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Abstract: The increasing prevalence of multidrug-resistant (MDR) pathogens has promoted
the development of innovative approaches, such as drug repurposing, synergy, and efficient
delivery, in complement to traditional antibiotics. In this study, we present an approach based
on biocompatible nanocarriers containing antimicrobial cations and known antibiotics. The
matrices were prepared by coordinating Ga™ or In"™ to formulations of
chitosan/tripolyphosphate or catechol-functionalized chitosan, with or without encapsulated
antibiotics, yielding particles of 100-200 nm hydrodynamic diameters. MDR clinical isolates
of P. aeruginosa were found to be effectively inhibited by the nanocarriers under nutrient-
limiting conditions. Fractional inhibitory concentration (FIC) indices revealed that cation- and
antibiotic-encapsulated nanomatrices were effective against both Gram-negative and Gram-
positive pathogens. Metallophores, such as deferoxamine (DFO) were probed to facilitate the
sequestration and transport of the antimicrobial cations Ga or In'. Although the
antimicrobial activities were less significant with DFO, the eradication of biofilm-associated
bacteria showed promising trends against P. aeruginosa and S. epidermidis. Interestingly,
indium-containing compounds showed enhanced activity on biofilm formation and
eradication, neutralizing P. aeruginosa under Fe-limiting conditions. In particular, In'-
crosslinked catechol-modified chitosan matrices were able to inhibit pathogenic growth
together with DFO. The nanocarriers showed low cytotoxicity towards A549 cells and

improvable CCs,-values with NIH/3T3 cells.

Introduction

The high rate of antibiotic resistance development has rendered many antimicrobials
ineffective. Not only traditional antibiotics, such as penicillins or aminoglycosides, but also
more contemporary antimicrobials, such as daptomycin and linezolid, are affected.! Since the
drug discovery process requires a significant number of resources to identify and produce a
single antibiotic, there is a potential that resistant isolates will have already emerged in the
clinic by the time the drug reaches the market. A recent survey has shown that many
pharmaceutical companies have abandoned the development of novel antibiotics and are
engaged in the development of therapeutics that are more profitable.>® Nonetheless, it appears
that the COVID-19 pandemic has garnered the attention of numerous researchers, as the
casualties arising from secondary infections have significantly impacted the mortality rate.*?
In the event of a sudden demand, antibiotic resistance would limit the capabilities of currently
available drugs. Hence, researchers have explored more creative drug development strategies,
such as identification of synergetic drug combinations,®’ drug repurposing,® and development
of efficient drug carriers.” Such strategies may efficiently counter many infections, at least
until more potent antibiotics reach the market.

Recently, the drug repurposing strategy has been extensively explored as it is anticipated to
expedite the drug approval process.! For example, auranofin, an FDA-approved drug
prescribed for rheumatoid arthritis, has been used against Gram-positive bacteria.!! In
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addition, analogues of this drug have been found to substantially inhibit the growth of both
Gram-positive and Gram-negative bacteria, including Pseudomonas aeruginosa.'*'> Another
drug that has been repurposed as an antimicrobial agent is gallium nitrate (Ganite), which was
originally prescribed for cancer-related hypercalcemia.'* Gallium can for this purpose be used
directly as the nitrate," or in coordination complexes, such as Ga-porphyrins,'® maltolate,!”
and citrate.'® One reason for the antimicrobial activity of Ga!! is its similarity to Fe!!, which is
an essential nutrient for microorganisms. Although the Ga'' cation shares a similar ionic
radius as Fe', it does not share the redox capabilities of the Fe!/Fe!! system under
physiological conditions. This makes Ga'' a toxic substitute for Fe when entering the
metabolic pathways of the microorganisms.!” Microorganisms use specific metallophore
virulence factors to sequester essential cations from the extracellular environment and to
transport them through bacterial membrane channels.?® Ga™ can hijack these processes and be
internalized using Fe'-selective metallophores (siderophores).

