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In the present study, we investigate the combined interaction of mesoporous silica (SiO,) and photo-
catalytic titanium dioxide (TiO,) nanoparticles with lipid membranes, using neutron reflectometry (NR),
cryo-transmission electron microscopy (cryo-TEM), fluorescence oxidation assays, dynamic light scatter-
ing (DLS), and {-potential measurements. Based on DLS, TiO, nanoparticles were found to display
strongly improved colloidal stability at physiological pH of skin (pH 5.4) after incorporation into either
smooth or spiky (“virus-like") mesoporous silica nanoparticles at low pH, the latter demonstrated by cryo-
TEM. At the same time, such matrix-bound TiO, nanoparticles retain their ability to destabilize anionic
bacteria-mimicking lipid membranes under UV-illumination. Quenching experiments indicated both
hydroxyl and superoxide radicals to contribute to this, while NR showed that free TiO, nanoparticles and
TiO, loaded into mesoporous silica nanoparticles induced comparable effects on supported lipid mem-
branes, including membrane thinning, lipid removal, and formation of a partially disordered outer mem-
brane leaflet. By comparing effects for smooth and virus-like mesoporous nanoparticles as matrices for
TiO, nanoparticles, the interplay between photocatalytic and direct membrane binding effects were eluci-
dated. Taken together, the study outlines how photocatalytic nanoparticles can be readily incorporated
into mesoporous silica nanoparticles for increased colloidal stability and yet retain most of their capacity
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for photocatalytic destabilization of lipid membranes, and with maintained mechanisms for oxidative
membrane destabilization. As such, the study provides new mechanistic information to the widely
employed, but poorly understood, practice of loading photocatalytic nanomaterials onto/into matrix

rsc.li/nanoscale materials for increased performance.

Introduction

Novel strategies are urgently needed to address resistance
development among bacteria against conventional anti-
biotics.! Inorganic nanoparticles are attracting considerable
current interest in this context, as they can be triggered by
various stimuli, and also offer opportunities for combination
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therapies with antimicrobial peptides and other antimicrobial
compounds for new and synergistic properties.>* Of particular
interest to the present investigation, photocatalytic nano-
particles are strongly antimicrobial upon irradiation. This is
due to the generation of highly reactive oxygen species (ROS),
which in turn destabilize bacterial membrane components,
such as phospholipids and lipopolysaccharides. Both direct
binding and membrane interactions have been suggested to
be important for such effects, but the relative importance of
nanoparticle-mediated membrane destabilization and oxi-
dative degradation of membrane lipids and other key bacterial
components remains unclear.*™®
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Various photocatalytic nanoparticles, such as TiO,,
quantum dots, metal nanoparticles, and a range of carbon-
based nanomaterials (fullerene, carbon nanorods, graphene,
and graphitic carbon nitrides), as well as their heterojunction
combinations, have been found to display potent anti-
microbial properties.” Among these, the present study focuses
on TiO, nanoparticles. While the wide band gap of such nano-
particles (3.2 eV (ref. 7)) requires triggering by UV and causes
limitations in applications due to the short penetration depth
of the latter, the need for UV triggering is an advantage in
mechanistic studies on the interplay between direct
membrane  interactions and  oxidative  degradation
triggered upon illumination. Thus, baseline (‘in darkness’)
studies can be performed under regular laboratory light,
thereby obtaining information of direct particle-membrane
interactions in the absence of oxidative stress. By turning on
UV illumination, ROS formation and oxidative destabilization
of the lipid membranes is triggered and can be conveniently
monitored.

A known challenge with the use of photocatalytic nano-
particles in biological systems is that of insufficient colloidal
stability. While approaches for surface modification to induce
electrostatic or steric stability of such nanoparticles have been
attempted,®® these come with another complications, since
such surface modification may prevent photogenerated elec-
trons and holes to reach the surface of the nanoparticles and
react with water and dissolved oxygen, a pre-requisite for ROS
formation.’® As an alternative approach, photocatalytic nano-
particles may be incorporated into other nanomaterials and/or
matrices for colloidal stability.""'> While the latter type of
systems have been found to display advantageous photo-
catalytic effects, key factors affecting this have not been
explored so far. Thus, there is very little knowledge on: (i) the
interplay between direct membrane interactions and photo-
catalytic effects of such hybrid nanomaterials, and (ii) how
photocatalytic nanoparticle loading to the matrix particles/
materials affect their susceptibility to light triggering, as well
as subsequent ROS generation within the matrix material, ROS
diffusion through the matrix to reach the lipid membranes,
and oxidative destabilization of the latter. Addressing all these
aspects is the aim of the present investigation.

We here employ mesoporous silica nanoparticles as
matrices into which we load TiO,. The former are interesting
delivery systems due to the well-defined pores in the nm range,
allowing precise drug release through control of their surface
area, as well as pore size, form, and composition. In addition,
their negatively charged surface allows direct loading of cat-
ionic molecules or nanoparticles."”®> For such materials, we
have previously addressed possibilities arising from the use of
different morphologies, and demonstrated that virus-like silica
nanoparticles, consisting of mesoporous cores (~100 nm size)
coated by spiky nanotubes (~50 nm long, ~10 nm thick),'* are
able to effectively ‘puncture’ bacterial membrane mimicking
bilayers and cause important structural changes.'> By compar-
ing such virus-like particles with corresponding smooth meso-
porous silica nanoparticles of comparable core size and pore
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size as matrices for TiO, nanoparticles, novel insight can be
obtained into the interplay between topology and oxidative
stress for membrane destabilization. For this, lipid membrane
interactions were compared between virus-like and smooth
mesoporous silica nanoparticles of similar size (%250 nm)
surface charge ((-potential ~—40 mV), and pore
(~4-10 nm) loaded with TiO, nanoparticles (~#4-8 nm).

