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Increasing bacterial resistance calls for the simultaneous delivery of multiple antibiotics. One strategy is to
design a unique pharmaceutical carrier that is able to incorporate several drugs with different physico-
chemical properties. This is highly challenging as it may require the development of compartmentalization
approaches. Here we have prepared core—shell silica particles allowing for the dual delivery of gentamicin
and rifamycin. The effect of silica particle surface functionalization on antibiotic sorption was first studied,
enlightening the role of electrostatic and hydrophobic interactions. This in turn dictates the chemical
conditions for shell deposition and further sorption of these antibiotics. In particular, the silica shell
deposition was favored by the positively charged layer of gentamicin coating on the core particle
surface. Shell modification by thiol groups finally allowed for rifamycin sorption. The antibacterial activity
of the core—shell particles against Staphylococcus aureus and Pseudomonas aeruginosa demonstrated
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1. Introduction

Drug carriers for local antibiotic delivery have gained attention
in the last few years due to the need to deliver effective antibiotic
doses, and avoid the high toxicity associated with systemic
administration." Those delivery systems can be applied in situations
such as periodontal disease,” orthopedic trauma®~® or in skin wound
healing.® However, due to the presence of multiple pathogens, and
the increasing drug resistance, the co-delivery of different antibiotics
or other compounds is a promising alternative for increasing
treatment efficacy.”

When the antimicrobial treatment is associated with the
implantation of a biomaterial, the relevant drugs are ideally
loaded within the biomaterial scaffold or at its surface.® How-
ever, for soft tissue repair where hydrogel-based dressings are
used, the kinetics of drug release is usually too fast due to the
large porosity of the scaffold compared to antibiotic dimensions.’
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the dual release and action of the two antibiotics.

Another strategy is to introduce strong chemical bonds between
the material and the drug but this can become complex if
multiple drug delivery is targeted.

As an alternative, the use of nanocomposite materials where
the drugs are associated with nanoparticles embedded in the
scaffold has attracted increasing attention.'®'’ The intrinsic
properties of these nanoparticles, as well as their interactions
with the host hydrogel, can be tuned so as to optimize the drug
release profiles. Among possible antibiotic carriers, silica nano-
particles have been extensively studied. They can be prepared in
a wide range of size, porosity and chemical composition.
Whereas a full assessment of their biocompatibility is still to
be achieved,'* numerous studies have demonstrated that silica
nanoparticles with size ranging from 10 nm to 200 nm exhibit
limited cytotoxicity.">® Moreover, grafting sulfonate, amine and
especially thiol moieties further decreases their detrimental effect."”

To address the issues related to co-delivery of antibiotics,
two options can be envisioned. The first one would rely on the
incorporation of different populations of particles, each loaded
with a unique drug. Although each drug-carrier can be individually
optimized, this approach requires the use of a high total
concentration of silica particles. Alternatively, the incorpora-
tion of multiple drugs within a single type of particle can be
envisioned. However, because the different drugs exhibit some-
times diverging physico-chemical properties (charge and hydro-
phobicity), a chemical compartmentalization is required for the
design of the carrier particle. A rather simple option is to use
core-shell nanoparticles, consisting of a core, or inner material
surrounded by a shell, or outer layer."® Core-shell nanoparticles
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are widely used for bioimaging™® and biosensing,*’ as well as
for other biomedical applications including the co-delivery of
drugs.>"** In particular, silica-based core-shell particles are
commonly formed from a metal,*** metal oxide***® or micellar
core covered with a silica shell.”” This outer layer gives the particle
the same properties as silica particles, such as lower reactivity,
enhanced stability in suspension and slower drug release.”®
Core-shell particles entirely formed by silica have also been
reported exhibiting different characteristics such as bimodal
pore structures® or selective functionalization of the inner and
outer regions of the particles using hybrid sols.*®

Inspired by the latter approach, we report here a new type of
silica core-shell particle having the capability to simultaneously
deliver two common topical antibiotics, gentamicin and rifamycin.
For this purpose, we have developed a strategy similar to layer-by-
layer deposition routes where the positively charged coating of the
drugs on the core surface can act as the reactive interface for
silica shell deposition. The role of electrostatic and hydrophobic
interactions between silanes and antibiotics in the successful
synthesis of these core-shell particles is discussed, enlightening
the foreseeable versatility of this approach.

