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AMC@SIO, core@shell nanocarriers (AMC: amikacin) are realized and contain an exceptionally high drug
load of 0.8 mg mg™* (i.e. 80% AMC of total nanocarrier mass). They are prepared via a solvent—antisolvent
approach with AMC nanoparticles formed in a first step, which are then covered and stabilised by a thin
silica shell in a one-pot synthesis. In total, the core@shell nanocarriers exhibit a mean diameter of 240 nm
with an inner AMC core of 200 nm and an outer silica shell of 20 nm. Subsequent to synthesis, the
nanocarriers can be stored in frozen dimethylsulfoxide (DMSO) and applied directly after warming to room
temperature with particle contents of 5 mg mL~% Size, structure, and composition of the AMC@SIO»
core@shell nanocarriers are evidenced by electron microscopy (SEM, TEM), spectroscopic methods (EDXS,
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FT-IR, UV-Vis), as well as X-ray powder diffraction and elemental analysis. As proof-of-concept, the AMC
release and the activity of the novel nanocarriers are tested against two relevant, difficult-to-treat and
notoriously multidrug resistant, bacterial pathogens: Mycobacterium tuberculosis (M.tb.) and Mycobacterium
abscessus (M.abs.). Colloidal stability, storage stability, high drug load, and activity of the AMC@SIO,
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core@shell nanocarriers are promising for, e.g., aerosol-type pulmonal application.

The Journal of Materials Chemistry offers the unique option to present and to introduce new materials with specific material properties with a wide scope of
disciplines ranging from chemistry, physics, and biology to medicine. For about 10 years, we have predominately contributed to JMC-C. Due to our recent

activities on nanocarriers for multimodal imaging and drug delivery, JMC-B is now becoming another first-choice journal for us to bridge the gap between new
materials and fundamental chemistry with an evaluation of these materials in regard to biomedical application.

Introduction

The aminoglycoside antibiotic amikacin (AMC) is applied to
treat acute severe bacterial infections, usually caused by Gram-
negative bacterial and mycobacterial pathogens such as Pseu-
domonas, Klebsiella, or Enterobacter." Its antimicrobial activity
is based on interfering with protein synthesis by binding to
bacterial ribosomes. AMC is widely used in patients with
bacterial pneumonia, intra-abdominal infections, meningitis,
sepsis, and urinary-tract infections." Moreover, in the case of
failed first-line anti-tuberculosis therapy, AMC is employed as a
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second-line agent to multidrug-resistant (MDR) M. tuberculosis
infections in combination with additional antibiotics."”

Upon long-term treatment, AMC is known to be oto- and
nephrotoxic and may cause hearing loss and kidney damage as
severe adverse effects."”® Since there is no resorption from
intestine, the antibiotic needs to be injected intravenously
(iv.) or intramuscular. Systemic application promotes the
aforementioned adverse effects. In order to overcome systemic
effects, encapsulation of AMC in suitable nanocarrier systems
is an intriguing alternative." In comparison to other drugs,
and especially in comparison to chemotherapeutic agents,*
nanocarriers-based approaches were rarely reported for AMC, in
general. Among these approaches, AMC was most often encap-
sulated in different types of polymers and biopolymers,'®”
including poly(lactic-co-glycolic acid) (PLGA), chitosan, or RNA.°
Hereof, PGLA-based nanocarriers turned out to be most promis-
ing due to currently the highest AMC loads of 10-40 pg mg~*.°*
Moreover, AMC was formulated as liposome-based suspension
with AMC loads of 0.5%.” In addition to polymer matrices and
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liposomes, further concepts describe AMC adhered on silver
and gold nanoparticles,® as well as graphene aerogels.’ As
current limitations, these nanoparticle-based approaches only
allow comparably low AMC loads (<40 pg mg ' or <4% of
total nanoparticle mass) with large particle sizes (200 nm up to
several micrometers). Beside polymer-derived nanocarriers,
silica and specifically mesoporous silica nanoparticles were
widely applied for drug delivery,'" also including anti-
tuberculosis drugs.'" Although widely applied for drug delivery,
surprisingly and to the best of our knowledge, silica-based
nanocarriers were not described for the transport and release
of AMC.

