OTC). This antibiotic has been used for decades
in AFB control but has already been banned in
Argentina (SENASA 2016). Moreover, its use in
bee colonies has caused contamination of honey
and beeswax (Bogdanov 2006; Martel et al. 2007)
and has led the development of resistant strains of
P larvae (Evans 2003). These negative conse-
quences have prompted the search for new eco-
friendly ways to prevent and control this disease.
Some volatile and hydroalcoholic botanical ex-
tracts and their components have shown in vitro
antibacterial activity against P. larvae (Gende
et al. 2008; Damiani et al. 2014). Bee venom has
been also proposed as an antimicrobial agent of
control (Fernandez et al. 2014). Meanwhile, cin-
namon oil has been successfully proved to control
AFB in apiary trials (Gende et al. 2009).

Polyphenols are a ubiquitous group of second-
ary metabolites produced by plants with important
roles in their physiology and ecology, involved as
growth regulators, signaling molecules in repro-
duction, and resistance to pathogens and predators
(Bravo 1998). Gallic acid (GA) is a phenolic acid
widely distributed in the plant kingdom, abundant
in nuts, grapes, cherries, wine (Shukla et al. 1999;
Yilmaz and Toledo 2004), and honey (Pyrzynska
and Biesaga 2009). As a natural antioxidant, it is
able to react with reactive oxygen species (Yilmaz
and Toledo 2004; Marino et al. 2014) granting
antitumoral activity (Locatelli et al. 2013). On
the other hand, antifungal (Chanwitheesuk et al.
2007) and antibacterial activities of GA (Taguri
et al. 2006; Borges et al. 2013) have also been
demonstrated. The antimicrobial activity of GA
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has been studied against human pathogens such as
Escherichia coli, Pseudomonas aeruginosav,
Staphylococcus aureus, and Listeria
monocytogenes (Taguri et al. 20060;
Chanwitheesuk et al. 2007; Borges et al. 2013).
GA acts by causing irreversible changes in the
bacterial membrane, altering its hydrophobicity
and producing local ruptures (Borges et al. 2013).

GA, as some polyphenols, is susceptible to
oxidation in the presence of oxygen. This property
reduces their useful life and bioavailability as
medication for the organisms (Deligiannakis
et al. 2012). The oxidation susceptibility can be
reduced through the bonding to different organic
or inorganic matrices (Giannakopoulos et al.
2006; Cho et al. 2011). Silica is often used as an
inorganic matrix where a bioactive molecule can
be bonded to form a hybrid that exhibits charac-
teristics of both compounds (Jin et al. 2009;
Deligiannakis et al. 2012). Silica nanoparticles
(NPs) have superficial silanol groups (Si—OH)
able to act as molecule binding sites (Arce
2010). Furthermore, as they are non-toxic, the
NPs find their application in medical and veteri-
nary investigations (Jin et al. 2009). Nanohybrids
from GA have shown to be highly stable and have
succeeded in preserving antioxidant activity and
the reducing oxidation of GA (Panagiota et al.
2009; Hu et al. 2013).

Structure—activity relationship (SAR) studies
are very useful tools in investigating the relation
between the chemical structure of a compound
and its bioactivity (Chang et al. 2007). This kind
of analysis is performed by computational calcu-
lation of chemical descriptors of physicochemical,
constitutional, geometric, topological, or electron-
ic type. The data obtained from these descriptors
are then used to explain the biological activity of
the molecules studied (Ensuncho et al. 2017).

The emergence of nanoscience and nanotech-
nology in the last decade presents opportunities
for exploring bioactive capacities of
nanoparticles. However, few studies have consid-
ered the use of nanoparticles as an alternative
treatment of honeybee diseases (Vianna Santos
et al. 2014; de Almeida Vaucher et al. 2015;
Khan et al. 2018). Vico et al. (2016) characterized
nanohybrids of GA and silica nanoparticles chem-
ically and determined their antimicrobial activity
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on a single P. larvae strain. They demonstrated
that nanohybrids are more effective against bacte-
ria as compared to free GA, suggesting the use of
these materials as good alternative for AFB dis-
ease treatment. We here present a more integral
work in which both the pathogen and the host are
taken into account.

The aim of this work was to study the bioac-
tivity of gallic acid (GA) and gallic acid—loaded
silica nanoparticles (GA-NPs) against
Paenibacillus larvae and Apis mellifera . In par-
ticular, antimicrobial activity against P. larvae
and oral toxicity against workers and larvae of
honeybees were tested. Moreover, the physico-
chemical properties of GA and GA-NPs mole-
cules were determined through SAR to explain
differences in their bioactivity.

