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Abstract: Otitis media (OM) is a main cause of pediatric antibiotic
prescriptions. Nontypeable Haemophilus influenzae (NTHi) is a
major OM pathogen, which forms biofilm that resists
conventional antimicrobials and immune clearance, calling for
novel treatments that are effective against NTHi and its biofilm
are therefore urgently required. Nanozymes (often inorganic
nanoparticles) mimic natural enzymes’ catalytic activities to
generate strong antimicrobials at the site of infection, and thus
represent one of the emerging solutions to the crisis of
antimicrobial resistance. They mimic natural enzymes’ activities,
such as generating strong antimicrobials catalytically at the site
of infection, to minimize overexposure. However, that in-situ
generation often relies on Reactive Oxygen Species (ROS) as
precursors, a prerequisite that limits the broad deployment of
nanozymes. To address this challenge, we designed a cascade
nanozyme that generates an antiseptic, HOBr, from a ubiquitous
non-ROS, i.e., O;, which successfully eradicates NTHi. The
cascade nanozyme simultaneously exhibits glucose oxidase
(GOx)-like activity, from gold nanoparticles (AuNPs), and
haloperoxidase (HPO)-mimicking activity, from vanadium
pentoxide nanowires (V,0s NWs), connected using dopamine
(DPA). The cascade nanozyme demonstrated strong
antimicrobial efficacy against NTHi and its biofilm, while
showing improved biocompatibility compared to the nanozyme of
V,05 NWs alone. The cascade nanozyme thus points to a material-
oriented infectious disease treatment strategy, where small-
molecule antimicrobials are generated in real time at the site of
infection for the benefits of autonomous dosing. This strategy
potentially mitigates the development of antimicrobial resistance
and reduces side effects.

Otitis Media (OM), or middle ear infection, is the most common
reason for pediatric antibiotic prescriptions in the US!, with over

@ Robert F. Smith School of Chemical & Biomolecular Engineering, Cornell
University, Ithaca, NY 14853, USA.

* Corresponding Author, Email: ryang@cornell.edu

Electronic Supplementary Information (ESI) available: [details of any supplementary

information available should be included here]. See DOI: 10.1039/x0xx00000x

Xiaojing Ma,? Jiayan Lang,? Pengyu Chen,* Wenjing Tang,? Simon Shindler?, and Rong Yang*?

95% of children have had at least one episode of OM by age 523.
Gram-negative nontypeable haemophilus influenzae (NTHi) is
one of the major pathogens that invades the auditory bullae
opportunistically to cause OM*¢. From the largest series of
bacteriologic study of pediatric OM (based on middle ear fluid
sampling), NTHi is responsible for 16%-61% of all episodes’
and is identified in up to 60% of persisting episodes’.

Part of NTHi’s resistance is due to its ability to form
multicellular biofilm communities, which enables its persistence
in the middle ear space®®. Like other biofilm-forming Gram-
NTHi
(LPS)'%-13 and type IV pili'# on the outer membrane during the

negative pathogens, expresses lipopolysaccharides
initial adhesion. In vivo studies have shown that NTHi biofilm
could subvert neutrophil extracellular traps that inhibit infection
and achieve persistence®!1,14-16,

Antibiotics,

clavulanate, ampicillin, cefotaxime and cefuroxime, are the

such as ciprofloxacin, amoxicillin with
mainstay of treatment for NTHi-induced OM!”. Unfortunately,
susceptibility of NTHi to ampicillin and cefuroxime has been
shown to be below 80% in Poland!® and 33% in UK (for
ampicillin only)!® and that to cefuroxime is merely 72.1% in
Chinals.
associated with NTHi-induced OM has been considered to cause

The frequent and systemic antibiotic exposure
antibiotic resistance, which in turn challenges the treatment
efficacy.
Nanomaterials, such as iron nanoparticles, silver
nanoparticles, and cerium nanoparticles, with their demonstrated
enzyme-like activities (e.g., peroxidase-like activity) have been
leveraged as antimicrobials with minimal resistance identified
thus far?0-25, Nanozymes tend to have improved stability and
catalytic efficiency in a broader range of temperature and pH
with relatively low cost of production compared to natural
enzymes?®. Nevertheless, although nanozymes have shown

excellent potential in biomedical and environmental

applications?’-?8, their use in the treatment of OM and other
infectious diseases has been limited .
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To bridge that gap, we have previously designed an OM
treatment using vanadium pentoxide nanowires (V,Os NWs),
which convert a metabolic product (i.e., H,O,) of an OM
pathogen (i.e., Streptococcus pneumoniae (S. pneumoniae)) into
a potent antiseptic (i.e., HOBr)?°, based on its haloperoxidase
(HPO)-mimicking the rapid
development of resistance to antibiotics such as ciprofloxacin,

activity’®. In contrast to
antiseptics like HOBr are used widely in disinfection without
substantial resistance identified to date?'. Thus, we anticipate the
cascade nanozyme to be more effective against resistant strains
comparing with small-molecule counterparts. The V,05 NWs
mimic vanadium HPOs (V-HPOs) isolated from a marine algae,
Macrocystis Pyrifera®?, which protect the algae from microbial
invaders. While S. preumoniae produces up to 1 mM of H,0,
per hour due to its pyruvate oxidase??, other OM pathogens such
as NTHi are not known to produce ROS that is necessary to
sustain the HPO reaction, thus rendering V,05s NWs ineffective
for treating NTHi.

