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Abstract

In the present study, we investigated the degradation of both smooth and rough lipopolysaccharides
from Gram-negative (LPS) and lipoteichoic acid from Gram-positive (LTA) bacteria by peptide-
coated TiO2 nanoparticles (TiO2 NPs). While bare TiO2 NPs displayed minor binding to both LPS
and LTA, coating TiO2 NPs with the antimicrobial peptide LL-37 dramatically increased binding to
LPS and LTA, decorating these uniformly. Importantly, peptide coating did not suppress reactive
oxygen species generation of TiO2 NPs, hence UV illumination triggered pronounced degradation of
LPS and LTA by peptide-coated TiO> NPs. Structural aspects of oxidative degradation were
investigated by neutron reflectometry for smooth LPS, showing that degradation occurred
preferentially in its outer O-antigen tails. Furthermore, cryo-TEM and light scattering showed
lipopolysaccharide fragments resulting from degradation to be captured by the NP/LPS co-
aggregates. The ability of LL-37-TiO2 NPs to capture and degrade LPS and LTA was demonstrated
to be of importance for their ability to suppress lipopolysaccharide-induced activation in human
monocytes at simultaneously low toxicity. Together, these results suggest that peptide-coated
photocatalytic NPs offer opportunities for confinement of infection and inflammation.
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Introduction

As a result of antibiotics resistance development, bacterial infections are on their way to once again
become a leading cause of severe illness and death, also in developed countries (1,2). It is therefore
urgent to develop novel antimicrobial therapeutics. Besides drugs, nanomaterials may display potent
antimicrobial properties, also against strains resistant to antibiotics (3-5). Among nanomaterials, those
displaying photocatalytic activity currently attract considerable interest. In photocatalysis, light
triggers formation of excited electrons and holes, which may react with water, dissolved oxygen, or
solutes to form reactive oxygen species (ROS) at the nanoparticle surface. ROS are highly reactive
and may degrade essential bacteria components, such as phospholipids, lipopolysaccharides, proteins,
or DNA (6). As a result, photocatalytic nanoparticles (NPs) may display potent antimicrobial effects
(7,8). However, the mechanistic understanding of such effects remains elusive and further work is

needed to clarify how antimicrobial effects and toxicity depend on bacteria membrane composition.

Compared to human cells, bacterial membranes are rich in anionic phospholipids and do not contain
any sterols (11-14). In addition, bacterial membranes are rich in bacterial lipopolysaccharides. Thus,
LPS dominates the outer membrane of Gram-negative bacteria (15), whereas lipoteichoic acid (LTA)
is abundant in the peptidoglycan layer of Gram-positive bacteria (16). (As LTA also belongs to the
family of lipopolysaccharides, both LPS from Gram-negative bacteria and LTA are generically
referred to as “lipopolysaccharides” throughout the manuscript.) Due to their amphiphilicity and net
negative charge, lipopolysaccharides interact strongly with cationic and amphiphilic compounds,
such as antimicrobial peptides (AMPs) (17,18). In fact, AMP binding to bacterial lipopolysaccharides
plays a key role for both antimicrobial and anti-inflammatory effects of such peptides (19-21).
Considering the pronounced lipopolysaccharide binding of AMPs, coating photocatalytic NPs with
AMPs may thus represent an interesting approach for effectively targeting such nanomaterials

towards bacterial membranes.

Recently, we reported on the coating photocatalytic NPs by AMPs for selective oxidative degradation
of bacteria-like membranes. In doing so, we found that peptide coating enhanced binding to bacteria-
like phospholipid bilayers, and caused selective degradation of these, as well as boosted antimicrobial
effects while simultaneously exerting low toxicity against human cells (22). Investigating how such
effects depend on the properties of peptides used for nanoparticle coating, we very recently compared
effects of the AMP KYE21 and its hydrophobized WWWKYE21 variant, showing that: (i) peptide-
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coated TiO2 nanoparticles displayed similar binding selectivity between bacteria- and cell-mimicking
model membranes as the free peptides, (ii) binding of WWWKYE21-TiO, to bacteria-like
membranes was higher than that of KYE21-TiO, as were antimicrobial effects, but also (iii) that
saturation in photocatalytic effects occurs at very high nanoparticle binding density due to light

scattering (23).

While the latter study indicated favorable effects of AMP-coating of photocatalytic nanoparticles for
LPS degradation, further work is needed since little is known about lipopolysaccharide structure on
its degradation by photocatalytic NPs, and about consequences of lipopolysaccharide degradation for
cell activation and inflammation (18). Thus, while complete degradation of lipopolysaccharides can
be expected to result in efficient suppression of cell activation, lipopolysaccharide fragments released
during the degradation process may still be inflammatory. Incomplete lipopolysaccharide degradation
and/or residue capture may therefore aggravate the situation, analogous to inflammation triggered by
Klebsiella pnumoniae on inappropriate antibiotics exposure (24). Addressing this knowledge gap, we
set out in the present study to address the following research questions: (i) How does oxidative
degradation of bacterial lipopolysaccharides depend on their structure?; (ii)) Can oxidative
degradation of bacterial lipopolysaccharides be boosted by AMP-coating of photocatalytic NPs?; (iii)

How does this translate into anti-inflammatory effects and cell toxicity?

In doing so, we focus on TiO2> NPs, for which potent antimicrobial effects have been previously
reported (9, 10). The wide band gap of TiO> (3.2 eV) (25) necessitates UV exposure for photocatalytic
effects. While this may be a disadvantage from an application perspective, it allows particle-
membrane interactions “in darkness” to be conveniently differentiated from oxidation effects, of
importance for dissecting mechanistic aspects. As antimicrobial peptide, LL-37
(LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES) was chosen, as this is a widely used
benchmark peptide, displaying potent antimicrobial and anti-inflammatory effects (26). This peptide
was also used in our previous study of oxidative degradation of bacterial lipid membranes by AMP-
coated TiO2 NPs (22), thus enabling comparison of results for two key components in bacterial cell
walls, i.e., phospholipids and lipopolysaccharides. Complementing this, studies were performed for
polyarginine homopolypeptide, allowing effects of positive charges alone for the effects above to be
elucidated. Regarding lipopolysaccharides, studies were performed for both “rough” and “smooth”

forms of Gram-negative LPS (“smooth” characterized by longer polysaccharide moieties and a lower
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negative charge density than “rough” (27, 28)), as well as for Gram-positive LTA (having a smaller

hydrophobic acyl moiety than Gram-negative LPS (29)).

For these systems, we employed neutron reflectometry (NR) and quartz crystal balance with
dissipation (QCM-d) for studies of particle binding and UV-induced degradation, while fluorescence
spectroscopy was used for monitoring ROS generation, and dynamic light scattering/C-potential
measurements for studies of nanoparticle properties. Furthermore, small-angle X-ray scattering
(SAXS), light scattering, and cryogenic transmission electron microscopy (cryoTEM) were used to
investigate lipopolysaccharide and lipopolysaccharide-nanoparticle co-aggregate structure in absence
and presence of nanoparticles and/or UV exposure. Monitoring how such physicochemical properties
translate into anti-inflammatory effects of bare and peptide-coated TiO> nanoparticles, LPS/LTA-
induced cell activation and toxicity were investigated for human monocytes. Considering the systemic

nature of inflammation, the study was performed at physiologic pH 7.4 (30-32).