In the following, we show the synthesis and characterisation
of AMC@SiO, core@shell nanocarriers with an exceptional
AMC load of 0.8 mg mg ™ or 80% of the total nanocarrier mass
for the first time. This drug load belongs to the highest
drug loading of silica nanoparticles at all. The activity of the
AMC@SiO, core@shell nanocarriers was tested against Myco-
bacterium tuberculosis (M.th.) and Mycobacterium abscessus
(M.abs.) as representatives of important multidrug-resistant
and facultative intracellular pathogens causing either tubercu-
losis or non-tuberculous mycobacterial (NTM) infections in
immunocompromised patients such as those with cystic fibro-
sis or ventilator-associated pneumonia.*?

Results and discussion
Synthesis of AMC@SiO, nanocarriers

The general challenge in regard of the synthesis of AMC@SiO,
core@shell nanocarriers relates to the need to encapsulate a
highly polar hydrophilic drug (amikacin) into a highly polar
hydrophilic shell (silica). A typical way for this is a microemul-
sion approach® with the hydrophilic drug dissolved in the
aqueous droplet phase, followed by a controlled hydrolysis of a
suitable silica precursor (e.g. tetraethylorthosilicate, TEOS),
which is added to the non-polar dispersant phase of the
microemulsion system.">'* Although widely applied, such
microemulsion-based approach has certain restrictions such
as the low amount of nanocarriers that can be obtained per
volume of the microemulsion (e.g. 5-10 mg per 50 mL) or the
low drug load in the limited volume of the aqueous droplet (e.g.
1-5 mL of water per 50 mL of microemulsion). To solve this
problem, we here apply a modified solvent-antisolvent
approach. In principle, such strategy is well-known to prepare
micron-sized drug nanoparticles, but it is typically applied for
lipophilic drugs being insoluble in water.'> The realisation of
hydrophilic AMC nanoparticles via a solvent-antisolvent
approach is here shown for the first time (Fig. 1).

To obtain AMC@SiO, core@shell nanocarriers via a solvent—
antisolvent approach, first of all, a saturated solution of AMC in
water as the “solvent” was prepared (Fig. 1b). As a highly polar
drug, AMC is well soluble in water (80 mg in 0.7 mL H,0). This
solution was injected into a larger volume of ethanol (50 mL),
serving as the “antisolvent”, with vigorous stirring at 70 °C. In
contrast to water, AMC is more-or-less insoluble in ethanol, so
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Fig. 1 Schematic illustration of the synthesis of AMC@SIO, core@shell
nanocarriers: (a) starting materials, (b) nucleation via a solvent—antisolvent
approach, (c) densification and thickening of silica shell.

that - in accordance with the La Mer-Dinegar model - nanoparticles
are formed.'® Thereby, a fast addition and a slightly elevated
temperature support the nucleation process. The as-formed
AMC nanoparticles, however, are colloidally not stable in
ethanol and show agglomeration and precipitation on a time-
scale of about 10 minutes. To stabilise the AMC nanoparticles,
a low amount of octyltriethoxysilane (OTES) (30 pL) was added
to the ethanol suspension, which, moreover, was slightly acid-
ified (0.1 mL 0.1 M HCI) (Fig. 1b). Acidification catalyses the
hydrolisation of the ethoxysilane groups of OTES to highly
polar silanol (Si-OH) groups,'” which coordinate to the surface
of the as-formed polar AMC nanoparticles, whereas the less-
polar octylsilane groups of OTES are directed to the ethanol
phase. Acidic conditions as well as low quantities of fluoride,
after addition of NH,F, promote a cross-linking of the silanol
groups at the AMC particle surface (Fig. 1c).'®

To increase the thickness of the as-formed thin silica layer
on the AMC nanoparticles, TEOS was added (Fig. 1c). In order
to promote a growth of the already established silica shell over
the nucleation of novel SiO, nanoparticles, TEOS was slowly
added. Moreover, hydrolysis and cross-linking of the silanol
groups were again supported by acidic conditions and addition
of NH,F. Subsequent to the synthesis, the as-prepared colour-
less AMC@SiO, core@shell nanocarriers were purified by cen-
trifugation/redispersion from/in ethanol to remove remaining
starting materials and salts. Finally, the AMC@SiO, core@shell
nanocarriers can be dried in vacuum at room temperature to
obtain powder samples, or they were redispersed in ethanol or
dimethylsulfoxide (DMSO) with 5 mg mL " of the nanocarriers.
These suspensions are colloidally stable over several months. In
particular, DMSO is useful as this solvent is also approved for
clinical application (even intravenously)."