To treat OM caused by NTHi and its biofilm, we built upon
our prior work and designed a cascade nanozyme, composed of
V,05 NWs, coated with dopamine (DPA) and surface-decorated
with gold nanoparticles (AuNPs). The cascade nanozyme
enabled generation of an antiseptic, HOBr, from non-ROS
species including Br, glucose, and O,, eradicated NTHi and
reduced its biofilm, and mitigated the cytotoxicity commonly
observed for V,0s5 NWs alone. AuNPs were chosen because of
their glucose oxidase (GOx)-like activity, which effectively
oxidize glucose into gluconic acid and H,O, in the presence of
O, under a broad range of temperature and pH conditions?734. As
such, the cascade nanozyme is designed to sustain the generation
of HOBr without the need for S. pneumoniae. Below, we first
individually characterize the GOx-like activity of AuNPs and the
HPO-like catalytic activity of V,0s NWs, and then demonstrate
the design and characterization of the cascade enzyme.

To characterize the GOx-like activity of AuNPs, we first
measured the rate of H,O, generation as a function glucose
concentration (in the range of 0-500 mM) in the presence of 50
uM AuNPs (Fig. 1B). Theoretically, the initial rate of H,O,

generation (V) follows the Michaelis-Menten equation?’ (eq.1).
[S]
V0 = Vmaxy, 1 51 = KeatlElog, 457 (1)

Where [S] is the concentration of substrates such as glucose and
O, and [E] is the concentration of AuNPs. The Michaelis-Menten
constant (K;;,) indicates the substrate concentration at which the
reaction rate is %2 Vpax (an indication of binding affinity of a
substrate to AuNPs). The values of K, and maximum reaction
rate (Vmax) were calculated from experimental data using the
Lineweaver-Burk linearization (eq. 2).

1 Knm 1

1
0 Vo B Ve @

The V. and K, values were calculated as 1.48 X 107 M/s and
1.75 X 10° M respectively. The rate of H,O, production
increased as the concentration of glucose increased until the

concentration reached 62.5 mM (as shown in Fig. 1B), which
was used in subsequent experiments.

In addition, we measured the rate dependence on the
concentration of AuNPs (in range of 0-100 uM) in the presence
of 62.5 mM glucose. The results indicated that about 2000 uM,
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12 uM, 8 uM, and 2.5 pM of H,O, was produced by 100 uM, 3
uM, 2uM, and 1pM of AuNPs respectively over the course of
one hour (Fig. S1). We observed that unmodified AuNPs
demonstrated a strong tendency to aggregate in solution (Fig.
S2), which has been reported previously?’34, thus calling for
stabilization measures.
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Fig.1. Scheme of V,05 NWs @DPA@AuNPs cascade nanozyme and catalytic
activities of AuNPs, V,0s, V,05s NWs@DPA, and V,0s NWs @DPA@AuNPs.
(A) Scheme of catalytic activities of the cascade nanozyme; plotted by adapting
TEM images of V,05s NWs@DPA@AuNPs cascade nanozyme in Fig. 4A. (B) The
initial rate (Vj) of H,O, generation as a function of glucose concentration (in range
0-500mM), collected with 50 uM AuNPs and bubbling air, showed glucose oxidase
(GOx)-like activity of AuNPs. (C) V, of the V,05s NWs as a function of Br-
concentration, collected at the V,0s concentration of 0.02 mg/ml , MCD
concentration of 50 uM, and H,0O, concentration of 10 uM. (D) V, of the V,05
NWs as a function of H,O, concentration, collected at the V,05 concentration of
0.02 mg/ml, MCD concentration of 50 uM, and Br- concentration of 1 mM. (E)
Dependence of V, of the V,05s NWs@DPA (solid circles) and of the V,05
NWs@DPA@AuNPs (solid squares) on DPA concentration, collected at the V,05
concentration of 0.02 mg/ml, MCD concentration of 50 uM, Br concentration of 1
mM, and H,0, concentration of 10 uM (for NWs@DPA) or glucose concentration
of 62.5 mM (NWs@DPA@AuNPs). (F) V, of the V,0s NWs as a function of Br-
concentration, collected at the V,0s NWs @DPA@AuNPs concentration of 0.02
mg/ml (in terms of the weight concentration of V,05 NWs), MCD concentration of
50 uM, and glucose concentration of 62.5 mM. (G) V, of the V,05s NWs as a
function of glucose concentration, collected at the V,0s NWs @DPA@AuNPs
concentration of 0.02 mg/ml (in terms of the weight concentration of V,0s NWs),
the MCD concentration of 50 uM, and the Br- concentration of | mM. Data are

The V,0s NWs were synthesized using a hydrothermal
method based on previous reports3%-3¢, Transmission electron
microscopy (TEM) illustrated the geometry of V,Os NWs, with
an average length of 505.6 & 178.1 nm and an average width of
37.7%+12.1 nm (Fig. S3). The atomic percentage of 27.7%
Oxygen (O) and 68.1% Vanadium (V) was calculated using
scanning transmission electron microscopy with energy
dispersive X-ray spectroscopy (STEM-EDX) (Fig. S4A),
consistent with previous reports3%-36,

The HPO-mimicking activities of V,05 NWs were quantified
using a monochlorodimedone (MCD) assay as described
previously?. Briefly, the HPO activities lead to bromination of
MCD (with absorbance at 290 nm), which creates
dihalodimedone with no absorbance at 290 nm (Fig. S5). Thus,
the HPO activities could be quantified by monitoring the
absorbance at 290 nm. The initial rate (V) also follows the

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 10



Page 3 of 10

Michaelis-Menten equation®’ (eq.1) as stated above. In this case,
[S] is the concentration of Br or H,O, and [E] is the
concentration of V,0s NWs. To quantify K,, and V., we
individually varied the concentration of substrates while keeping
constant concentration of MCD and V,05 NWs at 50 uM and
0.02 mg/mL, respectively (Fig.1C&D). The values of K, and
Vimax Were calculated (using eq. 2) as 0.25 X 103 M and 10.26
X 10 M for Br and H,O, respectively (for K,,) and 5.17 X
1019 M/s and 7.26 X 1071 M/s for Br- and H,0, respectively
(for Vi), which are comparable to the values reported in
previous work®°. The K, values indicate relatively high affinity
of H,O, to V5,05 NWs.