2. Materials and methods
2.1 Materials

Tetraethyl orthosilicate (TEOS, 98%), (3-aminopropyl)triethoxy-
silane (APTES, >98%) and (3-mercaptopropyl)trimethoxysilane
(MPTMOS, >95%) were purchased from Sigma-Aldrich, as well
as the antibiotics sodium rifamycin and gentamicin sulfate.
Ammonium hydroxide (30%) was obtained from Carlo Erba
Reagents. All other reagents were of analytical grade and
commercially available.

2.2. Synthesis of silica particles

2.2.1. Silica particles (SiOH). Bare silica particles were
synthesized according to the Stéber method.*! Briefly, 21 mL of
tetraethyl orthosilicate were added dropwise to a stirred solution
of 32 mL of ultrapure water, 600 mL of absolute ethanol, and
45 mL of ammonium hydroxide. The solution was stirred over-
night at room temperature. Particles were washed twice with
absolute ethanol, once with deionized water and recovered by
centrifugation, dried in a vacuum and stored in a closed flask.

2.2.2. Amino modified silica particles (SiNH,). 1 mmol APTES
per gram of SiOH was added to the reaction medium before
washing. The solution was stirred overnight at room temperature
and then washed and recovered as described before.

2.2.3. Thiol modified silica particles (SiSH). 5.51 g of
unmodified SiOH particles were resuspended in a mixture of
548 mL of absolute ethanol and 12 mL of ammonium hydro-
xide, and then 5.3 mL of MPTMOS was added. It was stirred for
40 minutes at room temperature and then the solvent was
evaporated at 80 °C until 1/3 of the original volume was
reached. Particles were washed twice with absolute ethanol,
once with deionized water and recovered by centrifugation,
dried in a vacuum and stored in a closed flask.
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2.2.4. Sulfonate modified silica particles (SiSO;). 3.6 g of
thiol modified NPs (SiSH) were resuspended in 180 mL of
hydrogen peroxide 35% and left for 48 hours under stirring.
Then the particles were washed three times with ethanol and
dried in a vacuum. The power was resuspended and stirred in
150 mL of sulfuric acid for two hours. Slowly the solution was
diluted in deionized water in a cold bath. The particles were
recovered and washed with ethanol and deionized water by
centrifugation, vacuum dried and stored.*

2.3. Particle loading

Antibiotic-loaded particles were prepared in deionized water by
mixing the particles and the corresponding antibiotic, in a ratio
of 375 mg of particles: 20 mg of antibiotic: 50 mL of deionized
water. Suspensions were stirred overnight at room temperature
and protected from light. The resulting particles were recovered
by centrifugation and washed three times with deionized water.
Sodium rifamycin and gentamicin sulfate were used as antibiotics.

2.4. Preparation of core-shell particles

The core was synthesized by the Stéber method, modified with
thiol or sulfonate for the loading of rifamycin or gentamicin,
respectively as described before. The silica shell layer synthesis
was carried out with the drug in the ethanol-water medium, in
a ratio 500 mg of particles:27 mg of antibiotics:0.4 mL of
TEOS:0.5 mL of ammonium hydroxide: 1.5 mL of deionized
water: 50 mL of ethanol. This shell was modified as described
before to achieve core sulfonate-modified and shell thiol-modified
particles (SiSO;@SiSH) or core thiol-modified and shell sulfonate-
modified particles (SiISH@SiSO;). The second layer was loaded
with the second antibiotic (i.e. that was not used in the first
step) in the same drug: particle:deionized water ratio. The
loaded core-shell particles were then washed and resuspended
as described before.

