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Nanoparticles’ surface properties can be used as triggers to regulate or even enhance biological
response and generate tailored structures to substitute conventional antibiotics. Here, silica
nanoparticles surface was duly tuned in order to increase the water-insoluble drug load (curcumin)
and improve the antibacterial activity. Our main motivation was based on the electrostatic attraction
between the positively charged amino groups and the negatively charged curcumin and/or bacteria
membrane. In addition, the variation of amino grafting amount on silica nanoparticles indicated that
the grafting increase was directly related to the extent of drug entrapped into the nanoparticles as
well as to the bactericidal activity. The combination of amino-functionalized silica nanoparticles
associated with the presence of curcumin allowed to produce a dual bactericidal system that shows
promising perspective for its use in biomedical applications.
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Introduction

Pathogenic microorganisms have proved to develop
resistance to currently available antibiotics becoming a
worldwide concern.'” Thus, it is necessary to find new
systems or drugs presenting alternative mechanisms of
action to substitute the existing commercial antibiotics.

Nanoparticles are promising materials for therapeutic
applications since they possess unique physical and
chemical properties.®® Thus, silica-based nanoparticles
have been widely investigated and used in different fields,
including materials science and biomedicine, due to
their stability, high hydrophilic surface, biocompatibility
and easy surface functionalization.!®!? In particular,
mesoporous silica nanoparticles are potential candidates
as drug carriers since they provide the possibility of
encapsulating and delivering large quantities of drugs due
to large surface areas and pore volumes.'*?° Using the
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well-known silane chemistry, silica nanoparticles have
been functionalized with a variety of different functional
groups such as carboxyl,? vinyl,”> amino,? mercapto®
and epoxy.” The surface functionalization with organic
functional groups allows increasing the storage capacity
of drugs or biomolecules within the silica pores.?!?>-28
Moreover, the chemical surface modification of the
nanoparticles is an important tool to control the interaction
of nanoparticles with biological systems while reducing
toxicity and increasing the therapeutic effects.?*-*> Typical
surface modification methods via covalent bonds are
(i) the co-condensation (one-pot synthesis method); (if) the
postsynthetic grafting (PSG) and (iif) the use of bissilylated
organic precursors that generate periodic mesoporous
organosilicas (PMOs).*** The PSG involves modification
of silica after the synthesis. In this method, it is possible to
restrict the functionalization of surface-accessible silanol
groups both within the mesopore network and on the
exterior surfaces. Moreover, PSG has some advantages
that are: the mesostructure of the starting silica phase is
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kept, the materials can be selectively functionalized with a
wide variety of functional groups and the resulting structure
exhibits high hydrothermal stability.

Nanostructured silica and curcumin (CCM) complexes
were first reported in 2011 by Jin et al.* They have shown
the selective immobilization of CCM onto the internal cavity
of mesoporous hollow silica particles as well as their drug
release properties. Later, few works?28 have demonstrated
that bare silica porous systems are able to entrap CCM
and are effective against tumor cells. More recently, a
plethora of works*# demonstrating that surface-modified
curcumin-loaded silica nanoparticles can be successfully and
selectively used against different types of cancer cells were
reported. However, to the best of our knowledge, nothing has
been done in order to use nanostructured silica and curcumin
(CCM) complexes as bactericidal agents.

In our previous works,*>* we investigated the correlation
between the nanoparticles physical properties and their
behavior in biological systems.These properties, that include
size, surface charge and hydrophobicity, play an important
role for the interaction between nanomaterials and biological
systems. In the present study, we go further and show for the
first time the bactericidal properties of amino-functionalized
curcumin-loaded silica nanoparticles obtained from PSG
method. In addition, we studied the influence on the amount
of amino groups in the extent of encapsulation of curcumin
and the resulting silica nanoparticles bactericidal activity.
The bactericidal properties of these materials were tested
against Escherichia coli (E. coli) to evaluate the amino-
functionalized silica as a platform for water-insoluble drug
carrier.