The multidrug-resistant (MDR) variants of the opportunistic pathogen P. aeruginosa are of
special importance as they are responsible for nosocomial infections and numerous respiratory
diseases. Currently, the US Centers for Disease Control and Prevention (CDC) categorizes
P. aeruginosa under the serious threat category,?! and new drugs and approaches to combat
this pathogen need to be developed. The metallophore pathways can in principle be targeted
for this purpose, where the most notable siderophores of P. aeruginosa are pyochelin and
pyoverdine.? In addition to these, certain xenosiderophores are also capable of mediating the
Fe uptake. For example, deferoxamine (DFO) can be internalized in P. aeruginosa via the
outer membrane protein FoxA.'®? In this context, deferoxamine mesylate (Desferal) is an
FDA-approved drug prescribed to treat iron toxicity.>*

In addition to Ga', the antimicrobial activity of its group XIII companion In'™ has also
been reported.>?7 In'! compounds that have been evaluated for this purpose include inorganic
salts and metal-organic complexes based on ligands, such as porphyrins, phthalocyanins, or
enterochelin. ! Although the mechanism by which In' inhibit bacterial growth is not
known, it could possibly be due to the fact that the In'" ionic radius closely resembles that of
Fe'l, which is about 0.62 A,* thereby disrupting the bacterial iron homeostasis.

In addition to drug repurposing, the use of drug carriers for delivery and controlled release
of antibiotic agents is a useful strategy to mitigate antimicrobial resistance. Among established
drug carriers, such as liposomes, micelles, viral vectors, or polymeric particles,**>* recent
studies have indicated that biocompatible polymer, such as chitosan or alginate, are suitable.
The polycationic chitosan, derived from the structural polymer chitin found in many
crustacean species, shows intrinsic antimicrobial potential, can be easily functionalized, and,
most importantly, displays sustained drug release capability. Its inherent biodegradability also
plays an important role in its use as a drug carrier.>>°

Another important method to counter bacterial growth is to identify synergetic drug
combinations. Several well-known combinations are trimethoprim/sulfamethoxazole,* used to
treat infections caused by Pneumocystis jirovecii (PCP), and amoxicillin/clavulanic acid
against multidrug-resistant pathogens producing B-lactamases.® Synergetic combinations of
DFO, Ga'', and gentamicin have also been reported to reduce the planktonic and biofilm-
associated growth of P. aeruginosa.?

In this study, we have synthesized chitosan nanoparticles that can coordinate the
antimicrobial cations Ga'' and In'", thereby enabling a sustained release at different pH levels.
The antimicrobial activities of these compounds under different conditions were evaluated for
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optimal administration. Similarly, chitosan cation-based nanomatrices containing co-
encapsulated antibiotics were evaluated for potential synergistic antimicrobial effects. The
possibility of enhancing the antimicrobial efficacy of the nanocarriers by introducing
metallophores to trigger the uptake, rendering them more effective against biofilm-associated
bacteria, was assessed. In addition, complexation of In'" ions with DFO rendered a new metal-
based antimicrobial compound that shows activity against both planktonic and biofilm-
associated bacteria. Furthermore, modification of chitosan with catechol groups paved the way
towards a more defined cation coordination without additional crosslinking. Finally, the
cytotoxic evaluation of these compounds was assessed with NIH/3T3 cells and A549 cells to
identify possible preclinical candidates.

Results and Discussion

The chitosan nanoparticles (ChNPs) and cation-coordinated ChNPs (MChNPs) were
synthesized by crosslinking low molecular weight (LMW) chitosan, 82% deacetylated as
determined by 'H-NMR (Figure S6), in the presence of sodium tripolyphosphate as depicted
in Figure 1.44> This ionic gelation method produced ChNPs in minutes, and the particles
could be recovered using centrifugal filtration without any significant aggregation.
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Figure 1. Synthesis of cation-coordinated chitosan nanoparticles (MChNPs).