Characterisation of AMC@8SiO, nanocarriers

First of all, size, size distribution, and nanostructure of the as
prepared AMC®@SiO, nanocarriers were examined. To this
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Fig. 2 Size and structure of the as-prepared AMC@SiO, core@shell
nanocarriers: (a and b) SEM overview images at different levels of magni-
fication with selected nanocarriers indicated by red dots, (c) STEM detail
image, (d) size distribution according to SEM and DLS.

concern, dynamic light scattering (DLS) and electron micro-
scopy were used. DLS analysis of suspensions in ethanol and
DMSO exhibit mean hydrodynamic diameters of 253 + 41 nm
(ethanol) and 233 + 39 nm (DMSO) with narrow size distribu-
tion (Fig. 2d). Scanning electron microscopy (SEM) shows a
spherical shape of the nanocarriers with a particle diameter of
234 £+ 39 nm (Fig. 2a, b and d), which is in accordance with the
larger hydrodynamic diameter stemming from DLS analyses
(Fig. 2d). This mean size was calculated by statistical evaluation
of 150 nanoparticles on SEM images. Scanning transmission
electron microscopy (STEM) elucidates the structure of the
nanocarriers with an inner cavity about 200 nm in size and
an outer wall, about 20 nm in diameter (Fig. 2c).

To prove the presence of the core@shell-type nanostructure
and composition, transmission electron microscopy (TEM) and
energy-dispersive X-ray spectroscopy (EDXS) were conducted.
High-angle annular dark-field (HAADF)-TEM, first of all, con-
firms the presence of an inner cavity and an outer SiO, shell
(Fig. 3a and e). EDXS areas scans show element mappings of Si,
C, and O (Fig. 3b-d). Here, the higher concentration of Si and O
in the outer shell (compared to the inner cavity) and the higher
concentration of C in the inner cavity (compared to the outer
shell) are indicative. Furthermore, an EDXS line scan also
confirms the nanostructure of the AMC@SiO, core@shell
nanocarriers with an inner cavity diameter of 170-220 nm
and a shell thickness of 30-50 nm (Fig. 3e) and an element
distribution similar to the EDXS area scans with a carbon-rich
cavity and a silica-rich shell (Fig. 3f).

Beside size and nanostructure of the AMC@SiO, core@shell
nanocarriers, their chemical composition was examined. To
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Fig. 3 Nanostructure of AMC@SIO, core@shell nanocarriers: (a) HAADF-TEM
image, (b—d) EDXS area scans (Si-K, O—K, C-K lines used for analysis) of
the nanostructure shown in (a), (e and f) EDXS line scan with (f) element
mapping along the orange line in (e).

this regard, Fourier-transformed infrared (FT-IR) spectroscopy
shows vibrations of SiO, (1(Si-O-Si): 1250-950, 1(Si-OH):
950-880, §(Si-O-Si): 825-650 cm™ '), remaining octyl groups
((C-H): 3000-2835 cm™'), and AMC ((O-H): 3500-3000,
Y(N-H): 3400-3000, »(C-H): 3000-2835, 5(N-H): 1690-1520,
J(CH3/CH,): 1465-1438, § CH3): 1395, (C-O): 1130-1000 cm ')
(Fig. 4a). Furthermore, X-ray powder diffraction (XRD) indicates
the nanocarriers to be non-crystalline, which is to be expected in
regard of the low temperature of synthesis (Fig. 4b). Such non-
crystalline drug reservoir was also reported to be advanta-geous
in regard of a continuous release and fast distribution in com-
parison to crystalline drug particles.">

Total thermal combustion via thermogravimetry (TG) shows
a two-step decomposition (Fig. 4c). Thereof, the first step at
50-100 °C (10.2 wt%) can be ascribed to residual ethanol
adhered to the particle surface. The second decomposition
(150-600 °C, 81.0 wt%) can be related to the decomposition
of all organic components in the AMC@SiO, nanocarriers. The
solid residue (8.8 wt%) represents SiO,. In addition to TG, ele-
mental analysis (EA) results in C/H/N contents of 35/4.8/7.8 wt%. As
only AMC contains nitrogen, 7.8 wt% N, 4.6 wt% H, and 30 wt% C

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Chemical composition of the as-prepared AMC@SiO, core@shell
nanocarriers: (a) FT-IR spectrum with pure AMC and SiO, as references,
(b) XRD with AMC as a reference, (c) TG analysis.

can be related to AMC (N:C:H = 1:3.8:0.6). The residual C/H
content (5 wt% C, 0.2 wt% H) can be ascribed to remaining octyl
groups. In sum, the as-prepared AMC@SiO, nanocarriers (after
correction for surface-adhered solvents) can be concluded to con-
tain 80 wt% of AMC (0.8 mg mg ™ '), 9 wt% of further organics and
water, as well as 11 wt% of SiO,. With this composition, the AMC
load of the AMC@SiO, core@shell nanocarriers is 20- to 100-times
higher as reported for polymer- or liposome-based nanocarriers.® %’
This exceptional drug load also allows to significantly reduce
the amount of non-drug by-materials (e.g. silica) administered
with the nanocarriers, which are non-active but nevertheless
may cause toxic effects.