2. MATERIALS AND METHODS
2.1. Chemical material

GA monohydrate (=98% purity, Panreac
Chemicals SLU) and NPs (SiO,) (specific surface
area of 390 +40 m*/g with an estimated particle
diameter of 7 nm; Sigma-Aldrich) were used. The
NP1 were prepared by condensation of the silanol
groups with the phenolic OH of GA (Figure 1a),
whereas the NP2 were synthesized from silica
NPs previously modified with 3-
aminopropyltriethoxysilane and their subsequent
union through an amide bond to the carboxyl
group of GA (Figure 1b) according to Vico et al.
(2016). The percentages of organic groups (w/w)
for the functionalized nanoparticles were 17.8%
for NP1 and 9.2% for NP2. Also,

functionalization of SiO, by a covalent bond in
the meta position of GA was confirmed, although
a minor proportion of GA linked to the para
position could not be discarded in NP1 (Vico
et al. 2016).

2.2. Microorganisms and culture media

A collection of P. larvae isolates from the
Center of Research in Social Bees, National Uni-
versity of Mar del Plata was used. Five isolates
were maintained on Mueller—Hinton broth, yeast
extract, glucose, and sodium pyruvate (MYPGP)
agar with 15% (v/v) glycerol until use (Gende
et al. 2010). All isolates were biochemically and
genotypically identified using PL2-Fw and PL2-
Rv primers (Martinez et al. 2010) and character-
ized with ERICIR and ERIC2 primers
(Versalovic et al. 1994). Two reference strains
from OIE Reference Laboratories for AFB ac-
quired in UB-CIDEFI were used.

2.3. Determination of minimal inhibitory
concentration by the microdilution
method

Vegetative cells of P. larvae were suspended in
distilled sterile water (0.5 McFarland scale). The
bacterial isolates were exposed to serial dilutions
of each individual antimicrobial agent in MYT
(Mueller—Hinton broth, yeast extract, and thia-
mine) aqueous medium (pH7) according to Gende
et al. (2010). GA, NPs, NP1, and NP2 aqueous
solutions were tested. The concentration range
was set between 1.9 and 4000 pg/ml for GA and
between 31 and 1333 pg/ml for NPs, NP1 and
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Figure 1. a NP2: silica nanoparticles functionalized with gallic acid by amide bonding. b NP1: silica nanoparticles

bound to gallic acid by alkoxide type bonding.
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NP2. Blends were incubated at 35-37 °C + 0.5 for
48 h. The inhibition of bacterial growth was con-
firmed by the absence of turbidity. The lowest
concentration of the antimicrobial substance that
showed inhibition was considered as the minimal
inhibitory concentration (MIC) (CLSI 2018).
Each treatment was made in triplicate.

2.4. Experimental animals

All experiments were conducted during the
spring. Healthy honeybee colonies settled in
Langstroth hives from the experimental apiary of
the National University of Mar del Plata, Argen-
tina (38° 10" 06” S, 57° 38’ 10” W) were used. The
colonies were controlled in order to maintain a
low abundance of Nosema ceranae and a low
prevalence of Varroa destructor mites; neither
showed any visible clinical symptoms of other
diseases (i.e., AFB, Chalkbrood, or viruses). To
worker bee toxicity tests, capped brood combs
were got from three colonies and kept under lab-
oratory conditions at 32 + 1 °C and 60% RH until
the imagoes emerged. Brood combs with 1-day-
old bee larvae were used for in vitro toxicity test
against larvae.

2.5. Oral toxicity to adult honeybees

Oral toxicity against workers of different con-
centrations of GA, NPs, and GA-NPs added to the
food was tested. Twenty-five newly emerged bees
were confined in each 15 x 15 x 3-cm wooden
box with one metal mesh side wall and the other
made of transparent acrylic. Each unit was pro-
vided with one device with water and another
containing the food. Substance doses were incor-
porated into a powdered sugar—based food
(candy) and supplied ad libitum to bees. The
concentrations tested were 14, 50, 70, 100, and
140 mg/g of food for GA, NP1, and NP2 and 2, 4,
8, 12, and 18 mg/g of food for NPs. NPs were
tested at lower concentration due to the low den-
sity of these nanoparticles, which prevented pre-
paring the food at higher concentrations. Nurse
bees were maintained under short-term consump-
tion of the different substances during nine suc-
cessive days. The control was carried out by feed-
ing bees only with sugar candy. Each treatment
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and the control were tested in triplicate. The food
was supplied daily, and consumption was
recorded simultaneously. Using a removable de-
vice, the food mass was measured and the amount
consumed was divided by the number of live bees.