2.5. Transmission electron microscopy (TEM)

The size and the shape of the particles were investigated by TEM.
Briefly a drop of the sample in aqueous solution was deposited
on 400-mesh carbon-coated copper grids. After one minute, the
liquid was blotted with filter paper (Whatman no. 4). TEM was
performed at room temperature using a JEOL 1011 electron
microscope operating at 100 kV.

2.6. Zeta potential

The zeta potential of the particles was measured using Zeta Plus
Brookhaven equipment. For this purpose a 5 mg mL ™" suspension
of particles was prepared in 10 mM KCl aqueous solution. In
another experiment, 0.5 mg mL™" of particles were confronted
with increasing concentrations of antibiotics. After each step of
antibiotic addition, particles were recovered by centrifugation
before zeta-potential measurements.

2.7. Microbiological assay (diffusion method)

The microbiological assay was carried out using the disk diffusion
method as described in the United States Pharmacopeia. Petri
dishes with 2 to 5 mm thick Luria Bertani (LB) agar medium were
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inoculated and homogeneously scattered with 100 pL of
1 x 107 c¢fu mL ™" in PBS of the bacterial suspension sensitive
to the antibiotic of interest. Sterile absorbent paper disks were
impregnated with 10 pL of the particle suspension and placed
on the surface of the agar. Staphylococcus aureus ATCC 29213
(sensitive to rifamycin and gentamicin) and Pseudomonas
aeruginosa ATCC 27853 (sensitive to gentamicin) were used.
The inhibition zone was measured after incubation at 37 °C for
24 hours, and evaluated using the corresponding calibration
curve of antibiotics selected according to the known sensitivity
of the microorganisms to the antibiotic of interest (ie.:
20-60 pg mL ™" for gentamicin and 0.3-1.2 pg mL~ " for rifamycin).
In all cases the results are expressed as mean + SD from triplicate
experiments.

2.8. Quantification of gentamicin and rifamycin

The kinetics of the dual drug release behaviour of core-shell
particles was determined by Mass Spectrometry. Nanoparticles
were suspended at a 30 mg mL~" concentration in deionized
water at 37 °C. At regular intervals of time, they were recovered
by centrifugation and the amount of drug released was mea-
sured by MS. For this purpose, quantitative and qualitative
mass analysis was carried out on a TSQ Quantum Access™ Max
(Thermo Fisher Scientific, San Jose, CA, USA) triple stage
quadrupole mass spectrometer with an electrospray ionization
(ESI) source and a Rheodyne™ 7750E-185 divert/inject valve.
Sample injection was performed via the Rheodyne injection
valve with a 10 pl loop. The linearity of the detector response to
sample concentration was assessed by measuring five calibra-
tion points ranging from 5 to 600 ng mL ™" for gentamicin and
rifamycin. Each calibration point was injected five times.
Regression coefficients were obtained by plotting the average
peak area versus concentration, using the least squares method
(ESI-17). Three ions were selected for the quantification of
gentamicin (m/z 464, 322 and 160) and rifamycin (720, 660
and 574).

Fig. 1
and thiol-modified (SiSH) silica particles at different pH values (10 mM KCl).
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2.9. Statistical analysis

In all cases data are mean + SD of triplicate experiments. The
differences were analyzed using two-way ANOVA, followed by
the Tukey post-test; p < 0.05 was considered significant.

3. Results and discussion
3.1 Characterization of surface-modified silica particles

Monodisperse spherical silica particles were obtained by the
Stéber method.>"**> The mean diameters for each type of particle
were 277 £ 12 nm (SiOH), 273 + 5 nm (SiNH,), 269 £ 7 nm
(SiSH) and 277 + 2 nm (SiSO3) as determined by TEM (Fig. 1A
and B), indicating that the particle mean diameter was not
significantly affected by the surface modification (ESI-2t). The
surface modification was also analyzed by measuring the zeta
potential ({) of the particles at different pH values (Fig. 1C).
Starting from pH 2, the bare silica particles (SiOH) are slightly
positively charged and undergo a rapid surface charge reversal
between pH 3 and 4 before reaching a constant value of ca. —65 mV.
For thiol-bearing particles (SiSH), the { value is almost zero in
acidic media and reaches ca. —30 mV at pH 8. After sulfonation,
the ( value is negative over the whole range of pH, with a slight
decay between pH 3 and 5. Finally, the { value of amino-modified
particles (SiNH,) follows a similar trend except that values go
from a highly positive value (+65 mV) to zero.

