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Intracellular bacterial infections are difficult to treat, and in the case
of Salmonella and related infections, can be life threatening. Anti-
biotic treatments for intracellular infections face challenges includ-
ing cell penetration and intracellular degradation that both reduce
antibiotic efficacy. Even when treatable, the increased dose of
antibiotics required to counter infections can strongly impact the
microbiome, compromising the native roles of beneficial non-
pathogenic species. Bioorthogonal catalysis provides a new tool
to combat intracellular infections. Catalysts embedded in the
monolayers of gold nanoparticles (nanozymes) bioorthogonally
convert inert antibiotic prodrugs (pro-antibiotics) into active spe-
cies within resident macrophages. Targeted nanozyme delivery to
macrophages was achieved through mannose conjugation and
subsequent uptake via the mannose receptor (CD206). These nano-
zymes efficiently converted pro-ciprofloxacin to ciprofloxacin
inside the macrophages, selectively killing pathogenic Salmonella
enterica subsp. enterica serovar Typhimurium relative to non-
pathogenic Lactobacillus sp. in a transwell co-culture model. Over-
all, this targeted bioorthogonal nanozyme strategy presents an
effective treatment for intracellular infections, including typhoid
and tuberculosis.

Salmonella is a Gram-negative intracellular pathogen that causes
systemic infections such as typhoid fever and gastroenteritis. As one
of the most common sources of foodborne illness, Salmonella
pathogens remain a threat to public health worldwide," with
~1.3 billion cases of Salmonella-related illness and ~ 370000
deaths reported every year.” One of the major challenges in treating
Salmonella infections is that this pathogen invades and resides
within the host’s own cells, including dendritic cells, epithelial cells
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New concepts

In intracellular infections, bacterial pathogens use the host cell as a
reservoir and for protection against therapeutics, resulting in persistent
and refractory infections. Since most antibiotics cannot effectively pene-
trate and/or accumulate inside eukaryotic cells, treatment of intracellular
infections presents a daunting challenge. In this work, bioorthogonal
catalysis was leveraged to generate antibiotics within host macrophages
(in situ) to fight intracellular infections. Functionalization of iron
tetraphenylporphyin-loaded gold nanoparticle nanozymes (NZs) with
mannose (Man-NZs) resulted in efficient and selective uptake by
macrophages, producing a localized drug “nano-factory”. This platform
effectively combats intracellular bacteria without adversely affecting host
cells and the surrounding microbiome.

and macrophages. Macrophage invasion allows Salmonella to estab-
lish systemic disease in a susceptible host.>* The ability of these and
other pathogens to hide inside of host cells protects them from both
host immune defences and antimicrobial therapeutics. These intra-
cellular infection mechanisms can result in acute life-threatening
infections and long-term, recurring chronic infections that are
difficult to treat.”

Traditional antibiotic therapeutic strategies have limited
efficacy against intracellular pathogens. Most antibiotics are
not designed to penetrate mammalian cell membranes, and/or
are degraded by enzymes in the cytosol.>” As a result, high
doses of antibiotics are required to kill intracellular pathogens,
which magnifies their off-target effects on the microbiome.?
Broad spectrum antibiotics eliminate both pathogenic and
beneficial bacteria, attenuating the positive roles the micro-
biome plays in fighting infections,” while also generating
resistant strains that lead to reduced drug efficacy.'® Moreover,
loss of a healthy microbiome leads to a range of gastrointestinal
problems, in particular C. difficile infection.'™'*> These chal-
lenges are all exacerbated by a lack of progress in the develop-
ment of new antibiotics, making it unlikely that a new drug
effective against intracellular infections will be available
soon."
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Localization of therapeutic activity to affected host cells is a
key challenge in treating intracellular infections."* Bioorthogo-
nal transition metal catalysts (TMCs) provide a strategy for
on-demand generation of therapeutics at the infection site.
However, their direct utilization poses significant challenges as
they have limited solubility in aqueous conditions and are
prone to deactivation in biological systems.">'® Integrating
TMCs with nanoparticles provide bioorthogonal ‘nanozymes’
(NZ) to produce drugs and imaging agents in complex biosys-
tems in situ,'”'® differentiating them from commonly used
nanozymes with intrinsic peroxidase-mimicking activity.'*>!