2.6. Oral toxicity to honeybee larvae

Taking into account the results obtained after
evaluating in vitro antimicrobial activity and oral
toxicity against worker bees, we decided to test
the toxicity against larvae only for NP2
nanohybrid, since it showed the lowest MIC and
was not toxic for bees. Larvae were fed according
to Aupinel et al. (2005) protocol. The diets were
prepared by adding different concentrations of
NP2 nanohybrid (1, 2.5, 5, and 10 mg/ml) and
maintained until the last larval state. The highest
concentration was estimated according to the
maximum saturation of NP2 in aqueous solution.
As a control group, larvae were maintained with
regular feeding all the test. Twenty-four larvae per
treatment and control were used. Devices were
incubated at 34+0.5 °C and 90% RH. Larval
mortality was daily registered under a dissecting
microscope.

2.7. Statistical analysis

Survival curves (number of live bees versus
time for each treatment) and LT5, values (median
lethal time after exposure of an organism to a toxic
substance or stressful condition) were performed
by the Kaplan—Meier method (Kaplan and Meier
1958). The non-parametric log-rank test was
performed to determine differences between sur-
vival curves. Multiple comparisons between
groups were made by Holm-Sidak and
Bonferroni methods. Worker bee preference for
diet was assessed by comparing the daily mean
feed intake by means repeated measure ANOVA
test. Fisher LSD (least significant difference) post
hoc tests (o =0.05) were performed to compare
among groups. LDsy values (amount of a sub-
stance that is sufficient to kill 50% of a population
of animals exposed within a certain time) for
workers and larvae were estimated on the 9th
and 6th days of life, respectively. Selectivity
ratios were calculated by means the formula of
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Lindberg et al. (2000) adapted as LDs, for
workers or larvae/MIC average for P. larvae for
each molecule tested. LDs, values and MIC were
expressed in parts per million to unify concentra-
tion units. This index can be used as an estimate of
the safety factor for applying a substance in field
formulations.

2.8. Structure-activity relationship

Computational chemistry was used to study the
chemical structure of GA and their nanohybrids.
In order to use short periods of computing, a silica
base particle was built (SiBP). The SiBP showed
the following molecular formula, Sis03H,, and it
was used in theoretical quantum calculations
displayed in this work. From thermogravimetric
data of the NP1 and NP2 particles (Vico et al.
2016), we calculated the amount of SiBP in them
(2 for NP1 and 4 for NP2). Geometric optimiza-
tions for all three were performed. The molecular
reactivity depends on the electronic structure, and
it can be estimated by using molecular descriptors
(molecular diameter, molecular volume, dipole
moment (p), maps of electrostatic potential
(MEP), energetic data of LUMO (lowest unoccu-
pied molecular orbital) (£ ) and HOMO (highest
occupied molecular orbital) (£ 1;)). These descrip-
tors were calculated with the density functional
theory implemented by software Spartan 8 which
allows calculating mathematical expressions for
quantifying molecular reactivity and to simulate
the electrostatic potential maps. Other descriptors
such as electronegativity (£ ,), chemical hardness
(1), and electrophilicity index (w) (Pearson 1986;
Geerlings et al. 2003) were also taken into ac-
count. £, and n were initially expressed as a
function of the ionization potential and the elec-
tron affinity, but later, they were proposed in terms
of'the energies of the HOMO and LUMO, E ; and
E, considering the validity of the Koopmans’
theorem Egs. (1) and (2) (see below). Koopmans’
theorem neglects the change in the form of the
molecular orbital that occurs when the molecule is
ionized (Hinde 2000). The units of all the indexes,
except for the dipole moment, are in electron volts
(eV). It is important to note that the last descrip-
tors are all function of £y and E | indexes, calcu-
lated by the software used. The energy gap

between the HOMO occupied orbital by electrons
and the LUMO unoccupied orbital has particular
importance. Equations (1)—(3) show how E ,, 7,
and w were calculated.

