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Cascade-reaction chemistry can generate reactive-oxygen-species that can be used for the eradication of infec-
tious biofilms. However, suitable and sufficient oxygen sources are not always available near an infection site,
while the reactive-oxygen-species generated are short-lived. Therefore, we developed a magnetic cascade-
reaction container composed of mesoporous Fe304@SiO, nanoparticles containing glucose-oxidase and 1-argi-
nine for generation of reactive-oxygen-species. Glucose-oxidase was conjugated with APTES facilitating coupling
to Fe304@SiO; nanoparticles and generation of HoO2 from glucose. 1-arginine was loaded into the nanoparticles
to generate NO from the H,0, generated. Using an externally-applied magnetic field, cascade-reaction containers
could be homogeneously distributed across the depth of an infectious biofilm. Cascade-reaction containers with
coupled glucose-oxidase were effective in killing planktonic, Gram-positive and Gram-negative bacteria. Addi-
tional efficacy of the rL-arginine based second cascade-reaction was only observed when Hy0, as well as NO were
generated in-biofilm. In vivo accumulation of cascade-reaction containers inside abdominal Staphylococcus aureus
biofilms upon magnetic targeting was observed real-time in living mice through an implanted, intra-vital win-
dow. Moreover, vancomycin-resistant, abdominal S. aureus biofilms could be eradicated consuming solely
endogenous glucose, without any glucose addition. Herewith, a new, non-antibiotic-based infection-control
strategy has been provided, constituting a welcome addendum to the shrinking clinical armamentarium to
control antibiotic-resistant bacterial infections.

1. Introduction Non-antibiotic-based infection-control strategies are therefore consid-

ered preferable [3-5] and more likely to yield return of investment upon

Development of new antibiotics to face the increasing threat of
antimicrobial-resistant bacterial infections seems futile [1], considering
the ever-shorter time between market-introduction and the appearance
of the first signs of bacterial resistance against a new antibiotic [2].
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market introduction and associated clinical benefits than the develop-
ment of new antibiotics.

Cascade-reaction chemistry is rapidly emerging as a possible new,
bacterial infection-control strategy. In a liner cascade-reaction at least
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two chemical reactions are integrated, of which each subsequent reac-
tion can only start when the previous reaction step has been completed
and the product of the first reaction becomes the substrate for the second
reaction [6]. Enzymatic, liner cascade-reactions widely occur in living
organisms and are currently considered for use in cancer [7] and
infection therapy [8]. Transforming naturally occurring substrates in the
human body such as endogenous glucose into oxygen species in a first
reaction, a second cascade-reaction can produce antibacterial Reactive
Oxygen Species (ROS), including NO. ROS can degrade the Extracellular
Polymeric Substance (EPS) matrix of an infectious biofilm [9], disrupt
bacterial cell membranes [10] and damage intra-cellular DNA [11].
Bacterial resistance against ROS is relatively infrequent, although some
bacterial species are known to have developed resistance against specific
types of ROS, such as ¢O2~ and Hy0», but not against eOH, 102 [12] and
NO [13]. Resistance against ¢O, and Hy0s is generally attributed to the
upregulation of genes involved in the synthesis of endogenous antioxi-
dants, that can be enzymatic or non-enzymatic in nature [12].

Enzymatic, liner cascade-reactions for infection-control [3,5,14] can
generate different types of ROS at the same time [15], killing both
Gram-positive and Gram-negative bacterial strains [3,16]. The main
challenge in the application of enzymatic, liner cascade-reactions is to
keep the enzymatic initiators and the reaction products together in a
suitable reaction container [6]. In addition, for eradication of infectious
biofilms, the short life-time of most ROS [17,18] necessitates ROS gen-
eration in the close vicinity of the target bacteria. This suggests that at
least the second cascade-reaction generating ROS should occur within
an infectious biofilm. This constitutes a second challenge in the appli-
cation of enzymatic, liner cascade-reactions in infection-control. A
possible way to force in-biofilm ROS generation, would be to use mes-
oporous, magnetic nanoparticles as a cascade-reaction container. Mag-
netic nanoparticles can be driven into a biofilm by application of a
suitable, externally applied magnetic field [19-21].

Therefore, we here developed a magnetically targetable cascade-
reaction container based on magnetic, mesoporous Fe304@SiO5 nano-
particles with coupled glucose-oxidase and loaded with r-arginine.
Uniquely, this cascade-reaction system generates NO without the pres-
ence of suitable, endogenous oxygen-species, but consuming only
glucose (Scheme 1). NO generated through cascade-reaction chemistry

Glucose QQ % H,0,
REACTION I 0, :. % REACTION II
@
R
H,0, NO

Gluconic acid

GOx
REACTION I: Glucose+O,+ H,0 ===—=p Gluconic acid + H,0,

|+
REACTION II: L-arginine + Hzosz L-citrulline + NO + H,0

& GOx

Scheme 1. Magnetic, mesoporous Fe30,@SiO, nanoparticles with
coupled glucose-oxidase (GOx) and loaded with r-arginine as a cascade-
reaction container. The cascade-reaction container can be magnetically tar-
geted to an infectious biofilm for in-biofilm generation of NO to kill infectious
bacteria. Cascade-reaction I transforms glucose into gluconic acid and H,0, as
assisted by glucose-oxidase, while in cascade-reaction II the H,O, generated
oxidizes r-arginine into NO.

‘ Fe;0,4

L-arginine SiO, layer
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has not yet been applied for the control of infectious biofilms (see
Tables S1, S2 and S3 for a comprehensive overview of antibacterial
applications of cascade-reaction chemistry for planktonic bacteria,
bacteria in a biofilm-mode of growth and infection-control in vivo,
respectively). NO possesses a significantly longer life-time than other
types of ROS [18,22], which makes it an ideal ROS to bridge the distance
from its generation site to a target bacterium within its life-time.
Moreover, NO has a broad-spectrum antibacterial efficacy and no
known mechanism of inducing resistance amongst bacterial pathogens
[13]. In vitro efficacy of these magnetic, mesoporous Fe304@SiO2
cascade-reaction  containers  will be  evaluated  against
vancomycin-resistant Gram-positive (Staphylococcus aureus) and
Gram-negative (Escherichia coli) bacteria in their biofilm-mode of
growth. In vivo advantages will be demonstrated by real-time observa-
tion of the biodistribution and magnetic targeting of the
cascade-reaction container into a vancomycin-resistant, abdominal
S. aureus biofilm grown underneath an intra-vital abdominal imaging
window in mice [23]. Biofilm eradication by targeted cascade-reaction
containers is compared with the eradication achieved using
vancomycin.

2. Experimental
2.1. Materials

Cetyltrimethylammonium chloride (CTAC), tetraethyl orthosilicate
(TEOS), 3-aminopropyltriethoxysilane (APTES), triethanolamine
(TEOA), ferric chloride (FeClg), ferrous chloride tetrahydrate
(FeCly-4H,0), ammonium hydroxide (25 wt%, NH3-H30), L-arginine, 1-
(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI),
Rhodamine B (RhB), N-hydroxysuccinimide (NHS), glucose-oxidase
(GOx), were purchased from Sigma-Aldrich. HyO; Assay Kit, NO Assay
Kit and Cell Counting Kit-8 (CCK-8) were purchased from Beyotime
Biotechnology. All reagents were of analytical grade and used as sup-
plied without further purification. All aqueous solutions were prepared
with ultrapure water (resistance >18 MQ em ™)) from a Milli-Q system.

