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Abstract

Degradable acetalated dextran (Ac-DEX) nanoparticles were prepared and loaded with a
hydrophobic silver carbene complex (SCC) by a single-emulsion process. The resulting particles
were characterized for morphology and size distribution using scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and dynamic light scattering (DLS). The
average particle size and particle size distribution were found to be a function of the ratio of the
organic phase to the surfactant containing aqueous phase with a 1:5 volume ratio of Ac-DEX
CH,Cl, (organic): PBS (aqueous) being optimal for the formulation of nanoparticles with an
average size of 100 + 40 nm and a low polydispersity. The SCC loading was found to increase
with an increase in the SCC quantity in the initial feed used during particle formulation up to 30%
(w/w); however, the encapsulation efficiency was observed to be the best at a feed ratio of 20%
(w/w). In vitro efficacy testing of the SCC loaded Ac-DEX nanoparticles demonstrated their
activity against both Gram-negative and Gram-positive bacteria; the nanoparticles inhibited the
growth of every bacterial species tested. As expected, a higher concentration of drug was required
to inhibit bacterial growth when the drug was encapsulated within the nanoparticle formulations
compared with the free drug illustrating the desired depot release. Compared with free drug, the
Ac-DEX nanoparticles were much more readily suspended in an aqueous phase and subsequently
aerosolized, thus providing an effective method of pulmonary drug delivery.
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Introduction

Infectious diseases constitute the second major cause of death worldwidel, and bacteria are
the most common source of infection-related death.2 An increasing number of bacterial
infections are evading standard antimicrobial therapies thereby becoming difficult, if not
impossible, to treat.3 Resistance to multiple antibiotics is spreading throughout the world,
and the number of reports of therapy failures is growing.3-6 Traditional antibiotics are no
longer effective in all cases, and treatment options for certain microorganisms have become
increasingly scarce.® 7 Therefore, decreasing the number of deaths caused by bacterial
infections will only be possible with the persistent discovery and development of new drugs
and drug delivery systems.®

In contrast to other antibiotics, silver has been used as an antimicrobial for centuries8-9, and
yet bacterial resistance to silver is very rare and often transitory. Furthermore, silver has
potent antimicrobial efficacy against a broad spectrum of bacteria and has very low toxicity
to human cells.® 10-11 Consequently, a variety of silver-based compounds have been
synthesized and evaluated for their antimicrobial properties.8-2 For example, silver
sulfadiazine was introduced in the 1960s and is still routinely used as an antimicrobial agent
in the treatment of burns.12 Silver nitrate (AgNOs3) has been used as an antimicrobial agent
since the 1800s; however, its use is not practical /n vivo because it interacts with salts and
other biological agents present within the bloodstream and rapidly inactivates.8-9 13

Recently, the research groups of Youngs and Cannon have synthesized and evaluated the
antimicrobial properties of a series of silver N-heterocyclic carbene complexes (SCCs).14-17
Excellent reviews on silver and other metal N-heterocyclic carbene complexes detailing
their synthesis, properties, and applications are available.14 16:18-19 Even though a few
silver carbene complexes (SCC) showed high sensitivity to water and chloride ions?°,
several complexes exhibit improved stability to aqueous solutions and efficient antibacterial
activity.1” However, the /in vivo efficacy of the SCCs alone may be limited by their rapid
clearance, which is typical for small molecule drugs.21-23 Moreover, silver compounds can
react with and be inactivated by sulfur-containing proteins and chloride ions that are present
in the bloodstream.22: 24 Therefore, the development of an appropriate drug delivery system
to carry the SCCs should significantly decrease their clearance rate from the body, and could
provide protection from external agents present in the bloodstream, increasing the stability
and efficacy of the SCCs.

