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Abstract

Early detection of biofilms is crucial for limiting infection-based damage. Imaging these biofilms
is challenging: conventional imaging agents are unable to penetrate the dense matrix of the
biofilm, and many imaging agents are susceptible to false positive/negative responses due to
phenotypical mutations of the constituent microbes. We report the creation of pH-responsive
nanoparticles with embedded transition metal catalysts (nanozymes) that effectively target the
acidic microenvironment of biofilms. These pH-switchable nanozymes generate imaging agents
through bio-orthogonal activation of pro-fluorophores inside biofilms. The specificity of these
nanozymes for imaging biofilms in complex biosystems was demonstrated using co-culture
experiments.
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Bacterial infections are serious threat to public health, causing > 2 million cases of illnesses
and >23,000 deaths each year in U.S.1 The majority of human bacterial infections (~80%)
are associated with biofilm formation on living tissues.? Biofilms are three-dimensional
bacterial communities where microbes reside in an extracellular polymeric substance (EPS)
matrix, and are highly protected from exogenous agents. Biofilm-associated infections are
responsible for a range of chronic diseases including endocarditis, osteomyelitis and implant
dysfunction, and are key co-morbity threats for other diseases such as cystic fibrosis.34
Currently, biofilm infections are typically diagnosed only after they have become systemic
or have caused significant anatomical damage,>® highlighting the need for effective imaging
tools.

Current techniques for imaging bacteria use probes such as autologous white blood cells’,
maltodextrin8 and dipicolylamine zinc (11).2 Although these systems are effective for
imaging planktonic (dispersed) bacterial infections, only limited studies have been
conducted on imaging of biofilm-associated infections.19:11.12 Other imaging modalities
such as $7Ga-citrate and radiolabeled autologous white blood cells lack the spatial resolution
required for surgical procedures such as debridement of infected tissue.%13 Most high
resolution optical imaging approaches rely on fluorescent dyes conjugated to a
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biorecognition element, generating highly specific imaging probes that are susceptible to
false responses due to phenotypic mutations of biofilm residing microbes.141°> Moreover,
physical heterogeneity and complex biofilm architecture further complicates imaging of
these highly refractory infections.18 In particular, the dense and amphiphilic nature of EPS
matrix prevents the penetration of imaging agents.1”:18 Synthetic macromolecules such as
nanoparticles (NPs) have shown potential to penetrate biofilms9, however they currently
lack the ability to intrinsically target these resilient infections.20:21

Biofilms have inherently acidic microenvironments (pH 4.5-6.5) as a by-product of sugar
fermentation caused by bacteria.22 For instance, pH in human dental biofilms often reaches
below 4.5 causing acidic dissolution of tooth enamel.23 Similarly, cystic fibrosis (CF)
pulmonary infections are associated with acidification of airways in CF patients.24 We
hypothesized that pH-responsive sulfonamide-functionalized gold nanoparticles (AuNPs)25
could be used to target this acidic environment. In this system, targeting of the biofilm is
achieved through charge-switchable NPs that transition from zwitterionic (non-adhesive) to
cationic (adhesive) at the pH values typically found in biofilms, providing a broad-spectrum
recognition platform for bacteria with selectivity towards biofilms compared to healthy
mammalian cells. Imaging of the biofilms is achieved by the embedded transition metal
catalysts (TMCs) that activate the pro-fluorophores /n situinside the biofilms. These
bioorthogonal ‘nanozymes’ provide an effective imaging system that selectively targets
bacterial biofilms and provides amplified fluorescence signal output using bioorthogonal
catalysis. This nanozyme platform was used to effectively image biofilms of different
bacterial species with complete EPS matrix penetration, and to image biofilms in a complex
mammalian cell - biofilm co-culture model.

RESULTS AND DISCUSSIONS

Sensing was performed with 2nm AuNPs featuring terminal groups with distinct pK, values
to selectively target the acidic microenvironment of biofilms.2> Alkoxyphenyl
acylsulfonamide-functionalized NP1 features groups that are protonated under weakly acidic
conditions (pK; ~ 6.5), consistent with normal biofilm pH. Acylsulfonamide-functionalized
NP2 has slightly lower pK, (~4.5) than its aryl analog, providing a tool for measuring the
lower extremes of biofilm pH. Finally, NP3 features a sulfobetaine termini, providing a
stable zwitterionic control for our studies (pKa < 1) (Figure 1a).25:27 These particles were
synthesized from pentane-thiol capped 2nm core AuNPs using a place exchange reaction
(synthesis and characterization of NPs is described in supporting information, SI Figure S1).