Materials and Methods

Materials. TiO2 NPs (anatase, 4-8 nm) were supplied by PlasmaChem GmHb (Berlin, Germany).
TiO2 NPs were previously characterized by cryo-TEM and Small-Angle X-ray scattering (SAXS)
(22). To obtain information on the size of primary particle size (i.e., not aggregated), such
measurements were conducted at pH 3.4, where TiO2 NPs are dispersed as single particles. SAXS
results were fitted to a log-normal distribution, yielding an average nanoparticle size of 3 + 1 nm,
while cryo-TEM revealed a population of polydisperse particles with an average diameter of 2 + 1
nm, and sizes from 0 to 10 nm. LL-37 (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES;
>95%) was from Thermo Fisher Scientific (US). Polyarginine (Mw 5-15 KkDa),
whileoctadecyltrichlorosilane (OTS), smooth LPS from Escherichia coli (E. coli) 0111:B4 (L2630),
rough LPS from E. coli F583 (L6893), lipid A from E. coli F583 (L5399), and LTA from S. aureus
(L2515) were all form Sigma Aldrich. Palmitoyloleoylphosphocholine  (POPC),
palmitoylarachidonoyl phosphocholine (PAPC), and palmitoyloleoylphosphoglycerol) (POPG) were
from Avanti Polar Lipids (Alabaster, US). C1:-BODIPY 581/591 was from Molecular Probes/Thermo
Fisher Scientific (US). Ultra-pure MilliQ water (MQ, 18.2 MQ - cm) and D20 (99% deuterated,

Sigma Aldrich) were used to prepare all solutions. All other chemicals used were of analytical grade.
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Liposome preparation. Liposomes were prepared as described previously (24). Briefly, 10 mg/mL
lipid stocks in chloroform were mixed in dark glass vials to 50/25/25 (mol/mol) POPC/PAPC/POPG
(“+PG’). The samples were then dried under N2 and then kept for 2 h under vacuum. The resulting
films were hydrated in 10 mM Tris, pH 7.4, to a concentration of 1 mg/mL. The dispersion was bath
sonicated for 8 cycles, each consisting of 1 minute of sonication and 30 seconds of vortexing at 24°C,
to obtain multilamellar vesicles (MLVSs). These were then extruded 30 times through polycarbonate
filters (@ 100 nm, LipoFast miniextruder (Avestin, Ottawa, Canada)) to obtain large unilamellar
vesicles (LUVs) for ROS studies.

Preparation of NPs-LPS and NPs-LTA mixtures. Mixed NPs-LPS or NPs-LTA samples were
prepared 1:1 (wt) by dropwise addition of 25 pL of LPS or LTA (4,000 ppm (i.e., 4 mg/mL) in 10
mM Tris, pH 7.4) to 975 pL of either bare or peptide-coated TiO> (100 ppm (0.1 mg/mL) in 10 mM
Tris, pH 7.4,), followed by vigorous vortexing. Samples were subsequently used for cryoTEM,
SAXS, DLS, and {-potential studies.

Size and ¢-potential measurements. Dynamic and electrophoretic light scattering (DLS and ELS;
173° scattering angle) were performed using a Zetasizer Nano ZSP (Malvern Pananalytical Ltd.,
Malvern, UK) to obtain average particles sizes and C-potentials. Measurements were performed in

triplicate at 25°C using automatic attenuation.

C11-BODIPY 581/591 oxidation assay. Oxidation assay was performed as described before (33-35).
In short, C11-BODIPY 581/591 was incorporated into +PG vesicles. For this, 0.5 mol% of the dye
was added to the organic solution prior to lipid film drying under Ar atmosphere. After hydration and
extrusion, 0.5 mg/mL LUVs were subjected to in situ UV exposure (Spectroline ENF-260C, 254 nm;
3 mW/cm?, sample-lamp distance ~6 cm) in the presence or absence of bare or coated TiO2 NPs (100
ppm). Fluorescence spectra (Aex = 485 nm; Aem = 500-700 nm) were acquired using a Cary Eclipse
fluorescence spectrophotometer with Xe pulse lamp (Agilent Technologies, USA), and oxidation
levels quantified by the shift of probe emission from red (Amax = 594 nm) to green (Amax = 520 nm)
during the first 5-10 minutes. Experiments were also performed in the presence of ROS scavengers,
i.e., D-mannitol (*OH scavenger (36)) and SOD (*O2" scavenger (37)), to pinpoint effects of different

ROS on lipid oxidation. All measurements were performed in duplicate at 37°C.
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Cryogenic transmission electron microscopy (cryo-TEM). Cryo-TEM experiments were
performed using a JEM-2200FS transmission electron microscope (JEOL) at the National Center for
High Resolution Electron Microscopy (nCHREM), Lund University. A bottom-mounted TemCam-
F416 camera (TVIPS) was employed to record zero-loss images at an acceleration voltage of 200 kV.
Four pL droplets of the samples were deposited on a lacey formvar carbon coated grid (Ted Pella)
and blotted with filter paper to remove excess fluid. The grid was then plunged into liquid ethane (-
180 °C), to ensure rapid vitrification. Specimens were then stored in liquid nitrogen (-196 °C) and
transferred into the microscope right before image acquisition, employing a cryo transfer tomography

holder (Fischione Model 2550). Image analysis was performed with the software ImageJ (38, 39).

Synchrotron Small-angle X-ray scattering (SAXS). Structural features of LPS and LTA, as well
as their changes under UV treatment in the absence and presence of bare and peptide-coated TiO>
NPs, were studied through Synchrotron SAXS experiments at the BioSAXS beamline BM29 (ESRF,
Grenoble, France) (40). An X-ray monochromatic radiation with energy=12.46 keV was employed
to collect the scattering profiles in the 0.05<q < 5 nm! q (magnitude of the scattering vector) range,
with a Pilatus3 2M detector operating in vacuum and at fixed sample-to-detector distance of 2.849
m. Bare TiO2 NPs and mixed NPs-LPS or NPs-LTA samples (before and after UV illumination) in
10 mM Tris buffer, pH 7.4, were pipetted from Eppendorf PCR tube strips by an automatic sample
changer and transferred in a quartz glass capillary (1 mm diameter) for scattering acquisition. Thirty
2D-images of 0.5 s exposure each were collected for each sample and for the buffer. Data were
automatically processed to provide buffer-subtracted averaged scattering profiles (41). All

measurements were performed at 25 °C.