£, = Bt (1)
_ (En—Ep)
= (2)
(B

Y= 2.m (3)
3. RESULTS

3.1. Antimicrobial activity against
Paenibacillus larvae

The five P. larvae isolates were characterized
as ERIC I. The results of antimicrobial activity of
the different substances against five isolates are
shown in Table I. MIC values were reported
according to Clinical and Laboratory Standards
Institute recommendations (CLSI 2012). For the
case of NP1 and NP2, the results are relativized to
the percentages of organic functional groups
bound to the silica nanoparticles.

GA showed bacterial growth inhibition values
between 62.5 and 125 pg/ml, whereas NPs demon-
strated no antimicrobial activity in the range of
concentrations tested. NP2 showed the best inhibi-
tory activity with a MIC value of 23 pg GA/ml for
four of the five isolates studied and a value greater
than 122 pg GA/ml for the isolate from Cobo.

3.2. Oral toxicity against worker bees and
food consumption

GA, NP1, and NP2 showed differential toxicity
against adult bees. In all cases, mortality was
directly proportional to the concentration of the
substance in the food, except for the unmodified
silica nanoparticles that resulted to be no toxic at
all concentrations tested (x 2-6.875; df=5; p=
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Table 1. MIC values for each substance against different Paenibacillus larvae isolates

Paenibacillus larvae isolates

Cobo Estafeta Miramar PL33 PL15
NPs > 1333 > 1333 > 1333 > 1333 > 1333
GA 62.5-125 62.5-125 62.5-125 62.5-125 125
NP1 178 118 44.4-118 89-118 89-118
NP2 122 23 23 23 23

Trials were performed in triplicate. P. larvae isolates were named Cobo, Estafeta, Miramar, PL33, and PL15 according to their

geographical origin

MIC minimum inhibitory concentration expressed in micrograms per milliliter, NPs silica nanoparticles, GA gallic acid, NP/ silica
nanoparticles bound to gallic acid by alkoxide type bonding, NP2 silica nanoparticles functionalized with gallic acid by amide

bonding

0.230). For GA, all survival curves were signifi-
cantly different from the control and to each other
(x*=447.24; df=5; p <0.001) (Figure 2). For
NP1 and NP2 nanoparticles, no significant differ-
ences between the control and the lowest concen-
tration (14 mg/g) survival curves were found
(x?=1.39; p =0.237 and x*=0.96; p =0.546,
respectively), although NP1 turned out to be more
toxic than NP2 at higher concentrations
(Figure 2). From both nanohybrids, NP1 nanopar-
ticle was the most toxic showing LT, values and
95% confidence interval of 7 (5.12-8.87), 5
(4.60-5.40), 4 (3.30-4.69), and 3 (2.7-3.29) days
old at 50, 70, 100, and 140 mg/g food, respective-
ly, whereas LTs, values for NP2 were higher than
9 days at 50, 70, and 100 mg/g food and than 8
(7.15-8.84) days at 140 mg/g food. The LTs,
values for GA were 4 (3.62-4.37), 4 (3.78-4.21),
3 (2.84-3.15), and 3 (2.81-3.18) days at 50, 70,
100, and 140 mg/g food, respectively.

Figure 3 shows the results of food consumption
during the 9 successive days of treatment. Only
the feed with GA incorporated showed significant
differences in the consumption per bee depending
on the concentration (F =23.86; df=35; p =
0.000029), where those of higher concentration
ones were the less consumed. For NPs, NP1, and
NP2 groups, the bees consumed the food regard-
less of the concentration (F =0.87; df=4; p =
0.52 for NPs, F' =1.65; df=5; p =0.22 for NP1,
and F =1.19; df=5; p =0.36 for NP2). In any
case, significant interactions between the concen-
tration and the treatment time were found for GA,
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NP1, and NP2 (F =2.88; df=40; p =0.000028
for GA, F =3.23; df=40; p =0.000001 for NP1,
and F =2.29; df =40; p =0.00051 for NP2).

3.3. Oral toxicity against larvae honeybee

Survival analysis showed significant differences
among survival curves of honeybee larvae fed with
different concentrations of NP2 (x 22975, df=4;
p =0.045) (Figure 4). However, multiple compari-
sons between groups did not find differences (All
p values greater than 0.05). LTs, values could not be
determined for this survival analysis.

3.4. Selectivity index

LDs, values and selectivity ratios were cal-
culated for the substance tested against work-
er and larva bees (Table II). NPs were no
toxic for workers and their LDs, values were
> 18,000 ppm. Compared to worker bees, larvae
were more susceptible to NP2 as LDs, values of
36,550 ppm and selectivity ratios of 1589 were
obtained. In addition, this nanohybrid showed a
better selectivity index for workers (3982) than
NP1 and GA, with 683.1-170.8 and 155.2-77.5,
respectively.