Current research in the drug delivery field is focused on the search and development of new
biocompatible and biodegradable materials.2>-27 Micro- or nanoparticles made from
degradable polymers, such as polyesters28, poly(ortho esters)2?, and polyanhydrides3?, have
been used as carriers for vaccine applications31, gene delivery32, and chemotherapeutic
agents33. Furthermore, several polymers34, hyperbranched polymers3>, and dendrimers36-37
have been tested as carriers for silver-based antimicrobial compounds.38-39 Cannon and
Wooley et al. have successfully encapsulated SCCs into shell crosslinked nanoparticles
based on poly(acrylic acid)-&-polystyrene (PAA-5-PS) copolymers, and established their
antimicrobial efficacy /n vitro, against the Gram-negative pathogens Escherichia coli and
Pseudomonas aeruginosa.*® Youngs and Cannon et al. have loaded SCCs into L-tyrosine
polyphosphate nanoparticles (LTP NPs) and demonstrated their activity against several
bacterial strains /n vitroand in a Pseudomonas aeruginosa mouse infection model; however,
the efficacy of the SCC-LTP NPs seems to be limited by the slow release of the SCC.4!
Thus, our current research interests are focused on the development of biodegradable
polymeric nanoparticles for SCCs delivery, in an attempt to improve the efficacy of the
drugs through optimizing the loading and release properties of the delivery system.
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Dextran, a bacterially derived homopolysaccharide of glucose, is a widely available, FDA-
approved biodegradable polymer that demonstrates excellent biocompatibility.42-43 In
addition, dextran already has a history of human use in clinical applications for plasma
volume expansion and plasma substitution.*3 Recently, Fréchet has developed a modular
and tunable particle system based on acetal-modified dextran (Ac-DEX).445 Masking the
hydroxyl groups of dextran as acetals provides a hydrophobic material that is easily
processable using various emulsion techniques, while providing tunable pH-sensitivity.44-45
We have shown that under mildly acidic aqueous conditions (pH= 5.0), the pendant acetal
groups hydrolyze, thus unmasking the parent hydroxyl groups of the dextran.4-4> Ac-DEX
particles prepared by emulsion techniques, water in oil (w/o0) or water in oil in water (w/o/w)
can encapsulate either hydrophobic or hydrophilic molecules, respectively, and the payload
release rate can be tuned through the nature of the acetal groups on the dextran.*4-47 The
Ac-DEX particles have been successfully tested as vaccine platforms?6: 48 and gene delivery
carriers.4%-50 |n all cases, payload release was found to occur under mildly acidic
conditions, similar to those found in sites of inflammation, tumors, and endocytic
vesicles.44-50

The present report describes a new method of obtaining biodegradable Ac-DEX
nanoparticles of around 100 nm loaded with a hydrophobic silver carbene complex,
specifically SCC23. The resulting nanoparticle formulations have been characterized for
morphology, size distribution, and silver loading. Subsequently, the activity of the released
silver carbene complex from the various formulations has been demonstrated by
determination of minimum inhibitory concentration (MIC), minimum bactericidal
concentration (MBC), and growth kinetics of various bacterial species in the presence of
nanoparticles. Finally, we display the nebulizable characteristics of the SCC loaded Ac-DEX
nanoparticle formulations. These results suggest that Ac-DEX nanoparticles encapsulating
SCCs may prove to be an effective therapeutic for the treatment of pulmonary bacterial
infections.

Results and discussion
1. Synthesis of the Ac-DEX particles

Dextran was reacted with 2-methoxypropene in the presence of an acid catalyst, yielding
acetalated-dextran (Ac-DEX). A relatively low reaction time afforded an Ac-DEX polymer,
in which most of the acetal groups are acyclic, providing fast degradation rates under mildly
acidic conditions.#4-45 For instance, the half-life of the resulting Ac-DEX polymer at pH 5.0
was as short as 15 minutes, which can be significantly increased to 27 hours by employing
longer reaction times. The Ac-DEX polymer, unlike the water-soluble dextran polymer, was
soluble in organic solvents and completely insoluble in water. This property allowed for the
processing of the Ac-DEX polymer into nanoparticles using standard emulsion
techniques.44-46

For this work, we chose a previously reported polymer with a slow degradation rate*®, in
order to obtain a prolonged antimicrobial effect as a result of a slow release of the
antimicrobial agent. As previously described, dextran that has been acetalated for a longer
period of time degraded at a slower rate in solution due to a high content of cyclic acetals. In
this instance, dextran (Myy=10,500 g/mol) was reacted with 2-methoxypropene in the
presence of an acid catalyst for 60 minutes. The extent of coverage of hydroxyl groups, as
well as the type of acetals formed, was determined by 1H-NMR, which demonstrated that
80% of the hydroxyl groups were covered with acetals. The determination of each type of
acetal resulted in a degree of substitution (DS, number of hydroxyl modifications per 100
glucose units) of 82 for cyclic acetals and 76 for acyclic acetals.*> To determine the
degradation rate, the particles were suspended in pH 5 or pH 7.4 buffered water at 37 °C. In
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pH 5 buffered water, half of the material was degraded after 16h, while there was no
significant degradation at neutral pH in the same time frame.

Our previous reports on Ac-DEX particles used an emulsion procedure based on a method
reported for the formulation of poly (lactide-co-glycolide) nanocapsules®!, and usually
yielded Ac-DEX particles of around 250 + 100 nm.#4-46 In the present work, we report a
modification of the previous method that was optimized to produce smaller (100 nm) and
less polydisperse Ac-DEX particles. The method was optimized by preparing several
batches of particles, for which the amount of Ac-DEX polymer (12.5 mg), the amount of
organic solvent (0.5 mL), and the sonication conditions were maintained constant. The
amount of aqueous solution containing the surfactant (3% PVA in PBS) was varied to
achieve several ratios of CH,Cl,: PBS (1:1, 1:5, 1:10, 1:50), and all data presented here is an
average of at least three similar experiments. According to standard emulsion
techniques®2-23, it was expected that varying the ratio of the Ac-DEX organic solution to the
aqueous PVA solution would produce nanoparticle populations of different sizes and
polydispersities.