2.2. Preparation of mesoporous FesO4@SiO» nanoparticles

20 mg of FeCl3 and 20 mg of FeCl,-4H,0 were dissolved in 100 mL of
ultrapure water under vigorous stirring in Ny for 1 h after which 100 pL
of concentrated NH3-HyO was added. After 1 h, 500 mg of CTAC and
500 pL of TEOA were added under stirring. After another 1 h, 3 g of
TEOS was dropped into the reaction solution and the reaction was
continued for 5 h at 80 °C. The resulting Fe304@SiO5 nanoparticles was
collected by centrifugation (6445 g, 20 min) and washed three times
with ultrapure water. To create mesoporosity, the CTAC template was
removed by triple extraction in ethanol (100 mL) containing HCI (1 mL)
for 6 h at 70 °C. Mesoporous Fe304@SiO; nanoparticles were collected
by centrifugation (6445 g, 20 min), washed in ultrapure water for three
times and dried for 6 h at 60 °C to obtain mesoporous FezO4@SiO;
nanoparticles.

2.3. Coupling of glucose-oxidase to mesoporous Fe304@SiO2
nanoparticles

Glucose-oxidase (GOx) was covalently coupled onto the surface of
mesoporous Fe304@SiO, nanoparticles with the aid of APTES. 76 mg of
EDCI, 114 mg of NHS and 1 mg glucose-oxidase were dissolved in 5 mL
ultrapure water after which 100 pL. APTES was added. Glucose-oxidase
reacted with APTES through dehydration condensation between amino
groups in APTES and carboxyl groups of glucose-oxidase under stirring
at 4 °C for 24 h. Amino-functionalized glucose-oxidase (APTES-GOx)
obtained was purified in a dialysis bag with molecular weight cut off of
3500 Da against ultrapure water for 36 h and lyophilized for further
experiments. Reactions were monitored using 'H or 2°Si NMR
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spectroscopy at a 400 MHz (Briiker, Avance III WB 400, Germany). To
this end, 8 mg of GOx or APTES-GOx were dissolved in 0.5 mL methyl
sulfoxide-d6, while nanoparticles were grinded before suspending the
resulting fine powder (50 mg) in the methyl sulfoxide-d6 solution.

2.4. Loading of mesoporous Fe304@SiO2 nanoparticles with r-arginine

Mesoporous Fe3O4@SiO, nanoparticles with coupled glucose-
oxidase were loaded with L-arginine by adding r-arginine to a nano-
particle suspension at a glucose-oxidase to r-arginine mass ratio of 1 : 10
in ultrapure water. The suspension was gently stirred for 36 h at room
temperature after which mesoporous Fe304@SiO5 nanoparticles with
coupled glucose-oxidase and loaded with r-arginine were collected
through centrifugation (6445 g, 20 min). Nanoparticles were washed
three times in ultrapure water and vacuum-dried in an oven for further
experiments.

2.5. Characterization of mesoporous, magnetic Fe304@SiO2
nanoparticles

Nanoparticles were imaged using Transmission Electron Microscopy
(TEM; Talos F200C, FEI, USA) at an acceleration voltage of 200 kV. To
this end, samples were prepared by dropping a nanoparticle suspension
in ultrapure water onto a carbon-coated copper grid and slow drying in
vacuum at room temperature. Magnetization of mesoporous Fe304@-
SiO4 nanoparticles was measured at room temperature using a MPMS-
XL-5 superconducting quantum interference device (SQUID) magne-
tometer (Quantum Design, SQUID VSM, USA) with an intervention
magnetic field from —10 kOe to 10 kOe. Elemental surface composition
of the nanoparticles was derived from X-ray Photoelectron Spectroscopy
(Thermo, Thermo Scientific ESCALAB 250Xi, USA) under Al Ka X-ray
radiation (1486.6 eV). Wide-scan photo-electron binding energy spectra
were taken at a pass energy of 100 eV and step size of 1 eV, while
narrow-scan spectra were obtained at a pass energy of 20 eV and step
size of 0.1 eV, setting the C;5 binding energy peak at 284.8 eV. Surface
area and pore size of the mesoporous nanoparticles were derived from
Ny adsorption-desorption isotherms, recorded on a Micromeritics in-
strument (ASAP 2460, USA) at 77 K. To this end, mesoporous
Fe304@SiO; nanoparticles were first degassed in a vacuum at 150 °C for
6 h, after which N5 adsorption-desorption isotherms were measured at
77 K. Surface area was calculated using the Brunauer-Emmett-Teller
(BET) method. Pore size distribution was obtained from the desorption
branch using the Barrett-Joyner-Halenda (BJH) method. For FTIR
spectroscopy, nanoparticles, glucose-oxidase and ti-arginine were
pressed in KBr pellets (1 : 100 by weight). Spectra were collected on an
FTS 6000 FTIR spectrometer (Bio-Rad, Hercules, USA) using 128 scans
at 8 ecm ! resolution. Thermogravimetric (TG) analyses (NETZSCH,
TG209, Germany) were conducted over the range from 50 °C to 800 °C
under nitrogen flow, applying a heating rate of 10 °C min~!. UV-vis
absorption spectra were measured on a UV-vis spectrophotometer
(Shimadzu, Tokyo, Japan).

2.6. Measurement of H,O2, NO and eOH generation

H30,, NO and eOH generated by mesoporous Fe304@SiO5 nano-
particles were quantitated using a Hydrogen Peroxide Assay Kit (Beyo-
time Biotechnology, Shanghai, China) and Griess reagent (Beyotime
Biotechnology, Shanghai, China), respectively. Both assays are based on
measuring UV-vis absorbances (UV-vis microplate reader, Spark,
TECAN, Austria) and preparation of a standard curve. A standard curve
for H,O, was used to relate HyO, concentrations with the UV-vis
absorbance at 560 nm (Fig. S1a), while for NO the UV-vis absorbance at
540 nm was employed for preparing a standard curve (Fig. S1b). For the
measurement of eOH generation through catalysis of Fes04, 1 mL of
Phosphate Buffered Saline (PBS; 1.8 mM KH5POy4, 10 mM NayHPOy, 137
mM NaCl and 2.7 mM KCl, pH 7.4) with suspended Fe304@SiO2
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nanoparticles (final concentration 800 pg mL™!) was mixed with ter-
ephthalic acid (5 mM) and H305 (10 mM) at pH 5.0 or pH 7.4 at 37 °C in
the dark, to yield fluorescent 2-hydroxyterephthalic acid (Fig. S2a).
After different time intervals, fluorescence emission between 360 and
550 nm (see Fig. S2b and Fig. S2¢ for pH 5.0 and 7.4, respectively) was
measured upon excitation at 315 nm, after preparation of a standard
curve (Fig. S2d and Fig. S2e for pH 5.0 and 7.4, respectively).