Previously, we investigated effects of UV-activated TiO,
nanoparticles on different lipid membranes, including model
mammalian cell (phosphatidylcholine (PC)/cholesterol) and
bacterial (PC/phosphatidylglycerol (PG)) membranes.'®'” It
was observed that incorporation of anionic PG dramatically
enhanced the susceptibility of these membranes to oxidative
degradation, whereas cholesterol was found to have a stabiliz-
ing affect against oxidation."” Extending on this previous
work, we set out in the present study to investigate the
interaction of combined SiO,/TiO, nanoparticles with pre-
viously employed PC/PG-based model lipid system, investi-
gating supported lipid bilayers and large unilamellar vesicles
using a set of complementary techniques, including
neutron reflectometry (NR), cryogenic transition electron
microscopy (cryo-TEM), fluorescence oxidation and leakage
assays, dynamic light scattering (DLS), and {-potential
measurements, for a comprehensive investigation of mem-
brane interactions.

size

Materials and methods
Materials

TiO, nanoparticles (anatase, 4-8 nm) in aqueous suspension
were obtained from PlasmaChem GmHDb (Berlin, Germany).
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  (16:0-18:1
PC, POPC), 1-palmitoyl-2-arachidonoyl-sn-phosphatidylcholine
(16:0-22:4 PC, PAPC), and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-(1'-rac-glycerol) (sodium salt) (16 : 0-18 : 1 PG, POPG),
all of >99% purity, were from Avanti Polar Lipids (Alabaster,
USA). C,;,-BODIPY 581/591 was from Thermo Fisher Scientific
(USA), while p-mannitol (>98%), superoxide dismutase bovine
(SOD, bovine, recombinant, expressed in E. coli, >90%), Tris
buffer (Trizma® base, >99.9%), acetic acid (99.7%), sodium
acetate (>99%), sodium chloride (>99.5%), D,O (>99.9%), and
all other chemicals and reagents were of analytical grade and
obtained from Sigma Aldrich (St Luis, USA). Ultrapure Milli-Q
water (MQ, 18.2 MQ cm) was used for all experiments (Milli-Q
Reference A+ Water Purification System, Merck KGaA,
Darmstadt, Germany). With regards to inclusion of unsatu-
rated PAPC, this was added to facilitate degradation at con-
ditions where the UV lamp is at a good distance from the
sample. The reason for this, in turn, is to avoid any heating of
the sample, which may result in poorly controlled effects not
related to ROS generation. Thus, the use of the unsaturated
lipids is for experimental control purposes only, and does not
imply that experiments cannot be done without them, or that
the approaches taken cannot be translated to studies of
bacteria.

This journal is © The Royal Society of Chemistry 2022
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Synthesis of mesoporous silica nanoparticles

Smooth and virus-like mesoporous silica nanoparticles were
synthesised as described previously.* In short, for smooth
mesoporous nanoparticles, 90 mg of triethanolamine and
1 g of hexadecyltrimethylammonium bromide (CTAB) were
added to 20 mL of water. The solution was stirred at 60 °C
for 1 h in flask. Then, a mixture of 1.5 mL of tetraethyl ortho-
silicate (TEOS) and 6 mL of cyclohexane were added and kept
under stirring for 24 h. For virus-like mesoporous silica
nanoparticles, 0.8 mL of NaOH (0.1 M) and 1 g of CTAB were
added to 50 mL of water and kept under stirring at 60 °C for
2 h. Subsequently, 20 mL of TEOS in cyclohexane (20 v/v %)
were added to the solution and stirred at 60 °C for 48 h.
Following synthesis, both types of nanoparticles were
washed repeatedly with water and ethanol, dispersed in
acetone and refluxed for 12 h to remove CTAB. Afterwards,
the samples were washed in ethanol and dried in vacuum at
45 °C for 8 h.

Preparation of TiO,/mesoporous silica nanoparticle
combinations

Concentrated stocks (5000 ppm) of mesoporous silica and
TiO, nanoparticles were first prepared by dispersing the dry
nanoparticle powder in MQ in ultrasonication bath (Elmasonic
P30H, Elma GmbH, Germany; set at 37 Hz, 70% amplitude,
pulse mode) for at least 45 min or until all powder was dis-
persed. Then, the nanoparticles were mixed at the desired
ratios in the desired buffer (i.e., 10 mM acetate buffer for pH
3.4; 10 mM sodium acetate for pH 5.4; or 10 mM Tris for pH
7.4) at a concentration 5 times higher than the final concen-
tration desired for the experiments, using thorough mixing to
maximize dispersion efficiency. As the TiO, nanoparticles have
pronounced tendency for aggregation, they were added after
thorough vortexing of the silica dispersions, and subsequently
vortexed and bath sonicated for 45 min more (37 Hz, 70%,
pulse mode) to facilitate a homogeneous distribution. These
5x nanoparticles samples were then diluted 5 times in
different solutions depending on the final desired pH: in
10 mM acetate buffer for pH 3.4; in 10 mM sodium acetate for
pH 5.4; or in 10 mM Tris for pH 7.4. Just before the experi-
ments, further dispersion in ultrasonication bath for 10 min
was carried out. To increase the colloidal stability of TiO,/
mesoporous silica particles combinations, nanoparticles were
mixed in 10 mM acetate buffer at pH 3.4 at a concentration 5
times higher than the final concentration desired for the
experiments, and bath sonicated for at least 45 min. These 5x
nanoparticles samples were then diluted 5 times in the
desired buffer for a final pH of 5.4 or 7.4. To further enhance
the colloidal stability at pH 5.4 and 7.4, samples were sub-
sequently centrifuged at 2000 rpm for 10 min to obtain a
quantitative precipitation of free TiO, NPs aggregates. The
supernatants were subsequently collected and bath sonicated
for 10 min just before the experiments. With regards to the
latter step, TiO, nanoparticles are not substantially eliminated
by the short sonication. At loading conditions, the TiO, nano-
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particles are strongly positively charged (+36 + 2 mV), whereas
the mesoporous silica ones are negatively charged (—15+
2 mV). Considering this, TiO, nanoparticles bind strongly and
may potentially also become kinetically trapped, particularly if
entering into the mesoporous matrix, and not able to detach
also at pH 5.4, where the z-potential of the TiO, and the silica
particles are +20 + 2 and —27 + 3 mV, respectively, hence dis-
playing a considerable charge contrast. In relation to this, we
also note that the finding of TiO, nanoparticles remaining
bound to the silica particles also at pH 5.4 indicates that at
least a fraction of the TiO, nanoparticles becomes internalized
into the mesoporous silica particles.