Experimental
Chemicals

Tetraethoxysilane (TEOS), (3-aminopropyl)
triethoxysilane (APTES), curcumin and ammonium
hydroxide (26 wt.% NH, in water) were obtained from
Sigma-Aldrich. Ethanol was obtained from J. T. Baker.
Peptone, sodium chloride (NaCl), yeast extract and
bacteriological agar were purchased from Bio Rad. All
chemicals and reagents were used as received without
further purification. Water used in all procedures was
obtained from a water purification system (Purelab from
ELGA) and had a measured resistivity of 18.2 MQ cm.

Preparation of bare silica nanoparticles (SiO,)

The bare mesoporous silica nanoparticles were prepared
using the modified Stéber method. SiO, nanoparticles
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were prepared by mixing 380 uL of TEOS and 12 mL
of ethanol under continuous stirring for 30 min. Then,
570 uL of NH,OH were added to the mixture and stirred for
24 hours at room temperature. The particles were separated
by centrifugation (10000 rpm, 20 minutes, Eppendorf
Centrifuge Model 5804), washed with ethanol and dried
in air at room temperature for one day.

Amino-functionalized silica nanoparticles (SiO,-NH,)
synthesis

Si0,-NH, nanoparticles were prepared by mixing
380 uL of TEOS and 12 mL of ethanol under continuous
stirring for 30 min. Then, 570 uL of NH,OH were added to
the mixture and stirred for 24 hours at room temperature.
After this time, 200 or 400 uL of APTES were added to the
mixture and kept under stirring for 24 hours. The particles
were separated by centrifugation (10000 rpm, 20 minutes,
Eppendorf Centrifuge Model 5804), washed with ethanol
and dried in air at room temperature for one day.

Synthesis of amino-functionalized curcumin-loaded silica
nanoparticles (CCM/SiO,-NH,)

Amino-functionalized curcumin-loaded silica
(CCM/Si0,-NH,) nanoparticles were prepared by mixing
380 puL of TEOS, 12 mL of ethanol and 60 pL of curcumin
solution (5% m/v) under continuous stirring for 30 min.
Then, 570 puL of NH,OH were added to the mixture and
stirred for 24 hours at room temperature. After this time,
200 or 400 puL of APTES were added to the mixture and kept
under stirring for 24 hours. The particles were separated
by centrifugation (10000 rpm, 20 minutes, Eppendorf
Centrifuge Model 5804), washed with ethanol and dried in
air at room temperature for one day. Supernatant was used
to determine the encapsulation yield.

Ninhydrin assay

The amino groups on the modified SiO,-NH, surface
were quantified with the ninhydrin assay and glycine
was used as a calibrant. When ninhydrin reagent reacts
with amino group produce a purple color characteristic
of the ninhydrin-amino complex. The optical density is
proportional to the amount of amino group. The amino-
functionalized silica nanoparticles were dispersed in a4 mL
of a solution containing 1 mL of ninhydrin solution, 2 mL
of buffer solution, and water in 1:2:1 in volume, and then
heated at 80 °C for 20 min. Subsequently, the suspension
was centrifuged at 5000 rpm for 5 min, the supernatant
was diluted with water and its absorbance measured at
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570 nm with an ultraviolet-visible spectrometer (Agilent
8453 equipment).

Characterization of silica nanoparticles

Size and morphology of the nanoparticles were
investigated by transmission electron microscopy (TEM).
TEM images were taken using JEOL JEM-2010 instrument
at the Brazilian Laboratory of Nanosciences (LNNano)
operating at an acceleration voltage of 200 kV.