The nanozymes were generated through encapsulation of a ruthenium-based catalyst-
[Cp*Ru(cod)CI] (Cp* = pentamethylcyclopentadienyl, cod = 1,5-cyclooctadiene) into the
ligand monolayer of NP1-3 to generate the respective nanozymes (NZ1-3).28 Transmission
electron microscopy (TEM) images and dynamic light scattering data of NPs before and
after encapsulation of catalysts show no signs of aggregation (Sl Figure S2 and S3). Further
size distribution studies for NZs were conducted at a range of pH (3.5-7.4) using DLS,
demonstrating their stability even in the acidic conditions (SI Figure S4). The quantification
of catalysts encapsulated was done using inductively-coupled plasma mass spectrometry
(ICP-MS, Sl Figure S6), indicating that 24 + 2 catalyst molecules were encapsulated per
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AUNP for NZ1-3. The catalysts encapsulated per AuNP were similar at different pH ranges
(3.5-7.4), as validated using ICP-MS (SI, Table S1).

The catalytic activities of NZ 1-3 were assessed in solution by deallylation of bis-N, N’-
allyloxycarbonyl rhodamine 110 (alloc-Rho, Figure 1) at pH = 7.4.2° The rate of increase in
fluorescence was similar (Figure 2a) for the NZ1-3 complexes, indicating similar catalytic
activity for all NZs at physiological pH. Further, we tested the catalytic activity of NZ1 with
varying pH (3.5-7.4), indicating no significant difference in the catalysis rate for the
nanozyme (SI, Figure S8).

After establishing their catalytic activity in solution, we determined the pH dependence of
the NZ’s surface charge by measuring their zeta potential. The surface charge of all three
NZs (1-3) were close to neutral at physiological pH (7.4), consistent with their zwitterionic
structures. NZ (1-2) exhibited a sharp transition from neutral to overall positive charge at pH
6.5 and pH 4.5 respectively, consistent with their respective pKa’s. As expected, NZ3
possessed near neutral charge even at highly acidic pH values as seen in Figure 2b and Sl
Figure S5. Next, we performed NZ diffusion studies in biofilms using ICP-MS to investigate
their ability to penetrate and accumulate inside biofilms. We observed that switchable NZ1
showed the highest diffusion into biofilms based on Au, with lesser amounts observed with
NZ2 and NZ3 respectively (Figure 2c). This trend is mirrored in the Ru signal from the
catalyst. This overall change to cationic surface charge of the pH-responsive NZs can play a
crucial role in their ability to intrinsically target biofilms over the mammalian cells (SI,
Figure S9).

We then investigated the ability of NZs to image biofilms using confocal microscopy. We
chose uropathogenic clinical isolate of £ aeruginosa (CD-1006) as a model strain for
imaging studies due to their high prevalence in clinical biofilms.3931 Imaging studies of
biofilms were based on generation of fluorophore (Rhodamine 110) through deallylation of a
non-fluorescent precursor as shown in Figure 1b. Catalytic activity of the NZs was probed
inside the biofilms by incubating the NZs with biofilms for 1 h, followed by multiple
washings to remove absorbed particles. Fresh media containing substrate was added
following 1 h incubation and subsequent washings. Confocal images of biofilms treated with
switchable NZ1 exhibited bright fluorescence, with only localized fluorescence observed
with NZ2, and little or no fluorescence beyond auto fluorescence observed with NZ 3, results
mirrored in the quantified intensities (Figure 2d, e). Additionally, mammalian cells treated
with charge switchable nanozymes exhibited minimal fluorescence after incubation of 3
hours (SI Figure S12). These results suggest that pH responsive zwitterionic nanozyme NZ1
can be used to target the biofilms for imaging applications.