The AMC®@SiO, core@shell nanocarriers can be easily
enabled with fluorescence features. Here, for instance, Nuclear
Fast Red (NFR) or methylfluorescein phosphate (MFP) were
used as orange-light or green-light emitting dyes, added to the
aqueous amikacin solution in the synthesis procedure (Fig. 1b).
Thereafter, the presence of NFR/MFP can be proven by UV-Vis
and photoluminescence spectroscopy (Fig. 5). UV-Vis spectra of
NFR-labelled AMC@SiO, core@shell nanocarriers show the char-
acteristic absorption maxima of NFR (300-350, 450-580 nm)
as well as the absorption of SiO, (<230 nm) (Fig. 5a). The
NFR-based absorption is also causative for the reddish appear-
ance of NFR-labelled samples (Fig. 5b). Beside UV-Vis spectra,
excitation and emission spectra exhibit the characteristic
fluorescence properties of NFR (Fig. 5¢). The orange emission
of NFR-labelled samples is even visible with the naked eye
(Fig. 5b). Similar to NFR, MFP-labelled AMC@SiO, core@shell
nanocarriers show the expected absorption of MFP (400-500 nm)
and of SiO, (<230 nm) (Fig. 5d). Fluorescence spectra indicate the
MFP-related excitation (400-550 nm) and emission (500-650 nm)
(Fig. 5f). Due to the pH-dependence of the fluorescence of

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Optical properties of NFR-labelled (a—c) and MFP-labelled (d-f)
AMC@SiO, core@shell nanocarriers: (@ and d) UV-Vis spectrum with
AMC@SIiO, (ethanol), SiO, (ethanol), AMC (in water), and NFR (in water)
or MFP (in water) as references, (b and e) photo of suspension in daylight
and with excitation (366 nm), (c and f) excitation and emission spectra
(recorded with NFR: Jem = 575 NM, Aexe = 534 nm; MFP: Jem = 497 nm,
Jexc = 531 nm).

MFP," certain shift of excitation/emission between freely dis-
solved dye and the MFP-labelled nanocarriers is observed. The
green emission of MFP-labelled samples is again even visible
with the naked eye (Fig. 5e).

Antibiotic activity of AMC@SiO, core@shell nanocarriers

For pulmonal administration of the AMC@SiO, core@shell
nanocarriers (e.g. aerosol), their colloidal stability and storage
stability are specifically relevant. To this concern, suspensions
in water turned out to be less suitable as they show certain
agglomeration of the AMC@SiO, core@shell nanocarriers as
well as a continuous AMC release during storage. To this
concern, we have redispersed the nanocarriers in DMSO - a
solvent, which is even approved for intravenous application®®
and in which AMC is more-or-less insoluble. Dispersing
AMC@SiO, core@shell nanocarriers in DMSO also turned out
to be advantageous for storage. Thus, the DMSO suspensions
with 5 mg mL ™" can be frozen at —30 °C without any change of
size or shape of the nanocarriers. Thus, after 10 weeks at
—30 °C and warming to room temperature, DLS shows a
particle size and particle size distribution similar to the as-
prepared DMSO suspensions prior to freezing (Fig. 6a). Taken
together, high drug load, high colloidal stability, and good
storage stability are very promising for pulmonal application.
Upon addition of the as-prepared DMSO suspensions to
water, AMC is continuously released over about 80 min, which

J. Mater. Chem. B, 2023, 11, 5460-5468 | 5463
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Fig. 6 AMC release of AMC@SIO, core@shell nanocarriers: (a) particle
size according to DLS analysis prior and after freezing in DMSO at —30 °C
for 10 weeks, (b) UV-vis spectra showing the AMC release after mixing of
DMSO suspensions with water based on the NFR absorption (at 535 nm) in
the supernatant after 10-80 min of stirring and separation of the nano-
carriers), (c and d) SEM images of nanocarriers after AMC release with
considerable cracks in the surface.