We report here the fabrication of a targeted nanozyme that
converts pro-antibiotics into antibiotics inside cells to effec-
tively eradicate intracellular pathogenic bacteria. Here, we have
generated negatively charged nanozymes functionalized with
mannose (Man-NZ) that are efficiently and selectively interna-
lized by macrophages. These nanozymes consist of mannose-
functionalized gold nanoparticle scaffolds (2 nm core,
Man-AuNPs), with iron tetraphenylporphyin (FeTPP) serving
as a bioorthogonal catalyst.>> Mannose functionalization allows
specific binding to the mannose receptor (CD206) present on
the surface of macrophages,”*>* facilitating selective uptake of
Man-NZ. Once internalized, Man-NZ efficiently converts a
phenylazide-caged pro-ciprofloxacin into ciprofloxacin to
specifically kill pathogenic Salmonella (Fig. 1). Transwell co-
culture studies using Salmonella-infected macrophages and
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non-pathogenic Lactobacillus species bacteria indicated that
antibiotic activity was localized within the macrophages. Intra-
cellular Salmonella levels were reduced significantly, and mini-
mal toxicity to Lactobacillus sp. was observed. Taken together,
this nanozyme strategy combines ligand-receptor targeting with
bioorthogonal catalysis to create an effective, site-specific intra-
cellular antibiotic treatment that concurrently minimizes off-
target toxicity.

Gold nanoparticles (AuNPs) are established as safe for
therapeutic delivery and feature facile synthesis and
functionalization.>®*® Negatively charged gold nanoparticles
(COOH-AuNPs) featuring biocompatible tetra(ethylene)glycol
spacers and carboxylate headgroups were used to minimize
non-specific uptake of the nanozyme.>” These particles were
synthesized from pentanethiol-capped 2 nm core AuNPs using
a place exchange reaction, as previously reported.'” The
particles were then post-functionalized via EDC (1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide)/NHS(N-hydroxy sulfosuc-
cinimide) coupling with p-mannosamine to display mannose
moieties for macrophage targeting. The density of p-mannose
ligands on Man-AuNPs was quantified using an anthrone/
sulfuric acid assay*®*° that has been used for quantitative
analysis of carbohydrates in glyconanoparticle analysis
(Fig. S1, ESIT).>* The surface coverage was determined to
be ~40% (see ESIt for calculation details). Zeta potential
values were consistent with these measurements, shifting from
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Fig. 1 Macrophage uptake of mannose-targeted nanozymes (Man-NZ) followed by administration of a bioorthogonally-caged prodrug generates

antibiotics inside cells.
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—42.7 mV to —7.9 mV after mannose conjugation (Fig. S2,
ESIY). Significantly, the Man-AuNPs retained a negative charge,
enabling the minimization of non-specific uptake. Further
characterization of both AuNPs and Man-AuNPs was performed
through dynamic light scattering (DLS) measurement and
transmission electron microscopy (TEM) (Fig. S3 and S4, ESIY).

Mannose nanozymes (Man-NZs) were fabricated by
encapsulating 5,10,15,20-tetraphenyl-21H,23H-porphine (TPP)-
iron(m) complexes (FeTPP) into Man-AuNP scaffolds. The
FeTPP molecule catalyzes the reduction of aryl azides to corres-
ponding amines®® and has been used as an efficient bio-
orthogonal catalyst.?*** Man-NZs were prepared by mixing an
aqueous solution of Man-AuNPs with FeTPP dissolved in tetra-
hydrofuran (THF) and stirring for 10 min. Evaporation of THF
drives encapsulation of the catalyst into the hydrophobic
pockets of Man-AuNPs. The amount of FeTPP encapsulated in
Man-AuNPs was determined quantitatively using ICP-MS ana-
lysis (Fig. 2a and Fig. S5, ESIT). Afterwards, the catalytic proper-
ties of the nanozymes were demonstrated through efficient
uncaging of a non-fluorescent resorufin-based profluorophore
(pro-res),**** where FeTPP catalytically reduces the azide,
resulting in fragmentation that releases the fluorescent resor-
ufin molecule (Fig. 2b-c).*>*® Man-AuNPs alone do not con-
tribute to the catalytic activation of the Pro-Res.