2.7. Bacterial culturing and harvesting

Bacterial strains were grown from frozen stock at 37 °C in ambient
air. Two Gram-positive (S. aureus ATCC1 2600 and S. aureus Xen36)
and one Gram-negative (E. coli Xen14) bacterial strains were cultured on
tryptone soy broth (TSB, OXOID, Basingstoke, U.K.) and Luria Bertani
agar plates (LB, OXOID, Basingstoke, U.K), respectively. Agar plates
were supplemented with 10 pg mL™! tetracycline for S. aureus
ATCC12600%", and with 200 pg mL~! or 30 pg mL™~! kanamycin for
S. aureus Xen36 or E. coli Xenl4, respectively. For experiments, one
colony was transferred from the agar plates into 10 mL liquid medium
incubated at 37 °C for 24 h in ambient air. Subsequently, this pre-culture
was diluted 1 : 20 in 200 mL of liquid medium and grown for 16 h at
37 °C. Cultures were harvested by centrifugation at 5000g for 5 min at
4 °C, washed twice using PBS and sonicated 3 times for 10 s (Vibra cell
model 375, Sonics and Material, Inc., Danbury, CT) in an ice/water bath
to obtain suspensions with single bacteria. For experiments involving
planktonic bacteria, the bacterial concentration in growth medium (TSB
or LB) was adjusted to 2 x 10° bacteria mL™!, as enumerated using a
Biirker-Tiirk counting chamber. For initiating bacterial adhesion as the
starting point for biofilm growth, bacteria were suspended in PBS to a
concentration of 1 x 10° bacteria mL™}, as also enumerated using a
Biirker-Tiirk counting chamber.

2.8. Killing efficacy of planktonic bacteria in vitro

100 pL of a bacterial suspension in TSB or LB (2 x 10° bacteriamL 1)
supplemented with 1600 pg mL ™! glucose was added into a 96-wells
plate after which 100 pL of a nanoparticle suspension or vancomycin
solution was added to a final concentration of 80 pg mL ™! or 5 pg mL ™1,
respectively. All strains were resistant to vancomycin (see Table S4 for
MIC values). After growth at 37 °C in ambient air for different time in-
tervals up to 6 h, 10 pL aliquots were taken from each suspension serially
diluted, and plated on TSB or LB agar plates. After 24 h at 37 °C in
ambient air, the number of CFUs was enumerated.

2.9. Magnetic targeting of Rhodamine-B labeled mesoporous Fe304@SiO2
nanoparticles in staphylococcal biofilms in vitro

For biofilm formation, 500 pL of S. aureus ATCC12600%tF suspension
aax 108 bacteria mL 1) in PBS was added onto a sterile (5 x 5 mrnz, L x
W) poly (methyl methacrylate) plate, placed in a confocal dish (14 mm
diameter) to allow bacterial adhesion at 37 °C in ambient air for 1 h.
Then, the plate was washed with PBS to remove non-adhering bacteria
and 1 mL of TSB was added to grow the adhering staphylococci into a
biofilm. After 48 h at 37 °C in ambient air, plates with adhering biofilms
were gently washed with PBS.

In order to visualize depth-dependent distribution of mesoporous
Fe304@SiO2 nanoparticles after magnetic targeting in staphylococcal
biofilms, mesoporous Fe3O04@SiO» nanoparticles were first labeled with
red-fluorescent Rhodamine-B. To this end, red-fluorescent Rhodamine-B
was coupled to mesoporous Fe304@SiO2 nanoparticles after reacting
with APTES to obtain amino-functionalized Rhodamine-B that could be
directly coupled to Fe304@SiO, nanoparticles, similarly as described for
glucose-oxidase coupling (see Fig. S3 for UV-vis and fluorescence
emission spectra of mesoporous Fe304@SiO2 nanoparticles labeled with
Rhodamine-B). Next, green-fluorescent S. aureus ATCC126000° bio-
films were exposed to red-fluorescent mesoporous Fe304@SiO;
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nanoparticles with coupled glucose-oxidase and loaded with r-arginine
suspension (100 pg mL_l) at 37 °C with or without magnetic field
exposure up to 60 min. The magnetic field was created employing a
cylindrical NdFeB magnet (2 mm thickness and 16 mm in diameter) with
1.26-1.29 T residual magnetism. Subsequently, the nanoparticle sus-
pension was removed, the biofilm was gently washed and imaged using
Confocal Laser Scanning Microscopy (CLSM; TCS SP8, Leica, Wetzlar,
Germany). GFP and Rhodamine-B were excited employing an argon ion
laser at 488 nm and 560 nm, respectively, while fluorescence was
collected using Perkin Elmer (London, UK) spectrometer between 500
and 535 nm for GFP and between 580 and 680 nm for Rhodamine-B.
Leica software, version 2.0 and Image J software were used to analyze
the images obtained.

2.10. In vitro killing efficacy of bacteria in their biofilm-mode of growth

In order to access killing efficacy of mesoporous Fe304@SiO5
nanoparticles with coupled glucose-oxidase and loaded with r-arginine
against bacteria in their biofilm-mode of growth, 48 h-old bacterial
biofilms grown as described above (section 2.9), were exposed to 100 pL
of a suspension mesoporous Fe304@SiO2 nanoparticles (300 pg mL™Y)
or a vancomycin solution (10 pg mL 1), respectively. After exposure to a
magnetic field, biofilms were further grown up to 6 h, after which bio-
films were scraped off and re-suspended in PBS by sonication. 10 pL
aliquots were taken from the bacterial suspensions, serially diluted, and
plated on a TSB or LB agar plate. After 24 h growth at 37 °C in ambient
air, the CFUs were enumerated on each plate.

2.11. Invitro cytotoxicity

NIH/3T3 mouse embryonic fibroblasts were employed to examine
cytotoxicity of Fe304@SiO, nanoparticles with coupled GOx and loaded
with r-arginine. Fibroblasts were grown in DMEM culture medium
supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin at 37 °C in a humidified incubator with 5% CO,. First,
cells were seeded in a 96-wells plate at a density of around 10* cells per
well for 24 h. After 24 h, cells were gently washed with PBS for three
times, and exposed for another 24 h to cascade-reaction containers
suspended in DMEM at different concentrations up to 1200 pg mL ™.
Viability of the fibroblast layer was assessed using a Cell Counting Kit-8
(CCK-8) assay. To this end, a 10 v/v% CCK-8 solution in DMEM added to
each well and incubated for another 1.5 h. Finally, cell viability was
evaluated by measuring the absorbance at 450 nm of each well using a
microplate reader (SpectraMax M2, MDC, USA). Absorbance measured
after cell growth in absence of cascade-reaction containers was set at
100%.

2.12. In vivo eradication of an infectious staphylococcal biofilm
underneath an abdominal intra-vital window in mice

7-8 week-old BALB/c nude mice were obtained from Vital River
Laboratory Animal Technology Co. (Beijing, China). All animals exper-
iment procedures were approved by the Institutional Animal Care and
Use Committee of Nankai University, Tianjin, China. For experiments,
mice were equipped with an abdominal intra-vital window [23] made of
a custom-made titanium ring (12 mm diameter), equipped with a glass
coverslip. For biofilm growth, 200 pL of S. aureus ATCC12600%* sus-
pended in PBS (1 x 10° bacteria mL 1) was injected underneath the
abdominal intra-vital window and allowed to grow for 48 h.