can be followed by UV-Vis spectroscopy. Due to the fact that
AMC does not exhibit any characteristic absorption in the
visible regime, NFR-labelled AMC@SiO, core@shell nanocar-
riers were used. In fact, their release can be considered to be
largely similar as both AMC and NFR are located in the inner
core of the nanocarriers and as both have a similar solubility in
water. Accordingly, NFR-labelled AMC@SiO, core@shell nano-
carriers were injected into water and thereafter continuously
stirred over periods of 10 to 80 min. Thereafter, the nanocar-
riers were removed by centrifugation, and the NFR absorption
of the supernatant monitored at 535 nm. As a result, a more-
or-less linear release of AMC/NFR over about 60 min was
observed (Fig. 6b). After 80 min, AMC/NFR was completely
released. The solid residue of the remaining nanocarriers was
examined by SEM (Fig. 6¢ and d). The respective images still
show SiO, nanocarriers with considerable cracks in their sur-
face. Thus, it can be assumed that the AMC@SiO, core@shell
nanocarriers break up due to the uptake of water, driven by the
high osmotic pressure of the highly polar AMC in the inner
nanocarrier core. Thereafter, AMC (and NFR) are released into
the solution. Having reached the deep lung (e.g. via aeroliza-
tion), the nanocarriers as well as already released AMC can be
taken up by macrophages for transport to the site of the
bacteria, whereas silica residues are removed from the lung
with the mucus.”

As a proof-of-concept study, the anti-mycobacterial activity of
the AMC@SiO, core@shell nanocarriers in comparison to free
AMC was examined in murine bone marrow derived macro-
phages (BMMO) infected in vitro with either M.th. (Fig. 7) or
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Fig. 7 Antibiotic activity of AMC@SIiO, core@shell nanocarriers against
Mycobacterium tuberculosis: (a) schema illustrating the incubation pro-
cedure and growth of colony forming units (CFU), (b and c) concentration-
and time-depending activity against M.tb. 48 hours (b) and 72 hours (c)
post infection.

M.abs. (Fig. 8) for 2 h. Cells were incubated for 0 to 72 h in the
presence of either AMC@SiO, nanocarriers, freely dissolved
AMC (both pre-diluted in medium and adjusted to AMC con-
centrations of 0 to 32 pug mL ™", positive control), AMC-free SiO,
nanocarriers or water (negative controls). Cells were lysed,
serially diluted, and plated onto 7H11 agar plates to determine
the anti-mycobacterial activity by colony-forming-unit (CFU)
counts after 3 weeks of incubation at 37 °C (Fig. 7a). AMC@SiO,
suspensions and AMC solutions were employed at identical
AMC concentrations.

The CFU data consistently show that neither AMC-free SiO,
nanocarriers nor H,O affect the growth of M.th. or M.abs. in
infected BMMO resulting in similar CFU numbers as in
untreated cells (Fig. 7b, ¢ and 8b, c¢). In contrast to AMC-free
SiO, nanocarriers, AMC@SiO, core@shell nanocarriers show a
dose- and time-dependent anti-mycobacterial activity similar to
freely dissolved AMC. This finding also confirms a complete
release as already indicated in Fig. 6b. Notably, the activity of
both free AMC as well as nanocarrier-formulated AMC against M.¢b.
is moderate (Fig. 7b and c). In contrast, both free AMC as well as
nanocarrier-formulated AMC show a substantial anti-mycobacterial

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Antibiotic activity of AMC@SIiO, core@shell nanocarriers against
Mycobacterium abscessus: (a—c) concentration- and time-depending
activity against M.abs. 24 hours (a), 48 hours (b), and 72 hours (c) post
infection.

activity against M.abs. (Fig. 8b and c). Against M.abs., the
AMC@SiO, core@shell nanocarriers are even slightly more
active than freely dissolved AMC over time. Notably, cells
treated with AMC@SiO, core@shell nanocarriers were less
affected by the mycobacterial infection compared to untreated
ones, indicating both the anti-mycobacterial effect as well as
the absence of cytotoxic effects of the SiO, core@shell nano-
carriers system as such.