The structural organization of nanoparticles was
investigated through the small-angle X-ray scattering (SAXS)
technique. The SAXS experiments were carried out on the
D1B beamline at the LNLS using a wavelength A = 1.488 nm
and the Pilatus 300 k detector placed 1549.8 mm away from
the sample. The X-ray beam was monochromatized with
a multilayer monochromator and collimated by a set of
slits defining a pin-hole geometry. All measurements were
performed at room temperature. Silver behenate powder
was used as a standard to calibrate the sample-to-detector
distance, the detector tilt and the direct beam position. The
isotropic scattering patterns were radially averaged. Fitting
procedures were carried out using the SASfit software.

The amount of entrapped curcumin was determined by
the UV-Vis adsorption (measured at 520 nm) taking into
account the remaining curcumin in the supernatant after
the reaction has been completed. The UV-Vis absorption
spectra were obtained using an Agilent 8453 UV-Vis
spectrophotometer (Agilent Technologies).

The nitrogen adsorption-desorption isotherms were
obtained at 77 K using a Tristar I 3020 (Micromeretics)
instrument. The specific surface area is assessed according
to the standard BET (Brunauer-Emmett-Teller) method in
the 0.05-0.30 P/P, range. The total micropore volume of the
sample was estimated using 7-Plot analysis. The samples
were degassed at 80 °C for 2 h under vacuum before the
measurements.

The determination of surface charge of the nanoparticles
was performed on a dispersion (40 pg mL™") of nanoparticles
in a 40 mmol L' KClI solution. Complementary dynamic
light scattering (DLS) experiments in biological media were
performed to verify the colloidal stability of the synthesized
nanoparticles. Both experiments mentioned above were
performed in a Zetasizer Nano-ZS ZEN3600 instrument
(Malvern Instruments Ltd., UK) operating with a He-Ne
(633 nm) laser.

Fourier transform infrared (FTIR) spectra were
recorded in a transmission mode on a PerkinElmer
FT-IR spectrophotometer (model Spectrum Two) using
KBr pellets under ambient conditions. The pellets were
subjected to 32 scans at a resolution of 4 cm™.
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Bactericidal susceptibility tests

E. coli was grown in Agar plates for 16-20 hours at 37 °C.
A single colony was taken and transferred into 200 mL of PSI
medium composed by 3.2, 2, 1, 0.08 and 0.1 g of peptone,
yeast extract, sodium chloride, potassium dihydrogen
phosphate and disodium hydrogen phosphate, respectively.
The mixture was incubated for ca. 3 hours at 37 °C under
vigorous shaking. The bacteria were aseptically transferred
to a sterile ice-cold polypropylene tube, stored on ice for
10 minutes and centrifuged at 4000 rpm (Thermo Scientific-
Sorvall RC+) for 15 minutes at 4 °C. The pellet was
resuspended in 25 mL of buffer I (6 mL solution of potassium
hydroxide 1 mol L', 6 mL solution of acetic acid 1 mol L™,
10 mL solution of magnesium chloride 1 mol L', 2.41 g of
rubidium chloride, 0.294 g of calcium chloride and 30 mL
glycerol 90%, pH was adjusted to 5.8 in final volume of
200 mL) which was stored on ice for 15 minutes followed by
centrifugation at 4000 rpm (Thermo Scientific-Sorvall RC+)
for 10 minutes at 4 °C. The pellet was resuspended in 8 mL
of buffer IT (0.42 g MoPs, 3-(N-morpholino)propanesulfonic
acid, 2.2 g of calcium chloride, 0.24 g of rubidium chloride,
30 mL glycerol 90%, pH was adjusted to 7.0 in a final volume
of 200 mL). 20 uL of a suspension containing E. coli were
added to a flask containing 5 mL of Luria Bertani (LB)
broth (containing 10 g L' of peptone and NaCl and 5 g L"!
of yeast extract). The flask was stirred for 5 hours with an
orbital shaker and then 1 pL of this solution was diluted with
50 mL of LB broth. At this point, bacteria diluted suspension
(50 uL), I mL of LB broth and 700 pL of aqueous suspension
of silica nanoparticles were mixed in the test tubes and
incubated at 37 °C under vigorous shaking (200 rpm). After
5 h of incubation, the bacteria growth was determined by
measuring the optical density (OD) and successive dilutions
were realized to reach a bacteria concentration in the range
of 2000-4000 CFU mL". For the bactericidal susceptibility
tests, 100 pL of the ultimate diluted bacteria-silica solution
were dispersed on a standard sized Agar plate to obtain
an E. coli plate count in the range of 200-400 CFU. The
Agar plates were incubated at 37 °C overnight. For each
material, the experiments were conducted in triplicate. The
same procedure described above was also performed using
autoclaved water for all controls. The bactericidal activity
of the materials was evaluated by counting the number of
colonies formed on E. coli Agar plates.