Antimicrobial activity of V,0s NWs was verified using
NTHi. The optical density at 600 nm (OD600) of NTHi was
recorded over 7 hours (Fig. 2A). The groups of NTHi only, NTHi
treated with I1mM Br and 20 uM H,O, (to test the influence of
Brand H,0,; alone), NTHi treated with 0.04 mg/mL V,05 NWs
(to test the antimicrobial effect of V,0s NWs alone), NTHi
treated with 0.04 mg/mL V,05s NWs and 1 mM of Br-, and NTHi
treated with 0.04 mg/mL V,05; NWs, 1 mM Br, and 20 uM H,0,
were compared (Fig. 2A). The results showed that at least a
subpopulation of NTHi remained after the treatment of Br- and
H,0,, or V,05 NWs alone, or V.05 NWs with Br; whereas
NTHi was completely eradicated after the treatment of Br-, H,O,,
and V,0s5 NWs. This result confirmed that NTHi could not
generate H,O, although V,05 NWs were effective, as when H,O,
was introduced exogenously the treatment system was strongly
antimicrobial. It is noteworthy that dead cells and cell debris
could cause false OD600 reading. We thus took an aliquot (100
pL) of the NTHi culture, treated with Br, H,O,, and V,05s NWs
(at the end of the 7-hour incubation), and plated it onto a
chocolate agar to confirm the complete loss of viability of NTHi.
No growth was observed on the agars, indicating that the
minimum inhibitory concentration (MIC) of V,05s NWs (with Br-
and H,0,) was comparable to the minimum bactericidal
concentration (MBC).

To enable the cascade catalytic reactions, we first physically
mixed the V,05 NWs and AuNPs and tested the antimicrobial
effects using NTHi. No antimicrobial effects were detected when
adding glucose, Br, and O,, whereas bacterial growth was
inhibited when adding H,O, and Br (Fig. S6A). These results
implied that V,05s NWs were catalytic, but the physically mixing
approach failed at producing cascade actions.

Based on the robust reactivity of V,05 NWs,
subsequently synthesized AuNPs in situ, i.e., in the presence of

we

V,05 NWs, in hope of achieving a homogeneous mixture of the
two nanomaterials and shorten the delivery distance needed for
H,O, (i.e., the distance between generation on AuNPs to
consumption on V,05 NWs). Briefly, a solution of V,05 NWs
was mixed with HAuCl, and subsequently NaBH, to generate
AuNPs. No antimicrobial effects were detected of the V,05 NWs
decorated with in-situ grown AuNPs when tested with NTHi
culture (in glucose, Br, and O, or in H,O, and Br) (Fig. S6B).
The results implied that V,0s NWs lost their catalytic activity
during the in-situ synthesis of AuNPs. That deactivation of the
catalytic activity of V,0s NWs was likely due to the strongly
reducing agent, NaBHy, that was used to synthesize AuNPs3%.

This journal is © The Royal Society of Chemistry 20xx
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Based on the results from physically mixing V,0s NWs and
AuNPs and those from synthesizing AuNPs in the presence of
V,05 NWs, we proposed that a protection layer is required to
retain the catalytic activity of V,0s NWs during AuNPs
synthesis, which should also improve the adhesion of AuNPs
onto the surface of V,Os NWs to shorten the diffusion length
required for H,O,. As such, we designed our cascade nanozyme
with a dopamine (DPA) coating on V,05 NWs and subsequent
surface decoration via AulNPs, i.e., V,05s NWs@DPA@AuNPs.
In this system, DPA serves as a protection layer for V,05s NWs
to avoid their deactivation (by the strong reducing agent NaBH,)
and as an adhesive to concentrate as-synthesized AuNPs onto the
surface of V,05 NWs.
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Fig.2. Antibacterial effects of the V,05s NWs, V,0; NWs@DPA and V,05
NWs@DPA@AuNPs cascade nanozyme. Bacterial growth curves (OD600) of
NTHi were monitored for 7 hours during the incubation with (A) 0.04 mg/mL
V,05 NWs, 1 mM Br, and 20uM H,0,, (B) 0.04 mg/mL, 0.08 mg/mL, or 0.16
mg/mL (in terms of the weight concentration of V,0s NWs) V,05s NWs@DPA,
ImM Br, and 20 pM H,0,, (C) 0.08 mg/mL or 0.16 mg/mL V,0s
NWs@DPA@AuNPs, 1 mM Br, and 62.5 mM glucose with bubbling air.
Images of the chocolate agar plates were obtained by plating the NTHi cultures
with 0.04 mg/ml V,05 NWs+H,0,+Br, or 0.08 mg/ml V,0s NWs@DPA+Br
+H,0,, or 0.08 mg/ml V,05 NWs@DPA@AuNPs+Br+glucose at the end of the
7-hour incubation. Data are mean + SD. n = 4. ns, not statistically significant,
**p<0.01, and ****p<0.0001; all comparisons were made with respect to the
“Nontreated” group. Scale bar is 4.2cm.