After generating the nanozyme, the selective uptake of
Man-NZ by macrophages was quantified using ICP-MS (Fig. 3
and Fig. S6, S7, ESIT). As expected, Man-NZ was internalized by
RAW 264.7 macrophages in a dose-dependent fashion and was
retained even after 72 hours (Fig. S7, ESIt). In contrast, Man-NZ
was not internalized by HepG2 hepatocytes, even at the highest
dose, due to its negative charge. Significantly higher levels of
macrophage uptake were observed for the targeted Man-NZ
relative to the untargeted COOH-NZ (Fig. 3a). This selective
uptake by macrophages over HepG2 also indicates expected
safety of the platform towards healthy liver cells.’”*® Moreover,
M2 phenotype macrophages (i.e., stimulated by IL-4) displayed
higher uptake compared to those of M0 and M1 phenotype
(Fig. 3b and Fig. S7b, ESIt), further confirming the mannose
receptor-based targeting by our nanozyme system (M2-
polarized macrophages possess increased CD206). For M2
phenotype cells, Man-NZ has substantially greater uptake than
COOH-NZ (Fig. 3c). Man-NZ was non-toxic to the macrophages
even at high concentrations, as demonstrated by Alamar Blue
assay (Fig. S8, ESIT).

The intracellular activity of Man-NZ was demonstrated by
activation of non-fluorescent pro-res. Non-polarized macro-
phage cells were incubated with Man-NZ overnight, washed,
and then the pro-fluorophore was added and incubated for an
additional 2 h followed by washing (Fig. 4). Confocal micro-
scopy imaging revealed that cells treated with both Man-NZ and
pro-res had noticeably more intense red fluorescence than cells
treated with pro-res or Man-NZ alone. Significantly, cellular
fluorescence was observed to be distributed throughout the
cytosol, a prerequisite for addressing intracellular infections.

After confirming the activity of the Man-NZ inside macro-
phages, we next assessed the therapeutic efficacy of the

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) ICP-MS quantification of FeTPP catalyst loading in Man-NZ
based on results from Fig. S5 (ESIT); (b) activation of pro-resorufin to red
fluorescent resorufin by Man-NZ; glutathione (GSH) was used as the
cofactor; (c) percent conversion of 20 uM pro-resorufin into resorufin
over time by 500 nM Man-NZ or Man-AuNPs, with 5 mM GSH as cofactor.
Pro-res only served as control. Error bars represent standard deviation
(n = 3).

nanozyme strategy using pro-antibiotics. We synthesized an
azidophenyl-caged ciprofloxacin (pro-ciprofloxacin; pro-cip)**
that is converted to the active antibiotic, ciprofloxacin, by
Man-NZ (Fig. 1 and Fig. S9, ESIf). This system was tested
against the causative pathogen for typhoid, Salmonella enterica
subsp. enterica serovar Typhimurium (Fig. 5a). Treatment of
planktonic bacteria with both Man-NZ and pro-cip resulted in
an approximately 4 log reduction of Salmonella colony forming
units (CFUs), similar to the activity of ciprofloxacin. Groups
treated with pro-cip only or Man-NZ only resulted in no
significant Salmonella reduction compared to the untreated
[phosphate buffered saline (PBS) only]| control group, demon-
strating that activity arises from effective bioorthogonal cata-
lysis by Man-NZ.

Following confirmation of antibiotic activation through kill-
ing of planktonic bacteria, we determined the efficacy of the
Man-NZ + pro-cip system in an intracellular macrophage
Salmonella infection model.* In brief, RAW 264.7 macrophages
were seeded in a 96-well plate, then treated with Man-NZ

Mater. Horiz., 2022, 9, 1489-1494 | 1491
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Fig. 3 ICP-MS analysis of gold accumulation in (a) RAW 264.7 macro-
phages and HepG2 hepatocytes following 24 h incubation with varying
concentrations of Man-NZ (left) and COOH-NZ control (right); (b) MO and
M2 phenotype RAW 264.7 macrophages following 24 h incubation with
Man-NZ; and (c) M2 phenotype RAW 264.7 macrophages following 24 h
incubation of COOH-NZ and Man-NZ. The M2 phenotype was stimulated
by IL-4. Error bars represent standard deviation (n = 3). * **,
*** = Pvalues < 0.05, 0.01, 0.001, respectively.
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Fig. 4 Confocal images of non-polarized RAW 264.7 macrophages incu-
bated with Man-NZ overnight and then with pro-res for 2h (left). Macro-
phages treated with pro-res only (middle) and Man-NZ only (right) served
as controls.

overnight to facilitate uptake. Following, macrophages were
infected by incubating the cells with Salmonella (1:100 multi-
plicity of infection) for an hour. The macrophages were then
washed and incubated with gentamicin for 30 minutes to
remove extracellular bacteria. Afterwards, pro-ciprofloxacin
was added. The macrophages were then lysed and the surviving
bacteria were collected and quantified through CFU counting.
Treatment with Man-NZ + pro-cip reduced intracellular bacter-
ial CFUs to a similar extent as ciprofloxacin did (Fig. 5b).
Importantly, concentrations of pro-cip, ciprofloxacin, and
Man-NZ + pro-cip used in this study were confirmed to be