For a 1:1 ratio of CH,Cl,: PBS, the Ac-DEX particles obtained were quite large, with a
mean particle size of 850 + 200 nm (Figure 1, red). By increasing the amount of the aqueous
phase, i.e., 1:10 and 1:50 ratios of CH,Cl,: PBS, the Ac-DEX particles obtained were
polydisperse showing a broad peak in the DLS measurement at 150 £ 100 nm and 200 + 100
nm, respectively. However, when a 1.5 ratio of Ac-DEX CH,Cl,: PBS was used, the formed
Ac-DEX particles presented a relatively low polydispersity with an average size of 100 + 40
nm (Figure 1). These formulation conditions (1:5 ratio) seemed to be optimal for the
formation of Ac-DEX nanoparticles suitable for drug delivery applications. In addition, the
SEM characterization of these Ac-DEX particles (Figure 2) showed a particle diameter of
120 + 40 nm, which is in agreement with the DLS data.

2. SCC23 and its loading into Ac-DEX particles

SCC23 (Figure 3) was synthesized from 4,5-dichloroimidazole according to the procedure
described in the report by Hindi et a/16 It is hypothesized that the presence of electron
withdrawing groups on the 4 and 5 positions of the imidazole ring may lead to a more stable
system and this hypothesis was validated through the synthesis and characterization of the
dichloroimidazole-based SCCs. The intermediate compound (1C23) was obtained at a 92%
yield and characterized using both TH NMR and 13C NMR. The relevant NMR peaks

are: IH NMR (500 MHz, dg- DMSO): & 5.71 (s, 4H), 7.57-7.62 (m, 6H), 7.95-8.06 (m, 8H),
9.75 (s, 1H) ppm. 13C NMR (500 MHz, ds-DMSO0): 6 51.8, 117.9, 119.3, 125.5, 136.7,
136.8, 127.7,127.8, 128.8, 130.1, 132.7, 132.8, 136.9 ppm. Subsequently, in situ
deprotonation was carried out with silver acetate to produce the N-heterocyclic carbene
silver acetate complex, SCC23, which was obtained at 82.5% yield. Formation of silver
carbene complex (SCC23) was confirmed using 1H NMR, 13C NMR, elemental analysis,
and X-ray analysis and the details are as follows: 1H NMR (500 MHz, djs- DMSO): 6 1.77
(s, 3H), 5.64 (s, 4H), 7.49-7.54 (m, 6H), 7.89-7.94 (m, 8H) ppm. 13C NMR (500 MHz, dj
DMSO): § 23.5, 28.3, 31.5, 53.7, 63.5, 70.8, 108.6, 140.6, 150.5, 153.0, 175.9, 186.3 ppm.
Anal. Calc. for Co7H21AgCIoN20O,: C, 55.51; H, 3.62; N, 4.79%. Found: C, 56.02; H, 3.64;
N, 4.77 %. Crystal data for SCC23: Cy7H21AgCI>N»0,, M =584.23, monoclinic, a=
11.905(2) A, b=19.701(4) A, ¢=10.836(2) A, a = 90.00°, B=111.050(3)°, » = 90.00°, V
= 2372.0(8) A3, T=100(2) K, space group P2(1)/c, Z= 4, u(MoKa) = 1.104 mm~1, 18642
reflections measured, 4812 independent reflections (R;;;= 0.0453). The final R; values were
0.0398 (/> 20(/)). The final wR(F2) values were 0.0944 (/> 2o(/)). The final R; values
were 0.0549 (all data). The final wR(~2) values were 0.0986 (all data). The goodness of fit
on A was 1.060.
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The presence of aryl functional groups at the 1 and 3 positions on the imidazole ring
produced a hydrophobic molecule, which appeared amenable to encapsulation within
nanoparticles by a single emulsion procedure. Determination of /n vitro antimicrobial
properties of SCC23 against a panel of clinical bacterial isolates from cystic fibrosis (CF)
patients using a standard Clinical and Laboratory Standards Institute (CLSI) protocol
demonstrated its excellent activity with an MICgq of 2 g/ml.>* Furthermore, SCC23 was
found to be not only growth-inhibitory, but also bactericidal against all strains of bacteria
tested, including the silver resistant bacterial strain E£scherichia coli J53+pMG101.54

Due to the hydrophobicity of SCC23, it was encapsulated into the Ac-DEX particles using a
single emulsion procedure similar to that described above, using a 1:5 ratio of CH,Cl,: PBS.
The SCC23 was added to the organic solution together with the Ac-DEX polymer, prior to
the emulsion process. Upon particle formation, the SCC23 remained encapsulated in the Ac-
DEX particles (Ac-DEX-SCC23). The amount of SCC23 inside the Ac-DEX particles was
analyzed by inductively coupled plasma (ICP); the SCC23 loading depended on the initial
amount of SCC23 added (Table 1 and Figure 4). The loading of SCC23 increased
significantly up to 30% initial feed, reaching 154 g of SCC23 permg of particle (for Ac-
DEX-SCC23-3, Table 1). However, for higher initial feeds the final loading of SCC23 was
not significantly higher. The highest loading efficiency was achieved using an initial feed of
20% (w/w) of SCC23, resulting in a 13% (w/w) loading of the SCC.