Notably, this cascade nanozyme generates a strongly
oxidizing antiseptic (i.e., HOBr) from non-Reactive Oxygen
Species (non-ROS) (i.e., glucose, O, and Br), which is distinct
from previously reported nanozymes. That feature in turn leads
to complete eradication of planktonic NTHi and inhibition of its
biofilm while mitigating the observed cytotoxicity of V,0s NWs
alone. To the best of our knowledge, this is the first time that a
cascade nanozyme system has been used in treating OM?3°,

DPA was chosen because it can self-polymerize onto the
surface of V,05 NWs (forming V,0s NWs@DPA at pH 8.0)
(Fig. 1A). To deposit a sufficient amount of DPA on the surface
of V,0s5 NWs, the weight ratio of V,0s NWs to DPA was
systematically varied during the DPA coating step by adding
DPA to a constant concentration of V,05 NWs, in two-fold serial

J. Name., 2013, 00, 1-3 | 3
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diluted amounts (i.e., 1 mg of V,05s NWs with 1.6, 3.2, 6.4, 12.8,
25.6,51.2, and 102.4 ng of DPA respectively). The dependence
of Vj of the bromination reaction on DPA amount was studied
using V.05 NWs@DPA at the V,0s5 NWs concentration of 0.02
mg/mL, MCD concentration of 50 uM, H,O, concentration of
10uM, and Br concentration of 1mM (Fig. 1E). The results
indicated that V, decreases with increasing amount of DPA
coating, implying potential coverage of catalytic sites on V,0s
NWs by DPA. V,05 NWs@DPA obtained using 1.6, 3.2, and 6.4
pg DPA in 1 mg V,05 NWs reduced the V (of V,05 NWs alone)

A B
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Fig.3. Elemental composition of V,05s NWs and V,05s NWs@DPA@AuNPs
cascade nanozyme. (A) XPS survey scan of the V,05s NWs@DPA@AuNPs
cascade nanozyme. (B) High-resolution XPS spectra of O(1s), V(2p,,), and
V(2psp) in V,05s NWs@DPA@AuUNPs cascade nanozyme. (C) High-resolution
XPS spectra of the Au(4fs;,) and Au(4f7,) in V,0s NWs@DPA@AuNPs cascade
nanozyme. XRD diffractograms of (D) V,0s NWs, (E) V,0s NWs@DPA, and
(F) V,05s NWs@AuNPs cascade nanozyme

by 39.7%, 32.2%, and 43.3% respectively (Fig. 1E).

The catalytic activity of V,05 NWs@DPA (synthesized
using 3.2 pg DPA per 1 mg V,05 NWs), which showed the least
reduction of V,, was then tested using NTHi. For doing that,
0.04, 0.08, and 0.16 mg/mL V,05 NWs@DPA with ImM Br-
and 20 uM H,0, were incubated with NTHi for 7 hours to show
the effectiveness of V,0s NWs@DPA at converting H,O, and
Br-into HOBr and then eradicating NTHi (Fig. 2B). The OD600
results showed that 0.08 mg/mL V,05s NWs@DPA with 20 uM
H,0, and 1 mM Br could eradicate NTHi completely, which
was also confirmed by plating 100 pL culture onto chocolate
agar. The results implied that the MIC and MBC of V,0s
NWs@DPA were similar. The MIC of V,05s NWs@DPA was
two times higher than that of V,Os NWs alone, which was likely
a result of DPA covering the active sites on the surface of V,0s5
NWs. The antimicrobial efficacy of a physical mixture of V,0s
NWs@DPA and AuNPs was also assessed using NTHi (Fig.
S6C). Unsurprisingly, no detectable antimicrobial activity was
captured for the physical mixture (in the presence of glucose, Br,
and O;), corroborating the importance of placing the two
catalytic steps, enabled by AuNPs and V,05 NWs, respectively,
right next to each other to enable the cascade activity. Then, the
V.05 NWs@DPA was subsequently decorated with AuNPs as
illustrated in Fig. 1A. Briefly, DPA coating was applied onto the
surface of V,05 NWs (V,05 NWs@DPA) at pH 8.0 and AuNPs
were synthesized in situ. The DPA layer provides protection for
V.05 NWs and heterogeneous nucleation sites for the as-
synthesized AuNPs3®, promoting their adhesion and preventing
aggregation?’34. The scheme of the synthesis steps to obtain the

4| J. Name., 2012, 00, 1-3

cascade nanozyme in supporting information as Fig. S7. We
subsequently characterized the cascade nanozyme, V,Os
NWs@DPA@AuNPs, for its elemental composition, bonding
environmental, geometry, and crystallography as described
below.

Elemental composition of V.05 NWs@DPA@AuNPs was
characterized using X-ray photoelectron spectroscopy (XPS)
(Fig. 3A-C). The atomic percentage of O, V, N, and Au is about
76.78%, 17.13%, 4.66%, and 1.43% respectively. To confirm
that the correct bonding environments were obtained for V,0s5

Fig.4. TEM analysis of V,05s NWs@DPA@AuNPs cascade nanozyme. (A)
TEM image of V,05 NWs@DPA@AuNPs cascade nanozyme, showing the
overall assembly of AuNPs on the surface of V,05s NWs. (B) HRTEM of the
V,0:s lattice structure and lattice size in V,05 NWs@DPA@AuNPs (zooming
into the box in panel A that is labelled “B”). (C) HRTEM of the lattice structure
and lattice size of the AuNPs from V,0s@DPA@AuNPs (zooming into the box
in panel A that is labelled “C”). (D) Dark-field STEM image, showing the
dimensions of the V,0s NWs and the distribution of AuNPs. (E-I) EDX
elemental mapping of V, O, Au, N, and their merged image that corresponds to
panel D.