Dry lipid film and liposome preparation

POPC, POPG and PAPC stocks (10 mg mL™" in chloroform)
were mixed at 50/25/25 molar ratio in dark glass vials under Ar
atmosphere, followed by careful solvent evaporation, first by
N, flow and then by 2 h in a vacuum desiccator. The dry lipid
films were protected under Ar atmosphere and stored at
—20 °C to prevent lipid oxidation. Just before liposome prepa-
ration, lipid films were thawed and hydrated at 22 °C in either
buffer (for experiments with liposomes in suspension) or MQ
(to prepare supported lipid bilayers) to the desired final con-
centration, using 8 cycles of 60 s bath sonication and 30 s vor-
texing to obtain multilamellar vesicles (MLVs). These MLVs
were then used to prepare small unilamellar vesicles (SUV) for
supported lipid bilayer formation. LUVs were prepared by 31
extrusion passes through 100 nm polycarbonate filters
mounted in a LipoFast miniextruder (Avestin, Ottawa, Canada)
at 22 °C. SUVs, in turn, were prepared by four 5 min cycles of
tip sonication (UP50H, Hielscher Ultrasonics GmbH,
Germany) in ice bath, with 2 min in between for cooling. None
of these samples was degassed during hydration and prepa-
ration, thus dissolved O, is present in all hydrating and
bathing media.

Size and {-potential measurements

Dynamic light scattering (DLS) was performed using a
Zetasizer Nano ZSP (Malvern Pananalytical Ltd, Malvern, UK)
to obtain average particles sizes and {-potentials.
Measurements comprised 10 runs of 10 s, and were performed
for both hydrodynamic size (173° back-scattering angle) and
{-potential, with automatic attenuation and optical settings for
all samples. Measurements were performed in triplicate at
25 °C. It should be noted here that inclusion of TiO, nano-
particles into the mesoporous silica matrices should influence
the effective refractive index of the loaded composite nano-
particles. Quantitatively, however, these effects are minor, as
evidenced by similar particle sizes obtained by DLS and
cryoTEM at pH 3.4, in the absence of aggregation.
Nevertheless, care should be taken not to overinterpret size
distributions in particular. Furthermore, the translation from
electrophoretic mobilities to {-potentials and further to charge
densities is difficult for the virus-like nanoparticles due to the
uncertainty of the location of the shear plane. In addition,
surface structures effect local surface densities in a non-trivial
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way. For example, at the same pH, ionic strength, and nano-
particle diameter, increasing the nanoparticle surface rough-
ness has a direct effect on the local surface charge, being sup-
pressed in “valleys” due to overlap of the electrical double
layer, and enhanced on “peaks” by curvature effects.'® In
addition, the presence of the mesoporous pores may influence
both hydrodynamic screening of the spikes and the extent of
pinning of the flow lines at the interface, and hence also the
translation of electrophoretic ~mobilities to effective
C-potentials. Care should therefore be taken not to overinter-
pret the electrokinetic results, which should be used primarily
to identify charge reversal pH and potential estimates.

Cryogenic transmission electron microscopy (cryo-TEM)

Cryo-TEM analyses were performed using a Tecnai G2 20
TWIN Transmission Electron Microscope (FEI, Hillsboro, OR,
USA), operating at 80 kV in zero loss bright-field mode. To
improve visualization, an underfocus of 1-2 pm was used.
Samples were equilibrated at 25 °C for 1 h and prepared by
using a FEI Vitrobot Mark IV. A small drop (~5 pl) of sample
was deposited on a copper grid covered with a perforated
polymer film and thin evaporated carbon layers. Excess liquid
was removed by blotting with filter paper. Immediately after
blotting, samples were vitrified in liquid ethane, held just
above its freezing point. Samples were kept below —165 °C in a
protected atmosphere during transfer and examination.