In order to study magnetic targeting in vivo, first, 200 pL of PBS with
Rhodamine-B labeled mesoporous Fe3O4@SiO» nanoparticles (800 pg
mL™!) with coupled glucose-oxidase and loaded with r-arginine sus-
pension was intravenously injected in the tail-vein of 24 mice and tar-
geted to the abdominal infection site by fixing a magnet against the
window using medical tape. In one group of 12 mice, no magnetic tar-
geting was applied, while in a second group of 12 mice magnetic
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targeting was applied. Magnetic targeting was done without anesthesia
(for scheme, see Fig. 8a). For bio-optical imaging, mice were anes-
thetized by intraperitoneal injection of 0.3 wt% pentobarbital sodium
(40 mg kg™!) at each selected time point and red fluorescence distri-
bution across the entire body of the mice was imaged using the IVIS
Lumina II Imaging System (Perkin Elmer, image acquisition factors: 0.5 s
exposure time, emission wavelength 600 nm, excitation wavelength
530 nm medium binning, 1 F/Stop, Open Emission Filter). Images were
automatically corrected for background noise and were analyzed
through Living Image software (PerkinElmer). Biodistribution of the
mesoporous Fe304@SiO2 nanoparticles with coupled glucose-oxidase
and loaded with r-arginine over different organs was subsequently
studied by sacrificing three mice in each group at different points in
time, i.e. 1 h, 6 h, 12 h and 24 h after injection, according to the scheme
presented in Fig. 8a. Note, that magnetic-targeting was initiated
immediately upon injection for 4 h, implying magnetic-targeting was
still in process at 1 h. After sacrifice at different time points, abdominal,
intra-vital windows were removed and tissue of primary organs (heart,
liver, spleen, lungs, kidneys) and tissue surrounding the window was
excised and weighted. Then, the different tissues were homogenized in
500 pL PBS and centrifuged at 10,000 g for 10 min. Supernatants were
dispersed in 4 mL plasma and red-fluorescence intensity determined as a
measure of accumulation of cascade-reaction containers in the tissues
through fluorescence spectrophotometer (Perkin Elmer, London, UK).
Fluorescence intensities are expressed as a percentage of the fluores-
cence of the total injected dose and has been normalized with respect to
the weight of the organs or excised tissue surrounding the window.

In a separate series of experiments aimed at longer term evaluation of
treatment (for scheme, see Figs. 8d), 48 h-old biofilms were grown as
described above in mice and infected mice were divided into four groups
that were tail-vein injected every other day starting at day O up to day 4
with: (1) PBS, (2) 200 pL vancomycin in PBS (500 pg mL’l), (3) 200 pL
mesoporous Fe304@SiO2 nanoparticles with coupled glucose-oxidase
and loaded with r-arginine suspensions in PBS (800 pg mL™1) without
magnetic field exposure, (4) 200 pL mesoporous Fe3O4@SiO, nano-
particles with coupled glucose-oxidase and loaded with r-arginine sus-
pensions in PBS with magnet field exposure. The latter group (4)
actually comprised three sub-groups, that were injected with different
concentrations of nanoparticles (400, 800 or 1200 pg mL™1). Each of the
six (sub-)groups was comprised of three mice. Experiments with
different concentration of nanoparticles were done first in order to
determine the optimal concentration for in vivo eradication of infection
in mice. Magnetic field exposure started immediately after injection and
was done for 4 h. Magnetic field exposure was repeated every other day
up to 4 days, immediately after injection. Biofilms underneath the
abdominal, intra-vital windows were imaged every other day till sacri-
fice. To this end, anesthetized mice were placed on a custom-designed
stage of a two-photon laser scanning confocal microscope (Olympus
Corporation, Tokyo, Japan; FV1200 MPE), with the window-frame fixed
in a clamp to ensure proper focusing. For imaging, an excitation wave-
length of 830 nm was employed to visualize green-fluorescent bacteria
(emission wavelength 500-535 nm). Bacterial biomass was derived from
the number of green-fluorescent voxels and expressed relative to the
number of green fluorescence voxels in an intra-vital image of the bio-
film at day O before initiating treatment, using the COMSTAT plug-in in
Image J (NIH Research Services Branch, USA).

Immediately prior to sacrifice, blood samples were collected from all
mice for biochemical analysis. After sacrifice, abdominal, intra-vital
windows were removed and tissue surrounding the window was
excised and weighted. Average weight of excised tissue was 0.9 g. Half of
the excised tissue was homogenized in PBS. The homogenate was seri-
ally diluted, and spread over the TSB agar plates. After 24 h of growth at
37 °C, numbers of CFUs were enumerated. The other half of the excised
tissue as well as of the heart, liver, spleen, lung and kidney tissues were
fixed in 10% formaldehyde, embedded into paraffin, cut in sections, and
stained with hematoxylin-eosin (H&E) for microscopic examination
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(Olympus, BX63, Germany).
2.13. Statistical analysis

All data were expressed as means + SD values. Differences between
groups were examined for statistical significance with a one-way
ANOVA test. Differences were considered significant at p < 0.05.

3. Results
3.1. Mesoporous Fe304@SiO nanoparticles as a reaction container

TEM micrographs showed that the Fe304@SiO, nanoparticles were
spherically shaped, with relatively small, magnetic Fe304 nanoparticles
encapsulated by a relatively thick shell of SiO, to yield a mesoporous,
composite nanoparticle with a total diameter of around 60 nm (Fig. 1a).
Magnetic properties of mesoporous Fe304@SiO2 nanoparticles were
confirmed by magnetic separation of nanoparticles in suspension (see
Fig. 1a, inset) and measurement of their magnetization (Fig. 1b). A wide-
scan XPS spectrum of the Fe304@SiO» nanoparticles demonstrated clear
Sipp and Oop electron binding energy peaks (Fig. 1c). The Fey, peak
could only be discerned weakly in a narrow-scan over the binding en-
ergy range from 700 to 740 eV, confirming their localization inside a
shell of SiO2 nanoparticles with a thickness that exceeds the mean
electron free path in the capsular material. Ny adsorption-desorption
isotherms (Fig. 1d) yielded a large surface area (667 m? g~!) of the
Fe304@SiO nanoparticles with pores possessing diameters of around
2.9 nm.
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3.2. Mesoporous Fe304@SiO- nanoparticles with coupled glucose-oxidase
and loaded with 1-arginine

Glucose-oxidase (GOx) was covalently coupled onto the surface of
magnetic mesoporous Fe304@SiO; nanoparticles by dehydration
condensation between the Si—-OH groups and APTES-GOx (see Fig. 2 for
'H NMR spectrum of APTES-GOx). 1-arginine was loaded into the mes-
oporous Fe304@SiO2 nanoparticles by exposure to an r-arginine solu-
tion under gentle magnetic stirring.

APTES-mediated coupling of glucose-oxidase nor additional loading
with r-arginine affected the size of Fe304@SiO nanoparticles (compare
Fig. 3a with Fig. 1a). Also, magnetic properties of the nanoparticles
remained unaltered (Fig. S4). FTIR absorption spectroscopy (Fig. 3b)
demonstrated characteristic absorption bands of Fe304@SiO, at 1083
em ! and 956 cm™! due to stretching of Si-O-Si and Si-O-H bonds,
respectively and a characteristic band due to Fe-O stretching at 578
cm ™. Absorption bands of glucose-oxidase included 3302 cm ™ due to
-NH- stretching, 3064 cm ™! due to O-H stretching, 1634 cm™* due to
C=0 stretching in amide and 1530 cm ™! due to -NH- vibration in amide.
Effective coupling of glucose-oxidase onto mesoporous Fe304@SiO2
nanoparticles can be concluded from the occurrence of absorption bands
characteristic to glucose-oxidase due to -NH- stretching (3296 em™h),
C=0 stretching (1643 cm’l), and -NH- deformation (1537 cm™ 1) after
coupling. Coupling occurred through Si-O-Si bridges between
Fe304@SiO, and APTES-GOx, as evidenced from a chemical shift in
silicon atoms in Fe304@SiO, nanoparticles from —66.0 ppm to —58.5
ppm and —49.0 ppm (see Fig. 3¢). FTIR absorption bands of r-arginine
were located at 3306 cm™! due to -NH- stretching, 3066 cm™! due to
O-H stretching and encompassed a broad range of bands between 1450
em ! and 1700 cm™! due to C=N stretching in guanidine groups. All 1-
arginine bands were preserved in the FTIR spectrum of mesoporous
Fe304@SiO2 nanoparticles with coupled glucose-oxidase and loaded
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Fig. 1. Mesoporous Fe;0,@SiO, nanoparticle characterization. (a) TEM micrograph of Fe304@SiO, nanoparticles and demonstration of their magnetic sepa-
ration from suspension. (b) Magnetization curve of Fe30,@SiO- nanoparticles. (¢) Photo-electron binding energy spectrum of Fe;0,@SiO» nanoparticles, with the
inset showing the Fe,;, electron binding energy peak. (d) N, adsorption-desorption isotherms and pore-size distribution of mesoporous Fe30,@SiO, nanoparticles.
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Fig. 2. 'H NMR spectra of GOx and APTES-GOx. Conjugation in APTES-GOx
occurred through carboxyl groups in glucose-oxidase with amine groups in
APTES and was evidenced by chemical shifts of glucose-oxidase between 0.82
and 4.86 ppm due to hydrogens in methyl, methylene, methine groups, together
with a number of chemical shifts between 6.64 and 8.95 ppm due to hydrogens
in aromatic and amide groups. In addition, conjugation was evidenced by a new
chemical shift at 0.57 ppm of the o hydrogens, at 1.62 ppm of § hydrogens and
at 4.05 ppm of y hydrogens in APTES. Chemical shifts of other types of hy-
drogens in APTES merged with that in glucose-oxidase.