NWs and AuNPs, XPS high-resolution scans on V (2p), O(1s),
and Au (4f) were collected (Fig. 3). The peaks at 517.2 eV, 524.9
eV, and 530.1 eV (£0.1 eV) correspond to the spin-orbit split of
V (2p3/2), V (2p1/2), and O (1s) respectively (Fig. 3B). The V
(2p) peaks demonstrated an area ratio of 2:1 and a separation of
7.7 eV, comparable to those reported in previous literature*®. The
high resolution XPS spectra was further deconvoluted (Fig. 3B),
confirming that V(V) was the dominating oxidation state despite
minor presence of V(IV), likely due to incomplete oxidation,
which gave rise to VO,*%4!. The O (1s) spectrum contained the
lattice oxygen at 535 eV#2, the -OH groups on the lattice surface
at 531.5 eV4%43 and the surface-absorbed water at 533 ¢V, The
Au (4f) spectrum exhibited two spin-orbit, Au (4f7/2) and Au
(415/2), separated by 3.7 eV (Fig. 3C), as shown in the peak
deconvolution, representative of metallic Au® species*. The
XPS results thus confirmed the correct elemental composition
and oxidation states of the constituents of the cascade nanozyme
system.

This journal is © The Royal Society of Chemistry 20xx
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X-ray powder diffraction (XRD) patterns were then collected
and analysed (Fig. 3D-F). The diffractogram of the V,05s NWs
and V,05 NWs@DPA exhibited the characteristic peaks
corresponding to the (110), (310), (600), (020), and (321) planes
of an orthorhombic structure of V,05 NWs (Fig. 3D-E),
consistent with previous reports*>46. The set of peaks was also
identified in the diffractogram of V,0s NWs@DPA@AuNPs,
(Fig. 3F) indicating excellent retainment of the crystalline
structures during the synthesis and modification procedure. An
additional peak emerged in the diffractogram of V,0s
NWs@DPA@AuNPs, at 38 degrees, which we attributed to the
(111) plane of the AuNPs. That attribution is supported by the
XRD on AuNPs alone (Fig. S8), which exhibited peaks at (111),
(200), (220), and (311) that collectively point to a face-centered
cubic (fce) structure of Au atoms*7-48.

The TEM images of V,05 NWs@DPA@AuNPs clearly
exhibited spherical AuNPs with an average diameter of 6.2 + 1.7
nm, which were randomly distributed on the surface of V,0s
NWs@DPA (Fig. 4A). High-resolution TEM (HRTEM) images

A

Brightfield

Nontreated

Ciprofioxacin
Treated

Cascade Nanozyme
Treated

c
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evidenced V,05 NWs, that of N represented DPA, and Au
indicated the presence of AuNPs (Fig. 4D-I, Fig. S4B).

The DPA coating and surface-attached AuNPs can reduce the
catalytic activity of V,0s NWs via physical blockage of the
active sites on the surface of V,0s NWs. To explore that trade
off, the ratio of DPA to V,05 NWs and that of AuNPs to V,0;5
NWs were varied systematically and the resulting cascade
enzymatic activity was quantified, as discussed below. The
catalytic activities of V,0s NWs@DPA@AuNPs cascade
nanozyme were characterized by the MCD method and
calculated using eq.1, where [S] is the concentration of Br or
glucose, or H,O,, and [E] is the concentration of the cascade
nanozyme (indicated by the weight concentration of V,05s NWs).

The V,05 NWs@DPA synthesized using 3.2 pg DPA per 1
mg V,0s NWs was used in this characterization due to its
successful retainment of V,0s reactivity (as shown by its Vj in
Fig. 1E). AuNPs (at 2 pM) were used to produce the V,0s
NWs@DPA@AuNPs composite, which was subsequently used
in the MCD method. The MCD results showed that the V,05
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Fig.5. Antibiofilm effects of V,0s NWs@DPA@AuNPs cascade nanozyme and comparison with a common small-molecule antibiotic, ciprofloxacin. NTHi biofilm was
treated with the antimicrobials at their respective MICs for 24 hours after three days of incubation. (A) Confocal images of the nontreated NTHi biofilm and NTHi biofilm
treated with V,05s NWs@DPA@AuNPs cascade nanozyme and ciprofloxacin, respectively, and stained with the BacTiter-Glo™ Microbial Cell Viability Assay. Scale bar is 50
pm. (B) Quantification of the crystal violet staining results of nontreated NTHi biofilm and NTHi biofilm treated with the cascade nanozyme and ciprofloxacin respectively. (C)
Quantification of the BacTiter-Glo™ Microbial Cell Viability Assay of nontreated NTHi biofilm and biofilm treated with the cascade and ciprofloxacin respectively. Data are

mean + SD. n=5.

demonstrated the (020) lattice plane in the orthorhombic phase
of the V,0s NWs with a d-spacing of ~0.24 nm (Fig. 4B). The
(200) lattice plane in the fcc structure of AuNPs was also
identified in the HRTEM (Fig. 4C), with the d-spacing of ~0.19
nm. The STEM-EDX further showed the elemental mapping of
V,0s NWs@DPA@AuNPs, where the presence of V and O

This journal is © The Royal Society of Chemistry 20xx

NWs@DPA@AuNPs exhibited a reduced V, by merely 2.27%
compared to V,0s NWs@DPA. The V, value was reduced by
63.7% compared to V,0s NWs@DPA when reacted with
glucose, 0O,, and Br (Fig. S9). The K,, of V,0Os
NWs@DPA@AuNPs cascade nanozyme was calculated as 0.32
X 103 M and 11.74 X 103 M for Br and glucose respectively,
and the V. as 1.23 X 101 M/s and 1.22 X 1019 M/s for Br-
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and glucose respectively (Fig. 1F&G), indicating higher affinity
of Br to the cascade nanozyme compared to V,0s
NWs@DPA@AuNPs cascade nanozyme. The details about the
cascade nanozymes synthesis can be found in SI. We found that
the V,05 NWs@DPA@AuNPs synthesized using 3.2 ug DPA
and 2 uM AuNPs per 1 mg V,05 NWs showed the highest
catalytic activity for the cascade nanozymes which would use for
the following experiments.