C,,-BODIPY 581/591 oxidation assays

The oxidation-sensitive and hydrophobic fluorescence probe
C11-BODIPY 581/591 was incorporated into POPC/POPG/PAPC
bilayers (50/25/25 molar ratio) prepared in the different
buffers. For this, 0.5 mol% of the probe was added to the
organic solution prior to lipid film drying, always under Ar
atmosphere. After hydration and extrusion, 0.5 mg mL~" LUVs
were subjected to in situ UV exposure in the presence or
absence of 25 or 100 ppm TiO, nanoparticles, either free or
loaded into 100 ppm of smooth or virus-like silica nano-
particles. Fluorescence spectra (e 485 nm; Aem
500-700 nm) were acquired using a Cary Eclipse fluorescence
spectrophotometer with Xe pulse lamp (Agilent Technologies,
USA). The oxidation levels were quantified by monitoring the
spectral shift of the probe emission from red (Anax = 594 nm)
to green (Amax = 520 nm) and calculating the polarization
index (PI):

_1520 _1594 (1)

Pl =
Isp0 + Is04

Oxidation percentages were obtained by scaling the calcu-
lated PI values and fitting these for the first 5-10 min. These
experiments were also performed in the presence of the
p-mannitol ('OH scavenger)'® and SOD (superoxide inhibi-
tor),?® in order to pinpoint the effect of different ROS on lipid
peroxidation and radical chain propagation in these bilayers.
All measurements were performed in duplicate at 37 °C.
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Neutron reflectometry (NR)

Structural features of supported POPC/POPG/PAPC bilayers
(50/25/25 molar ratio) before, during, and after exposure to UV
in the presence of TiO, nanoparticles, either free or loaded
into smooth or virus-like silica nanoparticles, were character-
ized by NR following a previously established method."
Experiments were performed using the INTER reflectometer
(ISIS Pulsed Neutron and Muon Source, Rutherford Appleton
Laboratory, Harwell, UK.>* Three incident angles (0.3°, 1.0°
and 2.3°) were used to cover the whole Q-region of interest
(~0.01 to 0.35 A™"). For kinetic measurements, the reflectome-
try changes at the first two angles were recorded every 10 min,
acquiring data for 30 s at 0.3° and for 9 min 30 s at 1.0° in
each 10 min cycle. Solid-liquid flow cells, the top plate of
which was modified with a 30 mm diameter circular opening,
were used together with UV-transparent quartz blocks (80 x 50
x 15 mm, 1 face polished, RMS < 4.5 A, PILKEM Ltd,
Tamworth, UK) to allow in situ UV irradiation. The blocks were
cleaned in dilute acid piranha solution (5/4/1 H,O/H,SO,/
H,0,) at 80 °C for 15 min, rinsed thoroughly in MQ, followed
by 10 min of UV-ozone treatment (UV/Ozone ProCleaner,
BioForce Nanosciences, USA). HPLC tubing, PEEK troughs,
and O-rings were cleaned with 2% Hellmanex (Hellma
Analytics, UK) in ultrasonication bath, then thoroughly rinsed
and sonicated in MQ. A circulating water bath was used during
the measurements to keep the sample cells at 37 °C.

The bare quartz surfaces were first characterized in D,O
and MQ. Then, they were pre-treated by rinsing 2 mM CacCl,
into the cells, after which tip-probe sonicated SUV suspensions
(0.1 mg mL ") were injected by syringe and allowed to deposit
for 20 min. Subsequently, the excess was rinsed off with 10 mL
MQ and 10 mL of the desired buffer at 2 mL min™'. The
bilayers thus formed were characterized in two contrasts, d-
and h-buffer (10 mM Acetate/Tris buffer in MQ or in D,0)
before treatment. Contrasts were exchanged by pumping
20 mL of the desired buffer at 2 mL min™*, and all buffers
were degassed by bath sonication prior to experiments.
Samples were then incubated for 10 min with 25 ppm TiO,
nanoparticles, either free or loaded into 100 ppm of smooth or
virus-like silica nanoparticles, in d-buffer at the desired pH.
The bilayers were then subjected to in situ UV irradiation
(Spectroline lamp ENF-260C, 6 W, 254 nm; 3 mW cm™?) for
2 h. During this time, kinetic measurements were taken every
10 min. Immediately after UV exposure, the whole Q-range was
measured in d-buffer, after which the bilayer was rinsed and
characterized in both contrasts. The experimental NR profiles
obtained in the different contrasts were fitted simultaneously
by using the RasCAL reflectivity software.* A series of parallel
layers (slabs) were used to model the interfacial structure, each
of these described by a set of physical parameters, including
thickness, roughness, hydration, and neutron scattering
length density (SLD). The best fits of these parameters were
then converted into SLD profiles, which represent the density
distribution in the direction perpendicular to the reflecting
interface. Fitting errors were estimated using Bootstrap algor-

This journal is © The Royal Society of Chemistry 2022
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ithms, considering random initial values for the input para-
meters included in the fits.”® Experimental NR kinetics
obtained in the d-buffer were fitted by using the Generic
Optimization method the available on the Motofit software
within the analysis package IGOR Pro. A similar multilayered
structure was used to model the interface and obtain the SLD
profiles,”*?*> while a Monte Carlo error analysis allowing for
refitting data 200 times, was employed to minimize the uncer-
tainty associated to data fitting.>®