Quartz crystal microbalance with dissipation monitoring (QCM-d). QCM-d measurements were
performed using a QSense Analyzer equipped with both standard and UV-transparent sapphire
window modules (Biolin Scientific, Sweden). LPS and LTA layers were formed on hydrophobic
polystyrene-coated surfaces (QSense QSX 305 PS-Hydrophobic Polystyrene, 4.95 + 0.05 MHz, 17.7
ng/cm? mass sensitivity; Surface roughness < 1 nm Root Mean Square (RMS)). The contact angle of
water at such polystyrene surface was ~92° at room temperature, as previously determined (42, 43).
Cells and tubings were thoroughly cleaned with 2% Hellmanex solution and multiple MQ rinses,
combined with bath sonication, then rinsed in pure ethanol and dried under N2. Polystyrene-coated

surfaces were then mounted into measurement chambers. Dispersions of smooth LPS, Lipid A and
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LTA were prepared in 10 mM Tris, 150 mM NaCl, pH 7.4, at a 400 ppm, while a higher concentration
(1,000ppm) was needed for rough LPS to form a dense monolayer. Triethylamine (4% w/w) was
added to the lipid A dispersion to ensure solubility in the aqueous buffer (44). Samples were tip-
sonicated for 5 minutes (UP50H, Hielscher Ultrasonics GmbH, Germany (50 W, 30 kHz) used in an
intermittent-pulse mode (5 s), at 100% amplitude) and subsequently injected using a peristaltic pump.
A liquid flow of 0.1 mL/min was employed throughout the experiments. Sample deposition and layer
formation were monitored from frequency shifts (AF) and dissipation changes (AD). This was
followed by rinsing with 10 mM Tris, 150 mM NaCl, pH 7.4, to remove excess sample. Subsequently,
bare or peptide-coated TiO2 NPs (100 ppm in 10 mM Tris, 150 mM NaCl, pH 7.4) were flushed into
the measurement chamber, followed by exposure to UV light for 2 h (Spectroline lamp ENF-260C, 6
W, 254 nm; 3 mW/cm?, placed at ~ 2 cm from the QCM-d cell). Measurements were performed at

25°C at least in duplicate.

Neutron reflectometry (NR). Structural features of supported smooth LPS layers before, during, and
after exposure to UV in the presence of LL-37-coated TiO2> NPs were characterized by NR, employing
the D17 vertical reflectometer (Institut Laue-Langevin, Grenoble, France) (45, 46). The whole Q-
region of interest (~0.01 to 0.3 A™Y) was covered using two incident angles (0.8° and 3.0°). NR
experiments on supported smooth LPS layers interacting with bare TiO2 NPs were performed on the
OffSpec reflectometer (ISIS Pulsed Neutron and Muon Source, Rutherford Appleton Laboratory,
Harwell, UK (47)). For these experiments, three incident angles (0.3°, 1.0° and 2.3°) were used to
cover the Q-region from =0.01 to 0.35 A%, achieving an instrumental resolution of 0.04 (4%) dq/q.
Solid-liquid flow cells, with a top plate modified with a 30 mm diameter circular opening, were used
in combination with UV-transparent quartz blocks (80x50x15 mm, 1 face polished, RMS < 4.5 A,
PI-KEM Ltd., Tamworth, UK) to allow in situ UV irradiation. The blocks were cleaned by bath-
sonication for 30 min in chloroform, followed by acetone (30 min), ethanol (30 min), MQ (30 min)
and ethanol (30 min). Then, they were dried under N, followed by 30 min of UV-ozone treatment
(UV/Ozone ProCleaner, BioForce Nanosciences, USA). After that, they were dried in oven (100° C)
for 10 min and transferred in a 1 mM octadecyltrichlorosilane (OTS) solution in toluene containing,
followed by 1 h of incubation in a glovebox under N2 flow (48, 49). This procedure allowed to form
a hydrophobic OTS monolayer onto the block surface, characterized by ~ 100° contact water contact
angle (50, 51). Blocks were finally rinsed with toluene and ethanol, dried under N2 flow and mounted

into solid-liquid flow cells. HPLC tubing, PEEK troughs, and O-rings were immersed in a 2%
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Hellmanex (Hellma Analytics, UK) solution and cleaned by bath-sonication. Then, they were then
thoroughly rinsed and sonicated in MQ. A circulating water bath was used during the measurements
to keep the sample cells at 25°C.

OTS-coated surfaces were characterized in three contrasts, 10 mM Tris, 150 mM NaCl, pH 7.4 in
MQ (h-Tris), D-O (d-Tris), and 68.6/31.4 % v/v D.O/MQ to match the scattering length density
(SLD) of the quartz substrate (qm-Tris). Then, cells were rinsed with h-Tris containing CaCl> 4 mM
(20 min, 2mL/min), followed by rinsing with h-Tris (10 min, 2mL/min). Twenty mL of smooth LPS
in h-Tris (1,000ppm) were manually injected immediately after tip-sonication (5 min, UP50H,
Hielscher Ultrasonics GmbH, Germany (50 W, 30 kHz) used in an intermittent-pulse mode (5 s), at
100% amplitude), and allowed to deposit for 30 minutes, after which excess material was rinsed off
with 10 mL h-Tris at 1 mL/min. The layers thus formed were characterized in h-, gm-, and d-Tris.
Contrasts were changed by pumping 20 mL of the desired buffer at 1 mL/min. After that, either 15
mL of bare or LL-37-coated TiO> NPs (100 ppm in h-Tris) were injected manually, followed by 10
min incubation. H-Tris was subsequently flushed to remove NP excess and samples characterized in
h-, gm-, and d-Tris. The systems were then subjected to in situ UV irradiation (Spectroline lamp ENF-
260C, 6 W, 254 nm; 3 mW/cm?, placed at ~2 cm from the NR cell) for 2 h. Immediately after UV
exposure, samples were rinsed with 20 mL of d-Tris (1 mL/min) and the whole Q-range measured in
the three contrasts. The reflected intensity was measured as a function of the momentum transfer qz
= (4n\L)-sin(9), with A the wavelength and 9 the incident angle. Quantitative information about the
density profile of the sample normal to the interface was obtained by fitting the experimental data.
Experimental NR profiles were fitted by using the Genetic Optimization method available on the
analysis package Motofit within software IGOR Pro (52, 53). A series of parallel layers were used to
model the interfacial structure, each of these described by a set of physical parameters, including
thickness, roughness, hydration, and scattering length density (SLD). The best fits of these parameters
were then converted into SLD profiles, showing the density distribution in the direction perpendicular
to the reflecting interface. Monte Carlo error analysis allowing refitting data 200 times was employed
to minimize the uncertainty associated with data fitting (54).

Cell experiments. Human THP1 monocytes (THP1-Xblue™-CD14 reporter cells, InvivoGen,
France) were cultured according to manufacturer instructions, and effects of NPs on
lipopolysaccharide-induced NF-kB activation monitored. To this purpose, 100 ppm bare or LL-37-
coated TiO2 NPs were mixed with 100 ppm smooth LPS or rough LPS, or 5,000 ppm LTA in 10 mM
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Tris, pH 7.4 in quartz cuvettes. Samples were then incubated for 2 h at room temperature, either in
darkness or under UV illumination (Spectroline ENF-260C, 254 nm; 3 mW/cm?) at a sample-light
distance of 6 cm. Cells (1x10° cells/mL) were incubated with these samples after dilution in 10 mM
Tris to a final concentration of 0.1 ppm for LPS or 5 ppm for LTA. Solutions with or without LPS or
LTA were used as positive and negative controls, respectively. After incubation (1820 h) in 5% CO;
at 37 °C, NF-kB activation was determined by incubating cell culture supernatants with the detection
substrate (Quanti-Blue, InvivoGen, France) for 1-2 h, followed by quantification at 600 nm (n = 3).
To investigate cell toxicity effects, a lactic acid dehydrogenase (LDH) assay was employed. For this,
THP1 cells were incubated as above for 18—20 h and LDH release measured using a lactate
dehydrogenase assay kit (Invitrogen™ CyQUANT™ LDH Cytotoxicity Assay, Thermo Fisher

Scientific), according to the manufacturer’s instructions.