Next, 0.08 and 0.16 mg/mL V,05 NWs@DPA@AuNPs (i.e.,
in terms of weight concentration of V,05 NWs) with 1 mM Br,
62.5 mM glucose, and bubbling air were incubated with NTHi
for 7 hours. The results showed that 0.08 mg/mL V,0s
NWs@DPA@AuNPs inhibited growth of NTHi (Fig. 2C).
100uL of the NTHi culture was plated onto chocolate agar to
confirm the results of OD600, confirming complete eradication
of NTHi We believe that the
antimicrobial efficacy was not due to cytotoxicity of the cascade
nanozyme (despite its higher MIC than V,0s NWs). That
conclusion was made based on the results from (i) a physical

under these conditions.

mixture of V,0s5 NWs and AuNPs, and (ii) a physical mixture of
V,05 NWs@DPA and AuNPs, which provided an assessment of
the cytotoxicity. Here, “cytotoxicity” is defined as the non-
specific damages to the bacteria cells that were not caused by the
antiseptics generated via the cascade enzymatic activities. The
two aforementioned control groups demonstrated minimal
cascade enzymatic activities in vitro (Fig. S6), and thus any
antimicrobial effects demonstrated by these control groups
should be attributed to cytotoxicity. As shown in Fig. 2 and Fig.
S6, OD600 of NTHi was reduced by 9.54% when incubated with
a physical mixture of the V,05s NWs and AuNPs (in the presence
of glucose, Br, and O,); OD600 was reduced by 8.73% when
incubated with a physical mixture of the V,0s NWs@DPA and
AuNPs (in the presence of glucose, Br, and O;). As such,
complete eradication of NTHi is only achieved via the cascade
enzymatic activities although mild cytotoxicity may have
contributed to the overall antimicrobial effects. The MIC of V,05
NWs@DPA@AuNPs was twice that of V,0s NWs alone, but
similar to the MIC of V,0s NWs@DPA, indicating good
compatibility of AuNPs with V,0s NWs and implying that the
decoration by AuNPs did not further block the active sites on
V,05 NWs.
planktonic NTHi points to the potential of the cascade nanozyme

The excellent antimicrobial efficacy against

as a future therapeutic to mitigate the systemic antibiotic
exposure and resistance development during the treatment of an
extremely prevalent pediatric disease.

We are also interested in the effects of the cascade nanozyme
on bacterial biofilms, as the nanorod shape could lead to
improved penetration of the biofilm and thus improved biofilm
mitigation compared to existing antibiotics like ciprofloxacin.
The NTHi biofilm growth curve over 5 days was obtained via
staining of the biofilm with crystal violet and quantification by
dissolving absorbed crystal violet in 30% (v/v) acetic acid to
measure absorbance at 570 nm (Fig. S11). NTHi formed
relatively stable biofilms starting at day 3, upon the confirmation
of which the V,05s NWs@DPA@AuNPs cascade nanozyme was
added to the liquid culture to its MIC (i.e., 0.08 mg/mL) for a 24-
hour incubation. The treated biofilms were then quantified by
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crystal violet staining for total cell (both dead and live) and
BacTiter-Glo™ Microbial Cell Viability Assay for live cells
(based on the quantitation of ATP). Using crystal violet staining,
treated biofilms were quantified to have a total cell count
reduction of 15.61%, compared to the nontreated group (Fig.
5B), whereas BacTiter-Glo™ revealed a reduction of live cell
count of 58.80% compared to the nontreated group (Fig. 5C).
The MIC of a commercial antibiotic, ciprofloxacin (0.4 pg/mL
for planktonic NTHi) (Fig. S12) was used to treat NTHi biofilms
as a point of comparison. Similar to the treatment using the
cascade nanozyme, the biofilms were grown for 3 days and
treated with ciprofloxacin for 24 hours. Crystal violet staining
and BacTiter-Glo™ revealed a 3.92% reduction in total cell
counts (Fig. 5B) and a 31.66% reduction in the count of live cells
in the treated biofilm (Fig. 5C). When treated with 0.08 mg/ml
V,05 NWs (alone) for 24 hours, the NTHi biofilm demonstrated
a reduction of 10.02% in the total cell count (via crystal violet
staining), and a reduction of 23.07% in the count of live cells (via
the BacTiter-Glo™ assay) (Fig. S15). These results combined
illustrated that, when tested at their respective MICs, the cascade
nanozyme led to much greater mitigation of NTHi biofilms than
the small molecule antibiotic, ciprofloxacin, eliminating a
majority of the live cells in the biofilm. By comparing the
performance of the V,0s NWs (alone) with the cascade
nanozyme, we conclude that the nano-dimensions of the V,0s
NWs enhanced their penetration into the biofilm, whereas the
catalytic activities of the cascade nanozyme was responsible for
the antimicrobial effect against NTHi biofilm.

To address the issue of incomparability of different drug
types, their respective MIC’s were used to “calibrate” the
concentrations used in the anti-biofilm tests. Note that no direct
comparison was made between the MIC’s of ciprofloxacin and
the nanozymes. Instead, their MIC values were used to
benchmark the sensitivity of NTHi biofilms against the
sensitivity of NTHi planktonic cells when treated using these two
types of drugs. Biofilms are known to be antibiotic-resistant, i.e.,
they are insensitive to antibiotics at concentrations that
planktonic cells are. Therefore, if a therapeutic is efficacious
against biofilm at its MIC for planktonic bacteria, the therapeutic
would be considered anti-biofilm; whereas if a therapeutic is
inefficacious against biofilm at its MIC for planktonic bacteria,
it would be resisted by biofilm, which is the case for common
antibiotics*>30, Through this “calibration” using their respective
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Fig.6. Biocompatibility assessment in vitro. (A) hFBs cells were incubated with

V,05 NWs and V,05s NWs @DPA@AuNPs in the concentration range of 0 to

0.08 mg/ml (in terms of weight concentration of V,05s NWs), | mM Br-, and 20

uM H,0, (V.05 NWs) or 62.5 mM glucose (V,05 NWs @DPA@AuNPs) with

bubbling air for 24 hours (B) hFBs cells were incubated with V,0s NWs and

V,05 NWs @DPA@AuNPs in the concentration range of 0 to 0.08 mg/ml (in

terms of weight concentration of V,05 NWs), 1 mM Br, and 20 uM H,0, (V,0s

NWs) or 62.5 mM glucose (V.05 NWs @DPA@AuNPs) with bubbling air for
48 hours. Data are mean + SD. n = 4.
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MIC’s, different classes of therapeutics can be compared for
their anti-biofilm efficacy.