3.5. Structure-activity relationship
Table III shows the values of molecular de-

scriptors calculated computationally under the
theory of density functional and the values of
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Figure 2. Bee survival curves after the consumption of food with GA, NPs, NP1, and NP2 by the Kaplan—Meier
method/log-rank test. GA gallic acid, NPs silica nanoparticles; NP1: silica nanoparticles bound to gallic acid by
alkoxide type bonding; NP2: silica nanoparticles functionalized with gallic acid by amide bonding. N = 75 bees per
treatment and concentration. Concentrations are expressed in milligrams per gram of food. Different letters indicate

significant differences (p < 0.05).

electronegativity, hardness, and electrophilicity
calculated by Egs. 1, 2, and 3, respectively. The
highest values of hardness and electronegativity
were obtained for SiBP. The nanoparticle NP2
showed the lowest values of electrophilicity and
electronegativity.

The MEP used to investigate the molecular
interactions paints the value of the electrostatic
potential onto an electron density surface. Red
colors represent negative potential or an electron
rich surface; colors toward blue depict positive
potential or electron poor surface, whereas orange,

@ Springer



E. Dominguez et al.

. .l : : I
ErzT, ii-i.. ; oo o I -
, TR T ORI O TR

W 100 mgo
P -priced

lii f II
‘Iai Iii il II“ m h l‘

Food consumption (mg/bee)

3

Cantl
60 * 2myg
4mglg
B 8myg
12mgg
s0 W18mglg
)
0
Canl

50 W10 mgg

i |i|

‘"“IIII “I|I

Days of treatment

Figure 3. Average consumption (+ SE) of food per bee (mg/bee). GA gallic acid, NPs silica nanoparticles; NP1:
silica nanoparticles bound to gallic acid by alkoxide type bonding; NP2: silica nanoparticles functionalized with
gallic acid by amide bonding. N =75 bees per treatment and concentration. Concentrations are expressed in
milligrams per gram of food. The different letters indicate significant differences (p < 0.05) between different days
for a single concentration. Single and double asterisks indicate significant differences (p <0.05) between concen-

trations within the same day.

yellow, and green colors depict intermediate
values of the potential. The red—orange—yellow—
green—blue color scale only provides information
about the contact surface, and it does not reveal to
what extent the rich and electron poor areas ex-
tend beyond the surface. These maps allow us to
understand that the molecules prefer to interact
joining their regions of high and low electron
density that is red regions of a molecule with blue
ones of the other. The interaction is based on the
electrical forces and will be more intense as the
red and blue colors become stronger. The purpose
of the map is to display an easy visualization
where a numeric scale could not fulfill that role.
The maps of the molecules investigated are shown
in Figure 5. NP1 and NP2 showed zones with
high electron density in close proximity to the
carboxyl group and the phenoxide group, respec-
tively. NP2 also displayed two other high-density
zones, one of them in the phenolic groups of the
GA and the other in the amide group. The theo-
retical acidity constant (pK,) for GA was —
COOH=4.5 and -OH =10.0, whereas the pK,
for SiBP was —OH =9.84.

@ Springer

4. DISCUSSION AND CONCLUSION

Phenolic compounds of plant origin have been
shown to be active against a wide range of path-
ogenic bacteria (Taguri et al. 2006; Sanchez-
Maldonado et al. 2011). The antimicrobial capac-
ity of these compounds has been related to their
chemical structure, in particular to the number and
position of hydroxy and methoxy substituents
(Sanchez-Maldonado et al. 2011). Substances
with a benzene nucleus, such as GA, commonly
exhibit good antimicrobial activity attributed to a
greater offshoring in the electronic system, which
allows proton exchange by making them more
active against microorganisms (Ben Arfa et al.
20006).