Statistical Analysis. All data are reported as means +/- Standard Error of Mean (SEM). For all the
experiments (except for NR and cryo-TEM experiements), measurements were conducted in at least
triplicate. For NR, errors associated with the structural parameters of the lipopolysaccharides layers
were obtained through a Monte Carlo error analysis (54) within the Motofit software embedded in
the IGOR Pro analysis package (52, 53). This allowed refitting experimental NR profiles 200 times,
minimizing the uncertainty associated with data fitting. For cryo-TEM, a minimum number of 20
image were acquired for each sample to achieve statistically significant morphological and structural

information.

Results

Peptide coating of TiO2 NPs

TiO2 NPs have previously been reported to have an isoelectric point (IEP) at pH 6-6.5 (55,56). In line
with this, the TiO2 NPs employed in the present study displayed a positive C-potential at pH 3.4 and
5.4, a weak negative potential at pH 7.4, and a strongly negative potential at pH 9.4 (Figure 1A).
Mirroring this, TiO2 NPs displayed pronounced aggregation at pH 5.4 and 7.4, but much less so at
pH 3.4 and 9.4. On loading TiO2 nanoparticles with cationic LL-37 at pH 7.4, a concentration-
dependent increase in positive {-potential was observed (Figure 1B). At saturation binding, a net
positive C-potential of +22+3 mV was observed for TiO2 NPs coated with LL-37. As a result of this,

colloidal stability increased significantly at high peptide loading, as seen from the decrease in the
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effective particle size. Based on these results, full peptide loading was inferred to occur at the peptide
concentration of 50 puM, beyond which only marginal effects on C-potential and particle size were

observed. Below, TiO2 NPs loaded at this peptide concentration are referred to as LL-37-TiO..

Next, we investigated if peptide loading influenced ROS generation. Since electrons and holes
generated during illumination need to react with water and dissolved oxygen for ROS formation, it is
essential for the photocatalytic effects of coated TiO2 NPs that the coatings allow such reactions to
occur. As shown in Figure 1C, LL-37 coating did not markedly suppress ROS generation (see also
Figure S1A for corresponding oxidation kinetics). Furthermore, quenching results showed both *OH
and *O>" to be formed on UV illumination for bare TiO2 and LL-37-TiO alike (Figure 1C; see also
Figure S1B-C for corresponding oxidation kinetics). As *OH and Oz are highly reactive radicals,
able to degrade proteins and polypeptides through oxidation (57), there is a risk that the LL-37 coating
formed on TiO2 NPs degrades upon UV illumination. Addressing this, we investigated the C-potential
of the LL-37-coated TiO2 nanoparticles after different durations of UV illumination. While a minor
decrease in the positive {-potential was found, indicating some peptide degradation and/or oxidation,
LL-37-coated TiO2 NPs remained positively charged also after 2 h of UV exposure (Figure 1D).
Thus, irrespective of degradation, most of peptide (including any fragments formed during UV
illumination) remained bound at the nanoparticle surface, where they provided an electrostatic driving
force for binding to negatively charged lipopolysaccharides.

Nanoparticle interactions with Gram-negative LPS and Gram-positive LTA in solution

Next, we investigated co-aggregates formed by bare or peptide-coated TiO2 NPs with anionic LPS or
LTA (see Figure S2 for hydrodynamic size and (-potential of LPS and LTA in the absence of NPs).
Mixing 100 ppm of LL-37-TiO2 with 100 ppm smooth LPS resulted in very large (=1,000 nm) co-
aggregates of near-neutral surface charge. Similar-sized co-aggregates of larger negative surface
charge were observed for rough LPS and LTA (Figure S3). A similar behavior was observed for LPS
and LTA mixed with bare TiO2 NPs, although aggregation by the TiO2> NPs alone at this pH obscures
effects of lipopolysaccharide-NP co-aggregation (Figure 1A). No major variations in aggregates size

and {-potential were observed after 2 h of UV illumination for any of the samples.

To obtain further information on the structure of co-aggregates formed by LPS or LTA with peptide-
coated TiO2 NPs, we investigated these by cryoTEM. As shown in Figure 2, both smooth and rough

11
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LPS, as well as LTA, form thread-like structures at pH 7.4, in line with previous findings (58-60).
(Note, however, that lipopolysaccharide aggregates are not equilibrium structures, thus their self-
assembly structure depend on preparation method. For example, smaller and less thread-like
structures can be obtained after repeated extrusion or tip-sonication (61-63)). On addition of LL-37-
TiO2 NPs (Figure 2), the latter distributed homogeneously over the fiber structures of both smooth
and rough LPS, as well as LTA, and triggered formation of dense co-aggregates. Furthermore,
scattered multilamellar structures were observed in presence of LL-37-TiO, similar to those observed
previously in the presence of free peptide (64). On UV illumination, the co-aggregates packed more
densely (Figure 3), likely a result of degradation of some of the LPS chains, relaxing the Kinetic
constraints for dense packing. In line with this, free LPS fragments were observed on illumination,
most clearly seen outside co-aggregates formed between LL-37-TiO2 NPs and rough LPS (Figure 2).
These findings are in line with the dynamic light scattering results discussed above. To more
conclusively elucidate if degradation caused formation of ordered structures, SAXS was employed.
However, no ordered structures were observed for either LPS or LTA (Figure S4), possibly due to
their long hydrophilic and negatively charged polysaccharide chains (27-29), and/or by the signal
from these being masked by the broad NP signal.

Nanoparticle interactions with surface-bound LPS, lipid A, and LTA

Mirroring the “end-on” orientation of LPS in the outer membrane of Gram-negative bacteria, we next
investigated smooth and rough LPS bound to hydrophobic polystyrene substrates through their
hydrophobic lipid A moiety, employing QCM-d. Also lipid A alone was investigated. While
compositions and procedures had to be optimized for the different systems, conditions were found at
which all three systems formed well-defined adsorbed layers (Figure 4). On addition of bare TiO-
NPs (carrying a weak negative C-potential; Figure 1A), very little binding to the negatively charged
LPS or lipid A was observed (Figure S5A for results on binding and Figure S6A for corresponding
kinetics; note, however, that NR shows that minor adsorption does in fact occur to these surfaces; cf
below). In contrast, LL-37-coated TiO2 NPs displayed pronounced initial binding to both smooth and
rough LPS, as well as to lipid A, but then caused partial desorption of rough LPS and lipid A after
initial binding (Figure 5A for results on binding and Figure S7A for corresponding Kinetics). For
smooth LPS, no partial desorption was observed, likely due to its longer carbohydrate chains
precluding close contact between the peptide-coated nanoparticles and its lipid A moiety (see also

discussion of NR results below).
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On UV exposure after LL-37-TiO> NPs binding, desorption triggered by oxidative degradation was
observed for both smooth and rough LPS, as well as for lipid A (Figure 5B and S7B). Similar results
were observed for bare TiO2 (Figure S5B for results on desorption and Figure S6B for corresponding
kinetics). For LL-37-TiO2, NP binding to LTA was comparable to that for rough LPS (Figures 5A
and S7A). Also on UV exposure, LTA behaved similarly to LPS (Figures 5B and S7B).