Z-stack confocal imaging was used to determine the localization of activated fluorophores
inside DS Red (red fluorescent protein) expressing £. colibiofilms (Figure 3a). The
penetration profile of NZ1 was quantified by using NIS element analysis software.32 The
intensity of green and red channel represents the intensity of Rhodamine-110 and biofilms
respectively. The integrated intensities were normalized at the top layer of biofilm to
compare their co-localization with varying biofilm depth (0-5.6 pm). As shown in Figure
3b, the activated fluorophore (Rhodamine 110) was distributed throughout the biofilm.
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Biofilms incubated without NZ1 were used as negative control (SI Figure S11). The ability
of switchable NZ1 to image bacterial biofilms was further validated against three bacterial
strains of clinical isolates - Enterobacter cloacae (CD-1412), methicillin-resistant
Staphylococcus aureus (CD-489) and Escherichia coli (CD-2), demonstrating effective
imaging of biofilms formed by both Gram positive (S. aureus) and Gram negative (£. coli, P
aeruginosa, E. cloacae) (S| Figure S10) species. Further, we tested the cytotoxicity of these
NZs against NIH 3T3 Fibroblast-cells that maintain high cell viability at 2 uM NZ
incubation (Figure 3c). These studies indicate the biocompatibility of our zwitterionic
nanozymes with mammalian cells.

Imaging of biofilms on biomedical surfaces such as medical implants and indwelling devices
is a critical capability. However, tracking biofilm-associated infections on human tissues and
organs is even more challenging and relevant for medical applications. In most cases of
bacterial infections, microbes are embedded in human tissues inside resilient biofilms
comprised of EPS.33 Having established that pH responsive NZ 1 exhibits the highest
selectivity towards biofilms and are non-toxic to fibroblast cells, we next investigated their
ability to track biofilms, using fibroblast-biofilm co-culture as a model. We chose DS Red
(red fluorescent protein) expressing £. coli as representative strain to generate co-culture
model using previously established protocols.34:3%:36 Co-cultures were then incubated with
NZ1 for 1 hour, followed by multiple washings to remove non-adhering NZs. Subsequently,
substrate alloc-Rho was added in fresh media for 1 hour, followed by multiple washing to
remove excess substrate. The co-culture models were examined using confocal microscopy,
exhibiting strong co-localization of Rhodamine and DS Red (from biofilm) and minimal
fluorescence around mammalian cells (Figure 4, procedure to analyze image intensity is
described in Supporting Information). The co-cultures incubated with alloc-Rho in absence
of NZ1 was used as negative control (Sl, Figure S12). This high level of selectivity
demonstrates the potential of switchable NZs to image bacterial biofilms in physiologically
relevant conditions. Their ability to selectively target the biofilms can be attributed to the
overall change in their surface charge (from neutral to cationic) at acidic conditions. The
positively charged NZ1 shows high accumulation inside the biofilm, whereas the neutral
charged NZ1 exhibits minimal uptake in fibroblast cells. Hence, the pro-fluorophore gets
selectively activated in the biofilm, already inhabited by the charge switchable nanozyme.

CONCLUSION

In conclusion, we have developed a strategy for rapid and effective imaging of biofilms that
was effective in a complex co-culture model. The pH-responsive NPs penetrate and
accumulate inside the acidic microenvironment of biofilms, with bioorthogonal catalysis
providing a sensitive readout mechanism. This bioorthogonal activation of imaging agents is
a promising approach to detect biofilm-associated infections, and to locate infected sites
during critical debridement surgeries. These pH responsive nanozymes offer a broad-
spectrum strategy for imaging biofilms arising from different and/or mixed bacteria species,
circumventing the need for designing microbe-specific probes. Considering their enhanced
ability to penetrate the biofilm matrix, nanozymes hold a strong advantage against currently
used imaging probes. In a broader context, this study demonstrates the utility of
bioorthogonal catalysis for bioimaging.
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Materials and Methods

All chemicals and solvents for synthesis were purchased from Fisher Scientific and Sigma-
Aldrich, and used without further purification, unless otherwise stated. NIH-3T3 cells
(ATCC CRL-1658) were purchased from ATCC. Dulbecco’s Modified Eagle’s Medium
(DMEM) (DMEM; ATCC 30-2002) and fetal bovine serum (Fisher Scientific, SH3007103)
were used in cell culture.