The particles were characterized by DLS, showing hydrodynamic diameters in the range of
100-200 nm (Table S1). Although a direct correlation between the chitosan feed concentration
and the particle size could not be discerned, the results suggest higher polydispersities with
higher concentration of LMW chitosan. SEM analyses corroborated the DLS results, and also
revealed the formation of larger particles (Figure 2). This could probably be due to
aggregation of particles during the sample preparation steps of the SEM imaging. Thus, it was
observed that solutions of the chitosan particles, similar to those of the parent non-crosslinked
polymer, yielded a thin film over the silicon wafers used to immobilize the samples for
imaging, rendering it difficult to locate particles.

RS ¢ p W= EE ' b ¢
Figure 2. ChNPs (A; scale 1 um) GaChNPs (B; scale 200 nm) InChNPs (C; scale 200 nm).

The cation coordination within the ChNP matrices was determined by ICP-MS, showing high
degrees of metal incorporation into the particles: 84% for Ga' and 72% for In'" (Table S2).

This accounts for 32 ug Ga/mg ChNPs and 41 pg In"™/mg ChNPs, respectively (Table S3).
The cation release kinetics was evaluated at two pH levels: 6.4 and 7.4, to evaluate the
potential of sustained release of antimicrobial cations. For the GaChNPs, a significant cation
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release could be observed within the first 6 hours at pH 7.4, while the release at pH 6.4 was
less than half of this level during the same period (Figure 3A). However, after 48 hours, the
cation release reached approximately 80% at both pH levels. Interestingly, a significant initial
release was not observed at any pH level for the InChNPs, and the relative release the In'" was
low compared to Ga'" (Figure 3B).
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Figure 3. Cation release from GaChNPs (A) and InChNPs (B); pH 6.4, no DFO (black squares); pH 7.4, no
DFO (orange circles); pH 6.4, DFO (blue triangles); pH 7.4, DFO (green triangles). Data represents mean
+SEM of two independent experiments (without DFO) and three independent experiments (with DFO).

The metallophore DFO was next applied as a trigger to expedite the release and bacterial
uptake of the cations. As depicted in Figure 3A, the Ga' release was significantly increased
with the introduction of DFO to the medium at pH 6.4, resulting in 66% release after 6 h and
90% after 48 h. Conversely, with InChNPs, the cation release was significantly accelerated at

pH 7.4, resulting in >40% release within the first 6 h, and plateauing between 45-50% after
12 h (Figure 3B).

Table 1: Minimum inhibitory concentrations (MICs, ug/mL) of different antimicrobials in M9 minimal media or
cation-adjusted Mueller-Hinton broth (CAMHB) at pH 6.5 or 7.3.%

PAO1 27853 35984 AR 239 AR 241
Antimicrobial | M9 6.5 7.3 65 73 65 73 | M9 65 73 | M9 65 79
ChNPs 64 169 >169 | >256 >256 | 64  >256 | >256 >256 >256 | >256 >256 >256
Ga(NO3)3 4 32 128 64 256 |>256 >256| 4 64/32 256 | <1 32 128
GaChNPs 32 158/79 >169 | 128 >256| 32 >256| 16 256 >256| 8 256  >256
In(NOs3)3 4 320 32° | >256 >256|>256 >256| 32 >256 >256| <1 >256 >256
InChNPs 16 150/75 38/19°| 256 >256| 32 256 | 32 >256 >256| <1 >256 >256
Gentamicin 0.5 2 2 2 2 >64 32 | >64 >64 >64 | >64 64 64

PAO1: P. aeruginosa PAO1; 27853: P. aeruginosa ATCC 27853; 35984: S. epidermidis ATCC 35984; AR 239 and AR 241:
MDR isolates. All results repeated at least twice in triplicates; highest MIC value or mode of trials tabulated; "MICs observed
with trailing turbidities.