Results
TiO, loading into mesoporous silica nanoparticles

Effects of mixing TiO, and mesoporous SiO, nanoparticles
were first investigated by DLS and (-potential measurements.
As described in the Experimental section, the interpretation of
(-potential values in these systems come with inherent chal-
lenges related to the presence of spikes for the virus-like par-
ticles (resulting in uncertainties of the position of the slip-
plane and in curvature effects of the electric double layers), to
the presence of pores in both the smooth and the virus-like
SiO, nanoparticles (resulting in uncertainties of the location of
the slip plane), and to compositional complexity due to the
two-component nature of these systems. The {-potentials
reported for the SiO, and TiO,/SiO, systems should therefore
be considered as effective values. With that in mind, the
{-potential measurements of TiO, nanoparticles showed these
to be positively charged (¢-potential 36 + 2 mV) at pH 3.4, less
so (¢-potential 20 + 2 mV) at pH 5.4, and weakly negatively
charged (-potential —8 + 2 mV) at pH 7.4 (Fig. 1A), in line with
previously reported values of a point of zero charge (PZC) of
pH = 6-6.5.>7%% In contrast, the smooth mesoporous silica
nanoparticles were negatively charged (effective (-potential
—15 + 2 mV) already at pH 3.4, consistent with previously
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reported values of PZC of 1-2.%° With increasing pH, the nega-
tive surface charge of these nanoparticles increased as a result
of silanol group dissociation, reaching effective {-potentials of
—27 +3 and —60 + 2 mV at pH 5.4 and 7.4, respectively. For the
virus-like nanoparticles, a weakly positive effective {-potential
was observed at pH 3.4, an effect caused by the presence of the
spikes, which complicates translation of electrophoretic mobi-
lities to {-potentials due to both shear plane displacements
and topological effects on the electrical double layer.'® Also for
the virus-like nanoparticles, an increasingly negative surface
charge was observed with increasing pH (Fig. 1A). With the
complexity of translating electrophoretic mobilities to
C-potential values, colloidal stability needs to be ensured by
another method, rather than inferred from C-potential results.
Here, DLS was used for this purpose. As shown by particles
size results obtained by DLS, TiO, nanoparticles were well dis-
persed at pH 3.4, but undergo pronounced aggregation at pH
5.4 and 7.4 (Fig. 1B and S17), which was subsequently sup-
pressed at higher pH."® Analogously, the virus-like mesoporous
silica nanoparticles displayed some very minor aggregation at
pH 5.4, but was effectively colloidally stable at pH 3.4 and 7.4.
Similarly, smooth mesoporous silica nanoparticles remained
well dispersed over the pH range 3.4-7.4 (Fig. 1B). Despite the
inherent uncertainty of the {-potentials observed for these
systems, we thus note a good correlation between effective
{-potential and DLS results.

Binding of the TiO, nanoparticles to the mesoporous silica
nanoparticles reduces the effective negative charge of the
latter, most clearly seen at pH 3.4 and 5.4, where positively
charged TiO, nanoparticles into/onto negatively charged silica
nanoparticles resulted in charge inversion (Fig. 2). For the
smooth mesoporous silica nanoparticles, the effective
{-potential of 100 ppm of silica particles reached saturation at
25 ppm of TiO,, whereas for the virus-like nanoparticles some
further loading of TiO, nanoparticles occurred on increasing
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Fig. 1 Effective {-potential (A) and average particle size (B) of TiO, nanoparticles, as well as of non-loaded virus-like and smooth mesoporous
nanoparticles as a function of pH, measured at a particle concentration of 100 ppm in 10 mM Acetate pH 3.4 or pH 5.4, or Tris pH 7.4. All measure-

ments were performed in triplicate.
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aggregated at pH 5.4 and 7.4 before being mixed with the silica nanoparticles). All measurements were performed at 100 ppm SiO, nanoparticles in

triplicate.

the TiO, nanoparticle concentration to 100 ppm. At pH 7.4,
TiO, nanoparticles were almost neutral, hence binding of
these to the mesoporous silica nanoparticles reduced the
effective negative {-potential of the latter, but was unable to
induce charge reversal (Fig. 2A). Again, a correlation was
observed between DLS and effective {-potential results, despite
the inherent uncertainties of the latter related to the complex-
ity of the systems investigated. Importantly, however, colloidal
stability was directly observed by DLS, and not affected by any
assumptions of absolute (-potentials. Thus, mirroring the
aggregation of TiO, nanoparticles alone at pH 5.4 and 7.4, mix-
tures of TiO, nanoparticles and the mesoporous silica nano-
particles (formed directly at pH 5.4 or 7.4, ie., with TiO, in
pre-aggregated form) displayed colloidal instability, which was
accentuated by increasing concentration of TiO, nanoparticles.
In contrast, for TiO, nanoparticles loaded into either virus-like
or smooth mesoporous silica nanoparticles at pH 3.4 (i.e., with
TiO, nanoparticles well-dispersed), the loaded composite par-
ticles remained well-dispersed at pH 3.4 up to a TiO, loading
of at least 25 ppm for 100 ppm dispersions of the silica nano-

12302 | Nanoscale, 2022, 14, 12297-12312

particles (Fig. 3). DLS thus demonstrates that the majority of
TiO, nanoparticles are bound to both the smooth and the
virus-like mesoporous silica nanoparticles at pH 3.4 and 5.4,
since particle size the massive aggregation displayed by free
TiO, at this pH (aggregates of the order of 1000 nm or more) is
largely suppressed after loading of 25 ppm TiO, to 100 ppm
silica nanoparticles. Having said that, there is indeed a
smaller fraction of free TiO, nanoparticles at pH 5.4 in particu-
lar, and less so at pH 3.4, able to undergo aggregation (Fig. S2
and S31). Once these are removed, the remaining composite
systems remain colloidally stable at pH 5.4 as well. This means
that the loading of TiO, nanoparticles in the mesoporous
silica nanoparticles is slightly lower than 20 wt/wt % at pH 3.4
and 5.4, but considerably lower than that at pH 7.4 due to
electrostatically triggered expulsion of TiO, nanoparticles at
this pH.