Synthesis and characterization of AuNPs

Detailed procedure of ligand and nanoparticle synthesis is described in the supporting
information.

Catalyst encapsulation in AUNP monolayer

The catalyst, [Cp*Ru(cod)CI] (3.0 mg) was dissolved in 1 ml acetone and the AuNP (20 uM,
0.5 mL) were diluted to a final concentration of 5 UM with DI water (1 ml). Then, the
catalyst and the AuNP solutions were mixed together and acetone was slowly removed by
evaporation. During the evaporation, hydrophobic catalyst was encapsulated in the particle
monolayer to yield to NP_Ru. Excess catalysts which precipitated in water were removed by
filtration (Millex-GP filter; 25 mm PES, pore Size: 0.22um) and dialysis (Snake Skin®
dialysis tubing, 10K) against water (5 L) for 24 h. Further purifications were followed by
multiple filtrations (five times, Amicon® ultra 4, 10K) to remove free catalysts. The amount
of encapsulated catalysts was measured by ICP-MS by tracking 101Ru relative to 197Au for
NP_Ru.

Nanozyme kinetics in solution

Allylcarbamate protected Rhodamine 110 (alloc-Rho) was used as a substrate to test the
catalytic activity of the nanozymes. A solution containing 100 nM nanozyme and 1 pM
substrate was prepared in a 96-well plate. 400 nM nanozyme solution and 100 uM substrate
solutions alone were used as negative controls. The kinetic study was done by tracking the
fluorescence intensity (Ex: 488 nm, Em: 521 nm, Cutoff: 515 nm) using a Molecular
Devices SpectraMax M2 microplate reader.

Biofilm culture

Bacteria were inoculated in LB broth at 37°C until stationary phase. The cultures were then
harvested by centrifugation and washed with 0.85% sodium chloride solution three times.
Concentrations of resuspended bacterial solution were determined by optical density
measured at 600 nm. Seeding solutions were then made in minimal media, M9 broth to
reach ODgqg of 0.1. 500 pL of the seeding solutions were added to each well of the 24-well
microplate. M9 medium without bacteria was used as a negative control. The plates were
covered and incubated at room temperature under static conditions for a desired period of 24
hours. Planktonic bacteria were removed by washing with PB saline three times.
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Diffusion of nanozymes inside biofilms

After plating bacterial cells in a 24-well plate. On the following day, planktonic bacteria
were removed by washing with PBS three times. and incubated with NZ 1, NZ 2 and NZ 3
(400 nM each) in minimal M-9 media (pH 7.4) for 3 h at 37 °C. After incubation, biofilms
were washed three times with PBS and lysis buffer was added to each well. All lysed
samples were then further processed for ICP-MS analysis (vide infra) to determine the
intracellular amount of gold and ruthenium. Diffusion experiments were performed
independently at least two times and each experiment was comprised of three replicates.

Confocal imaging of biofilms

108 bacterial cells/ml were seeded (2 ml in M9 media) in a confocal dish and were allowed
to grow, old media was replaced every 24 hours. After 3 days media was replaced by 400
nM of the NZ 1, NZ 2 and NZ 3 and biofilms were incubated for 1 h, biofilm samples
incubated with only M9 media were used as control. After 1 h, biofilms were washed with
PBS three times and were incubated with 100 uM of the substrates for 1 h. The cells were
then washed with PBS three times. Confocal microscopy images were obtained on a Zeiss
LSM 510 Meta microscope by using a 60x objective. The settings of the confocal
microscope were as follows: green channel: A¢=488 nm and Am=BP 505-530 nm; red
channel: A¢=543 nm and Am=LP 650 nm. Emission filters: BP=band pass, LP=high pass.