The size of the Ac-DEX-SCC23 particles was analyzed immediately following the
sonication process, and at that point, all batches of particles measured between 100-150 nm.
After centrifugation, washing with water, lyophilization, and re-dispersion in PBS, the size
of the particles was measured again. At this time point, the particles with an initial SCC23
feed of higher than 30% demonstrated a strong tendency to aggregate; Ac-DEX-SCC23-4
and Ac-DEX-SCC23-5 measured around 700 nm (Figures S4 and S5, Sup. Inf.). When the
Ac-DEX-NPs were formed in the presence of such large amounts of hydrophobic SCC (40
and 50% wi/w), a significant amount of the SCC likely remained outside of the NP, such that
after lyophilization, the external hydrophobic SCC prevented the redispersion of NPs. Due
to the aggregation tendency, no further experiments were performed with these two batches
of particles. Ac-DEX-SCC23-1, Ac-DEX-SCC23-2, and Ac-DEX-SCC23-3 nanoparticle
formulations did not show a tendency to aggregate, and no significant difference in their
sizes after the lyophilization process was observed. Particles in each of these three
formulations remained in the 100-120 nm size range (Table 1 and Figure S1-S3 of Sup.
Inf.).

In addition, the Ac-DEX-SCC23 particles were characterized by TEM in order to confirm
their size range and the presence of silver inside the particles. The size of Ac-DEX-SCC23
particles found by TEM was slightly smaller than the size obtained by DLS: a) empty Ac-
DEX particles, size by TEM: 140 + 40 nm; b) Ac-DEX-SCC23-1 particles loaded with 6.0
% w/w SCC23, size by TEM: 80 + 40 nm; c) Ac-DEX-SCC23-2 particles loaded with 13.0
% w/w SCC23, size by TEM: 100 £ 40 nm; d) Ac-DEX-SCC23-3 particles loaded with 15.4
% w/w SCC23, size by TEM: 90 + 40 nm (Figure 5). The larger particle sizes observed by
DLS compared with TEM measurements are due to differences in the state of the particles
during the measurements; the diameter data obtained by DLS includes the outer solvent
layer that surrounds the nanoparticles, whereas the TEM measurements are performed when
the particles are in a dry state.

3. Antibacterial activity of the Ac-DEX-SCC23 nanoparticles

The antibacterial activity of the Ac-DEX-SCC23 nanoparticle formulations was tested
against both Gram-negative and Gram-positive bacteria. The minimum inhibitory
concentration (MIC), minimum bactericidal concentration (MBC), and the growth kinetics
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of the bacteria were investigated in the presence of various nanoparticle formulations and
compared with those of the free SCC23 drug. Again, SCC23 has been shown to be highly
active against all tested microorganisms; its MICgq was found to be 2 pg/ml for non-silver
resistant organisms tested®* Furthermore, while other SCCs to date have not demonstrated
considerable activity against the silver resistant £. co/i 53 + pMG101 strain (MIC > 20 pg/
ml), the MIC of SCC23 against the same £. coli species was found to be 6 pg/ml.>4
Additionally, SCC23 was found to be bactericidal against all strains of bacteria tested.>*

Determination of MIC and MBC of various nanoparticle formulations against representative
Gram-negative and Gram-positive bacteria demonstrated that the SCC23 released from the
Ac-DEX-SCC23 nanoparticles remained active in all cases. The SCC23 concentrations, at
which inhibitory and bactericidal effects were observed, were the highest for the silver
resistant strain £. coli J53 + pMG101 and the lowest for the silver sensitive strain £. coli
J53. These results are in agreement with our previous observations with free SCC23.54 Ac-
DEX-SCC23 nanoparticle formulations were also inhibitory and bactericidal to two strains
of Pseudomonas aeruginosa, as well as a methicillin-resistant strain of Staphylococcus
aureus as demonstrated in Table 2. Interestingly, for most of the bacteria, not all of the
formulations were effective in inhibiting bacterial growth or killing bacteria at the same
theoretical concentration of SCC23. The different outcomes observed for the various Ac-
DEX-SCC23 formulations, despite the constant theoretical concentration of SCC23 constant
in each case, likely resulted from differences in the release rate of SCC23 from the Ac-DEX
nanoparticles coupled with differences in the activity of SCC23 against the various bacterial
species. Furthermore, encapsulating SCC23 within Ac-DEX nanoparticles resulted in an
increase in the apparent MIC of the SCC23 component, as one would expect due to the slow
release and hence, lower free Ag (I) concentration at any given SCC23 concentration. Empty
Ac-DEX nanoparticles had no antimicrobial activity in these assays.