The measured evolution for bare silica nanoparticles is in
good agreement with the literature, indicating that silanols can
exist in three different forms on the silica surface: SiOH,", SiOH
and SiO~. The positively charged species are present in a
significant amount up to pH ca. 3. This is in agreement with
the point of zero charge of 3 for ca. 270 nm silica particles as
reported elsewhere.?® Then it was suggested that further depro-
tonation involves two populations of silanol groups, 20% being
acidic (pK, SIOH/SIO™ = 4.5) and 80% basic (pK, SIOH/SiO™ = 8.5).
In the case of thiol groups, with a pK, (SH/S™) of ca. 10.5, the
organic function should not contribute to the surface charge of the
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(A and B) TEM photo of unmodified SiOH particles. (C) Zeta-potential of sulfonate-modified (SiSOs), unmodified (SIOH), amino-modified (SiNH)
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particle in the investigated pH range. Therefore the observed {
evolution can be attributed to the decrease of available silanol
groups on the particle surface after grafting, leading to a lower
density of SiOH," in acidic media and SiO™~ in basic solution,
therefore narrowing the range of { variation. After sulfonation,
the strongly acidic SO;~ groups (pK, SOz;H/SO;~ < 1) should
contribute to a constant negative charge that can be evidenced
at low pH. However, in basic medium, the absolute value of {
for sulfonated particles is smaller than that for bare silica
particles. This indicates that, from a surface charge point of
view, the decrease in the number of free silanol groups on the
silica surface that results from the grafting reaction is not
compensated by the presence of sulfonate groups on the
organic chain of the silane. Accordingly, since pK, of primary
amines is ca. 10.5, their protonation degree should be constant
over the 2-8 pH range of this study and should therefore
contribute in a constant manner to the surface charge of SINH,
particles. Comparison of the { evolution of SiNH, and SiOH
shows that this is indeed the case except in the 3-4 pH range.
This probably reflects the existence of direct acid-base reactions
between surface silanolate and ammonium groups from APTES,
as reported in the literature.**

3.2 Characterization of antibiotic-coated silica particles

Silica particles were loaded with two oppositely charged anti-
biotics, gentamicin being positively charged, while rifamycin is
negatively charged. TEM analysis revealed that the particle
mean diameter was not significantly affected by the antibiotic
adsorption (ESI-3t). Based on preliminary experiments, particle
loading was performed in a large excess of antibiotics (20 mg
of antibiotics for 375 mg of particles in water). After washing,
the gentamicin and rifamycin loadings were evaluated on
P. aeruginosa and S. aureus, respectively. Antibiograms were
obtained using the disk diffusion method, and inhibition zones
were measured after incubation for 24 h at 37 °C. After this
period, impregnated paper discs were transferred to new agar
media seeded with bacteria and incubated for an additional
24 h period. However, no antibacterial activity could be observed
after this delay, suggesting that a major fraction of the antibiotics
was released over the first 24 h. Unloaded particles showed no
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antibacterial activity in all cases indicating that the measured
bactericidal effects originated from the drugs only.

In the case of gentamicin, the largest antibiotic amount was
found for the most negatively charged particles SiOH and
SiSO;~ compared to thiol-(SiSH) and amino-(SiNH,) modified
silica particles (Fig. 2). This suggests that attractive electrostatic
interactions are the main driving force for the sorption process.
Indeed, the amounts of gentamicin in SiOH and SiSO;™
are 1509 pg g ' and 1793 pg g ', respectively, which are
6 and 7 times higher than the amount found in SiSH (Table 1).