Mammalian cell viability studies

These experiments were done using previously reported protocol.3” Briefly, 20,000 NIH 3T3
fibroblast cells (ATCC CRL-1658) were cultured in DMEM medium in presence of 10%
bovine calf serum and 1% antibiotic solution. The cells were cultured at 37 °C in a
humidified atmosphere of 5% CO,, for 48 h. Next, the cells were washed with phosphate-
buffered saline (PBS) and different concentration of NZs (1-3) in 10% serum containing
media were incubated with the cells for 3 h at 37 °C. After the incubation period, cells were
washed with PBS (3 times) and cell viability was then determined using Alamar blue assays
according to manufacturer’s protocol (Invitrogen Biosource). Washed cells were incubated
with 220 ul of 10% Alamar Blue solution in 10% serum containing media. The solution was
incubated at 37 °C under a humidified atmosphere of 5% CO», for 3 h. Subsequently, 200 pl
solution from the wells was transferred in a 96-well black-microplate. The fluorescence
reading was measured using a UV/vis spectrophotometer with excitation and emission at
560 and 590 nm respectively. Cell incubated without NPs were treated as 100% viable cells
and the cell viability was calculated accordingly. These experiments were performed in
triplicates.

Imaging of Co-culture models

Fibroblast-3T3 co-culture was performed using a previously reported protocol.36 A total of
20,000 NIH 3T3 (ATCC CRL-1658) cells were cultured in Dulbecco’s modified Eagle
medium (DMEM; ATCC 30-2002) with 10% bovine calf serum and 1% antibiotics at 37°C
in a humidified atmosphere of 5% CO,. Cells were kept for 24 hours to reach a confluent
monolayer in a confocal dish. Bacteria (P aeruginosa) were inoculated and harvested as
mentioned above. Afterwards, seeding solutions 108 cells/ml were inoculated in buffered
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DMEM supplemented with glucose. Old media was removed from 3T3 cells followed by
addition of 2 mL of seeding solution. The co-cultures were then stored in a box humidified
with damp paper towels at 37°C overnight without shaking. The co-cultures were treated
with NZs and substrates using similar procedure used for biofilm models.

Supplementary Material

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

a) Molecular structures of pH switchable and control ligands on gold nanoparticles (AuNPs).
b) Schematic representation showing selective targeting of biofilm infections using pH
responsive nanoparticles and intra-biofilm fluorogenesis of pro-fluorophores by transition

metal catalysts (TMCs) embedded in the nanoparticle monolayers.
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Figure2.
a) Catalysis of nanozymes with different chemical headgroups in neutral pH for 2 hours at

37 °C. b) Zeta potential of NZ1-3 (1 uM) measured at range of pH (3.5-7.4) is plotted
against different pH values. Error bars represent standard deviations based on three
independent measurements per pH value. c) Nanoparticle and catalyst diffusion into 2
aeruginosa (CD-1006) biofilms after incubation for 1 hour in pH 7.4 media with NZ 1-3
(400 nM), as measured by ICP-MS. d) Confocal images of biofilm incubated with
nanozymes (1-hour, 400 nM) followed by incubation with alloc-Rho (1 hour, 100 uM),
Biofilm control is the negative control in absence of nanozyme. e) Quantitative analysis of
fluorescence intensity generated upon addition of different nanozymes.
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Figure 3.
a) Confocal microscopy images of DS Red exp £. coliand activated Rhodamine 110

fluorophore in presence of NZ1. Composite images show homogeneous co-localization of
biofilm and activated fluorophores. The panels are projections at 0°, 45° and 90° angle
turning along Y-axis. The scale bars are 20 um. b) Integrated intensity of Rhodamine 110
and DS Red biofilm after 1-hour incubation with NZ1. The x-axis is the depth of penetration
of biofilms, where 0 um represents the top layer and ~5.6 um, the bottom layer. The y-axis,
normalized fluorescence, is normalized intensity of red and green channel at the top layer to
compare their localization. c) Cell viability of 3T3-Fibroblast cells after 24-hour incubation
with NZ1-3 (0.1-2 uM). The data are average of triplicates and the error bars indicate
standard deviations.
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Figure 4.
Confocal images of a fibroblast-DS Red E£. col/ibiofilm co-culture model incubated with

switchable nanozyme NZ1 (400 nM) and alloc-rhodamine (non-fluorescent, 100 uM) for 1
h. a) DS Red b) Rhodamine 110 and c) merged channels d) Quantitative analysis of
fluorescence intensity observed in the images of non-infected cells (cells only) and cells
infected with biofilm (co-culture). Scale bar is 20 um.
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