Structural aspects of LPS degradation

To obtain more detailed information on structural features of UV-induced LPS degradation, NR was
employed for LL-37-TiOz interacting with smooth LPS. The effect of bare TiO> was also investigated
for comparison. Experiments were performed in 10 mM h- and gm-Tris, pH 7.4, containing 150 mM
NaCl. For this, quartz blocks were pre-coated with a homogeneous hydrophobic layer of OTS (48,63)
as pre-coating with polystyrene (used in the QCM-d experiments) were deemed incompatible with
the high smoothness requirements of NR experiments. OTS layer was characterized in three contrasts
(Figure S8). The structural parameters of this layer, obtained from NR fits (Table S1), were
consistent with previous literature (48,63). Smooth LPS was then manually injected into the
measurement chamber and the reflectivity changes following the LPS layer formation were
monitored. NR profiles acquired in h-, gm- and d-Tris were fitted simultaneously to a 3-layer model
(Scheme S1). NR profiles, for smooth LPS interacting with either bare or LL-37-TiO> NPs, before
and after UV illumination, together with best curve fits and corresponding SLDs, are reported in
Figure S9. Key structural data determined through fitting are plotted in Figures 6 and listed in Tables
S2 (bare TiO2 NPs) and S3 (LL-37-TiO2 NPs). Prior UV illumination, the incubation with bare TiO>
NPs did not induce significant structural modification in any of the LPS domains, i.e. lipid A, core
oligosaccharide, and O-antigen chain. In contrast, the addition of LL-37-TiO> NPs provoked a
substantial decrease in thickness of the outer O-antigen chains layer, from 124 + 24 Ato 40 + 7 A.
UV illumination induced a further decrease in the thickness of O-antigen chains (to 9 + 1 A) and
hydration (from 94 + 1 % to 59 + 8 %), indicating an almost complete removal of the outer O-antigen
layer. In contrast, only a relatively minor thickness reduction of the O-antigen layer was detected on
UV illumination in the presence of bare TiO2 NPs, i.e., from 106 + 12 A to 84 + 17 A, with negligible
hydration changes. For both bare and LL-37-coated TiO2 NPs, the internal layers of OTS/lipid A and
core oligosaccharides were largely unaffected by UV illumination.
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Anti-inflammatory effects and cell toxicity

To investigate the biological relevance of the results obtained in the model lipopolysaccharide
systems, we next investigated the capacity of the peptide-coated NPs to suppress activation of human
monocytes by LPS and LTA, monitored as a decrease in LPS/LTA-induced NF-kB levels. As shown
in Figure 7A, LL-37-TiO2 NPs suppressed NF-xB for both smooth and rough LPS, as well as LTA,
even in the absence of UV illumination. In contrast, minor effects were only observed for rough LPS
in the case of bare TiO2 NPs. On UV illumination, a further reduction in NF-xB was observed for
smooth LPS, whereas bare TiO2> NPs did not display any such effect. These findings are in line with
the results obtained for the model systems showing: (i) co-aggregate formation and resulting
lipopolysaccharide confinement for peptide-coated TiO2 NPs, and (ii) UV-induced
lipopolysaccharide degradation. While LL-37-TiO2 NPs thus present boosted anti-inflammatory
effects compared to bare TiO2 NPs, cell toxicity remained low, at the level for bare TiO2 NPs and

lower than that for the negative control (Figure 7B).

Discussion

Cationic surface modifications of NPs have been widely found to promote their antimicrobial
activities (3). Such effects are often ascribed to increased binding to negatively charged bacterial
membranes. In addition, however, cationic surface modifications of nanoparticles have been
frequently reported to display toxicity against human cells (3, 65, 66). Since conventional surface
modifications to enhance antimicrobial effects and reduce toxicity of nanomaterials therefore seem
insufficient to reach selectivity between bacteria and human cells, novel approaches are needed.
Surface coating by AMPs has been suggested as a way to effectively “target” these to bacteria (18-
22). For example, Malekkhaiat H&affner et al. coated laponite and other nanoclays with LL-37 and
found such peptide-coated particles to display potent antimicrobial effects at simultaneously low
toxicity against human monocytes (67, 68). Conceptually related, Duong et al. reported that coating
of polymer particles with GRR10W4 increased uptake into melanoma cells (rich in anionic
phospholipids), resulting in enhanced anti-cancer effects at simultaneously low toxicity against non-

malignant fibroblasts and keratinocytes (69).

For photocatalytic NPs, AMP coating is inherently more complicated considering requirements of
simultaneous ROS generation and oxidative robustness of the peptide coating. It is therefore
interesting to note that Lu et al. (70), Zhang et al. (1), and Chen et al. (72) all reported on advantageous

14

https://doi.org/10.26434/chemrxiv-2024-0zz31 ORCID: https://orcid.org/0000-0001-5293-8816 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-0zz31
https://orcid.org/0000-0001-5293-8816
https://creativecommons.org/licenses/by-nc-nd/4.0/

functional performance of peptide-coated photocatalytic nanomaterials as antimicrobials, although
not addressing the mechanistic foundation for such effects. In an effort to do so, we recently
investigated the interactions of TiO2 NPs coated with LL-37 by NR in combination with a battery of
physicochemical methods and biological assays. From this, it was found that: (i) AMP coating did
not markedly suppress ROS generation, (ii) the peptide coating was quite stable against ROS
degradation, allowing (iii) dramatically improved binding to bacteria-like lipid membranes compared
to bare TiO2 NPs. As a result, (iv) UV-induced membrane degradation was boosted for bacteria-like

membranes, whereas human cell-like membranes remained unaffected (27).

In a couple of studies, photocatalytic NPs have been found to suppress inflammation caused by LPS
(73, 74), although the mechanistic origin of such effects remain unresolved. There is also a potential
complication of photocatalytic NPs that oxidative degradation may result in the release of bacterial
debris, which may potentially trigger inflammation, at least until lipopolysaccharide degradation has
progressed sufficiently to result in fragments small enough not to cause cell activation. In Gram-
negative bacteria, LPS forms a dense outer barrier, which may act as a barrier for nanoparticles (75),
preventing proximity between ROS species formed on illumination and the inner plasma membrane.
Such effects may contribute to lower antimicrobial effects against Gram-negative reported for
photocatalytic NPs (8, 76). In relation to this, it is also relevant to consider the relative susceptibility
of bacterial membrane components to photocatalytic degradation, i.e., phospholipids, bacterial
lipopolysaccharides, and peptidoglycan. Addressing this, Kiwi et al. investigated TiO2-mediated
photocatalytic oxidation of E. coli bacteria, as well as of phosphatidylethanolcholine (PE), LPS, and
peptidoglycan (PGN). PGN was found to be more resistant to photocatalytic degradation than both
LPS and PE (77). Similarly, Liu et al. reported that while photocatalytic action by TiO2> NPs was able
to damage the outer bacterial membrane of E. coli bacteria, it was not able to destroy the
peptidoglycan underneath, again demonstrating peptidoglycan to be more resilient to oxidative

disintegration than phospholipids and LPS (78).