Providing further information on the mixed TiO, silica
nanoparticle systems, cryo-TEM results show TiO, nano-
particles alone were prone to aggregation, with some clusters
formed already at pH 3.4, but massive aggregation occurring at

This journal is © The Royal Society of Chemistry 2022
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pH 7.4 (Fig. S4f). In contrast, both virus-like and smooth
mesoporous silica nanoparticles at 100 ppm in pH 3.4 were
able to internalize TiO, nanoparticles up to a concentration of
25 ppm, with no free TiO, particles shown in the micrographs
for the virus-like nanoparticles and only very few for the
smooth ones. At a TiO, addition of 100 ppm, on the other
hand, neither of the silica nanoparticles were able to fully
capture all TiO, nanoparticles, and the excess of the latter can
be seen surrounding the silica particles (Fig. 4). This is in line
with a loading capacity of about 20 wt/wt % or slightly lower.
At pH 7.4, the reduced charge of the TiO, nanoparticles trig-
gered release of TiO, nanoparticles from both types of silica

Virus-like SiO,

~ 200}

+ 25 ppm 1A'i02 s 1 00.ppm TiO,

nanoparticles. As shown in Fig. S2 and S3,7 the release of TiO,
nanoparticles and subsequent aggregation of the latter on
increasing pH, can be seen also by DLS. Interestingly, however,
rinsing allowed released TiO, nanoparticles to be removed and
silica nanoparticles with remaining TiO, nanoparticles to
remain well-dispersed. Taken together, these results thus show
that TiO, nanoparticles can be incorporated into/onto both
virus-like and smooth mesoporous silica nanoparticles at pH
3.4, thereby reaching improved colloidal stability at close-to-
neutral pH. Furthermore, the quantitative uptake at pH 3.4 of
25 ppm TiO, nanoparticles in both types of silica nano-
particles at 100 ppm means that the TiO, loading of smooth

Smooth SiO,

pH 3.4

+ 100 ppm TiO,

+ 25 ppm TiO,

Fig. 4 Cryo-TEM images of virus-like (left) and smooth (right) mesoporous SiO, nanoparticles (100 ppm) combined with either 25 or 100 ppm of
TiO, nanoparticles at pH 3.4 and pH 7.4. At pH 3.4, TiO, nanoparticles are bound to/incorporated into both smooth and virus-like silica nano-
particles up to a concentration of 25 ppm TiO, in 100 ppm silica nanoparticles. At higher concentrations of TiO,, free TiO, nanoparticles appear,
indicating that saturation binding between 25 and 100 ppm TiO,. At pH 7.4, decreased charge contrast between TiO; and silica nanoparticles results
in release of some of the TiO, nanoparticles, effects again seen for both smooth and virus-like silica nanoparticles.
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and virus-like silica nanoparticles are similar in the neutron
reflectometry experiments described below.

ROS generation and lipid oxidation

Next, lipid oxidation triggered by UV illumination was investi-
gated. As shown in Fig. 5A and Fig. S5, oxidation in the
absence of TiO, nanoparticles was very low, about 5 + 2%, for
both the smooth and the virus-like mesoporous silica nano-
particles. This is very similar also to background oxidation in
aqueous solution, ie., in the absence of both TiO, and silica
nanoparticles. On loading the silica nanoparticles (100 ppm)
with TiO, nanoparticles (25 ppm), increased oxidation was
expectedly observed, an effect which, however, was not further
accentuated on increasing the TiO, load to 100 ppm. As
observed previously,'® the oxidation rate monitored by Cy;-
BODIPY was substantially higher at pH 7.4 than at pH 3.4, an

12304 | Nanoscale, 2022, 14,12297-12312

effect possibly influenced by hydroxyl radicals converting into
their less reactive conjugate base at low pH, although protona-
tion of the superoxide radical below pH 4.8 may balance such
effects.®® At pH 7.4, the oxidation rate was found to be slightly
lower for TiO, loaded into virus-like nanoparticles than that
for either free TiO, or TiO, loaded into smooth mesoporous
silica nanoparticles, although at pH 3.4, no differences
between these were observed. In order to obtain information
of ROS species generated on UV illumination of these systems,
experiments were performed also in the presence of ROS sca-
vengers, ie., p-mannitol ('OH scavenger)'® and SOD (super-
oxide inhibitor).”® As shown in Fig. 5B and Fig. S6,f both
p-mannitol and SOD results in suppressed oxidation rate at pH
7.4, showing both "OH and O, to be formed during UV illu-
mination of these systems and participating in C;;-BODIPY
oxidation. Again, TiO, nanoparticles loaded into either virus-

This journal is © The Royal Society of Chemistry 2022
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like or smooth mesoporous silica nanoparticles displayed
similar oxidation rates to those displayed by free TiO,
nanoparticles.

Consequences of lipid oxidation for membrane structure and
destabilization

In order to obtain information on how lipid oxidation trans-
lates into structural changes in the lipid bilayers, NR experi-
ments were next performed for supported PC/PG bilayers in
the absence and presence of either free TiO, nanoparticles or
TiO, nanoparticles loaded into smooth or virus-like meso-
porous silica nanoparticles, both in the absence and presence
of UV illumination. Experiments were performed in 10 mM
acetate buffer, prepared both in H,O (hAcet) and D,O (dAcet),
at pH 3.4, as this was the pH at which the most pronounced
effects were observed, and where effects of free TiO, nano-
particles were minimized. The two contrasts used to measure
the bilayers were fitted simultaneously to a 4-layer model
using the method previously described and the input para-
meters shown in Table S11 (Model 1 in Scheme S1}). Due to
the difficulty of unambiguously decoupling differences in
thickness from differences in the roughness of the hydrogen-
ated material, and to reduce the number of free parameters,
head group thicknesses were fixed at 7.5 A.*' An extra con-
straint was also used in the model, where the heads and the
tails must occupy the same area. In all cases, the initial

Virus-like SiO,/TiO,

dAcet hAcet
o A
e A

Initial -1
Final

Reflectivity (log)
IS

Smooth SiO,/TiO,

View Article Online

Paper

bilayers presented >99% coverages and low (~0%) tail
hydration. The fit results for the PC/PG bilayers before
exposure to any nanoparticles are shown in Table S2.f The
thickness (45 + 1 A), area per molecule (APM = 61 + 2 A%) and
surface coverage (I" = 4.1 + 0.1 mg m™>) values were calculated
as previously described,'® and are consistent with previous lit-
erature values.?>*?