On the other hand, in the case of the negatively charged
rifamycin, the situation is more complex. Despite their positively
charged surface, SiNH,, particles do not adsorb significantly more
antibiotic than bare particles. Moreover, the highest rifamycin
loading was obtained for slightly negatively charged SiSH particles
with 19.2 pg g ' (Table 1). This can be explained by considering
that rifamycin is classified as an hydrophobic molecule, with an
octanol-water partition coefficient of 2.77,* while thiol groups
have the capability to confer non-polar-properties to modified
surfaces.>®*” Therefore it is very likely that hydrophobic inter-
actions are involved in the rifamycin sorption on SiSH. Sulfonated
particles were not evaluated as their negative surface charge was
expected to repel anionic rifamycin molecules.

To clarify the sorption process, the evolution of zeta potential
with antibiotic concentration was studied for the antibiotic-
loaded particles that exhibited even a low antimicrobial activity,
namely SiSO3, SiOH, and SiSH for gentamicin, and SiNH,, and
SiSH for rifamycin. In the case of gentamicin adsorption, a
gradual increase in the { value with antibiotic concentration
was observed for SiOH, SiSO;~ and SiSH up to slightly positive
values (+5/+15 mV, Fig. 3). The difference in the { value between
uncoated and saturated surfaces for each type of particle nicely
correlates with the drug loading as determined by the disk
method. Altogether, this supports the previous hypothesis that
the sorption process is driven by attractive electrostatic inter-
actions and that saturation occurs after neutralization of the
negative charge of the particle surface by positively charged
gentamicin. Nevertheless, it must be noticed that the final {
value is slightly positive. This suggests that a fraction of the
antibiotic is adsorbed via other interactions either with the silica
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25-

20

15+

* R
%eady & & &

Nanoparticles

m
&
Nanoparticles

Fig. 2 Disk diffusion method evaluation of the antibacterial activity. Activities expressed as International Units (IUs) of the drug per gram of particles:
(A) gentamicin and (B) rifamycin. The results are expressed as mean + SD from at least triplicate experiments. * indicates the statistical significant

difference (p < 0.0001).
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Table 1 |U drug per gram and the corresponding pug per gram of (A)
gentamicin and (B) rifamycin loaded particles. The results are expressed as
mean + SD from at least triplicate experiments

IU Drug per g of NPs ug of drug per g of NPs

(A) Gentamicin

SiSO;~ 1058 £ 256 1793 + 467
SiOH 890 £ 11 1509 + 20
SiSH 160 + 240 271 £ 407
SiNH, 0+0 0+0
(B) Rifamycin

SiSH 17.2 + 3.2 19.2 + 3.5
SiNH, 0.6 £ 0.3 0.7 £ 04
SiOH 0.0 £ 0.0 0.0 £ 0.0

surface or with already-deposited molecules. In particular, the
presence of three hydroxyl groups on the gentamicin backbone
should favor hydrogen bond formation.

In the case of rifamycin, the relationship between zeta-potential
and drug adsorption is not straightforward. The addition of a small
amount of antibiotic leads to a decrease of { for both SiSH and
SiNH,. This event is more pronounced for the former than for the
latter, suggesting that it corresponds to the adsorption of the
negatively charged antibiotics. Increasing further the antibiotic
concentration does not significantly modify the { value, but a slight
continuous increase is obtained for SiSH. Since the rifamycin
loading capacity of these two systems is about hundred times lower
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than for gentamicin (see Table 1), it can be expected that surface
saturation is reached at such low concentrations. Moreover, near
neutral pH, gentamicin bears five positive charges per molecule,
whereas rifamycin has only one negatively charged group so that
the former should have more influence on the overall particle
surface charge than the latter at a similar surface concentration
(Fig. 4). As a matter of fact, the two drugs also differ from the point
of view of the accessibility of the ionized groups. In the gentamicin
structure, the ammonium functions point out of the glycosidic
rings, whereas the OH group of rifamycin belongs to a naphthalene
ring inducing a sterical barrier and conferring a strong hydro-
phobic character to the molecule. This can explain its low
sorption on SiNH, particles despite their high positive charge.
It also strengthens our hypothesis about the key role of hydro-
phobic interactions in rifamycin sorption.