This result was confirmed using confocal fluorescence
microscopy (Fig. 5A). The NTHi biofilm treated with
ciprofloxacin for 24 hours maintained the dense morphology and
original thickness, confirming the resistance of NTHi biofilms to
small-molecule antibiotics. In contrast, the biofilm treated with
the cascade nanozyme was broken into small pieces (Fig. S13),
pointing to the ability of the cascade nanozyme to penetrate the
biofilm and/or deliver the generated HOBr into the internal
structures of the biofilm. Note that the MIC of the cascade
nanozyme is much greater than that of ciprofloxacin, indicating
higher sensitivity of planktonic NTHi towards ciprofloxacin than
that to the cascade nanozyme. Nevertheless, we evaluated their
efficacy against biofilms at their respective MIC (instead of
using the same absolute concentration), because it is our
intention to assess their ability to mitigate biofilms without the
interference from their absolute antimicrobial efficacy. It is thus
an important focus of our future work to improve the efficacy of
the cascade nanozymes against planktonic NTHi, which we
anticipate would yield much greater efficacy and hopefully
complete eradication of NTHi biofilms.

The in vivo efficacy of the cascade nanozyme was assessed
in a well-established NTHi-induced OM model
chinchillas, as detailed below. The timeline for infection

using

establishment, treatment, and sample collection for the in vivo
assessment is shown in Fig. S16. In brief, the auditory bullae
were dry and sterile under healthy conditions, into which NTHi
was directly inoculated through the dorsal aspect of the bullae on
day -3 (whereas the time of treatment administration was used as
day 0). Once successful infection was confirmed, the middle ear
fluid (MEF) of the treated and nontreated animals was collected
for serial dilution and NTHi culture to quantify the colony-
forming unit (CFU) in the middle ear, for which a value greater
than 10* CFU was used as an
establishment of infection’!. Once infection was established, on

indication of successful

Day 0, 200uL of a formulation containing 0.16 mg/mL cascade
nanozyme, 1 mM Br, and 62.5 mM glucose was injected through
the auditory bullae. MEF was extracted from the dorsal aspect of
the auditory bullae on day 1, 3, and 7 to monitor NTHi growth in
the middle ear. The number of CFU in the MEF of infected and
treated animals was reduced by about 100 times, where as a
reduction of 1000-fold is often considered complete cure in the
OM literature’>33. We attributed that insufficient efficacy to the
lack of access to O, in the closed environment of an auditory
bulla.

Finally, we assessed the cytotoxicity of V,0Os NWs and V,0;
NWs@DPA@AuNPs cascade nanozyme using human fibroblast
cells (hFBs) and the Cell Counting Kit 8 (CCK-8 kit). The
concentration range of 0 to 0.08 mg/ml (in terms of weight
concentration of V,05 NWs) was used for V,0s NWs and V,0s5
NWs@DPA@AuNPs, along with 1 mM Br, and 20 uM H,0,
(for V,05 NWs) or 62.5 mM glucose and bubbling air (for V,0s5
NWs@DPA@AuNPs). The hFBs cells were incubated with the
formulations for 24 hours and 48 hours prior to CCK-8
evaluation (Fig. 6). At 0.01 mg/mL, neither formulation led to
cytotoxicity. Mild cytotoxicity was observed at 0.04 mg/mL,

This journal is © The Royal Society of Chemistry 20xx
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with the 24-hour cell viability of 54.81 = 0.62% and 69.39 +
3.92% and 48-hour cell viability of 47.46 + 0.30% and 63.51 +
0.31%for V,05 NWs and V,05 NWs@DPA@AuNPs
respectively. Severe cytotoxicity was observed for 0.08 mg/mL
V,05 NWs, with 24- and 48-hour cell viability 0of29.91 +4.10%
and 24.68 = 1.41%, whereas that for 0.08 mg/mL V,0s
NWs@DPA@AuNPs remained mild, with 24- and 48-hour
viability of 55.47 + 3.60% and 47.34 + 0.78%. The lower
cytotoxicity demonstrated by the cascade nanozyme, compared
to that of V,05 NWs alone, was likely a result of the DPA coating
and AuNPs coverage, which effectively prevented cell damage.

Discussions and Conclusions

We have successfully synthesized a cascade nanozyme, V,0s5
NWs@DPA@AuNPs, which generates an effective antiseptic,
i.e., HOBr, from non-ROS reactants including glucose, Br, and
O,. The cascade nanozyme was demonstrated effective at
eradicating planktonic NTHi, when added to the bacteria culture
to concentrations as low as 0.08 mg/mL.

That antimicrobial efficacy stems from the dual catalytic
activities, which combine (i) GOx-like activity of AuNPs that
converts glucose and O, to generate H,O, and (ii) HPO-like
activity of V,05 NWs that converts H,O, to an antiseptic, HOBr.
The cascade nanozyme was enabled by a DPA coating layer on
V,05 NWs, which allows the subsequent in-situ synthesis of
AuNPs that we proved to be key to obtaining the cascade
enzymatic activities. In particular, the DPA coating serves three
functions: (i) to protect V,0s NWs in the strongly reducing
environment that is required for the synthesis of AuNPs, (ii) to
promote heterogeneous nucleation of AuNPs on the surface of
V,05 NWs 38, and (iii) to protect as-synthesized AuNPs from
aggregation. The direct contact between AuNPs and V,05 NWs
effectively shortens the delivery distance needed for H,O; (i.e.,
the distance between generation on AuNPs to consumption on
V,05 NWs) and thus made the cascade catalytic reactions a
success.