In the present work, MIC values for GA against
five isolates of P. larvae ranged from 62.5 to
125 pg/ml. Our results showed differences with
those obtained by Vico et al. (2016) who obtained
an inhibition concentration of 2500 pg GA/ml by
the dilution method on a solid medium (MYPGP
agar). This discrepancy can be attributed to differ-
ent techniques for MIC determination used in
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Figure 4. Larvae survival curves after the consumption of food with NP2 by the Kaplan—-Meier method/log-rank
test. N =24 larvae per concentration. Concentrations are expressed in milligrams per milliliter of food. Different
letters indicate significant differences (p < 0.05).

cach work. In the presence of oxygen and at significant amounts of hydrogen peroxide
neutral pH, GA is oxidized and produces (H,O;) and free radical semiquinone (Akagawa

Table I1. LDs, values + 95% confidence intervals for workers and larvae of Apis mellifera and selectivity ratio for
each substance tested

LDs for Apis mellifera Selectivity ratio for Apis mellifera
9-day-old workers 6-day-old larvae 9-day-old workers 6-day-old larvae
NPs > 18,000 n.d.
(n.d.)
GA 9700 155.2-77.5
(6260-12,260)
NP1 30,400 683.1-170.8
(19,250-38,360)
NP2 91,600 36,550 3982 1589
(n.d.) (n.d.)

LDs, (dose of substance that causes the death of 50% of the individuals of the study population) is expressed in parts per million
(ppm). The values between brackets represent the 95% confidence intervals. The selectivity ratios were calculated as LDsq for
workers/MIC for P. larvae and as LDs for larvae/MIC for P. larvae

NPs silica nanoparticles, GA gallic acid, NP/ silica nanoparticles bound to gallic acid by alkoxide type bonding, NP2 silica
nanoparticles functionalized with gallic acid by amide bond, n.d. values not determined
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Table III. Molecular descriptors estimated for the different substances tested

Molecular descriptors GA SiBP NP1 NP2

Chemical dipole moment () (D) 2.40 1.86 6.43 7.53
Diameter (A) 7.73 7.99 14.07 20.05
Volume (A%) 148.00 227.06 355.27 546.45
HOMO (Ey) (eV) -5.99 —8.52 -6.49 —5.81
LUMO (E ) (eV) —1.06 -042 —1.41 -0.54
Electronegativity (£,) (eV) 3.53 447 3.95 3.18
Hardness (1) (eV) 2.47 4.05 2.54 2.64
Electrophilicity (w) (eV) 2.52 247 3.07 1.91

GA gallic acid, SiBP base silica particles, NP/ silica nanoparticles bound to gallic acid by phenoxide type or ether type bonding,
NP2 silica nanoparticles functionalized with gallic acid by amide bonding. Units: D Debye, A 0.1 nm, eV electron volt

et al. 2003; Eslami et al. 2010). While the anaer-  medium used here would have promoted the pro-
obic condition of a solid medium completely in-  duction of free radicals that explain the greater
hibits the generation of H,O,, the MYT aqueous  antimicrobial activity recorded (Arakawa et al.

GA SiBP

Carboxyl group Amide type bonding

NP2

Ether type bonding

Figure 5. Chemical structures optimized by the density functional method and electrostatic potential maps of GA,
SiBP, NP1, and NP2. GA gallic acid, SiBP silica base particles; NP1: silica nanoparticles bound to gallic acid by
ether type bonding; NP2: silica nanoparticles functionalized with gallic acid by amide bonding.
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2004; Nakamura et al. 2012). Nakamura et al.
(2012) proposed a mechanism of bactericidal ac-
tion for GA. Through the photo-oxidation, GA
transfers a proton-coupled electron to the oxygen
to form H,O, which by photolysis releases the
free radical (-OH) causing lethal oxidative damage
including lipid peroxidation of the bacterial cells.
Therefore, to determine the capacity of inhibition
of bacterial growth, the properties of the natural
substances must be taken into account, in order to
choose the technique that best demonstrates their
bioactivity. In our case, the antimicrobial activity
was depended on the solubility of the substances
in an aqueous medium, feature determined by
their hydrophobicity, volatility, and stability
(Ahmad et al. 2006).

The microdilution technique has given satisfac-
tory results by testing a wide range of natural
substances against P. larvae (Damiani et al.
2014; Fernandez et al. 2014; Gende et al. 2008,
2010). Moreover, it has also been used to study
the antimicrobial activity of silica, silver, gold,
zine, and copper nanoparticles against a large
number of bacterial strains (Martinez-Castafion
et al. 2008; Moreno-Alvarez et al. 2010; Duffy
et al. 2018). For that, the reproducibility and reli-
ability in our results are guaranteed.