Regarding LPS degradation, Engel et al. investigated photocatalytic inactivation of E. coli bacteria
by carbon nanotube heterostructures (79). Mutants with shorter polysaccharide chains were found to
be more susceptible to photocatalytic degradation than those with long ones. As shown by the QCM-
d results in the present investigation, LL-37-TiO2 NPs are able to degrade both the lipid A, the core

oligosaccharide, and the O-antigen moieties of LPS. Having said that, NR results show that when all
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these moieties are present at the same time and in the proper orientation, as for s-LPS bound to
hydrophobic surfaces through its lipid A moiety, LL-37-TiO2 NPs preferentially degrade the outer O-
antigen moiety. Another key finding of the present investigation is that of Gram-positive LTA
displaying susceptibility to photocatalytic degradation comparable to that of Gram-negative LPS.
However, LTA is located within the cross-linked peptidoglycan matrix of Gram-negative bacteria.
Hence, even if LTA is photocatalytically degraded, it may be kinetically hindered to diffuse out of
this matrix, particularly if the peptidoglycan matrix is resilient to photocatalytic degradation. As
demonstrated by the findings of the present investigation, such kinetic arrest may be promoted by

cationic peptide-coated TiO2 NPs.

LTA, as well as smooth and rough LPS, co-aggregate strongly with LL-37-TiO2 NPs. As such, these
lipopolysaccharides are efficiently confined in co-aggregates, with very few lipopolysaccharide
molecules in the solution surrounding the co-aggregates. As a result, lipopolysaccharide-mediated
cell activation was suppressed, effectively providing the peptide-coated particles with anti-
inflammatory properties also in the absence of UV illumination. On photocatalytic degradation, most
LTA and LPS remain within increasingly densely packed co-aggregates, and only few fragments can
be observed in the solution surrounding the lipopolysaccharide-NP co-aggregates. Importantly, there
seems to be no intermediate degradation, during which lipopolysaccharide fragments are released to
an extent triggering cell activation. In this context, it should also be noted that confinement of
inflammatory response by co-aggregation has previously been observed for the antimicrobial peptide
TCP96, which is released from thrombin in response to bacterial protease activity in wound fluids to
allow localized inflammation but simultaneously suppressing delocalized inflammatory responses
(80).

Taken together, the present study shows that peptide-coated TiO2 nanoparticles may offer interesting
opportunities for photocatalytic degradation of bacterial lipopolysaccharides at simultaneously low
cell toxicity, with possibilities for confinement of infection and inflammation. Furthermore, the
results provide some insight on the mechanism of such photocatalytic degradation, particularly
regarding effects of: (i) lipopolysaccharide type (ii) LPS polysaccharide length, and (iii) the relative
importance of polysaccharide and lipid A degradation.

However, numerous issues remain to be resolved regarding lipopolysaccharide degradation by
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peptide-coated photocatalytic NPs. For example, while qualitatively similar effects were observed for
AMP LL-37 and a similar-size polyarginine homopolymer regarding NP coating properties, and
lipopolysaccharide binding, the results also indicate that photocatalytic degradation of peptide-coated
NPs may be suppressed by overcharging the peptide (as for polyarginine) (Figure S10), presumably
through electrostatic arrest preventing NP insertion into the lipopolysaccharide layers. Further studies
are therefore needed to elucidate how peptide properties such as charge, hydrophobicity, and length,
key for lipopolysaccharide interactions of free AMPs, translate into anti-inflammatory effects of the

corresponding particle-bound AMP systems.

Conclusions

On coating TiO2 NPs (IEP~6.5) with the antimicrobial peptide LL-37 (IEP=11.2), colloidal stability
at physiological pH-range was strongly enhanced. Moreover, the peptide coating was stable over at
least two hours of UV illumination and did not detrimentally affect ROS generation. As a result of
the positive charge of the peptide-coated NPs, binding to anionic bacterial lipopolysaccharides was
strongly promoted. The peptide-coated NPs distributed uniformly over the lipopolysaccharides and
resulted in dense co-aggregates. On UV-induced degradation, packing constraints induced by chain-
like LPS were relaxed, resulting in denser co-aggregates as well as in efficient capture of
lipopolysaccharide fragments formed. Monitoring structural aspects of these processes, neutron
reflectometry showed LPS degradation of LL-37-TiO2 NPs to occur preferentially in its outer O-
antigen region. Gram-positive LTA showed qualitatively similar effects as Gram-negative LPS
regarding UV-induced degradation, co-aggregate densification, and absence of ordered structure
formation. These effects were found be relevant to the ability of peptide-coated TiO2 NPs to suppress
inflammatory activation by bacterial lipopolysaccharides. In addition, the peptide-coated TiO2 NPs
displayed low toxicity against human monocytes, showing a potential of such NPs to effectively

localize inflammatory responses at simultaneously low toxicity.
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Figure 2. cryoTEM images for 100 ppm smooth LPS (top), rough LPS (middle), and LTA (bottom)
in 10 mM Tris, pH 7.4 (left), as well as corresponding systems in the presence of 100 ppm of LL-37-
TiO2 NPs, either before (middle) and after (right) 2 h of UV illumination. The structural features of
LPS and LTA (without LL-37-TiO2 NPs) are highlighted in far-left insets, showing the formation of
fibrillae with diameter of ~ 5 nm for smooth LPS, twisted ribbon-like structures of ~22 nm in
thickness and ~140 nm characteristic node-to-node distance for rough LPS, and amorphous nanosized
assemblies for LTA. Incubation with LL-37-TiO2 NPs leads to aggregates of smooth LPS, rough LPS
and LTA, homogeneously decorated with NPs. UV illumination results in increased packing density
of such aggregates (Figure 3) and triggers the formation of characteristic structures (highlighted in
the far-right insets), consisting of amorphous NP-decorated spherical assemblies (mostly observed in
smooth LPS samples), free LPS fragments (mostly clearly seen in rough LPS samples) and
multilamellar plate-like structure (present in both LPS and LTA samples).
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Figure 3. Quantification of the compactness of LL-37-TiO> co-aggregates with LPS and LTA,
obtained through cryo-TEM image analysis with the software ImageJ (38, 39). The procedure adopted
for image analysis is shown in (A) for representative images of smooth LPS/LL-37-TiO2 co-
aggregates, acquired before (left image) or after (right image) 2 h of UV illumination. Black and
white mask images were obtained from original cryo-TEM images to allow precise mapping of the
edges of LL-37-TiO2/LPS or -LTA co-aggregates over the cryo-TEM grid. LL-37-TiO2/LPS or -LTA
aggregates were analyzed individually by selecting specific portions of the mask (e.g., areas
highlighted in white in (A)). For aggregates smaller than the typical size of the holes in the cryo-TEM
grid, the smallest circular areas fully enclosing the edges of single aggregates were selected. For
aggregates exceeding this size, the largest circular areas enclosed within single grid holes were
analyzed. The surface density of the aggregates (%) was then obtained over such selected portions as
the ratio between the area occupied by the aggregate (in white) and the empty area (in black) and
averaged over a large number of aggregates. Aggregates surface densities (%) for the different
samples, before and after UV illumination, are reported in (B). Shown in (C) are also the percentage
increases in the aggregates surface density (%) on UV exposure). Results reported in (B) and (C) are