In order to evaluate the release of the AMC@SiO, core@shell
nanocarriers in vitro, culture supernatants from non-infected
macrophages were tested, which were incubated for 6 h with
AMC@SiO, core@shell nanocarriers, AMC-free control nanocarriers
or freely dissolved AMC (Fig. 9a). The anti-mycobacterial activ-
ity of these supernatants was tested on M.abs. infected macro-
phages in comparison to directly added AMC@SiO, core@shell
nanocarriers, AMC-free control nanocarriers or freely dissolved
AMC (Fig. 9a). Both, supernatants from macrophage cultures
treated with AMC@SiO, core@shell nanocarriers or free AMC
show similar CFUs as directly added AMC@SiO, core@shell

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 AMC release and uptake in vitro: (a) antibiotic activity of super-
natants from AMC@SIO, core@shell nanocarrier-treated macrophage
cultures against M.abs. in macrophages with concentration-depending
activity against M.abs. 48 h post infection of both supernatants retrieved
from non-infected macrophage cultures after a 6 h period of incubation
with AMC@SiO, core@shell nanocarriers, AMC-free SiO, nanocarriers
(negative control) or freely dissolved AMC (positive control) in comparison
to the directly added compounds; (b and c) confocal laser scanning
microscopy of mCherry-expressing M.abs. (red; red arrows) infected
macrophages treated for 24 h with MFP-labelled AMC@SIO, core@shell
nanocarriers (green; green arrows), stained with DAPI (nuclei, blue) in
(b) and with anti-LAMP-1 antibodies (light blue) in (c).

nanocarriers or free AMC, which similar to the results displayed
in Fig. 6b indicates a complete release of AMC during the
incubation period leading to a similar anti-mycobacterial activ-
ity present in the supernatants of treated cells.

Confocal laser scanning microscopy, moreover, reveals the
green fluorescence of MFP released together with AMC from
MFP-labelled AMC@SiO, core@shell nanocarriers (Fig. 9b and
¢), associated with both, M.abs. phagosomes as well as LAMP-1
positive compartments, thereby indicating the release of AMC
from nanocarriers into intracellular endosomal compartments
including mycobacterial phagosomes. The intracellular release
of the drug gives rise to the observed biological activity and
either points to an efficient membrane crossing ability of the
drug itself or an AMC transport via endosomal vesicles.

M.th. and M.abs. differ in their reproduction time and their
capability to grow outside macrophages. Whereas M.th. is a
primarily intracellular and slow growing mycobacterium,
M.abs. is equally capable to grow in- and out-side of macro-
phages in cell cultures. The result that nanocarriers associated
and freely dissolved AMC have a similar efficacy against myco-
bacteria suggests the release of the drug from the AMC@SiO,
core@shell nanocarriers during interaction with or after the
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uptake by the infected BMMO. Such drug release restricted to
the site of infection is essential to avoid systemic adverse effects
upon iv. therapy. Moreover, AMC@SiO, core@shell nanocar-
riers may be applicable by aerosol (including DMSO or lipopilic
dispersants) with the additional benefit that it can be directly
delivered to the lung as prime target organ similar to the
recently clinically approved successful inhalation therapy by
nebulized AMC Liposome Inhalation Suspensions (ALIS) to
treat ventilator-associated pneumonia and cystic fibrosis (CF)
as well as non-CF-associated pulmonary M.abs. infections.>* In
difference to ALIS with 4.4% AMC of total nanocarrier mass,”*
however, AMC®@SiO, core@shell nanocarriers with 80% AMC
of total nanocarrier mass are superior due to a significantly
higher drug load.

Experimental

Synthesis

AMC@Si0, 80 mg of amikacin (AMC,
Cy,H43N5043, 0.14 mmol, Sigma-Aldrich, Germany) were dis-
solved in 0.7 mL of water and acidified with 0.1 mL HCI (0.1 M).
The resulting solution was injected with vigorous stirring into
50 mL of a solution of 50 mL ethanol (absolute, VWR, Germany)
with 30 pL of n-octyltriethoxysilane (OTES, CH3(CH,),Si(OC,Hs)s,
0.01 mmol, Sigma-Aldrich, Germany), 20.0 mg of citric acid
(C¢HgO7, 0.10 mmol, Sigma-Aldrich, Germany), and 1 mg of
NH,F (27 umol, Sigma-Aldrich, Germany) at 70 °C. After 8 h of
continuous stirring and heating, the pH of the suspension was
neutralised to about 7 via addition of 0.1 mL NH; solution
(0.1 M). Furthermore, a solution of 150 L tetraethoxysilane
(TEOS, CgH,(,04Si, 0.67 mmol, Sigma-Aldrich, Germany) in
5 mL of ethanol were slowly added via a syringe pump with a
rate of 0.25 mL h™'. After additional 2 hours of continuous
stirring, 1 mg of NH,F (27.0 umol) was added, followed by a
second addition of as solution of 150 puL of TEOS (0.67 mmol) in
5 mL of ethanol, again, with a rate of 0.25 mL h™"'. Again, 1 mg
of NH,F was added and stirring continued for another 24 h to
finish of the hydrolysation process. Finally, the resulting sus-
pension was purified three times by centrifugation (10 000 x g,
10 min) and resuspension of the nanoparticles in absolute
ethanol to remove salts and excess starting materials. The as-
prepared AMC@SiO, nanocarriers can be stored as a suspen-
sion in ethanol or dimethylsulfoxide (DMSO, VWR, Germany)
with a concentration of 5 mg mL™".