An investigation into the growth kinetics of bacteria following exposure to various Ac-
DEX-SCC23 nanoparticle formulations further demonstrated the ability of the nanoparticles
to inhibit bacterial growth (Table 3, Figures 6-9). As expected, growth was observed when
each of the bacteria was exposed to either control solution or empty Ac-DEX nanoparticles
only. Furthermore, at the lowest SCC23 concentration of 0.4 pg/well, bacterial growth was
observed in all cases (Table 3). When Pseudomonas aeruginosa strain PA 01 (Figure 6) and
methicillin-resistant Staphylococcus aureus strain SA LL0O6 (Figure 8) were exposed to 0.4
microgram of SCC23, growth was observed for each of the Ac-DEX-SCC23 formulations;
however, the lag periods prior to bacterial growth were found to be significantly different.
For instance, following PA 01 exposure to 0.4 microgram SCC23 (Ac-DEX-SCC23-1),
bacterial growth began at approximately 2 hours; whereas, the bacterial growth started at
approximately 5 (Ac-DEX-SCC23-3) and 8 hours (Ac-DEX-SCC23-2), respectively
following exposure to 0.4 microgram SCC23. Finally, when £. coli J53 bacteria were
exposed to various formulations of Ac-DEX-SCC23 nanoparticles (Figure 9), no growth of
the bacteria was observed at SCC23 concentrations of 1.6 microgram and higher. However,
the growth inhibition of the same bacteria incorporating the silver resistant plasmid pMG101
(E. coli 53 + pMG101) was observed at a higher SCC23 concentration of 3.2 microgram.
These results are similar to the outcome observed when MIC/MBC experiments were
performed with £. coli J53 + pMG101 using the SCC23 loaded Ac-DEX nanoparticles
(Table 2). Our previous results demonstrate an MIC of 6 pg/ml for the £. coli J53 +
pMG101 bacteria using free SCC23 (unencapsulated form).>* The difference in
concentration at which growth inhibition was observed between the free drug and the
nanoparticle formulations possibly resulted from the manner in which the bacteria were
exposed to silver. In the case of the free drug, the bacteria were exposed to silver
instantaneously; in case of nanoparticles, a constant antibiotic pressure is maintained on the
bacteria due to the depot delivery afforded by the nanoparticles. The ability of SCC23 to
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inhibit the growth of bacteria harboring a silver resistance plasmid suggested that the
carbene carrier molecule may be enhancing the antimicrobial efficacy of the final SCC
compound. Once the carbene carrier is degraded or metabolized in case of the free drug
treatment, the bacteria may be able to overcome the inhibitory effects of the SCC and
demonstrate growth, thus exhibiting a higher MIC value.

4. Evaluation of the nebulization efficacy of the Ac-DEX-SCC23 nanoparticles

The efficiency of nebulization using micropump technology has appeared to be a function of
the ionic strength of the liquid, i.e., solutions with higher ionic strength nebulize more
readily.®® Therefore, different solutions may be nebulized with different efficiencies, as has
been found by us and by several other researchers.?> Generally, Ac-DEX particles have
demonstrated a negative zeta-potential, that is, an anionic surface, which would facilitate
nebulization. To further ensure efficient nebulization of the nanoparticles, they were
suspended in phosphate buffer. An aliquot of the resulting suspension was placed into the
Aeroneb Lab nebulizer and the aerosolized suspension was collected and analyzed using
optical microscopy. As expected, the nebulization of phosphate buffer alone was free of
nanoparticles; whereas, the condensate from the nebulized Ac-DEX nanoparticles showed a
plethora of nanoparticles demonstrating that NPs readily passed through the nebulizer
(Figure 10). These results suggested that nebulization of Ac-DEX NPs was a viable method
for localized delivery of antimicrobials to the lungs.

Conclusion

Ac-DEX nanoparticles encapsulating a hydrophobic silver carbene complex antimicrobial
were prepared by a single-emulsion process. By controlling the ratio of the organic phase to
the aqueous phase while keeping other parameters, such as polymer quantity and sonication
conditions constant, discrete, smooth, and spherical nanoparticles with an average diameter
of 100 + 40 nm and a low polydispersity were prepared. These results were further
confirmed by DLS, SEM, and TEM characterization. Silver loading within the Ac-DEX
nanoparticles was found to increase with an increase in the initial feed up to 30% and the
encapsulation efficiency was observed to be between 51 — 65% suggesting that a high
therapeutic payload could be achieved within the nanoparticles. Furthermore, a comparison
of the average particle size pre- and post-lyophilization demonstrates no changes in the
particle size due to the lyophilization process, confirming the stability of the particles. MIC/
MBC studies and determination of bacterial growth kinetics demonstrated that Ac-DEX-
SCC23 nanoparticle formulations were bactericidal against all bacterial strains tested
including the silver-resistant strain, £. coli J53+pMG101. The observed differences in the
antimicrobial activity among different nanoparticle formulations at the same theoretical
SCC23 dose, however, suggested that the efficacy of the nanoparticles is a function of the
release kinetics of silver from the particles. Finally, the Ac-DEX nanoparticles were found
to readily nebulize in a phosphate buffer medium, thus providing a simple and efficacious
method for localized pulmonary delivery of hydrophobic antimicrobials.