3.3. Core-shell nanoparticles and their dual antibiotic drug
release properties

In a step forward, particles capable of releasing two antibiotics
were designed. Our strategy involves the synthesis and functio-
nalization of a Stober silica core and its loading with the first
antibiotic (drug A), followed by the deposition of the shell that
is further functionalized and loaded with the second antibiotic
(drug B) (Fig. 5). The evolution of the particle size, as deter-
mined by DLS, and of their surface charge, as obtained by {

B
-= SiSH-R —= SiNH,R
10+
P SR B S, e
& e
. 0 r T r T 1
E 0.001 0.002 0.003 0004  0.005
w -10
=
c
2
& -201
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40*\_/
LI} —
-40-

Antibiotic concentration (mg/ml)

Fig. 3 Zeta-potential of silica particles as a function of antibiotic concentration. (A) Gentamicin-loaded sulfonate (SiSO3-G), unmodified (SiOH-G), and
thiol (SiSH-G) modified particles. (B) Rifamycin loaded amino (SiNH,-R) and thiol (SiSH-R) modified particles.

(A) HoN
(0) (0]
OH
SN0
H £
OH NH,

Fig. 4 Chemical structures of (A) gentamicin and (B) rifamycin.
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Fig. 5 Scheme of the synthesis of double drug-loaded core—shell particles
based on a two step Stdber process.

measurements, are provided in Table 2 at each step of the
preparation process.

A first configuration was studied using the sulfonated core
loaded with gentamicin, as it exhibited the higher drug loading,
further coated with a silica shell and functionalized with thiol
groups followed by rifamycin sorption (SiSO;-G@SiSH-R).
{ data show that the adsorption of gentamicin on SiSO; leads
to a decrease in negative charge of the particles, as expected for
the deposition of the cationic antibiotic. DLS also indicates a
slight increase in the particle diameter. Note that these data
were obtained after rinsing the particles so that, compared to
the values obtained in the presence of an excess of antibiotics
and representative of the synthesis process (Fig. 3), partial
gentamicin desorption has occurred leading to a negative value
of {. Subsequently, reaction of SiSO;-G with TEOS leads to an
increase of the absolute value of (, reaching ca. —60 mV and
therefore close to the value of bare Si-OH particles, strongly
supporting the formation of a silica shell. In parallel, DLS data
also suggest an increase in particle diameter but the relatively
high value of the standard deviation for SiSO;-G (40 nm) does
not allow the calculation of the shell thickness. After outer
grafting with MPTMOS, the { decreases in absolute value,
similar to our previous observation of MPTMOS reaction on
core silica particles. The successful formation and functionalization
of the shell were also supported by analyzing the pH depen-
dence of the { value of the particles after synthesis (Fig. 6). The
evolution of the zeta potential in the pH range of 2 to 8 closely
follows that of the thiolated core particles, indicating that
the resulting surface chemistry is similar. Finally, further
contact with rifamycin decreases again the absolute value of (.
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Fig. 6 Zeta-potential of silica particles and core-shell particles as a
function of pH: SiSH-R@SiSOs as compared with SiSOz and SiSOz-G@SH
as compared with SiSH.

In parallel, DLS data suggest an important aggregation of the
particles.

The mirror situation using the thiolated core loaded with
rifamycin coated with a silica shell and functionalized with
sulfonated groups, followed by gentamicin sorption, (SiSH-R@
SiSO;-G) was studied. As seen in Table 2, after contact of TEOS
with the rifamycin-coated thiolated core particles, only a slight
variation of { is measured for the expected (SiSH-R@SiOH)
system and this value is not significantly modified after
MPTMOS grafting and sulfonation (SiSH-R@SiSO;). In parallel
all particle sizes obtained from DLS were within the standard
deviation range, except for the final gentamicin deposition.
A more detailed study of the pH-dependence of the { for
SiSH-R@SiSO; systems shows that it follows that of sulfonated
cores but with a significantly more negative value under acidic
conditions (Fig. 6). This suggests that the oxidation reaction
required for sulfonation of thiol groups of the shell also
impacts the thiol groups present on the core particle. In
addition, the experimental conditions for the sulfonation of
the shell are particularly harsh when considering the shell
formation of preloaded cores, involving a multistep process
with hydrogen peroxide, sulfuric acid and successive washings.
This suggests that such a combination is not suitable to obtain
bi-functional core-shell particles so that only gentamicin loading
of the core will be considered for the rest of the manuscript.