For fluorescence labelling of the AMC@SiO, nanocarriers,
3 mg of Nuclear Fast Red (NFR, C;;HgNNaO,S, 8.40 pmol,
Sigma-Aldrich, Germany) or 3.9 mg of disodium methylfluor-
escein phosphate (Na,(MFP), Na,C,,H;305P, 8.40 umol, Sigma-
Aldrich, Germany) can added to the aforementioned amikacin
solution.

AMC release. To examine the AMC release out of AMC@SiO,
nanocarriers, 0.3 mL of a suspension of NFR-labelled AMC@SiO,
nanocarriers in DMSO (1 mg mL ™" nanocarriers) was injected
into a centrifugation tube containing 10 mL of water. After
certain period of time (i.e., 10, 20, 30, 40, 50, 60, 70, 80 min), the

nanocarriers.
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solid nanocarriers were separated by centrifugation (10 000 x g,
10 min). Thereafter, the absorption of NFR at 535 nm was
recorded via UV-vis spectroscopy. As AMC does not exhibit any
characteristic absorption, AMC cannot be measured directly.
Since both AMC and NFR are located in the inner core of the
NFR-labelled AMC@SiO, nanocarriers, their release can be
considered to be largely similar.

Analytical tools

Dynamic light scattering (DLS) was performed to determine the
hydrodynamic diameter of the AMC®@SiO, nanocarriers in
suspension. To this concern, suspensions in ethanol of DMSO
were analysed in polystyrene cuvettes using a Nanosizer ZS
(Malvern Instruments, United Kingdom). The same instrument
was also used for zeta-potential measurements to examine
surface charging and colloidal stability the nanocarriers.

Scanning electron microscopy (SEM) was used to determine
the particle size and size distribution, using a Zeiss Supra 40 VP
(Zeiss, Germany). Samples were prepared by dappling small
droplets of the nanocarrier suspension in ethanol on a silicon
wafer, which was left to dry for at least 8 h at room temperature.
At least 150 nanoparticles were used to statistically determine
the mean particle diameter. The same device was also used for
scanning transmission electron microscopy (STEM) to confirm
the particle size and examine the inner cavity and shell of the
SiO, nanocarriers.

Transmission electron microscopy (TEM) and high-angle
annular dark-field scanning transmission electron microscopy
(HAAADF-STEM) were performed with a FEI Osiris microscope
(Thermo Fisher Scientific, USA) at 200 kV. TEM samples were
prepared by evaporating small droplets of ethanol suspensions
on Lacey-film carbon copper TEM grids.

Energy dispersive X-ray spectroscopy (EDXS) was applied to
obtain element mappings and to verify the nanocarrier compo-
sition. To this concern, a Bruker Quantax system (XFlash
detector, Bruker, Germany) was used, which was installed at
the FEI Osiris TEM.

Fourier-transform infrared (FT-IR) spectra were recorded
with a Bruker Vertex 70 FT-IR spectrometer (Bruker, Germany).
For this purpose, 300 mg of dried KBr were mixed with 2 mg of
the nanocarriers, pestled, and thereafter pressed into pellets.
These pellets were measured in transmission mode in the
range of 4000-450 cm ™" and baseline corrected.

UV-Vis spectra were recorded on a Shimadzu UV-2700 (Shimadzu,
Japan), equipped with a deuterium discharge lamp (180-360 nm)
and a quartz halogen lamp (360-800 nm) using an Ulbricht
sphere. Samples were deposited in quartz glass cuvettes by
diluting the as-prepared suspensions with ethanol to 25.0 pg mL ™",
Solutions of the dye in ethanol were used as references at
concentrations of 0.25 pg mL™". Spectra of the pure solvent
were recorded in addition and used for baseline correction.