Results and Discussion
A schematic representation for the formation and

encapsulation of curcumin (CCM) into silica nanoparticles
(Si0,) is shown in Scheme 1.
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Scheme 1. Schematic representation of the synthesis of amino-functionalized silica nanoparticles with and without curcumin. A curcumin fraction is also

located on the surface of the nanoparticles (3), (4a) and (4b).

Bare silica nanoparticles, SiO, (1), were generated
through a slightly modified Stober method®® with
tetraethyl orthosilicate (TEOS) and ammonia used as
the silica precursor and catalyst, respectively. The SiO,
surface was then amino-functionalized by reacting (1)
with (3-aminopropyl)-triethoxysilane (APTES) as
previously described in the literature.* Different amounts
of aminopropyl groups were grafted on the SiO, surface
by changing APTES concentration used during reaction
procedures (200 or 400 pL resulting Si0,-NH,-200 (2a)
or Si0,-NH,-400 (2b), respectively). Amino quantification
on SiO,-NH, surface was determined by using ninhydrin
assay.”’” Ninhydrin reacts with amino groups to produce a
characteristic purple color of the ninhydrin-amino complex.
Then, the obtained optical density is proportional to the
amount of amino group on the silica surface. The total
amount of amino groups per gram of silica was 1.26 and
2.01 umol for SiO,-NH,-200 (2a) or SiO,-NH,-400 (2b),
respectively.

The curcumin encapsulation inside silica nanoparticles
was also carried out through one-pot synthesis method.
First, curcumin-loaded silica nanoparticles, CCM/SiO, (3),
were obtained by hydrolysis and condensation of TEOS
in the presence of alcoholic curcumin solution. Then,
CCM/Si0, (3) was amino functionalized using different
amounts of APTES as the silylation agent resulting in
CCM/SiO,-NH,-200 (4a) and CCM/SiO,-NH,-400 (4b)
(200 and 400 pL of APTES, respectively). The amount of
curcumin encapsulated by the nanoparticles was determined
by UV-Vis, subtracting the remaining amount of curcumin
found in the supernatant from the total of curcumin used
along the reaction procedure. We found that the curcumin
entrapment yield was 15, 32 and 75% for CCM/SiO, (3),
CCM/SiO,-NH,-200 (4a) and CCM/SiO,-NH,-400 (4b),
respectively. Thus, amino surface functionalization plays
an important role in the curcumin encapsulation yield.
We attribute this encapsulation enhancement to the
electrostatic attraction/repulsion forces between the main
reactants of the system since curcumin and silica present

negative charges while amino groups are considerably
positive structures. Due to opposite charges, there will
be strong affinity between amino groups and curcumin
and the encapsulation will be enhanced. On the other
hand, both silica and curcumin have negative charges
resulting in low affinity. Thus, the low entrapment yield for
CCMY/Si0, (3) can be attributed to the repulsive forces
between silica and curcumin.