Shown in Fig. 6 are reflectivity data as well as SLD values
extracted from these, while full structural data calculated from
the fits are listed in Tables S2 and S3.T In the absence of UV
illumination, only minor changes were observed for both free
TiO, nanoparticles and TiO, nanoparticles loaded into either
smooth or virus-like silica nanoparticles (Fig. 7A). Thus, the
APM for the PC/PG bilayer changed from 61 + 2 A® before
nanoparticle addition to 66 + 2, 66 + 3, and 69 = 2 A* for after
addition of TiO,, TiO, loaded into smooth silica nanoparticles,
and TiO, loaded into virus-like silica nanoparticles, respect-
ively. Contrasting these minor effects, pronounced charges
were observed for all three TiO,-containing systems under UV
exposure. While UV illumination for 2 h and final buffer
rinsing only slightly reduced the final bilayer thickness (from
45 +1 A to 43 +1, 45 + 1, and 42 + 1 A for free TiO,, TiO,
loaded into smooth silica nanoparticles, and TiO, loaded into
virus-like silica nanoparticles respectively), hydration of both
acyl chains and head groups increased significantly. As a con-
sequence of this, the final APM values increased strongly, from
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Fig. 6 Neutron reflectivity curves with best model fits (upper) and SLD profiles (lower) obtained for supported POPC/PAPC/POPG bilayers before
and after incubation with TiO,-loaded virus-like (left) and smooth mesoporous SiO, nanoparticles (middle), as well as with free TiO, nanoparticles
(right), 2 h of in situ UV exposure, and final rinsing, all performed in 10 mM acetate buffer pH 3.4. Curves are shown for two different buffer contrasts,
dAcet and hAcet, and the data for the latter are offset by 1072 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, and all three buffer contrasts used, dAcet, hAcet and gmAcet, are shown.

This journal is © The Royal Society of Chemistry 2022

Nanoscale, 2022,14,12297-12312 | 12305


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr01958b

Open Access Article. Published on 12 August 2022. Downloaded on 1/12/2026 4:07:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Nanoscale
A s
+rough
—~ 464 +rough t,mer —]— _T_
=< top layer T | rt-
e — +rough 1 Oop layer properties
9 top layer
[0 q
© 44 o B
X
9 100
£
42 .
()
> 754
©
40 o .
9 1
200 - 504
.0
-— 4
@©
S
* 'g 254
(5\150- T |
=
= 0 )
o
<C 100 C
N
Q 1.00 L
ﬂ =
so L[ mll ®
° 0751 T 1
1 i 2
a1 ll 1 L c
1 11 O 050+
-~ 3
o~ S
L
E 3] o 0.251 % %
g’ E
= =
- o 0.00 I T
2+ > 0 +UV | +rinse | +UV | +rinse | +UV | +rinse
Virus-TiO, Smooth-TiO, TiO,
1
112|134 (1(2|13[4]1(2]|3]4(1(2|3|4
Virus-TiQ, | Smooth-TiO, TiO; Virus
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nations, as well as of free TiO, nanoparticles (25 ppm), obtained from neutron reflectometry fits, calculating the physical parameters of the bilayers
at different time points: (1) before incubation with the nanoparticles; (2) after incubation with the nanoparticles; (3) immediately after 2 h of in situ
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as well as volume fractions of lipid (patterned bars) and TiO, nanoparticles (clear bars) (C) of the top layer obtained from the fittings and SLD values.

61 +2 A%to 185 + 6, 181 + 5 and 146 + 3 A2 for free TiO,, TiO,
loaded into smooth silica nanoparticles, and TiO, loaded into
virus-like silica nanoparticles, respectively. These values
correspond to final surface coverages of 1.4 + 0.2, 1.4 + 0.2 and
1.7 + 0.2 mg m™?, respectively, therefore pointing to extensive
lipid removal triggered by both free and silica-bound TiO,
nanoparticles. In the latter cases, the bilayers contained trun-
cated and/or oxidized lipid metabolites that were water-soluble
and could be removed by rinsing with buffer. As shown pre-
viously, smooth mesoporous silica nanoparticles do not cause
any binding or destabilization of anionic PG-containing
bilayers."> Furthermore, as shown in Fig. S7,1 virus-like meso-
porous silica nanoparticles do not display any UV-triggered

12306 | Nanoscale, 2022, 14,12297-12312

destabilization of such bilayers. Thus, the photocatalytic
effects in for TiO,/silica composite particles can be ascribed
solely to the TiO, nanoparticles.

As seen above, the bilayer thickness remained largely
unaffected under oxidative degradation, while hydration and
APM both increased strongly. These results therefore report on
lipid removal from the supported bilayer, although the process
is slightly more complex than this. Thus, a rough outer layer
was necessary to include to fit the experimental data (Model 2
in Scheme S1t), as previously described by us for free TiO,
nanoparticles.'® As shown in Fig. 7B, the hydration of this top
layer was comparable, although slightly higher, for TiO, nano-
particles loaded into either smooth or virus-like silica nano-

This journal is © The Royal Society of Chemistry 2022
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particles than for free TiO, nanoparticles. Composition-wise,
the volume fraction of lipid to TiO, was comparable for free
TiO, and TiO, loaded into the virus-like nanoparticles, and
slightly higher for TiO, loaded into the smooth nanoparticles
(Fig. 7C), although the likely simultaneous presence of silica
and TiO, nanoparticles (of different SLD; Table S1t) in this
layer precludes closer analysis.