The antimicrobial activity of the particles was assessed in iron-rich CAMHB media at pH 6.5
and 7.3, as well as in M9 minimal media, with different strains of P. aeruginosa and
S. epidermidis. As shown in Table 1, none of the pseudomonal strains except PAO1 showed
any growth inhibition in the presence of the metal ion-free ChNPs under all tested conditions.
In contrast, the inhibition of the growth of P. aeruginosa PAO1 was most prominent with the
InChNPs in M9 media, and the growth of P. aeruginosa ATCC 27853 was inhibited with
GaChNPs in pH 6.5 CAMHB. Two P. aeruginosa MDR isolates, AR 239 and AR 241, chosen
from the AR isolate bank were also probed, being resistant towards most antibiotics in
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comparison to other isolates in the panel. For example, the MDR isolates are resistant towards
gentamicin, one of the most potent antibiotics administered in healthcare facilities against
severe infections. The resistance profile and their resistance mechanisms are summarized in
Table S4-S5. Interestingly, these MDR isolates showed significant sensitivity towards both
MChNPs when grown in M9 media. This could be due to an increase in cation uptake or a
decrease in the activity of efflux pumps, resulting in net buildup of the antimicrobial cations
for a longer residence time in the pathogens. In comparison, the MChNPs were not
significantly active against the Gram-positive pathogen Staphylococcus epidermidis
ATCC 35984.

Table 2: MICs (ug/mL) of different antimicrobials in Fe-poor CAMHB at pH 6.5 or 7.3.°

PAO1? 27853 35984>
Antimicrobial 6.5 7.3 6.5 7.3 6.5 7.3
ChNP 169/85 >169 256 >256 32 >256
Ga(NOa3)3 16 64/32 16 128 >256 >256
GaChNPs 158/79 >149 64 256 32 >256
In(NO3)3 <1 2 >256 >256 >256 >256
InChNPs 5/2.5 9/4.7 64/32 256 32 >256
Gentamicin 4 4 2 2 >64 32

*Cultures grown overnight in CAMHB supplemented with 64 ug/ml bpy before challenging with antimicrobials in same
media; Pcultures grown overnight in CAMHB supplemented with 8 pg/ml bpy before challenging with antimicrobials in same
media; PAO1: P. aeruginosa PAO1; 27853: P. aeruginosa ATCC 27853; 35984: S. epidermidis ATCC 35984. All results
repeated at least twice in triplicates; highest MIC value or mode of trials tabulated.

Since the antimicrobial activities of MChNPs were more pronounced in M9 media, cultured
bacteria were also treated with the Fe'-quencher 2,2’-bipyridine (bpy), supplemented to
CAMHB, to evaluate whether a similar effect can be achieved in nutrient-rich media. Each
culture was treated with at least 4-times lower concentration of bpy than its MICs for each
pathogen. Interestingly, a significant bacterial inhibition was achieved in P. aeruginosa
cultures challenged with InChNP or In(NO,),, while S. epidermidis remained resilient towards
both cations (Table 2). Although P. aeruginosa ATCC 27853 was more resistant towards the
MChNPs in the absence of bpy (Table 1), the bpy-supplemented media creates an
environment where the pathogen is more susceptible towards these cations. In comparison, the
inhibition of S. epidermidis was mainly due to the intrinsic antimicrobial activity of chitosan.

We next addressed the potential of encapsulating known antibiotics in the nanocarriers to
achieve synergistic responses in conjunction with the activity of the metal ions. Antibiotics
that can affect the ion/electrolyte balance across fungal/bacterial membranes were in this case
chosen: amphotericin B, typically prescribed for fungal infections, as well as valinomycin and
gramicidin, both capable of transporting cations across cell membranes leading to pathogenic
cell death. The antibiotics were encapsulated in the Ga™- or In"™-ChNPs and MICs and
fractional inhibitory concentration indices (FICIs) were determined for each combination
(Table 3).

For P. aeruginosa PAOI, the effects of the antibiotics were most significant when
encapsulated in the InChNPs. The combination between In'' and amphotericin B successfully
inhibited the growth of P. aeruginosa PAO1 with an FICI of 0.12. An FICI of <0.5 is
considered synergistic, and this indicates significant synergy between the antibiotic and the
metal ion. Clear effects with Ga! could in this case not be discerned. In contrast, neither
combination affected S. epidermidis ATCC 35984 to any significant degree within the tested
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range. Similar results were obtained for valinomycin and gramicidin, and the combinations
with In'" yielded the strongest synergy effects with P. aeruginosa PAO1. However, in these
cases the combinations with Ga'' also resulted in low FICIs (0.33), although the overall
antimicrobial activity was lower than for In'. Both metal ions showed strong synergistic
effects together with gramicidin against S. epidermidis ATCC 35984, whereas no results for
valinomycin could be determined. Overall, these results indicate that administration of

encapsulated antibiotics in Ga- or In''-ChNPs can lead to enhanced antimicrobial activity
against P. aeruginosa PAO1 and S. epidermidis ATCC 35984.