The morphology and size distribution of the
synthesized nanoparticles were primarily obtained by
transmission electron microscopy (TEM). The bare silica
nanoparticles (1) have a spherical structure with narrow
particle size distribution of 52 + 13 nm. TEM images
(Figure S1, Supplementary Information section) of amino-
functionalized silica nanoparticles obtained from different
amounts of aminopropyl groups show a slightly difference
in size if compared to bare silica. The SiO,-NH,-200 (2a)
nanoparticle presented a bimodal distribution with average
sizes of 56 + 18 and 73 + 7 nm. Taking into account the area
of each population, the one centered at 73 nm corresponds
to about 30% of the total sample population. The average
diameter determined through the size distribution for
Si0,-NH,-400 (2b) is 62 + 22 nm. Figures 1A and 1C
present TEM images for CCM/SiO,-NH,-200 (4a) and
CCM/Si0,-NH,-400 (4b), respectively. As expected, there
was a subtle increase in particle size due to the presence
of curcumin. The particle morphology was maintained
and (4a) presented a bimodal distribution with average
sizes of 76.4 = 17 and 107.7 = 8 nm while 66 + 13 nm was
observed for (4b) (Figures 1B and 1D). Taking into account
the area of each population in Figure 1B, the one centered
at 107.7 nm corresponds to about 10% of the total sample
population. The nature of this bimodal distribution when
we have used 200 uL of APTES (samples 2a and 4a) is
out of the scope of this work and has no influence on the
biological results.

Complementary, we have also employed SAXS technique
to determine and confirm the size and polydispersity of the
synthesized nanoparticles. Figure 2 shows the experimental
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Figure 1. TEM images of (A) CCM/SiO,-NH,-200 and (C) CCM/SiO,-NH,-400 nanoparticles. Size distribution histograms of (B) CCM/SiO,-NH,-200

and (D) CCM/Si0,-NH,-400.

SAXS curve for CCM/Si0O,-NH,-400 (4b) and its best
corresponding fit.

Intensity (a.u.)
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Figure 2. SAXS profile (open balls) of CCM/SiO,-NH,-400 and its best
corresponding fit (solid red line).

Similar SAXS profiles were observed for all studied
systems (Figure S2, Supplementary Information section).
For all of them, a polydisperse sphere model taking into

account a Gaussian size distribution and subtle interparticle
correlation at low-g was applied. The quality of the SAXS
fits (Figure 2) as well as the TEM images indicated that the
nanoparticles are mainly spherical in shape. It was observed
that the mean diameter determined from the fit for bare
silica, Si0,-NH,-200, SiO,-NH,-400, CCM/SiO,-NH,-200
and CCM/Si0,-NH,-400 were 53, 56 and 73, 66, 79 and
71 nm, respectively. It is important to highlight that these
values are in close agreement with TEM images (Table 1).

The nitrogen adsorption/desorption isotherm for
all samples are shown in Figure 3. All studied samples
presented similar nitrogen adsorption/desorption isotherms.
After functionalization and encapsulation, the isotherms of
Si0,-NH,-200, SiO,-NH,-400, CCM-SiO,-NH,-200 and
CCM-Si0,-NH,-400 kept the same characteristics of SiO,.
There is almost no difference in the shape of the hysteresis
loop, suggesting that the pore shape was not significantly
changed after grafting with APTES and encapsulation with
curcumin. However, the adsorbed nitrogen amount was
reduced implying a decrease of pore volume of the particles.

According to IUPAC classification, mesoporous silica
nanoparticles clearly show a type II isotherm with an
H1 hysteresis loop that is often obtained for materials
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Table 1. Diameters and HWHM?® obtained from different techniques and zeta potentials for different nanoparticles

Sample Diameter by HWHM by Diameter by HWHM by Zeta potential in
TEM / nm TEM / nm SAXS /nm SAXS /nm KCI°/ mV
Sio, 52 13 56 8 -337+1.0
Si0,-NH,-200 56 and 73 18 and 7 61 and 79 8 and 9 37.3+1.0
Si0,-NH,-400° 62 22 66 17 371+ 1.1
CCM/Si0,-NH,-200 76 and 107 17 and 8 79¢ 14 33.0+£0.8
CCM/SiO,-NH,-400° 66 13 71 12 27.6+1.2