Currently, to develop controlled drug delivery
systems that improve the pharmacokinetic and phar-
macodynamic properties of substances is of great
interest to the field of medicine and veterinary
(Mohanraj and Chen 2006; Yah and Simate 2015).
Nanohybrids with different characteristics have been
studied and demonstrated to improve significantly
the bioactivities of many natural substances com-
pared with their free state (Yang et al. 2009; Vianna
Santos et al. 2014; de Almeida Vaucher et al. 2015).
In the present work, the nanohybrids NP1 and NP2
synthesized from the binding of GA molecules and
silica nanoparticles (NPs) were tested. The
nanohybrid NP1 presents an ether-like bond be-
tween GA and NPs, whereas NP2 has an amide-
like bond. Both nanohybrids were studied here to
determine their potential as antimicrobial agents
against various isolates of P larvae. The MIC
values on P. larvae were 44-178 nug GA/ml and
23 ug GA/ml for NP1 and NP2, respectively, except
for the isolate from Cobo which showed a value
> 122 ng GA/ml for NP2. The bioactivity of the

nanohybrid NP1 was comparable to that of the free
GA in the presence of oxygen and at neutral pH.
Thus, our results suggest that this type of surface
chemical modification does not improve the activity
of GA 1n its free state. On the other hand, the MIC
values for NP2 were 4-fold lower than the GA ones
for P, larvae isolates from Estafeta and Miramar and
the reference strains PL33 and PL15. Vico et al.
(2016) reported an inhibition concentration on
P larvae of 178 pg GA/ml for NP1 and
92 nug GA/ml for NP2. These authors suggested that
when GA is covalently bound to silica nanoparticles,
it increases its bioactivity on the microorganisms.

This increment relates to free functional
molecules and was also reported by Arce et al.
(2012) in a toxicity study of silica nanoparticles
modified with alcohols against Vibrio fischeri. They
hypothesized that suspended nanoparticles form ag-
gregates which increase their local concentration on
the surface of the microorganism, facilitating the
bactericidal action of these materials. Hetrick et al.
(2008) concluded similarly about the possible mech-
anism of action of nanohybrids of nitric oxide (NO)
and silica. They proposed an association mechanism
between the bacterial membrane and nanohybrids
due to electrostatic and/or hydrophobic interactions
resulting in a high local concentration of NO and in
a greater efficiency of distribution and antimicrobial
activity of NO on the bacterial surface. A study with
electron paramagnetic resonance (EPR) of the
nanohybrids did not show signs of production of
reactive oxygen species at pH 7 (Vico et al. 2016);
therefore, a similar mechanism of action to GA
cannot be attributed to these compounds.

The study of the chemical structure and electronic
characteristics of molecules helps to understand and
explain the differences in their bioactivity. In this
work, computational simulations were carried out
and the optimized structures and electronic descrip-
tors were obtained for all molecules under study.
The chemical reactivity of a molecule can be
explained by means of these descriptors (Carrion
2013). The chemical hardness () is a property that
measures the resistance imposed by the molecule to
the change in its electronic distribution; therefore,
higher values of this parameter implicate that the
molecule is more stable and less reactive. The results
of SAR analysis indicate that SiBP are the least
reactive molecules since they showed the highest
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E, and n values. In contrast, NP2 proved to be the
most reactive species since its w and E , values were
the lowest found.

A MEP is used to study the molecular interac-
tions (Al-Sehemi et al. 2016). In our work, these
maps showed that the areas with the highest negative
charge in NP1 are located in the carboxylic bond,
whereas two negative charge areas, one in the amide
bond and another around the hydroxyl group of GA,
are found in NP2. The differential antimicrobial
activity registered here could be related to these
zones, since highly electronegative compounds can
inhibit the growth of microorganisms, intervening in
the biological processes of electron transfer, either
by direct interference of this chain or by rupture of
the cell membrane and elimination of the membrane
potential (Kurita et al. 1981). Our computational
results were in agreement with the experimental
results of antimicrobial activity. Therefore, physical
characteristics (surface area, aggregate formation)
and chemical (type of bonds and energy) could be
acting in combination to improve the bioactivity of
these nanohybrids against P. larvae .