means +/- SEM of n>20 aggregates per sample.
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Figure 4. LPS and LTA layer formation. Representative QCM-d kinetics curves showing the 71"
overtone of Frequency (AF) and Dissipation (AD) shifts associated to the formation of (A) smooth
LPS layer by deposition on hydrophobic polystyrene from 400 ppm in 10 mM Tris, 150 mM NacCl,
pH 7.4, (B) rough LPS layer on hydrophobic polystyrene from 1,000 ppm in 10 mM Tris, 150 mM
NacCl, pH 7.4, (C) lipid A layer on hydrophobic polystyrene by deposition from 400 ppm in 10 mM
Tris, 150 mM NaCl, pH 7.4, containing also triethylamine (4% w/w), and (D) LTA layer by
deposition on hydrophobic polystyrene from 400 ppm in 10 mM Tris buffer, 150 mM NaCl, pH 7.4.
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Figure 5. QCM-d results showing frequency shifts caused by (A) binding of 100 ppm LL-37-TiO>
NPs to smooth LPS, rough LPS, lipid A and LTA; (B) effects of 2 h of in situ UV illumination for
smooth LPS, rough LPS, lipid A and LTA interacting with 100 ppm LL-37-TiO>. Results are shown
for adsorption to hydrophobic polystyrene surfaces coated with smooth LPS, rough LPS, lipid A and
LTA prepared as in Figure 4. AF=0 corresponds to the Frequency shift for the smooth LPS, rough
LPS and Lipid A layers right before NP addition (A) or UV illumination (B). All measurements were
performed in 10 mM Tris + NaCl 150 mM, pH 7.4. Representative QCM-d profiles for Figures (A)
and (B) are shown in Figure S7, while corresponding results for bare TiO2 NPs are shown in Figures

S5 and S6. Results are means +/- SEM of n=3 experiments.
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Figure 6. Structural effects on OTS + Lipid A (top), Core oligosaccharide (middle), and O-antigen
chain (bottom) layers induced by bare and LL-37-coated TiO2 NPs, in the absence and presence of
UV illumination. Results were obtained from neutron reflectometry fits, calculating the physical
parameters of the bilayers at different time points: (1) before NP incubation; (2) after NP incubation;
(3) after 2 h of in situ UV exposure. Shown are changes in the thickness (A) and hydration (B) for
the three different layers, as well as a schematic illustration (C) describing the main structural changes
observed for the different LPS domains upon NPs interaction and UV illumination. Corresponding
experimental curves, best curve fits and calculated SLD profiles, are shown in Figure S13, while
Figure S12 collects experimental curves, together with best curve fits and SLD profiles, for the neat

OTS layer grafted before LPS deposition.
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Figure 7. (A) NF-xB/AP-1 activation and (B) LDH release induced by smooth (left) and rough
(middle) LPS, as well as LTA (right), in the absence and in the presence of bare TiO2 or LL-37-TiO>
NPs in 10 mM Tris, pH 7.4, either before or after 2 h of UV illumination, using THP1-XBlue-CD14
reporter monocytes. The dashed lines in the graphs represent the NF-kB/AP-1 activation or LDH
release for the control sample, i.e., 10 mM Tris buffer, pH 7.4, in the absence of LPS, LTA and NPs.
Results are mean +/- SEM of 3-7 experiments. Values are significantly different (* p< 0.05,

**p<0.005, and ***p<0.0005) as analyzed using a one-tailed paired t-test.
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Figure 8. Schematic illustration of key findings of the study: LL-37 coatings on TiO2 NPs did not
detrimentally interfere with ROS generation and displayed good stability on UV exposure. As a result,
binding of net cationic LL-37- TiO2 NPs to anionic Gram-negative LPS, its lipid A moiety, and Gram-
positive LTA was much higher than that to weakly charged bare TiO2 NPs. Mirroring this, LL-37-
TiO> displayed potent capturing and UV-induced degradation fragments from LPS and LTA. While
qualitatively similar effects were observed for polyarginine-coated NPs, oxidative degradation for all
systems was lower than that for LL-37-TiO2 NPs, likely due to electrostatic arrest preventing the
highly cationic polyarginine NPs from effectively incorporating into the lipopolysaccharide layers.
Mirroring effects observed in model lipopolysaccharide systems, LL-37-coated TiO2 NPs displayed
boosted anti-inflammatory effects induced by both LPS and LTA at UV illumination, whereas
toxicity against human monocytes remained low.
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Scheme S1 Schematic illustration of the model applied to fit the NR data. For smooth LPS adsorbed
on pre-coated SiO>-OTS surfaces (in the absence as well as in the presence of NPs), a 3-layer model
was employed. This comprises a single and fully interdigitated OTS/lipid A hydrophobic layer on top
of the SiO> surface, followed by a layer of core oligosaccharides, and an outer layer of O-antigen

chains.

O-antigen g
chain

Core
oligosaccharides ‘

S0Ts +Lipid A S| 5353555
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Table S1. Summary of structural data obtained from the NR fits for the hydrophobic OTS layer, pre-
formed onto SiO> blocks. The value of the SLD of the layer is shown in bold and was assumed
constant and taken from literature (1). Shown also are fitted structural parameters, including thickness
(Thick), hydration (Hyd) and roughness (Rough) of the layer. These parameters were obtained fitting
the NR profiles by using the Genetic Optimization method the available on the Motofit analysis
package within the software IGOR Pro (2,3), according to a single layer model accounting for the
OTS layer covalently bound to the SiO2 surface. A Monte Carlo error analysis allowing for refitting

data 200 times was employed to minimize the uncertainty associated to data fitting (4).

SLD (10° A7) Thick (A) Hyd (vol%) Rough (A)

-0.35 30.9+0.1 0.8+0.2 59+0.1
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Table S2. Summary of structural data obtained from the NR fits for supported smooth LPS before
and after bare TiO2 NP deposition, as well as after 2 h of UV exposure. Input parameters (i.e., SLD
values for the different layers) are shown in bold, assumed constant with fixed values taken from
previous studies (1,5). For core oligosaccharide and O-antigen chain layers, the variation in the SLD
in the different contrasts (d-, gm- and h-buffer, i.e., 10 mM Tris buffer in 100% v/v D20, 68.6/31.4%
viv D>,O/H20, and 100% v/v H-O, respectively) due to partial hydrogen exchange was considered
according to previous studies (1,5). Additionally, the SLD of the mixed OTS/Lipid A layer was taken
as the arithmetic mean of OTS and lipid A individual components. Shown also are calculated
structural parameters, including thickness (Thick), hydration (Hyd, referring to volume percentage),
roughness (Rough) for each layer. These parameters were obtained fitting the NR profiles by using
the Genetic Optimization method the available on the Motofit analysis package within the software
IGOR Pro (2,3), according to a 3-layers model (Scheme S1), which accounts for: (1) a fully
interdigitated OTS/Lipid A layer, (2) a core oligosaccharide layer, and (3) an outer layer of O-antigen
chains. A Monte Carlo error analysis allowing for refitting data 200 times was employed to minimize

the uncertainty associated to data fitting (4). Data taken from (6).