To optimize the catalytic activities, the composition and
concentrations of each constituent in the cascade nanozyme,
V,05 NWs@DPA@AuNPs, were varied systematically, and the
combination of 3.2 ug DPA per 1 mg of V,05 NWs, along with
2 uM AuNPs per 1 mg of V,05 NWs was chosen as the optimum
cascade nanozyme. Lower concentrations of DPA or AuNPs do
not generate sufficient H,O, and higher concentrations tend to
block the active catalytic sites on V,0s NWs. TEM, XPS, and
XRD were used to confirm that AuNPs were successfully
synthesized and adhered onto the surface of V,05s NWs (in the
presence of DPA coatings), and AuNPs and V,0s5 NWs exhibited
the correct valence. We characterized the cascade catalytic
reactions and the reaction kinetics of each step in great details
and illustrated that the cascade nanozyme generates HOBr from
glucose, Br, and O, with comparable kinetics to naturally
occurring HPOs reported previously30.

MIC of the cascade nanozyme was determined to be 0.08
NTHi,
eradication at the end of the 7-hour culture, which we further

mg/mL  for planktonic demonstrating complete

confirmed by plating on chocolate agar. The cascade nanozyme
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also demonstrated greater efficacy against NTHi biofilms
compared to a common small-molecule antibiotic, ciprofloxacin,
when both were applied at their respective MIC. Both the total
cell count (indicated by crystal violet staining) and the count of
live cells within a biofilm (indicated by the BacTiter-Glo™
Microbial Cell Viability Assay) were used to illustrate the
effectiveness of the cascade nanozyme, with over half of the live
cells eradicated in a biofilm when treated with the nanozyme.
Those results were further confirmed by confocal images,
highlighting the unchanged morphology of biofilms upon
treatment with ciprofloxacin and the minimal biofilm remaining
after the treatment with the cascade nanozyme. Cytotoxicity
results, obtained using hFBs, pointed to the reduced toxicity of
the cascade nanozyme compared to V,05 NWs alone.
Nanozymes, especially metal oxide nanoparticle-based
catalytic systems, have not been broadly used in infectious
the
biocompatibility issues. Inorganic nanomaterials have been

disease treatment, most likely due to presumed
reserved for the most severe diseases like cancer due to their
demonstrated tissue and systemic toxicity. Metal oxide
nanozymes are known to generate harmful free radicals under
physiological conditions®*. Nevertheless, this work leverages
that presumed harmful generation of radicals as a mechanism to
eradicate infectious pathogens. It is vital that the treatment is
delivered locally to the site of infection and not systemically and
that their presence remains localized throughout the treatment
until the disease is cured and the nanozymes are cleared out of
the system. In that sense, OM is a perfect disease model for the
deployment of these nanozymes. The auditory bullae function as
an enclosed “reactor” for the catalytic generation of antiseptics;
upon eradication of OM, the nanozymes can be cleared quickly
through the ecustachian tube and nasopharynx, which is
commonly clogged during infection but cleared up upon
successful treatment. Furthermore, recent advances in inorganic
nanowires, such as silicon nanowires, and their successful
medicinal application can guide the development of metal oxide
nanozymes to achieve biocompatibility. Silicon nanowires,
pioneered by Timko, Lieber, et. al>*57, have been shown to be
biodegradable their products  highly

biocompatible. There have been an increasing number of reports

and degradation
in recent years on application of nanozymes to treat infectious
diseases, including our recent work demonstrating the successful
treatment of OM caused by S. pneumoniae using V,0s NWs, as
well as the eradication of a human corona virus using ceria
nanoparticles. We believe these early proof-of-principles
provide strong evidence for the promise of metal oxide
nanozymes as an effective and safe therapeutic for local
infections.

To the best of our knowledge, this represents the first cascade
nanozyme that has been used for treating OM pathogens. Its
efficacy against NTHi biofilm points to a potential solution to
the pervasive issue of recurring OM episodes and the frequent
and systematic antibiotic exposure associated with those
episodes. Our future work will focus on optimizing and reducing
the MIC of the cascade nanozyme system or similar systems,
which would in turn improve the efficacy against biofilms that
are resistant to the treatment using conventional small-molecule
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antibiotics. In addition, the formulation should be optimized to
enhance the availability of oxygen in the closed environment of
an auditory bulla. Strategies like replacing the water-based
solvent used in the formulation with one that has high oxygen
solubility, or including oxygen-loaded particles into the current
formulation®®, may yield successful in vivo results. While most
other nanozymes reported to date rely on ROS as a precursor for
the in-situ synthesis of antiseptics, the cascade nanozyme does
not require ROS. The removal of that prerequisite greatly
broadens the scope of potential applications for similar catalytic
therapeutics. Here we demonstrate one potential deployment in
treating OM caused by NTHi, which could not be eradicated
using previous nanozymes that rely on ROS. In addition, the
cascade nanozyme is effective against biofilms, which is known
to be antibiotic-resistant. Benchmarked by their respective MIC
for planktonic NTHi, the cascade nanozyme demonstrated
NTHi Dbiofilm
ciprofloxacin. This cascade nanozyme design has the potential to

stronger efficacy against compared to
replace conventional antibiotics in the treatment and prophylaxis
of OM, reducing the development of drug resistance and side

effects associated with the current mainstay treatment.
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