‘HWHM: half width at half maximum; “these structures were used as precursors to obtain folate-functionalized silica nanoparticles (reference 44); ‘only
one size distribution was enough to properly fit the scattering data; TEM: transmission electron microscopy; SAXS: small-angle X-ray scattering.
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Figure 3. (A) Nitrogen adsorption-desorption isotherms of SiO,, Si0,-NH,-200, SiO,-NH,-400, CCM/Si0,-NH,-200 and CCM/Si0,-NH,-400; (B) surface

area determined by BET (Sg;) and #-Plot (Sp) tests for all studied samples.

consisting of agglomerates or compacts of approximately
uniform spheres.*® For all the materials, #-Plot analysis (S,)
indicated that most of the specific surface area was located
in mesopores (Sger). This result agrees well with the
literature™ that describes Stober silica particles containing
microporous and mesoporous compartments in their
structure. In a previous study,* using high-resolution
transmission electron microscopy, we showed that this
type of materials is formed by elementary silica spheres.
The FTIR spectra of the bare silica (1), SiO,-NH,-400 (2b)
and CMC/Si0,-NH,-400 (4b) were obtained to characterize
the chemical bonds and surface organic groups in
mesoporous silica nanoparticles. FTIR of (1) is presented
in Figure 4 (dashed blue line) where absorption bands
due to OH (3446 cm), H,O (1635 cm™), Si—O-Si
(v, 1097 cm™, v, 796 cm™) and Si—OH (v, 960 cm™)
bonds are observed (the whole FTIR spectra is presented
in the Supplementary Information section Figure S3).
After reaction with APTES, the FTIR spectrum shows new
absorption peaks observed at 2920, 2850 and 1470 cm’!,
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Figure 4. FTIR spectra of bare silica (dashed blue line) and SiO,-NH,-400
(solid black line).

which are assigned to C—H stretching and bending
vibrations from the aminopropyl groups, respectively
(solid black line). The presence of amino groups was
also confirmed through the weak absorption at 1542 cm’!,
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which is attributed to typical bending vibration of NH,. For
CCM/Si0,-NH,-400 (4b), the absorption peaks of curcumin
could not be observed. This result was expected since the
amount of curcumin compared to silica is considerably
small and the equipment is not sensitive enough to detect
such small amount of CCM.

Zeta potential was also employed to confirm the
encapsulation of curcumin seen by UV-Vis. The surface
charge measured as zeta potential is presented in Table 1
for all nanoparticles. The zeta potential provides the
nanoparticles surface charge and can be also related to
the colloidal dispersions stability. A higher zeta potential
results in a larger electrostatic repulsion between the
particles decreasing the aggregation and providing
improved stability to the dispersion. Colloids with low zeta
potential tend to undergo aggregation. A value of 30 mV
or higher in module (positive or negative) can be taken as
a theoretical value to indicate colloidal stability. Samples
with zeta potential between —30 and +30 mV typically tend
to aggregate. The zeta potential of bare silica is negative
due to the negatively charged hydroxyl groups on the
silica surface. As expected, Si0,-NH, (2a and 2b) presents
positive value for zeta potential, indicating that the silanol
groups were covalently bonded to the APTES molecules.
For CCM/Si0,-NH, (4a and 4b), a slight decrease in zeta
potential occurs due to the presence of curcumin in the
nanoparticle. This is likely due to the presence of curcumin
fraction that might be found on the nanoparticles surface.
These results confirm the presence of amino groups and
encapsulated curcumin into/onto the mesoporous silica.
As one can observe, the absolute values measured indicate
that the nanoparticles are within the stable colloidal range.
In addition, DLS of these nanoparticles was measured
in biological media. These results together with CCM
delivery experiments are presented in the Supplementary
Information section as Figures S4 and S5.