During the search of substances for the control of
honeybee pathogens, the toxicity against the host
organism must be evaluated (Eguaras and
Ruffinengo 2006). In several studies, the oral toxic-
ity of natural substances such as propolis, organic
acids, essential oils, and their main components has
been tested against bees (Ebert 2007; Maistrello
et al. 2008; Maggi et al. 2010; Damiani et al.
2017; Porrini et al. 2017). Here, the oral toxicity of
GA, NP1, NP2, and NPs against workers and tox-
icity of NP2 against larvae of A. mellifera were
proved for the first time. GA turned out the most
toxic compound followed by NP1 and NP2, succes-
sively. In all cases, the toxicity depended mainly on
the concentration administered with the food. The
systemic effect on worker bees of NP1 and NP2
appears to be associated with the relative amount of
organic compound bound to the silica (17.8 and
9.2% of GA in NP1 and NP2, respectively). There-
fore, the GA concentration was directly related to the
increases- in bee toxicity. GA showed LTs, values
similar to amygdalin and oxalic acid, but we tested
here a 70 times higher concentration of GA than that
used by Ebert et al. (2007). NP1 and NP2 were less
toxic than GA and showed LT, values lower than 9,
5, and 3 days for NP1 and smaller than 9, 9, and

@ Springer

8 days for NP2, at concentrations of 14, 70, and
140 mg/g, respectively. NPs are inert and were not
toxic to bees when they were ingested with the sugar
food. Regarding the eating, bees ate avidly the
supplemented food with NP1, NP2, and NPs inde-
pendently of the concentration of substance added.
However, the food supplemented with GA was less
consumed by bees as the concentration increased.
Therefore, the bee mortality observed in this group
could also be due to the fact that bees were not
feeding adequately. Anyway, all the compounds
studied here resulted less toxic compared to other
substances frequently used in beekeeping such as
oxalic acid (Ebert et al. 2007).

Drug administration in bee food has shown to be
an efficient form of application of treatments against
AFB. Worker bees act as drug deliveries to the larval
food, which facilitates the interaction and direct
contact of the antimicrobial agent with P larvae
vegetative cells (Antunez et al. 2008). These authors
proposed that the oral administration of an effective
drug does not prevent the infection of larvae with
spores of P. larvae , but it could inhibit the develop-
ment of vegetative cells in larvae. Due to nurse bee
dynamics during brood feeding, an antimicrobial
agent would be available in the larval food on the
third day of development stage, coinciding with the
process of spore germination in the larval midgut.

Based on the previous results, toxicity against
larvae was only tested for NP2 nanohybrid. The rest
of the substances resulted toxic for workers fed with
them. Even exceeding its maximum solubility in
aqueous medium, feeding with NP2 was not lethal
for bee larvae. As expected, larvae were more sus-
ceptible to NP2 than workers although selectivity
ratios were high for both stages of life, 3982 and
1589 respectively. The selectivity ratio is a measure
to evaluate the safety in the application of a sub-
stance in field conditions taking into account the
toxicity against the host organism and the desired
biological activity, in our case, the antimicrobial
activity. Therefore, high values of this index indicate
that a substance is safe to apply in honeybee colonies
as an AFB treatment. In our case, a concentration
14 mg/g (14,000 ppm) of NP2 in food (the lowest
concentration at which the worker bees were fed)
was not toxic for bees and it would be sufficient to
achieve antimicrobial action as the MIC value for
this nanohybrid was 23 pg/ml (23 ppm). The
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dynamics of a substance inside the hive makes
necessary applying doses higher than the MIC value
to achieve the desired effect. However, field trials
should be performed to know the effective dose of
substance to apply in natural conditions. As a refer-
ence, in the work of Gende et al. (2009), cinnamon
(Cinnamomum zeylanicum ) essential oil showed a
MIC of 50 ppm on P, larvae, whereas applications
of 1000 ppm were needed to reduce the level of
AFB in hives. Therefore, it would be expected that
doses of around 460 ppm of NP2 are effective under
field conditions, much lower values than the LDsy
ones obtained for worker bees (96,000 ppm) and
larvae (36,000 ppm).

This research represents the first record of oral
administration of silica nanoparticles and different
GA nanohybrids resulting practically innocuous for
bees. Also, it is one of the few investigations of the
use of this type of particles for the control of honey-
bee diseases. We conclude that the toxicity and
mode of action of each compound depended on their
physical and chemical characteristics, the mode of
application, and the organism on which it was ap-
plied. Thereby, silica nanoparticles with GA loaded
through an amide bond to the carboxyl group, which
denominated NP2, presented the best attributes to be
used in the control of AFB disease such as the high
inhibitory capacity on P. larvae and low oral toxicity
against larvac and adults of A. mellifera. Future
researches on this kind of substance should be fo-
cused on conducting larval infection test and evalu-
ating the behavior of nanohybrids in natural systems
such as honeybee colonies.
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