Table 3: Synergistic antimicrobial approach using antibiotics and cations encapsulated in ChNPs against
P. aeruginosa PAOI and S. epidermidis ATCC 35984.

P. aeruginosa PAO1 S. epidermidis ATCC 35984
MIC antibiotic*  cation® FICI MIC  antibiotic* cation® FICI
(pg/mL)  (pg/mL)  (ug/mL) (synergy) | (ug/mL) (pg/mL) (pg/mL) (synergy)

Amphotericin B| >128 - - - >128 - - -
ABGaChNP® N.R. N.R. N.R. N.R. N.R. N.R. N.R. N.R.
ABInChNP 16 0.014 0.66 0.12 >128 >0.112 >5.30 N.D.
Valinomycin >32 - - - >32 - - -
VLGaChNP 64 0.056 2.07 0.33 >128 >0.112 >4.14 N.D.
VLInChNP 16/8  0.014/0.007 0.66/0.33 0.13 >128 >0.112 >5.30 N.D.
Gramicidin >32 - - - 8/4 - - -
GRGaChNP 64 0.056 2.07 0.33 8 0.007 2.07 0.11
GRInChNP 8 0.007 0.33 0.06 16 0.014 0.33 0.10

aApproximate concentrations at MIC based on concentration as estimated in Table S7; "no evidence of particle formation;
N.R.: no clear results recorded; N.D.: not determined.

A main purpose of MChNPs is to serve as reservoirs of antibiotic cations, allowing either
naturally secreted bacterial siderophores or exogenously added metallophores to mediate their
transport across the bacterial membranes as depicted in Figure 4. The triggered release
response of MChNPs demonstrated the ability of DFO to strip Ga" and In'™" from MChNPs
(Figure 3). To gain more information regarding the metallophore effects, checkerboard
analyses of the MChNPs or the metal ion nitrates, together with DFO, were performed in M9
or CAMHB media. The analyses revealed an interesting interplay between the species in vitro.
Thus, Ga'! displayed a tendency to act in an antagonistic relationship with DFO (Figure S10-
S11), regardless of being administered in MChNP-form or as nitrate. Although Ga™ shows
close resemblance to Fe' in terms of size and coordination pattern, this observation suggests
that Ga'" is bound by DFO, but that the complex may not be efficiently internalized by
planktonic P. aeruginosa. The same effect could also be recorded with the drug deferiprone
(DFP, Figure S12-S13), an Fe' chelator prescribed to remove excess iron from the body in
patients with anemia, thalassemia and sickle cell disease. However, the checkerboard analysis
of the In"-containing species showed additive effects (InChNPs) or synergistic effects
(In(NO,),) in contrast to the Ga'" counterpart.
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Figure 4. MChNPs serving as a cation reservoir for metallophore complexation and uptake by virulent
pathogens. Created with BioRender.com

As described in a previous study, where biofilm eradication was achieved with Ga'l, DFO, and
additional antibiotics,® the environment of the pathogen is crucial for the uptake of the
metallophore complex. To test this, we also evaluated the effects of the MChNPs toward
biofilm eradication against P. aeruginosa in the presence and absence of DFO (Figure 5).
Interestingly, the studies revealed that co-administration with DFO was effective and both the
GaChNPs and the InChNPs showed improved inhibitory trends relative to being administered
without DFO. In addition, although the metal ion-containing nanocarriers did not demonstrate
any substantial inhibitory effects against S. epidermidis planktonic bacteria (Table 1), the
MChNPs showed significant antibiofilm effects as depicted in Figure 6.
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Figure 5. P. aeruginosa PAO1 biofilm eradication; A) nanocarriers or nitrates only; B) MChNPs in the presence

of DFO (250 ug/mL); GaChNPs (orange), InChNPs (grey), Ga(NO;); (blue), In(NO;), (white), GaChNPs with
DFO (patterned orange), InChINPs with DFO (patterned grey).
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Figure 6. Biofilm eradication of S. epidermidis ATCC 35984, GaChNPs (orange), InChNPs (grey).