with r-arginine (see also Fig. 3b). Thermographic analyses confirmed
coupling of glucose-oxidase and loading with 1-arginine and weight loss
analyses indicated 11% coupling of glucose-oxidase and 13% loading of
L-arginine (Fig. 3d).

Generation of HyO, and NO was subsequently quantified using a
Hydrogen Peroxide Assay Kit and Griess reagent, respectively based on
the UV-vis absorbances of HyO, after reaction with the Hydrogen
Peroxide Assay Kit components (at 560 nm) and reaction of NO with
Griess reagent (at 540 nm). Respective standard curves are shown in
(Figs. S1a and S1b). HyO4 generation by Fe304@SiO nanoparticles with
coupled glucose-oxidase according to the reaction I (Scheme 1)
increased with increasing glucose concentration (Fig. 4a). Also, NO
generation by mesoporous Fe304@SiO2 nanoparticles with coupled
glucose-oxidase and additional loading with r-arginine according to the
reaction II (Scheme 1) increased with increasing glucose concentration
(Fig. 4b). NO generation at a physiological glucose concentration of 800
pg mL~! was higher at pH 5.0 than at pH 7.4 (Fig. 4c), likely because
H,0, generation is accompanied by the generation of gluconic acid in
the first cascade reaction. Since oxidization of r-arginine by H30- is
enhanced at acidic pH (Fig. S5), the generation of gluconic acid
enhanced the generation of NO in the second cascade reaction.

H50, generated in the first cascade reaction can not only serve to
oxidize L-arginine to generate NO, but potentially might also be cata-
lyzed by Fe304 located in the inner core of Fe304@SiO, nanoparticles to
yield eOH through a Fenton reaction [25]. However, ¢OH generation
was extremely small, both at pH 5.0 (Fig. S2f) and pH 7.4 (Fig. S2g),
likely because HyO> diffusion through the mesoporous silica shell to the
Fe30,4 inner core was small.

3.3. Killing efficacy of mesoporous Fe304@SiO2 nanoparticles with
coupled glucose-oxidase and loaded with 1-arginine against planktonic
bacteria

Two Gram-positive (S. aureus ATCC12600°F and S. aureus Xen36)
and one Gram-negative (E. coli Xen14) bacterial strains were used for
determining the killing efficacy of mesoporous Fe304@SiO2
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nanoparticles with coupled glucose-oxidase and loaded with r-arginine.
Based on their Minimal Inhibitory Concentrations (see Table S4), all
three strains can be classified as vancomycin-resistant. Vancomycin-
resistance was confirmed by comparing growth of planktonic staphy-
lococci (Fig. 5a and b) or E. coli Xen14 (Fig. 5¢) in PBS and in PBS with
vancomycin added, demonstrating no significant differences irre-
spective of time. Note, that planktonic growth of the S. aureus strain with
the lowest MIC (S. aureus ATCC12600°") in presence of vancomycin
showed a minor reduction with respect to PBS. Coupling only glucose-
oxidase to the nanoparticles led to a significant, time-dependent
reduction in CFUs, that amounted 3 to 5 log-units reduction (p <
0.0001, one-way ANOVA) with respect to vancomycin after 6 h. These
reductions must be attributed to the production of HyO, in the first
cascade-reaction. Loading with r-arginine in absence of GOx-coupling
however, did not yield any reduction in CFUs as compared with van-
comycin, neither in staphylococci nor in E. coli, because Hp0; as
required for the second cascade-reaction was absent. However, GOx-
coupling combined with 1-arginine loading of the nanoparticles, yiel-
ded significantly stronger reduction as compared with vancomycin at all
points in time and for all three strains. Moreover, GOx-coupling com-
bined with r-arginine yielded slightly stronger reductions at all time
points with respect to GOx-coupling in all three strains due to conversion
of HyO5 into NO in the second reaction of the cascade (see Scheme 1).
Reductions upon additional loading with r-arginine were only slightly
stronger than for GOx-loading due to the generation of NO at distances
between the generation site and planktonic target bacteria that could
not be bridged by diffusion within the life-time of NO.

3.4. Targeting of magnetic cascade-reaction containers and eradication of
infectious biofilms in vitro

Evaluation of the efficacy of magnetic cascade-reaction containers
towards an infectious biofilm requires application of a magnetic field to
establish even distribution of magnetic cascade-reaction containers over
the depth of a biofilm. Since it has recently been demonstrated [20] that
this critically depends on the magnetic field strength and targeting time
applied to prevent over- and under-accumulation of magnetic nano-
particles near the top or bottom of a biofilm, we first determined optimal
magnetic targeting conditions. To this end, green-fluorescent S. aureus
ATCC12600%" biofilms (average thickness 82 um, coinciding with the
thickness of many clinically occurring biofilms [26] were exposed to
red-fluorescent Rhodamine-B labeled magnetic reaction containers
(Fig. 6a). Analysis of the distribution of red-fluorescent cascade-reaction
containers over the depth of a staphylococcal biofilm (Fig. 6b) demon-
strated accumulation near the top of the biofilm for short magnetic field
exposure times (5 and 10 min, Fig. 6¢ and d). Reaction containers were
driven to the bottom of the biofilm at the expense of their presence in the
top region, when exposure times were increased to 60 min (Fig. 6f). 30
min magnetic field exposure yielded the most homogeneous in-biofilm
distribution of magnetic cascade-reaction containers over the depth of
a biofilm (Fig. 6e) and was used in all further experiments.