Nanoparticles bactericidal properties were evaluated
against E. coli as a typical gram-negative bacterium using
the viable cell count method which measures the bacterial
growth. For this study, SiO,, Si0,-NH,-200, SiO,-NH,-400,
CCM/Si0,-NH,-200 and CCM/SiO,-NH,-400 (1, 2a,
2b, 4a and 4b, respectively) were inoculated with
E. coli solution in LB broth. The total mass for each
structure was deduced based on the amount of curcumin
encapsulated in each nanoparticle (details are given in the
Supplementary Information section). Thus, 32 mg for the
silica structures 2a and 4a were used, while for 2b and 4b,
13 mg were employed. As a point of comparison, we have
also chosen to use two amounts of silica (13 and 32 mg,
samples were named SiO,-13 and SiO,-32, respectively)
to evaluate the effect of bare silica amount against E. coli.
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On the other hand, curcumin is insoluble in LB broth and,
therefore, could not be used as control. Figure 5 shows the
percentage of surviving E. coli for all nanoparticles. The
figure is divided considering the total incubated mass per
experiment.
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Figure 5. Antimicrobial activity of silica nanoparticles against gram-
negative E. coli bacterium. Bar representation indicates the percentage
of surviving bacteria. Details about samples’ composition are presented
in the Supplementary Information section.

The percentages of surviving bacteria for SiO,-32,
Si0,-NH,-200, CCM/SiO,-NH,-200, SiO,-13,
Si0,-NH,-400 and CCM/SiO,-NH,-400 were 57 + 4,
407,11 £3,94 £4,36 +£7 and 3 + 1%, respectively.
For samples of bare silica (Si0,-32 and SiO,-13), the
antimicrobial activity is diminished as the concentration
of the silica is reduced. SiO,-NH,-200 (2a) and SiO,-
NH,-400 (2b) had enhanced biocidal efficacy than their
bare silica counterparts, regardless of the quantities
employed SiO,-13 and SiO,-32. This effective antibacterial
performance of silica nanoparticles without curcumin can
be explained taking into account the influence of particle
sizes and surface charges. According to the literature,*®
smaller particles exhibit enhanced bactericidal activity than
the larger ones. However, our results do not follow this
trend. Although bare silica (1) presents smaller size than
the amine-coated nanoparticles (2a and 2b), SiO,-NH, was
more effective to prevent bacterial growth. Therefore, it is
clear that the subtle difference in particle size (Table 1) is
not able to explain these bactericidal efficiency results. Thus,
we suggest that the surface charge contribution seems to be
more important to the bactericidal activity than the particle
size for this particular case (similar nanoparticles sizes).
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The zeta potential measurements for SiO,-NH, (2a and
2b) exhibit positive values due to the positively charged
amine groups on the silica surface (Table 1). As the
bacterial cell surface is negatively charged, it is expected
that the electrostatic attraction with the positively charged
nanoparticles can be enhanced if compared to the negatively
charged ones.*¢! Thereby, SiO,-NH, nanoparticules (2a
and 2b) are more electrostatically attracted by negative
bacterial cell surface than SiO, (1) resulting in superior
bactericidal properties. When comparing the results for
Si0,-NH,-200 and SiO,-NH,-400 (2a and 2b), we observed
that the bactericidal efficacy is very similar. However, it is
important to emphasize that the amount of SiO,-NH,-200
used along the tests is much higher (around three times
larger) than that of SiO,-NH,-400. Hu et al.** reported
that the cationic amino groups can associate with anions
on the bacterial wall, suppress its biosynthesis, disrupt the
mass transport across the wall and accelerate the death of
the bacteria. Thus, our results are in agreement with their
findings and the presence and amount of amino groups were
essential in the bacterial growth inhibition.