Experimental section

General considerations

The Ac-DEX polymer was synthesized in one step from dextran, according to our previous
report.*> The SCC23 was synthesized in a multi-step process from 4, 5-dichloroimidazole as
described by Hindi et a/18 Reagents for SCC23 synthesis were purchased from Alfa Aesar,
solvents from Fisher Scientific, and all were used without further purification. Reactions
proceeded under aerobic conditions. 1H and 13C NMR data were obtained with a Varian 500
MHz instrument and spectra were referenced to deuterated solvents. Elemental analyses
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were performed by the University of Illinois microanalysis laboratory. Crystal structure data
sets were collected using a Bruker SMART Apex CCD diffractometer with graphite-
monochromated Mo Ka radiation (A = 0.71073 A). Unit cell determination was achieved by
collecting reflections from three different orientations.

Synthesis of IC23

4,5-dichloroimidazole (10.0 mmol, 1.370 g) and KOH (11.0 mmol, 0.617 g) were placed in
a 50 mL round bottom flask with 10 mL acetonitrile. The mixture was brought to reflux
(85°C) and stirred 1h until KOH was consumed. Bromomethylnapthalene (10.00 mmol,
2.211 g) was added and the solution was stirred 2.5 hours. KBr was removed by vacuum
filtration and a second equivalent of bromomethylnapthalene was added to the filtrate. The
mixture was stirred at reflux for 1.5 hours. The white precipitate was collected by filtration
and analyzed (I1C23).

Synthesis of SCC23

Compound 1C23 (5.00 mmol, 2.491 g) was dissolved in chloroform in a 50 mL round
bottom flask. Silver acetate (10.00 mmol, 1.669 g) was added and the mixture was stirred at
room temperature 2 hours. A solid precipitate, presumably silver bromide, was removed by
vacuum filtration through celite and the volatiles were removed from the filtrate by rotary
evaporation. Ethyl ether was added to precipitate SCC23, which was collected by filtration
and dried under vacuum.

Dynamic Light-Scattering measurements (DLS)

Particle size distributions and average particle diameters were determined by dynamic light
scattering using a Zetasizer Nano ZS (Malvern Instruments, United Kingdom). Particles
were suspended in PBS (pH 7.4) and three measurements were taken of the resulting
dispersions.

Inductively coupled plasma (ICP)

The silver content in the Ac-DEX nanoparticles was analyzed in a Perkin Elmer precisely

optical emission spectrometer, Optima 7000DV. The nanoparticles were dissolved in a 5%
HNO3 aqueous solution prior to analysis. Prior to every measurement, the instrument was

calibrated with solutions of a commercial silver standard for ICP (0.1 mg/L, 1.0 mg/L, 5.0
mg/L, 10 mg/L, 50 mg/L).

Scanning Electron Microscopy (SEM)

The Ac-DEX nanoparticles were suspended in PBS and dripped onto silicon wafers. The
samples were dried overnight under a hood, and sputter coated with A 2 nm layer of a
palladium/gold alloy. The images were obtained using the scanning electron microscope
S-5000 microscope (Hitachi).

Transmission Electron Microscopy (TEM)

Ac-DEX nanoparticles were characterized by transmission electron microscopy with a FEI
Tecnai 12 Transmission electron microscope. The sample solutions were deposited onto a
carbon-coated copper grid, and after 3 minutes excess solvent was removed.

Preparation of the empty Ac-DEX nanoparticles by single mini-emulsion

Ac-DEX nanoparticles were prepared by using a single-emulsion oil/water (o/w) method.
Ac-DEX (100 mg) was dissolved in CH,Cl, (4.0 mL). An aqueous solution of poly(vinyl
alcohol) (PVA, My: 13,000-23,000 g/mol, 87-89% hydrolyzed) (20 mL, 3% wt/wt in PBS)
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was added and the mixture was sonicated for 30s on ice by using a probe sonicator (Branson
Sonifier 450) with an output setting of 5 and a duty cycle of 70%. The size of the particles
was measured by DLS just after sonication. The solutions were then stirred for about 3h,
allowing the organic solvent to evaporate. The particles were isolated by centrifugation
(25,000 rpm, 30 min), and washed with dd-H,O (pH adjusted to 8.0) by redispersing,
centrifuging and removal of supernatant. The washed particles were lyophilized to yield
white powders. After lyophilization, the particles were easily redispersed in PBS by
vortexing and bath sonicating (VWR Ultrasonic Cleaner 750) for a few minutes, and their
size was measured again by DLS.

Preparation of the Ac-DEX-SCC23 nanoparticles by single mini-emulsion

Bacteria

The Ac-DEX particles containing SCC23 were prepared following a similar procedure than
the one described for the empty Ac-DEX particles, in which the SCC23 was added to the
CH,Cl, solution of Ac-DEX polymer prior to addition of the aqueous solution.