SLD (10° A?) Thick (A) Hyd (vol %) Rough (A)
OTS + Lipid A
Initial -0.37 328+0.2 0.06 + 0.05 49+0.2
TiO, (OTS=-0.35 29.2+0.2 0.4+0.2 6.4+0.3
+2h UV Lipid A=--0.4) 30.1+0.1 0.4+0.2 54+0.3
Core oligosaccharides
Initial 1.85 (h) 10.2+0.2 47 3 41+01
TiO, 3.79 (gm) 14+ 2 A7 +7 46+0.3
+2h UV 4.70 (d) 13+1 45+6 5.3+0.4
O-antigen chain
Initial 1.57 (h) 103 +9 97+1 53+0.2
TiO, 3.19 (gqm) 106 + 12 95 + 3 8+1
+2h UV 3.94 (d) 84 +17 96+ 1 8+1
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Table S3. Summary of structural data obtained from the NR fits for supported smooth LPS before
and after LL-37-TiO2 NP deposition, as well as after 2 h of UV exposure. Input parameters (i.e., SLD
values for the different layers) are shown in bold, assumed constant with fixed values taken from
previous studies (1,5). For core oligosaccharide and O-antigen chain layers, the variation in the SLD
in the different contrasts (d-, gm- and h-buffer, i.e., 10 mM Tris buffer in 100% v/v D20, 68.6/31.4%
viv D>,O/H20, and 100% v/v H-O, respectively) due to partial hydrogen exchange was considered
according to previous studies (1,5). Additionally, the SLD of the mixed OTS/Lipid A layer has been
taken as the arithmetic mean of OTS and lipid A individual components. Shown also are calculated
structural parameters, including thickness (Thick), hydration (Hyd, referring to volume percentage),
roughness (Rough) for each layer. These parameters were obtained fitting the NR profiles by using
the Genetic Optimization method the available on the Motofit analysis package within the software
IGOR Pro (2,3), according to a 3-layers model (Scheme S1), which accounts for: (1) a fully
interdigitated OTS/Lipid A layer, (2) a core oligosaccharide layer, and (3) an outer layer of O-antigen
chains. A Monte Carlo error analysis allowing for refitting data 200 times was employed to minimize

the uncertainty associated to data fitting (4).

SLD (10° A?) Thick (A) Hyd (vol %) Rough (A)
OTS + Lipid A
Initial -0.37 27.8+0.1 05+0.3 6.5+0.2
LL-37-TiO, (OTS=-0.35 28.3+0.1 0.3%0.2 7.3+0.1
+2h UV Lipid A=--0.4) 27.8+0.2 0.6+0.2 51+0.1
Core oligosaccharides
Initial 1.85 (h) 16.3+0.8 34+3 5+0.3
LL-37-TiO, 3.79 (gm) 14.2 + 05 322 42+0.1
+2h UV 4.70 (d) 10+1 36+5 6.7+0.2
O-antigen chain
Initial 1.57 (h) 124 + 24 97+1 9+1
LL-37-TiO, 3.19 (gm) 40+7 94.3+0.7 57+04
+2h UV 3.94 (d) 9+1 59 +8 10+1
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Figure S1. Representative C11-BODIPY oxidation Kkinetics, showing effects of 100 ppm bare TiO-
NPs (grey) and LL-37-TiO2 NPs (red) on +PG LUVs subjected to in situ UV exposure in the absence

(A), and presence of SOD (+Oz" scavenger, +50 U/mL) (B), ord-mannitol (*OH scavenger, 500 mM)
(C) in 10 mM Tris, pH 7.4. (n=3).
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Figure S3. {-potential (A) and average particle size (B) obtained on mixing 100 ppm bare or LL-37-
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of UV illumination for 2 h in 10 mM Tris, pH 7.4. (n=3)
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Figure S4. SAXS profiles of 100 ppm smooth LPS (top), rough LPS (middle) and LTA (bottom)
incubated for 2 h with either bare (left) or LL-37-coated TiO2 NPs (100 ppm) in the absence or
presence of UV illumination, in 10 mM Tris, pH 7.4. SAXS profiles of bare LPS and LTA, as well
as bare or LL-37-coated TiO2 NPs in the same buffer, are also included as control samples.

Measurements were performed at 25°C.
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Figure S5. QCM-d results on (A) adsorption of 100 ppm of bare TiO> NPs to hydrophobic
polystyrene surfaces coated with smooth LPS, rough LPS, lipid A and LTA (prepared as in Figure
4). Shown in (B) are results on the subsequent oxidative degradation of such layer after 2 hours of
UV illumination. AF=0 corresponds to the Frequency shift for the smooth LPS, rough LPS and Lipid

A layers right before NP binding (A) or UV illumination (B). Measurements were performed in 10
mM Tris, 150 mM NaCl, pH 7.4 (n=3).
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Figure S6. Representative QCM-d profiles showing the 7" overtone of AFrequency (Hz) and
ADissipation (-10) for (A) 100 ppm bare TiO2 NPs binding to smooth LPS, rough LPS, lipid A,
and LTA adsorbed on polystyrene and (B) subsequent oxidative degradation induced upon UV
illumination applied for 2 hours (right). AF=0 and AD=0 correspond to Frequency and Dissipation
shifts for smooth LPS, rough LPS, lipid A and LTA layers right before NP binding (A) or UV
illumination (B). Measurements were performed in 10 mM Tris, 150 mM NaCl, pH 7.4 (n=3).
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Figure S7. Representative QCM-d AFrequency (Hz) and ADissipation (-107) profiles showing (A)
100 ppm LL-37-TiO2 NPs binding to smooth LPS, rough LPS, lipid A, and LTA adsorbed on
polystyrene and (B) subsequent oxidative degradation induced upon UV illumination applied for 2
hours (right). AF=0 and AD=0 correspond to Frequency and Dissipation shifts for smooth LPS, rough
LPS, lipid A and LTA layers right before NP binding (A) or UV illumination (B). Measurements
were performed in 10 mM Tris, 150 mM NaCl, pH 7.4 (n=3). When LL-37-coated TiO> NPs are
injected into the measurement chamber (left), a minimum in AF is reached soon after NP injection
((1)), indicating a maximum in NPs adsorption for rough LPS, and lipid A; this is followed by a
slower increase in AF, consistent with a partial removal of material, which stops within 10 minutes
of incubation ((2)).
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Figure S8. Neutron reflectivity curves with best model fits (A) and corresponding SLD profiles (B)
for a supported OTS layer before LPS deposition in 10 mM d-Tris, qm-Tris, and h-Tris, pH 7.4.
Adapted from (6).
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Figure S9. Neutron reflectivity curves with best model fits (upper) and corresponding SLD profiles
(lower) for smooth LPS layers before and after incubation with bare TiO2> NPs (A) and LL-37-TiO>
NPs (B). Shown are also reflectivity curves with best model fits and SLD profiles for the
corresponding systems after 2 h of in situ UV exposure. All experiments were performed in 10 mM
Tris buffer, pH 7.4, at a nanoparticle concentration of 100 ppm. Curves are shown for two different
buffer contrasts, h-tris and gm-Tris, and data for the latter are offset by 3-107 for clarity. The grey
box in the SLD profiles indicates the position of the silicon block and reflecting interface, consisting

of bulk Si and a SiO> layer. Data for bare TiO, NPs (A panel) are adapted from (6).
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Figure S10. Concept generalization. (A) On coating TiO2 NPs by highly positively charged
polyarginine at pH 7.4, colloidal stability is strongly improved. (B) The peptide coating displays good
integrity on UV exposure for 1-2 h (as inferred from the {-potential of polyarginine-TiO2 NPs) and
does not detrimentally interfere with ROS generation. As a result, binding of polyarginine-TiO2 NPs
to smooth LPS, rough LPS, lipid A, and LTA was strongly promoted (D). Oxidative degradation
under UV exposure was comparable for smooth LPS, rough LPS, lipid A, and LTA, but smaller
throughout for polyarginine-TiO2 NPs (E) than for LL-37-TiO2 NPs (Figure 5B).
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