Differential thermal analysis/thermogravimetry (DTA/TG)
was measured using a STA409C device (Netzsch, Germany).
The AMC@SiO, nanocarriers were predried, and samples of

15 mg were heated to 1200 °C with a heating rate of 5 K min ™.

This journal is © The Royal Society of Chemistry 2023
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Elemental analysis (EA) (C/H/N/S analysis) of predried nano-
carriers was performed via thermal combustion with an Ele-
mentar Vario Microcube device (Elementar, Germany) at a
temperature of about 1100 °C.

In vitro efficacy studies in mycobacteria-infected macro-
phages. To assess the anti-mycobacterial activity of AMC@SiO,
nanocarriers compared to free AMC, murine bone marrow
derived macrophages (BMMO, mouse strain C57BL/6 J) were
generated as described. BMMO were seeded at 1 x 10° cells per
well in culture medium (DMEM/10% FBS/100 pg t-glutamine/
10% L929 culture supernatant) for 24 h and subsequently
incubated with M.th. strain H37Rv or M.abs. at a Multiplicity
Of Infection (MOI) of 3 at 37 °C/7.5% CO, for 2 h. To remove the
extracellular mycobacteria, cultures were washed with DMEM,
and AMC@SiO, nanocarrier suspensions (in DMSO) or freely
dissolved AMC (in water) was added at the concentration
indicated. Upon different incubation-time periods as indicated,
cells were serially diluted in water/0.5% BSA/0.1%Tween
80, plated onto 7H11 agar plates, and incubated at 37 °C for
4 weeks before the colony forming units (CFU) were counted.
AMC-free SiO, nanocarriers (in DMSO), freely dissolved AMC
(in water), and pure water served as negative and positive
controls, respectively. Additional controls included superna-
tants from non-infected macrophage cultures treated with
AMC@SiO, nanocarriers, AMC-free SiO, nanocarriers, and
freely dissolved AMC retrieved after a 6 h incubation period
and centrifugation at 10000 rpm to remove the nanocarrier
remains.

Conclusions

AMC@®@Si0, core@shell nanocarriers (AMC: amikacin) with an
outstanding AMC load of 80% of the total nanocarrier mass
were prepared via a solvent-antisolvent approach. Such nano-
carriers are shown for the first time and outperform current
AMC-containing nanocarriers by a 20- to 100-times higher drug
load. With 80% drug load, AMC@SiO, core@shell nanocarriers
exhibit an exceptionally high drug load for silica nanoparticles,
in general. The nanocarrier structure exhibits an inner AMC
core with about 200 nm in size, which is encapsulated by a
silica shell with a thickness of about 20 nm. The silica shell
protects the drug core and supports the dispersibility of the
nanocarriers. In accordance with the high drug load, moreover,
the amount of non-active but potentially toxic by-materials is
significantly reduced. For storage and administration of the
nanocarriers, DMSO turned out to be a suitable solvent and
contained the nanocarriers with 5 mg mL~". Moreover, frozen
DMSO suspensions are ideal for long-term storage and do not
show any change of size and shape. Based on fluorescence-
labelled nanocarriers, the AMC release was shown to be com-
plete after about 80 min. Such fast and complete drug release
is also a difference and potential advantage to many state-of-
the-art SiO,-based nanocarriers, which show slow and often
incomplete drug release.

This journal is © The Royal Society of Chemistry 2023
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As a proof-of-the-concept, the activity of AMC@SiO, core@-
shell nanocarriers was evaluated in bone marrow derived
macrophages (BMMO) that were infected with Mycobacterium
tuberculosis (M.th.) or Mycobacterium abscessus (M.abs.). Both
highly relevant bacterial pathogens are notoriously associated
with multidrug-resistance. The AMC-nanocarrier formulations
show similar activities as freely dissolved AMC against M.abs
and M.th., with especially promising results in the case of
M.abs. In sum, the novel synthesis approach and materials
concept with the outstanding drug load (0.8 mg mg™ ') of a
polar, water-soluble drug in a thin silica shell can be trans-
ferred to other drugs to treat further types of bacteria and
mycobacteria. Based on the high drug load, high colloidal
stability and good storage stability, finally, aerosol-based
administration seems most promising when aiming at pulmo-
nal infections.
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