To further evaluate the additive or synergistic effects between In'' and DFO observed in the
checkerboard experiments (Figure S10-S11) and the results from the biofilm eradication
experiments, the In-DFO complex was synthesized as shown in Figure 7. The complex was
tested against P. aeruginosa PAO1, and compared with the effects from InChNPs or In(NO,),
in the presence of DFO (Table 4). Although the inhibitory effects of the complex were not
significantly improved compared to administering In' through InChNPs and DFO, a clearer
MIC point was observed with In-DFO than the trailing MIC observed for other In™-based
compounds. This suggests that a trailing MIC represents the occurrence of a more
bacteriostatic effect after the MIC point, whereas the In-DFO complex results in a more direct
bactericidal effect. On the other hand, the observed antibiofilm effects against P. aeruginosa
biofilms established over 24 h were somewhat similar to InChNPs with DFO (Figure 8).
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Figure 7. Synthesis of In-DFO

Table 4: MICs (ug/mL) of In-DFO against P. aeruginosa PAO1°.

CAMHB pH 6.5 CAMHB pH 7.3 M9
In(NO3)3 32b 32b 4
InChNPs 16 150/75 38/19°
In-DFO 128/64 64 128/64

*Cultures grown overnight in CAMHB supplemented with 64 ug/ml bpy before challenging with antimicrobials in same
media; *Trailing MICs.
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Figure 8: P. aeruginosa PAO1 biofilm eradication using In-DFO

Since the coordination of cations within the ChNPs is not structurally well-defined, catechol-
functionalized chitosan (CCh) was synthesized from LMW chitosan (82% deacetylated)
through reductive amination with 3,4-dihydroxybenzaldehyde (Figure 9).* Analysis by 'H-
NMR yielded a catechol substitution rate of 91% (Figure 10B), resulting in an
approximate 11:1:3 ratio of catechol-modified amine groups, free amine groups, and
acetylated amine groups. Based on this, Gal- or In"-crosslinked CCh, having 2 or 3 catechol
groups per cation, could be prepared as illustrated in Figure 10A.

OH
ActN 1) 3,4-Dihydroxy- HO HoN o o HO AcHN
benzaldehyde le) d Il THo 0 3
NaCNBHa HN
OH m-k k OH

HO OH
Figure 9. Synthesis of catechol-functionalized chitosan.
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Figure 10. Schematic representation of cation-crosslinked CCh (A); TH-NMR spectrum of catechol-
functionalized chitosan (CCh, B).

The crosslinking process yielded hydrogels and particles that were observable as aggregates.
However, approaches to achieve particles of similar size as the previously prepared ChNPs
was not successful. In addition, since catechols are sensitive to air exposure for longer periods,
these matrices were primarily evaluated for growth inhibition effects in 96-well microtiter
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plates. Briefly, catechol-functionalized chitosan was mixed with the cations in each well at a
defined ratio, and the mixture was treated with NH,OH to initiate gelation.** Drying, rinsing,
and rehydration yielded the final surface-bound hydrogels, to which a P. aeruginosa PAO1
culture of 5x10° CFU/mL with either DFO or DFP was introduced and allowed to grow for
27 h (Figure S14). The results were conspicuous, and InCCh was able to completely inhibit the
bacterial growth in the presence of DFO. This suggests that cation-crosslinked CCh can act as
a surface-adhesive and a cation source that is able to release antimicrobial cations upon
metallophore introduction.