1492 | Mater. Horiz., 2022, 9, 1489-1494
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Fig. 5 (a) Viability of Salmonella after 24 hr treatment with pro-
ciprofloxacin and Man-NZ, compared to controls, as determined by
quantitative colony counting. (b) Viability of Salmonella residing inside
macrophages after 24 hr treatment with pro-cip and Man-NZ or controls,
as determined by quantitative colony counting in a Salmonella-
macrophage infection model. Data are presented as mean =+ standard
deviation, n = 3 (*, **, *** = P values < 0.05, 0.01, 0.001, respectively).

non-toxic to the macrophages by Alamar Blue assay (Fig. S10
and S11, ESI}). Treatment with Man-NZ only or pro-
ciprofloxacin only did not significantly reduce Salmonella CFUs,
demonstrating the ability of the Man-NZ to generate active
antibiotics inside macrophages for killing of intracellular
pathogenic bacteria. This activity was further validated in an
additional murine macrophage type, J744 (Fig. S12a, ESIt). We
also tested our strategy using methicillin-resistant Staphylococ-
cus aureus (MRSA)-infected RAW 264.7 macrophages; MRSA is
another prevalent intracellular pathogen. As before, treatment
with Man-NZ + pro-cip resulted in reduction of intracellular
bacteria viability, comparable to the activity of the active drug
(Fig. S12b, ESIY).

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 (a) Schematic of transwell co-culture assay with Salmonella-
infected, Man-NZ-loaded macrophages and Lactobacillus. (b) Viability of
Lactobacillus sp. and intracellular Salmonella after 24 h treatment with
pro-ciprofloxacin and Man-NZ, and controls in a transwell co-culture
model as determined by quantitative colony counting. Data are presented
as mean =+ standard deviation, n = 3. *, ** *** = P values < 0.05, 0.01,
0.001, respectively.

Traditional antibiotic therapies for intestinal infections
generally result in a substantial reduction of beneficial gut
bacteria,”*® leading to an array of indirect effects.®*! We
hypothesized that generation of antibiotics inside of macro-
phages would result in higher local concentrations of thera-
peutics. As a result, the in situ generation of antibiotics would
allow lower overall dosing, minimizing effects on the surround-
ing microbiome. To test this possibility, we developed a trans-
well membrane model in which Lactobacillus species, a
dominant organism in the human gut, was co-cultured with
Salmonella-infected RAW 264.7 macrophages (Fig. 6a). Briefly,
Man-NZ-loaded macrophages were plated at the bottom of a
well and infected with Salmonella, while Lactobacillus sp.
(BioK") were added to the transwell membrane (0.4 pm pore
size). Pro-ciprofloxacin or ciprofloxacin was then added to the
top of the well. Quantitative colony counting after 24 h of
treatment revealed that pro-ciprofloxacin treatment of
Man-NZ-loaded macrophages resulted in significant Salmonella
colony reduction (>3 log units) while Lactobacillus CFUs were

This journal is © The Royal Society of Chemistry 2022
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minimally affected (<1 log unit; Fig. 6b and Fig. S13, ESIt). In
contrast, traditional ciprofloxacin treatment killed both Salmo-
nella and Lactobacillus to significant extents, as expected due to
the broad-spectrum activity of the antibiotic. As in the previous
experiments, the pro-ciprofloxacin alone control did not affect
CFU counts of either bacteria type. Taken together, this study
demonstrates the strong potential of nanozyme-based systems
to treat intracellular infections while maintaining overall gut
microbiome diversity.

Conclusions

In summary, we have generated macrophage-targeted bioortho-
gonal nanozymes to produce antibiotics at the sites of intra-
cellular bacterial infections. Negatively charged nanozymes
post-functionalized with a mannose terminal headgroup
demonstrated high selectivity for uptake by macrophages.
Following internalization, the nanozyme retained its catalytic
activity as demonstrated by the conversion of non-fluorescent
pro-resorufin into the fluorescent resorufin. Activation of pro-
ciprofloxacin by Man-NZ inside of Salmonella-infected macro-
phages resulted in effective killing of intracellular Salmonella.
The ability to generate effective concentrations of antibiotic
inside of the macrophages provides high selectivity for intra-
cellular infections and an important new strategy for treatment
of these infections without harming the surrounding micro-
biome. This bioorthogonal approach has the potential to
effectively treat intracellular infections ranging from typhoid
to tuberculosis - diseases that affect millions globally
every year.
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