The laboratory strain PAO1-V was provided by Dr. Maynard Olson (University of
Washington, Seattle). The mucoid clinical isolate of P. aeruginosa PA M57-15 was provided
by Dr. Thomas Ferkol (Washington University, St. Louis, MO). The SA LLO06 strain was
cultured from the sputum of cystic fibrosis patients at St. Louis Children’s Hospital. The
silver sensitive and silver resistant £. coli strains J53 and J53+pMG101, were provided by
Dr. Simon Silver (University of Chicago, Chicago, IL). The J53 strain is known to be
sensitive to killing by silver cations and serves as a positive control. In contrast, the
J53+pMG101 is a J53 derivative that harbors the pMG101 plasmid originally conferring
silver resistance to a burn ward isolate of Sa/monellaand serves as a negative control. All
bacterial strains were maintained as glycerol stocks at —80 °C.

MIC-MBC determination and bacterial growth assay

Minimal inhibitory concentrations (MICs) were determined by broth microdilution method
as previously described by a standard Clinical and Laboratory Standards Institute (CLSI)
protocol. Briefly, bacteria were streaked from frozen glycerol stocks onto TSA plates and
incubated overnight at 37 °C. Colonies from the fresh plates were suspended in the CLSI
standard M-H broth to an optical density at 650 nm (ODgsg) of 0.2 and grown at 37 °C in a
shaking incubator at 200 rpm to an ODgsg of 0.4, which corresponds to ~5 x 108 colony
forming units (CFU)/mL. The bacteria were diluted in the broth to a concentration of 10° in
100 pL, which was added to triplicate wells of a 96-well plate. Three different formulations
of Ac-DEX NPs encapsulating SCC23 were resuspended in sterile distilled-deionized water
(DH,0) to achieve a maximum SCC23 concentration of 128 pg/ml. The nanoparticles were
thoroughly re-suspended by sonication for 1 minute at 70% amplitude (SONICS® Vibra-
cell VCX130, Sonics & Materials, Inc., Newtown, CT). Two-fold serial dilutions of the
nanoparticle suspensions were performed to achieve SCC concentrations of 128, 64, 32, 16,
and 8 pg/ml. 100 L of the nanoparticle suspensions at various SCC concentrations were
also added to triplicate wells of a 96-well plate containing the bacteria to achieve a final
SCC concentration of 6.4, 3.2, 1.6, 0.8, and 0.4 p.g/well. Blank nanoparticles suspended in
DH,0, M-H broth, free SCC23 and tobramycin were used as controls. SCC23 (in DMSO)
and tobramycin (in DH,0) solutions were prepared as stock solutions at 10 mg/mL and
diluted in DH,O to appropriate concentrations. The plates were incubated overnight at 37
°C. The MIC was the lowest of these concentrations, at which each of the triplicate wells in
each 96-well plate was clear after 16-24 h incubation. Each triplicate measurement was
performed at least in duplicate for a minimum of 6 separate measurements. The MBC of
various SCC compounds was determined by plating the wells with growth inhibition (clear)
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on TSA plates and noting the lowest concentration that resulted in no growth after an
overnight incubation at 37 °C.

To perform bacterial growth assay, the above-mentioned bacteria were streaked from
glycerol-frozen stocks onto TSA plates and incubated overnight at 37°C. Cells were grown
as described above and 100 pL of the bacterial suspension at ODgsq of 0.4 was added to the
wells of a 96-well plate. Serial dilutions of the three formulations of SCC23-Ac-DEX NPs
were performed as described previously and added to the wells of a 96-well plate in
triplicate containing the bacteria. Blank nanoparticles suspended in DH,O and M-H broth
with and without 5% DMSO were used as controls. The 96-well plate was placed in a
shaking microplate reader (BioTek Synergy HT, BioTek Instruments, Inc., Winooski, VT)
overnight at 37°C with ODggq readings every 10 minutes. Data were graphed using Prism 5
(GraphPad Software, Inc., San Diego, CA).

Nebulization potential of Ac-DEX nanoparticles

Formulations of Ac-DEX nanoparticles loaded with SCC23 were reconstituted in 5 ml of
phosphate buffer (18 mg/ml NayHPO4 and 3 mg/ml KH,PQO,) to a concentration of 5 mg/ml,
respectively. The solution contained no CI~ ions to avoid precipitation of AgCl. The
reconstituted Ac-DEX NPs and phosphate buffer (control) were delivered via an Aeroneb
Lab apparatus (Aerogen Inc., Galway, Ireland) connected to a multi-dosing animal chamber.
The Aerogen nebulizer is based on micropump technology that produces fine particles (1-5
um) in a low velocity aerosol.?8 The multi-dosing chamber is a square Plexiglas box with
inner dimensions of 8 x 8 x 4.5 inches height. The nebulizer is mounted in the center of the
lid. To test whether the Ac-DEX NPs could be easily nebulized, the nanoparticle
suspensions prepared as described above were placed into the nebulizer, aerosolized, and the
vapor was collected directly into a 50 ml conical tube. The condensed mist was placed on a
glass slide and examined under a Zeiss Axioplan microscope. Microscopy images were
acquired using Axiovision software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