The capability of the MCCh gels to inhibit biofilm formation of P. aeruginosa or
S. epidermidis was assessed using a similar approach (Figure S15). Of the bacterial strains, the
biofilm formation by S. epidermidis was more effectively inhibited than that of P. aeruginosa.
This could be due to the fact that P. aeruginosa forms biofilms at the air-liquid interface while
biofilms of S. epidermidis are mostly confined at the bottom of the wells. The inhibitory effect
of the MCCh gels also decreased when increasing the ratio of CCh, both at pH 6.5 or pH 7.3.
This effect was especially noticeable with P. aeruginosa PAO1, and P. aeruginosa is known to
form heavy biofilms in Ga'-containing media.*> Altogether, the results suggest that without
the metallophore the inhibitory effects of MCCh could not be achieved.

To evaluate the cytotoxicity effects of the established matrices, tests on NIH/3T3 and A549
cells were performed. In both cases, CC;,-values for the ChNPs or MChNPs could not be
determined, in part due to limitations in solubility and unclear transitions at high
concentrations. Nevertheless, within the concentration window, the cells remained
metabolically >50% active, relative to the growth control, indicating CCg-values >256 pug/mL.
On the other hand, the cytotoxicity of the CCh preparation was relatively high, with CCs,-
values of 36 ug/mL on 3T3-cells and 80 ug/mL for A549 cells (Figure S16-S17), albeit likely
due to a high acetic acid content (15%) in the samples. An estimated CCs,-value of
>70 pg/mL were recorded for Ga(NO,), on 3T3 cells, whereas no reliable data for In(NO,),
could be obtained (Figure S16). Interestingly, the viability of the A549 cells were not
significantly affected by any of the compounds, except CCh, as depicted in Figure 11 and
summarized in Table 5
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Figure 11. Cytotoxicity on NIH/3T3 fibroblast cells (A), and human alveolar A549 cells (B). GaChNPs (orange),
InChNPs (grey), ChNPs (dark grey), Ga(NO;)s (blue), In(NO;); (white).

Table 5: Comparison of MIC-values against P. aeruginosa PAO1 and corresponding CCso values for NIH/3T3

and A549 cells.
MICs against PAO1 CCso

6.5 7.3 NIH/3T3 A549
ChNP 169 >169 N.D. >256
GaChNP 158/79 >169 >256 >256
InChNP 150/75 38/19° >256 >256
Ga(NO3)3 32 128 >70 >256
In(NOs3)3 320 320 N.D. >256
CCh - - 36 80

*Trailing MICs; N.D.: not determined.

Conclusions

We have shown that chitosan-based nanoparticles in the 100-200 nm diameter range can be
synthesized using a straightforward method. The particles could accommodate satisfactory
levels of cations, allowing them to act as vessels for the delivery of antimicrobials. The
particles showed sustained cation-release, that could be triggered by the introduction of
metallophores such as DFO. The activity of the MChNPs under different culturing conditions
and against different bacterial strains suggests optimal administration methods for particular
bacterial strains. Importantly, high antimicrobial activity against MDR P. aeruginosa clinical
isolates could be demonstrated in M9 minimal media, suggesting that the pathogenicity of the
isolates can be mitigated using this nanocarrier approach. Moreover, under nutrient-rich, iron-
limited conditions, the InChNPs caused significant bacterial inhibition. Decisive synergistic
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effects could be recorded by encapsulating antibiotics within the nanocarriers, as exemplified
using membrane-disrupting antibiotic species in conjunction with the cation release.
Furthermore, bacterial biofilms could be eradicated using the nanocarriers in the presence of
metallophores, such as DFO, an effect especially prominent with the InChNPs. A discrete In-
DFO complex was also synthesized and evaluated, suggesting a stronger bactericidal effect in
contrast to the potentially bacteriostatic inhibition by the InChNPs and In(NO;), against
P. aeruginosa. Catechol-functionalized chitosan was able to crosslink through a cation-
assisted mechanism and enabled a bactericidal effect against P. aeruginosa together with DFO.
The cytotoxicities of the different compounds were dependent on the cell lines, and indicate,
together with the FICIs and the antibiofilm data, proper dosing regimes.
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