Neither Gram-positive S. aureus nor Gram-negative E. coli were
eradicated in thick biofilms upon exposure to vancomycin or after
magnetic-targeting of reaction containers only loaded with r-arginine
(Fig. 7). Time-dependent killing was observed after magnetic-targeting
of reaction containers with only coupled glucose-oxidase within 6 h,
leading to a significant bacterial killing in biofilms with respect to
vancomycin after 6 h (p < 0.0001, one-way ANOVA). Interestingly,
magnetic reaction containers with coupled glucose-oxidase and loaded
with r-arginine in absence of magnetic targeting yielded a similar killing
as did reaction containers with coupled glucose-oxidase only. This
demonstrates that the HyO; generated in the first cascade-reaction has
the ability to diffuse in the biofilm to kill its inhabitants, while oppo-
sitely the NO generated outside a biofilm in the second cascade-reaction
may not be sufficiently long-lived to diffuse into the biofilm and kill its
bacterial inhabitants. This suggestion is confirmed by the observation
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Fig. 3. Mesoporous Fe30,@SiO» nanoparticles with coupled glucose-oxidase and loaded with r-arginine. (a) TEM micrographs of Fe30,@SiO5 nanoparticles
after coupling of glucose-oxidase and additional loading with r-arginine. (b) FTIR absorption spectra of Fe30,@SiO, nanoparticles, L-arginine, glucose-oxidase,
Fe304@SiO; nanoparticles with coupled glucose-oxidase and after additional loading with r-arginine. (c) 295i NMR spectrum of Fe304@SiO, nanoparticles before
and after APTES-mediated coupling of glucose-oxidase. (d) Percentage weight loss as a function of temperature of Fe304@SiO, nanoparticles before and after

coupling of glucose-oxidase and additional loading with r-arginine.

that magnetic cascade-reaction containers with coupled glucose-oxidase
and loaded with r-arginine yielded significantly better killing upon
magnetic targeting at all time points and in all three strains (Fig. 7), both
with respect to vancomycin as well as with respect to nanoparticles with
only coupled GOx or only r-arginine loading. Thus, in-biofilm generation
of NO is a conditio sine qua non for eradicating infectious biofilms.

3.5. Targeting and eradication of an intra-abdominal biofilm by magnetic
cascade-reaction containers observed through an intra-vital window in
living mice

Before doing animal experiments, it was first ascertained that the
hemolytic activity of Fe304@SiO; cascade-reaction containers was
negligible and cytotoxicity absent at the concentrations used for in vivo
experiments. Hemolysis was concentration dependent (Fig. S6) and less
than the medical adsorbent standard of 5% (ISO 10993.4:2002) [27] at
the highest nanoparticle concentration used in vivo (800 pg mL™1).
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Cytotoxicity of Fe304@SiO; cascade-reaction containers towards mouse
embryonic fibroblasts was small (Fig. S7), although increasing with
increasing concentration of cascade-reaction containers. After 24 h
exposure fibroblasts had maintained 62% viability at 1200 pg mL™".
Considering a critical threshold of 30%-40% suggested for maintaining
tissue cell integration [28] this may be considered high and acceptable.

Magnetic targeting of red-fluorescent Rhodamine-B labeled cascade-
reaction containers in mice was done by real-time observation through
an abdominal, intra-vital window implanted in the flanks of mice, un-
derneath which a green-fluorescent S. aureus ATCC12600%F biofilm
was grown (Fig. 8a). Bioluminescence imaging showed that in absence
of magnetic targeting, cascade-reaction containers diffused slowly over
time from their injection site over the entire body of the mice, without
major accumulation in the biofilm. Some accumulation was observed
after 1 and 6 h in the region around the liver and spleen (Fig. 8b). Upon
sacrifice of mice at 24 h however, bioluminescence imaging indicated no
accumulation in any region of the body. Magnetic targeting yielded
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Fig. 4. Enzyme activity of mesoporous Fe3z0,@-
§iO, nanoparticles suspended in PBS (300 pg
mL™Y) after glucose-oxidase coupling and addi-
tional 1-arginine loading. (a) The amount of HyO4
generated at pH 5.0 through Fe;0,@SiO, nano-
particles with coupled glucose-oxidase as a function
of the glucose concentration according to Reaction I
(Scheme 1). Note the glucose concentration range
applied encompassed the physiological glucose con-
centration (630-990 ug mL’l) [24]. For measure-
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accumulation of cascade-reaction containers in the biofilm underneath
the intra-vital window within 1 h (Fig. 8b and Movie S1). This accu-
mulation increased up to a maximum, that was reached after 6 h, i.e.
slightly after arresting of magnetic field application. Accumulation of
cascade-reaction containers in the biofilm underneath the intra-window
upon application of a magnetic field was three-fold higher at 6 h than in
absence of a magnetic field (Fig. 8c). High accumulation in the biofilm
underneath the intra-vital window remained observable through
bioluminescence imaging at sacrifice of mice at 24 h. Accumulation of
RhB-labeled magnetic cascade-reaction containers in the liver and
spleen in absence of magnetic targeting was confirmed by fluorescence-
analyses of organ tissues in mice sacrificed at different time points
(Fig. S8a). Fluorescence-analyses also confirmed absence of accumula-
tion in tissue surrounding the intra-vital window. In presence of mag-
netic targeting however, fluorescence-analyses indicated three-fold
higher accumulation in surrounding tissue at all points in time than
measured in absence of magnetic targeting (compare Fig. S8a and
Fig. S8b). In addition, fluorescence in liver and spleen tissues was
confirmed to be smaller after magnetic targeting due to directing of
magnetic cascade-reaction containers from the blood circulation to-
wards the infection site.

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2022.01.044.

Longer term analysis extending over six days (see Fig. 8d for scheme)
using two-photon confocal laser scanning microscopic imaging of
staphylococcal biofilms underneath the intra-vital window (Fig. 8e),
demonstrated minor reductions in biomass over time during treatment
with vancomycin (p < 0.05, one-way ANOVA) or magnetic cascade-
reaction containers at 800 pg mL™! in absence of magnetic targeting
(p < 0.01, one-way ANOVA) (Fig. 8f). Also tissue surrounding the intra-
vital window that had become infected during biofilm growth or treat-
ment and collected at sacrifice, contained less staphylococcal CFUs in
the groups of mice treated with vancomycin (p < 0.05, one-way
ANOVA) or magnetic cascade-reaction containers in absence of mag-
netic targeting (p < 0.01, one-way ANOVA) than in the group injected
with PBS (Fig. 8f).

Superior eradication of the intra-abdominal biofilm was observed

—r
2000
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ment, 500 pL of a nanoparticle suspension was mixed
for 3 h with 500 pL Hydrogen Peroxide Assay Kit
reagent at 37 °C in the dark. (b) The amount of NO
generated at pH 5.0 by Fe304@SiO, nanoparticles
with coupled glucose-oxidase and additional loading
with r-arginine as a function of the glucose concen-
tration, according to Reaction II (see also Scheme 1).
For measurement, 500 pL of a nanoparticle suspen-
sion was mixed for 3 h with 500 pL Griess reagent
(equal amounts of reagent I and II) at 37 °C in the
dark. (¢) A comparison of the amount of NO gener-
ated through Fe30,4,@SiO, nanoparticles with coupled
glucose-oxidase and additional loading with r-argi-
nine as a function of time at a glucose concentration
of 800 pg mL~! and different pH. Other conditions
and methods as in panel (b). All data represent
means+standard deviations over triplicate runs with
separately prepared nanoparticles batches. * and ***
indicate statistical significances at p < 0.05 and p <
0.001, respectively (Student’s t-test).
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however, when magnetic cascade-reaction containers were targeted into
the biofilm by placing a magnet on the intra-vital window, both with
respect to biomass (Fig. 8f) as well as with respect to the number of CFUs
in tissue surrounding the window (Fig. 8g). Use of a lower concentration
of magnetic cascade-reaction containers than 800 pg mL™! yielded
significantly less reduction in biomass (Fig. S9a) and CFUs (Fig. S9b),
while the added value of a higher concentration was small and at the
expense of blood compatibility (Fig. S6) and tissue cell viability
(Fig. S7). Eradication of intra-abdominal biofilms was confirmed
through histological analysis of tissue surrounding the intra-vital win-
dow taken at sacrifice, showing a near intact epidermis structure and
few inflammatory cells in mice with magnetic cascade-reaction con-
tainers targeted into the biofilm (Fig. S10). In line, analysis of blood
extracted at sacrifice, showed minor (p < 0.05 one-way ANOVA) in-
creases in white blood cell counts upon injection of PBS, vancomycin or
reaction containers in absence of magnetic targeting (Fig. S11), but
white blood cells counts in the group of mice treated with magnetically
targeted reaction containers were similarly low as in uninfected mice.
Other blood parameters were similar in all groups (see also Fig. S11).
Histological analyses of organ tissues taken at sacrifice (day 6) demon-
strated no adverse effects in heart, liver, spleen, lung and kidney tissue
across all groups of mice (Fig. S12). This demonstrates that the small
accumulation of cascade-reaction containers after magnetic targeting in
liver and spleen tissue (Fig. S8b) observed 24 h after injection, was
biologically insignificant on the longer term.