The structure of the particles obtained with and without
antibiotics was then analyzed by TEM. As can be seen in Fig. 7,
for antibiotic-free core particles, no significant modification of

Table 2 Evolution of zeta potential ({) in 10 mM KCl and hydrodynamic diameter (dy) as obtained from DLS in deionized water at each step of the
bifunctional core—shell particle synthesis (G: gentamicin; R: rifamycin). The results are expressed as mean + SD from at least triplicate experiments

Sample { (mv) dy (nm) Sample { (mv) dy (nm)
SiSO; —50 £ 3 257 £ 16 SiSH -38+£2 258 £7
SiSO;-G —-18+1 325 + 42 SiSH-R —32+2 253 £ 17
SiSO;-G@SiOH —59 £ 2 358 £17 SiSH-R@SiOH —55 %2 267 £ 5
SiSO;-G@SiSH -32=£1 377 £13 SiSH-R@SiSO; —46 £ 2 275 £ 13
SiSO;-G@SiSH-R —13£2 1240 + 157 SiSH-R@SiS0;-G —-6+1 988 £+ 130
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Fig. 7 TEM images of: (A) SiOH@SiSH, (B) SiSH@SIiSH and (C) SiSOz@SiSH core—shell particles, with or without gentamicin (G)-loaded cores and with or

without rifamycin (R)-loaded shells (scale bar 50 nm).

the surface of the final colloids was observed, even after the
sorption of the second drug. In contrast, when gentamicin was
initially deposited on the core particle, an additional thin layer
was observed on the particle surface. This layer could still be
observed after further shell surface sorption of rifamycin.

The deposition of a silica shell was confirmed by SEM
imaging (Fig. 8 and ESI-4f). The surface of the silica shell
grown on the surface of gentamicin-coated SiSO; particles

=%

Fig. 8 SEM images of (A) SiSOz@SiSH and
(scale bar 50 nm).

(B) SiSO3-G@SiSH-R particles

This journal is © The Royal Society of Chemistry 2016

shows a granular aspect that is also strikingly observed after
rifamycin sorption on these core-shell systems.

At this point, it is important to consider the shell process
formation. The possibility to form SiO, shells on silica particles
under the Stober conditions has been widely described.*®
Although electrostatic interactions are unfavorable for silica
deposition on bare silica particles, it may proceed thanks to
the promotion of the condensation reaction of silanols and
silonates under basic conditions. Surface modification by
cationic coating introduces favorable electrostatic interactions
promoting silica deposition.*® In contrast, the introduction of
anionic groups on the particle surface should limit shell
formation. The effect of grafting hydrophobic moieties should
also make the coating process of hydrophilic silica less favorable
than for bare particles. Coming back to our samples, the efficiency
of the shell layer deposition of silica particles should vary as
SiOH > SiSH > SiSO;. Noticeably, TEM images could not provide
any evidence that such a reaction occurred under these conditions.
However, this situation was changed after gentamicin sorption
as the surface turned positive, favoring the formation of an
observable silica shell. On this basis, only the SiSO;@SiSH
configuration was further studied.
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Antimicrobial activity against the two bacterial strains
(gentamicin-sensitive P. aeruginosa and gentamicin-rifamycin-
sensitive S. aureus) was achieved when the two drugs were
present within the core-shell particles. The diameters of the
corresponding inhibition zones were taken as 100% to compare
the efficiency of these dual systems with particles containing a
single antibiotic (Fig. 9). For both bacteria, drug-free core-
shell particles showed no significant antibacterial activity. For
P. aeruginosa, the gentamicin-free particles were ineffective
whereas the gentamicin-loaded particles showed an antibacterial
activity similar to the particles with both antibiotics. This is in
good agreement with the fact that rifamycin is poorly effective
towards Gram-negative bacteria. It is important to point out that
gentamicin-coated core particles and core-shell systems have a
similar antibacterial efficiency, indicating that no important
leaching of gentamicin occurred from the particle core during
rifamycin sorption on the shell. For S. aureus, the core-shell
particles containing both drugs presented an antimicrobial
activity 1.5 times higher than the two systems containing only
one antibiotic. These results indicate that these core-shell
particles can efficiently deliver both antibiotics.