DLS data obtained for the particles prepared by different formulation procedures. Particle
size distribution as a function of various ratios of CH,Cl,: PBS (1:1, 1:5, 1:10, 1:50) are
depicted.
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Figure 2.
SEM images of empty Ac-DEX particles prepared using a 1:5 ratio of Ac-DEX
CH,CI,:PBS (120 + 40 nm).
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Figure 3.

Silver carbene complex SCC23: a) chemical structure,2%: 54 and b) thermal ellipsoid plot
with thermal ellipsoids shown at 50% probability.
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Figure4.

SCC23 encapsulation in the Ac-DEX particles (loading) compared to the initial feed of
SCC23 used during particle formation. Loading and feeding are expressed in % SCC23 by
weight / weight of Ac-DEX particle (for example: 10% SCC23 means that 10 mg of Ac-
DEX particles contain 1 mg of SCC23).
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Figure5.

TEM images of the Ac-DEX particles: a) empty Ac-DEX particles, size by TEM: 140 + 40
nm; b) Ac-DEX-SCC23-1 particles that contain about 6.0 % w/w SCC23, size by TEM: 80
+ 40 nm; ¢) Ac-DEX-SCC23-2 particles that contain about 13.0 % w/w SCC23, size by
TEM: 100 £ 40 nm; d) Ac-DEX-SCC23-3 particles that contain about 15.4 % w/w SCC23,
size by TEM: 90 £ 40 nm.
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Figure6.

Comparison of the effect of increasing concentrations of SCC23 on the growth of a
laboratory strain of Pseudomonas aeruginosa PAQO1L. The bacteria were exposed to SCC23 as
a free drug or as SCC23 loaded Ac-DEX nanoparticle formulations. (A) Ac-DEX-SCC23-1
NPs (10% wi/w), (B) Ac-DEX-SCC23-2 NPs (20% w/w), and (C) Ac-DEX-SCC23-3 NPs
(30% wiw). Empty Ac-DEX NPs and M-H broth with and without 5% DMSO were used as
controls for the experiment.
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Figure7.

Comparison of the effect of increasing concentrations of SCC23 on the growth of a clinical
mucoid strain of Pseudomonas aeruginosa PA M57-15 isolated from a CF patient. The
bacteria were exposed to SCC23 as a free drug or as SCC23 loaded Ac-DEX nanoparticle
formulations. (A) Ac-DEX-SCC23-1 NPs (10% wi/w), (B) Ac-DEX-SCC23-2 NPs (20% w/
w), and (C) Ac-DEX-SCC23-3 NPs (30% wi/w). Empty Ac-DEX NPs and M-H broth with
and without 5% DMSO were used as controls for the experiment.
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Figure8.

Comparison of the effect of increasing concentrations of SCC23 on the growth of a
Methicillin-resistant Staphylococcus aureus strain SA LLO6 isolated from a CF patient. The
bacteria were exposed to SCC23 as a free drug or as SCC23 loaded Ac-DEX nanoparticle
formulations. (A) Ac-DEX-SCC23-1 NPs (10% wi/w), (B) Ac-DEX-SCC23-2 NPs (20% w/
w), and (C) Ac-DEX-SCC23-3 NPs (30% wi/w). Empty Ac-DEX NPs and M-H broth with
and without 5% DMSO were used as controls for the experiment.
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Comparison of the effect of increasing concentrations of SCC23 on the growth of a silver

sensitive strain of Escherichia coli J53. The bacteria were exposed to SCC23 as a free drug
or as SCC23 loaded Ac-DEX nanoparticle formulations. (A) Ac-DEX-SCC23-1 NPs (10%
w/w), (B) Ac-DEX-SCC23-2 NPs (20% w/w), and (C) Ac-DEX-SCC23-3 NPs (30% w/w).
Empty Ac-DEX NPs and M-H broth with and without 5% DMSO were used as controls for

the experiment.
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Figure 10.

Optical microscopy images of Ac-DEX nanoparticles after nebulization obtained using a
100X objective. (A) phosphate buffer, (B) Ac-DEX-SCC23-1 NPs (10% w/w), (C) Ac-
DEX-SCC23-2 NPs (20% w/w), and (D) Ac-DEX-SCC23-3 NPs (30% w/w).
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Scheme 1.

Modification of Dextran with acetal groups yielding the Ac-DEX polymer.
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Free SCC23

Empty Ac-DEX

Ac-DEX-SCC23-2 | Ac-DEX-SCC23-3

Ac-DEX-SCC23-1

SCC23 dose (pg/well)
32
16
038
0.4
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