4. Discussion

A cascade-reaction container composed of magnetic, mesoporous
Fe304@SiO, nanoparticles containing glucose-oxidase and r-arginine
was designed that could be magnetically targeted inside an infectious
biofilm. Glucose-oxidase generated H,O5 at endogenous glucose con-
centrations, while subsequently r-arginine generated NO in a second
cascade-reaction from the HyO4 generated in the first reaction.

These magnetically-targeted cascade-reaction containers killed both
Gram-positive and Gram-negative bacteria and were demonstrated to
kill S. aureus in an abdominal biofilm in mice after tail-vein injection and
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Fig. 5. Killing efficacy of mesoporous Fe30,@SiO» nanoparticles with coupled glucose-oxidase and loaded with r-arginine against planktonic bacteria.
Experiments were carried out with Gram-positive S. aureus or Gram-negative E. coli strains suspended (1 x 10° bacteria mL~') in TSB or LB, respectively supple-
mented with glucose to a final concentration 800 pg mL ™. Fe30,@Si0- nanoparticles or vancomycin were added to a final concentration of 80 pg mL ™! or 5 pg mL ™},
respectively. Aliquots were taken at different points in time for CFU enumeration. PBS was taken as a control. (a) Log (CFU mL ™) of S. aureus ATCC12600%*" after
growth in the presence of nanoparticles or vancomycin. (b) Same as panel (a), now for S. aureus Xen36. (c) Same as panel (a), now for E. coli Xen14. Data represent
averages over 3 replicates over separately prepared batches of nanoparticles and different bacterial cultures. Error bars indicate standard deviations. *, **, *** and
**** indicate statistical significances at p < 0.05, p < 0.01, p < 0.001 and p < 0.0001 for the comparisons indicated by the spanning bars (one-way ANOVA).

magnetic targeting of the cascade-reaction containers into the biofilm.
Eradication of an abdominal biofilm could be achieved consuming only
endogenous glucose, without adding any additional glucose. Delineation
of the killing efficacies of the first and second cascade reaction yielded
the conclusion that NO generation in the second cascade-reaction did
not enhance killing of planktonic bacteria in suspension viz a viz bac-
terial killing by the H,O, generated in the first cascade-reaction in
microbiologically significant numbers, although a minor, statistically
significant reduction was observed. However, in-biofilm generation of
NO after magnetic targeting of the cascade-reaction containers in a
biofilm was essential for maximal killing of Gram-positive and Gram-
negative bacteria in a biofilm-mode of growth. Compared with vanco-
mycin, magnetic, mesoporous Fe3O4@SiO, nanoparticles containing
glucose-oxidase and r-arginine yielded 4-5 log-units better killing of
planktonic S. aureus and E. coli (Fig. 5), 2-3 log-units better killing of
strains in a biofilm-mode of growth (Fig. 7) and 1-2 log-units better
killing than vancomycin in vivo (Fig. 8g).

Many nano-antimicrobials rely on the generation of ROS for bacterial
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killing, but mostly generate ROS from externally added oxygen-species,
like externally added Hy05 [29-31]. Suitable oxygen-species are not
readily available in sufficiently high concentrations near an infection
site in the human body. In the liner enzyme cascade-reaction proposed,
H,0; is generated from glucose that is readily available in the human
body. Subsequently, the combination of GOx and r-arginine not only
consumes glucose to generate HyOo, but also generates NO, one of the
ROS with a relatively long life-time, i.e. 0.09-2 s [22]. A life-time of
0.09-2 s, will allow NO to diffuse around 25-115 pm in aqueous solution
[32]. All cascade-reaction containers described in the literature,
generate OH radicals with an approximate life-time of 3.7 x 107 s,
allowing OH radicals to diffuse around 60 Ain aqueous solution [33].
This is too short to bridge the distance between a generation site and a
target bacterium in suspension, particularly at low substrate, container
and bacterial concentrations. As a consequence, the efficacy of these
systems for killing planktonic bacteria is relatively low, unless extremely
high concentrations of glucose are added (see Table S1) far above the
toxic limit to humans [34]. Our GOx, L-arginine based cascade reaction
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Fig. 6. Determination of optimal mag-
netic targeting time to establish even in-
biofilm distribution of magnetic cascade-
reaction containers over the depth of a
biofilm in vitro. (a) Schematics of targeting
of Rhodamine-B (RhB) labeled, magnetic
cascade-reaction containers to an in vitro
S. aureus ATCC12600°" biofilm. (b) 3D-
CLSM micrographs of green-fluorescent
S. aureus ATCC12600°™" biofilms exposed
to red-fluorescent magnetic cascade-reaction
containers suspended in PBS (100 pg mL ™)
after different magnetic field exposure times.
(¢) Normalized red-fluorescence due to
penetration and accumulation in biofilms as
a function of the depth in the biofilm after 5
min magnetic field exposure, as calculated
from CLSM micrographs (see Fig. 6b). Red-
fluorescence intensity was normalized with
respect to the maximum fluorescence in-
tensity observed across all images taken. (d)
Same as panel (c), now for 10 min magnetic
field exposure. (e) Same as panel (c), now for
30 min magnetic field exposure. (f) Same as
panel (c), now for 60 min magnetic field
exposure.



G. Yang et al.

Staphylococcus aureus ATCC12600%FP

Kkkk

-
o
L

©o
1

«©
1

Log (CFU cm™)

3
Time (h)

Escherichia coli Xen14

*kkk

*k

*kkKk

-
-
|

o
L

©
1

<
1

Log (CFU cm?)
N

[=2]
1

3
Time (h)

Bioactive Materials 14 (2022) 321-334

Staphylococcus aureus Xen36

Fekkk

O

-
-
]

-
o
L

©
1

(=]
1

Log (CFU cm™?)