To clarify this point, mass spectrometry analysis of a particle
suspension supernatant allowed us to identify the presence of
gentamicin and rifamycin®®*' (ESI-51) and further confirmed
the release of both antibiotics from the core-shell particles. The
kinetics profiles revealed that 43% of the rifamycin is released
during the first 30 minutes while the release of 50% of the

% Diameter
g

04

NPs

View Article Online
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gentamicin requires a four time longer incubation time. More-
over, rifamycin is completely released from the particles within
3 hours while only 71% of the gentamicin is released over the
same period (Fig. 10). This is in agreement with the proposed
mechanism where the outer rifamycin coating is rapidly desorbed
whereas gentamicin release requires the progressive diffusion
through the silica shell or dissolution of the silica shell.

Our procedure has some similarities with layer-by-layer
routes, where the core-shell structure is built up from the
alternation of coatings with opposite charges. Whereas a close
strategy was previously described to build up bi-functional
core-shell mesoporous particles using hybrid sols,** we have
here taken advantage of the antibiotic layer itself as a charged
interface for shell deposition, limiting its leaching during silica
formation and further chemical modification. This strategy
should therefore be applicable to any positively charged drug
as a core component, whereas the shell coating may be of
various natures. Importantly, although the mirror situation, i.e.
direct shell coating from TEOS on a negatively charged core,
does not appear to be possible as such, the use of hybrid sols
containing cationic silanes, such as TEOS/APTES mixtures,
should allow for further silica deposition.*” Accordingly, the
use of hydrophobic sols can favor shell formation on the
surface of core particles coated with lipophilic drugs.**

This strategy can also be extended to mesoporous particles
that may offer the possibility for the loading of up to four drugs
(inside core, outside core, inside shell, and outside shell) whose

) S. aureus
150-

—

-
=3
<

% Diameter

NPs

Fig. 9 Disk diffusion method evaluation of the antibacterial activity of core—shell particles: (A) plates obtained with (a) rifamycin calibration curve
(0.3-0.6-1.2 pg mL™Y), (b) SiSOz@SISH-R, (c) SiISO3-G@SISH-R, (d) SiSOs-G@SiSH and (e) SiSOz@SiSH on (i) P. aeruginosa and (i) S. aureus. (B) Corresponding
diameter size relative to SiSOz-G@SiSH-R (100%) for (i) P. aeruginosa and (ii) S. aureus. * and ** indicate the statistical significant difference (p < 0.0001).
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Fig. 10 Dual release profiles of rifamycin and gentamicin from the
core-shell particles measured by mass spectrometry.

sequential release may be additionally tuned by gate-keeping
approaches.***® Such a strategy may be of particular interest in
so-called combination therapy that has become a key strategy
in cancer treatment."’

4. Conclusions

The co-encapsulation of drugs with different and sometimes
divergent, physico-chemical properties within a single carrier
requires the development of compartmentalization strategies. The
core-shell approach appears to be particularly suitable for this
purpose but faces possible interference in the presence of drugs
associated with the core particle with further deposition of the
shell. In contrast, we show here that it is possible to benefit from
the presence of a positively charged antibiotic coating to promote
further silica deposition. This approach also has the advantage to
avoid premature leaching of the core drug during shell formation.
As a step further, it is now important to extend this layer-by-layer
strategy to anionic and hydrophobic drugs. In addition, further
control of the shell structure should allow for a temporally differ-
entiated control of the release kinetics of the two molecules.
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