Nanoparticles containing curcumin (CCM/Si0O,-NH,-200
and CCM/SiO,-NH,-400) exhibited superior bactericidal
effects when compared with other nanoparticles. It is
important to highlight here that when the synthesis of bare
silica is performed in the presence of curcumin (3), the
total drug load is very low. Due to the small amount of
curcumin, the bactericidal efficiency of CCM/SiO, (3) is
very close to the one of SiO, (1). SiO,-NH, samples (2a
and 2b) and CCM/SiO,-NH, (4a and 4b) exhibit similar
particle sizes and surface charges, which demonstrate
that the bactericidal effect differences can be attributed to
the curcumin presence. In addition, the differences in the
results obtained between CCM/Si0O,-NH,-200 (4a) and
CCM/SiO,-NH,-400 (4b) cannot be explained by surface
charge effect since all structures present similar zeta
potentials. In this case, the nanoparticles present slight
difference in particle size and different amounts of amino
groups on the surface. In addition, (4a) present a slightly
larger amount of total CCM if compared to sample (4b).
The CCM/SiO,-NH,-200 exhibits nanoparticles with two
populations and large size distribution. On the order hand,
CCM/Si10,-NH,-400 has a monomodal distribution, larger
curcumin intra-particle load and higher contribution due to
the amino groups density on the nanoparticles surface. Our
results highlight that the bactericidal properties of curcumin
were maintained after encapsulation and that the contribution
of the amino groups is essential during bacterial growth
inhibition. Thus, a dual bactericidal system was obtained due
to the presence of curcumin associated to the amine group
on the nanoparticles surface.

J. Braz. Chem. Soc.

Katsu et al.%® reported that the outer membrane of gram-
negative bacteria prevents the penetration of hydrophobic
antibiotics into cells. Hence, the cationic compounds are
used to enhance the permeability of the outer membrane
and thereby increase the sensitivity of gram-negative
bacteria to several antibiotics. Thereby, we believe that
curcumin had their bactericidal properties enhanced by
the amino-functionalized silica. The interaction between
the positively charged amino-functionalized silica and
the negatively charged bacteria cell wall induces the
preferential delivery of curcumin around the bacteria cell
wall, leading to an increased local concentration of drug
and consequent bacteria death. This strong interaction is
also seen with mammalian cells since these nanoparticles
present considerable toxicity especially after 48 h of
incubation. This poisoning effect was somehow predicted
since mammalian cells are highly susceptible to positively
charged structures.* Although we are sure that these
nanoparticles cannot be used as single drug delivery
vectors, the overall surface modification strategy as
well as the nanoparticles presented here can definitively
be incorporated into hybrid materials when cytotoxic
effects are mitigated. Thus, we can envisage the use of
our approach to produce composite materials with great
potential as drug delivery vehicles since it is a versatile and
mild method to solubilize and protect water-insoluble drugs
while the nanoparticle surface can be tailored depending
on the material as well as the final use.

Conclusions

We report here amino surface functionalization of silica
nanoparticles as a strategy to increase the water-insoluble
drug load and enhance antimicrobial properties. Tuning
the amount of amino groups on the nanoparticles surface
provides structures with distinct biological properties. The
amount of water-insoluble drug effectively loaded into
the mesoporous silica as well as the bactericidal activity
response is considerably increased when the total amino
grafting is augmented. The nanoparticles dual bactericidal
activity is justified due to the possibility of increasing the
water-insoluble drug load and enhancing the nanoparticles
interaction with bacteria membrane through electrostatic
attraction. The relationship between activity and structure
indicated that surface chemistry is a major and important
point in nanoparticles antibacterial properties that must
be used in the rational design of new antibiotics based
on nanoparticles. Finally, the strategy described here can
also be customized to other kinds of antibiotics or surface
functionalization, bringing to our approach an ample
scientific and technological relevance.
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Supplementary Information

Supplementary data including TEM and size distribution
images, SAXS profile, FTIR spectra, DLS measurements
in biological media, curcumin release and detailed samples
description for biological experiments are available free of
charge at http://jbcs.sbq.org.br as a PDF file.
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