3
Time (h)

Il PBS
B Vancomycin
Il Fe;0,@Si0, after GOx coupling

I Fe,0,@Si0, after L-arginine loading

Fe;0,@Si0, after GOx coupling/L-arginine loading
without magnetic field

Bl Fe,0,@Si0, after GOx coupling/L-arginine loading

Fig. 7. Killing efficacy of magnetic cascade-reaction containers with coupled glucose-oxidase and loaded with r-arginine against bacteria in a biofilm-
mode of growth. Experiments were carried out with bacterial biofilms grown in TSB or LB, supplemented with glucose to a final concentration 800 pg mL!.
Biofilms were grown for 48 h to an average thickness of 82 ym. After growth, biofilms were exposed to PBS (control), vancomycin in solution (10 pg mL™') or
cascade-reaction containers (300 pg mL™1) under 30 min magnetic field application. (a) Biofilms of S. aureus ATCC12600°". (b) Biofilms of S. aureus Xen36. (c)
Biofilms of E. coli Xenl14. Data represent averages over 3 replicates over separately prepared batches of nanoparticles and different bacterial biofilms. Error bars
indicate standard deviations. *, **, *** and **** indicate statistical significances at p < 0.05, p < 0.01, p < 0.001 and p < 0.0001 (one-way ANOVA).

containers moderately killed planktonic bacteria in presence of 800 pg
mL ! glucose, within the range of healthy glucose levels [24]. Only one
study on cascade-reaction containers based on calcium peroxide nano-
particles with Ag NPs allowed comparison of its efficacy against bacteria
in a biofilm-mode with our GOx/i-arginine based cascade-reaction
containers (see Table S2). Magnetic, mesoporous GOx/i-arginine
based cascade reaction containers were 1-2 log-units more effective in
killing biofilm bacteria after magnetic targeting than calcium peroxide
nanoparticles with Ag NPs, although reductions were not expressed in
directly comparable units (see Table S2). In absence of magnetic tar-
geting, GOx/1-arginine based cascade reaction containers had a similar
killing efficacy towards biofilm bacteria as did reaction containers solely
loaded with GOx. Hence, it can be concluded that the NO generated only
contributes to the killing of biofilm bacteria provided generation occurs
in-biofilm.

Efficacy of glucose consuming cascade-reaction containers in vivo
(see Table S3) has only been studied using infected wounds in mice, with
the exception of the present study that is based on an abdominal biofilm
model. None of the OH-radicals based cascade-reaction containers
yielded meaningful reductions in CFUs in an infected wound model,
neither in diabetic mice nor in healthy mice unless a high dose of glucose
was administered at the same time (see Table S3). Our magnetic, mes-
oporous Fe3O04@SiO, with coupled GOx and loaded with r-arginine
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performed better in an abdominal biofilm model without glucose addi-
tion than Cu-TCPP(Fe) nanosheets in an infected wound model while
adding a high dose of glucose (see Table S3). This points to the advan-
tage of NO-based cascade-reactions requiring only endogenous glucose,
naturally present in healthy patients.

The use of abdominal biofilms with an intra-vital window to visu-
alize biofilm targeting and eradication by nano-antimicrobials has only
been applied for pH-responsive, self-targeting micelles [35] and lipo-
somes [36], but not yet for magnetic targeting of cascade-reaction
containers. Interestingly, despite the problems in finding magnetic
field conditions for evenly distributing magnetic cascade-reaction con-
tainers over the depth of a biofilm using a one-directional, single magnet
(Fig. 6), in vivo targeting of an abdominal biofilm turned out to be sur-
prisingly simple (Fig. 8 and Movie S1) and effective to enhance bacterial
killing. One-directional, single-magnets to attract magnetic nano-
particles to an infection site have been used before in small animal
models [37], but likely targeting of a micron-sized biofilm may be much
more difficult in larger sized mammals. Up to what extent this will affect
clinical translation of the use of magnetic, cascade-reaction containers
as a new, non-antibiotic-based infection-control strategy remains to be
seen. Current multiple-magnet systems consisting of several electro-
magnets arranged in a spatial array [38] may allow 3D targeting with
micrometer resolution in deep tissues, required for biofilm targeting in
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Fig. 8. Targeting and accumulation of magnetic cascade-reaction containers in an abdominal S. aureus biofilm underneath an intra-vital window in living
mice and biofilm eradication. (a) Time-line of events for monitoring magnetic targeting of reaction containers to an abdominal S. aureus ATCC12600° biofilm.
After abdominal biofilm growth for 2 days, mice were tail-vein injected with 200 pL of a suspension of Rhodamine-B (RhB) labeled cascade-reaction containers in PBS
(800 pg mL™1Y) and exposed to a magnetic field over the intra-vital window for 4 h. (b) Distribution of red-fluorescent RhB-labeled magnetic cascade-reaction
containers through the body of a mouse imaged using bioluminescence imaging, in presence and absence of an applied magnetic field. (¢) Red-fluorescence in-
tensity due to RhB-labeled magnetic cascade-reaction containers accumulated in staphylococcal biofilms underneath an intra-vital window in mice as a function of
time, corresponding to panel (b). (d) Time-line of events for monitoring eradication of an abdominal S. aureus ATCC12600°F" biofilm underneath an intra-vital
window in living mice. After abdominal biofilm growth, mice were tail-vein injected with 200 pL of PBS, vancomycin in solution (500 pg mL~!) or magnetic
cascade-reaction containers (800 pg mL™!) followed by magnetic field exposure during 4 h. Injection and magnetic targeting was repeated at days 2 and 4. (e)
Examples of reconstructed 3D-intra-vital images of green-fluorescent S. aureus ATCC 12600°™ biofilms underneath an intra-vital window in living mice before
initiating treatment at day 0 and after tail-vein injection of 200 puL of PBS (0 ug mL™") or PBS with suspended magnetic cascade-reaction containers (800 pg mL ™). (f)
Staphylococcal biomass underneath an intra-vital window in mice as a function of time after initiating treatment in presence and absence of an applied magnetic field
over the intra-vital window, derived from COMSTAT analysis of intra-vital images. (g) Number of S. aureus CFUs per g tissue excised from around the intra-vital

window site after sacrifice at day 6 after initiating treatment. Error bars denote standard deviations over 3 mice. *,

at p < 0.05, p < 0.01 and p < 0.0001 (one-way ANOVA test).

and **** indicate statistical significances

humans.
5. Conclusions

A magnetic, liner cascade-reaction container was made, consisting of
mesoporous Fe304@SiO; nanoparticles containing glucose-oxidase and
L-arginine. Under the application of a suitable external magnetic field,
magnetic cascade-reaction containers could be homogeneously distrib-
uted across the depth of an infectious biofilm in vitro and accumulated
within 6 h after tail-vein injection inside an abdominal biofilm, as
observed real-time in living mice with an implanted intra-vital window.
Magnetic targeting and distribution across the depth of an infectious
biofilm was necessary to benefit from r-arginine-assisted NO generation
in the second cascade-reaction, consuming the HyO, generated using
glucose-oxidase in the first cascade-reaction. This in-biofilm generation
of NO is necessary to benefit optimally from both reactions in the
cascade. Mesoporous Fe304@SiO5 nanoparticle reaction containers with
GOx/1-arginine neither caused hemolysis not adverse blood or organ
tissue reactions, making them suitable for use against infectious Gram-
positive and Gram-negative biofilms, provided suitably targeted inside
a biofilm. For clinical use in humans, it is important to realize that
higher doses should be applied than used in our murine study. In our
murine, we successfully applied an injection of 200 pL at a concentration
of 800 pg mL L. Considering humans have about 5 L of blood versus 2 x
1073 L of blood in a mouse, the dose should be 2500-fold higher, which
can be achieved by increasing either the concentration or the volume
injected. Important for potential clinical use as well, Fe304@SiO5
nanoparticle reaction containers with GOx/1-arginine eradicate infec-
tious biofilms without using antibiotics and are effective using endog-
enous glucose at concentrations present in healthy humans, without
addition of glucose. Moreover, efficacy may be higher in diabetic pa-
tients due to the presence of higher glucose concentration as a substrate
for the cascade to start generation of H;O, and NO.
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