In the absence of TiO, nanoparticle loading, the virus-like
silica nanoparticles only caused limited increases in hydration
and APM values (68 + 2 A%) on UV exposure (Fig. S7 and S81),
comparable to those previously observed by us for UV exposure
alone.'®'” Therefore, the effect of the silica surface topography
in the absence of TiO, did not show a significant effect on top
of the UV effect.

In order to investigate the kinetics of these effects, reflectiv-
ity changes during UV exposure were monitored over a nar-
rower Q-range, allowing faster data acqusition.*® Still, the
Q-range included the area around critical edge at Q ~ 0.01 A™
to continuously monitor its position and be able rule out
major SLD changes in the bulk solution, for instance due to
air bubble formation. As shown in Fig. 8, pronounced
decreases in reflectivity over time were observed for both free
TiO, nanoparticles and TiO, nanoparticles loaded into either
smooth or virus-like silica nanoparticles. Analysis of these
results showed that the bilayer thickness remained essentially
constant for all three systems investigated during exposure for
120 min, in agreement with the results discussed above. With
regards to changes in APM during UV exposure, a multi-stage
process was observed, where increases for the first 20 min
were essentially identical for the three systems. After that, oxi-
dative lipid removal was accelerated during the subsequent
20-30 min of UV exposure, followed by a gradual leveling off,
as seen most clearly for TiO, loaded into the virus-like
nanoparticles.

Discussion

As many other nanomaterials, TiO, nanoparticles may destabi-
lize bacterial membranes through direct binding and mem-
brane destabilization.>® What makes these nanoparticles par-
ticularly interesting as antimicrobial agents, however, is their
ability to oxidize lipids and other membrane components
under UV illumination.*®> While UV-induced antimicrobial
effects have been frequently reported in literature, and while
these have been correlated to oxidative degradation of mem-
brane lipids*>’ and other bacterial membrane components
such as peptidoglycan and lipopolysaccharide (LPS),*® the
mechanisms by which membrane component oxidation trans-
lates into membrane destabilization remain largely unre-
solved. Considering this, we previously investigated effects of
ambient conditions and membrane composition on photo-
catalytic destabilization of phospholipid membranes by TiO,
nanoparticles, employing a battery of physicochemical tech-
niques. While cholesterol was found to provide stabilization
against TiO,-triggered oxidation of PC-based bilayers, the pres-

This journal is © The Royal Society of Chemistry 2022
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ence of anionic PG made these bilayers more sensitive to oxi-
dative destabilization, likely an effect of less dense packing,
and/or the occurrence of different free-radical processes.'”
Neutron reflectometry and small-angle X-ray scattering further-
more showed that lipid oxidation caused by UV illumination of
TiO, nanoparticles triggered pronounced structural changes of
the bilayers, including increased hydration, lipid removal,
bilayer thinning, lateral phase separation, and aggregate
solubilization.'®'” In comparison, UV exposure in presence of
H,0, but in the absence of TiO, nanoparticles resulted in
quantitatively smaller effects.’® Extending on these previous
studies on free TiO, nanoparticles, the present study shows
that qualitatively similar effects are obtained for TiO, nano-
particles incorporated into larger matrix particles, such as
mesoporous silica nanoparticles.

As discussed above, DLS results showed colloidal stability
when loading TiO, nanoparticles into SiO, nanoparticles at
pH 3.4 (i.e., when the TiO, nanoparticles are well-dispersed)
and subsequently increasing pH to 5.4 after loading, but not
when loading the TiO, nanoparticles directly at pH 5.4 (ie.,
when the TiO, nanoparticles are pre-aggregated), thus demon-
strating TiO, nanoparticle incorporation to the SiO, nano-
particles at pH 3.4. Quantitatively, both DLS and cryo-TEM
results show TiO, nanoparticle incorporation to both smooth
and virus-like nanoparticles up to a maximal loading of
slightly less than 20 wt/wt %, and that the majority of these
remain bound also when increasing pH to 5.4 after loading at
pH 3.4. For overall colloidal stability to be reached, however,
also the TiO,-loaded mesoporous silica nanoparticles must be
well-dispersed. At pH 5.4, the effective {-potential of the TiO,
and the silica particles are +20 + 2 and —27 + 3 mV, respect-
ively, whereas those of the silica nanoparticles loaded with
TiO, nanoparticles at 25 ppm/100 ppm are about 20 mV for
both the smooth and the virus-like nanoparticles at the same
pH. From a general perspective, the electrostatic potential
required to reach colloidal stability depend also van der Waals
interactions, which in turn depend on particle size, shape, and
dielectric constant. In particular, the mesoporous silica nano-
particles contain a considerable pore volume (as evidenced by
the capacity of these to load smaller peptides up to a loading
of 0.9 g ¢*°, which are mostly filled with water (TiO, nano-
particle loading slightly less than 20 wt/wt %)). As a result of
this, attractive van der Waals interactions are significantly sup-
pressed compared to that of solid Stober particles, hence a
smaller magnitude electrostatic repulsion is needed to ensure
colloidal stability. Again, however, the inherent uncertainty of
the {-potential values for the mesoporous SiO, and TiO,/SiO,
systems should be remembered here. Hence, colloidal stability
needs to be monitored directly from particle size measure-
ments, as done by DLS in the present study.

In the absence of surface spikes, mesoporous silica nano-
particles do not destabilize PG/PC bilayers."® For TiO,-loaded
smooth silica nanoparticles, membrane destabilization is
therefore expected to be caused only by oxidative action of ROS
induced by UV illumination. For TiO, nanoparticles incorpor-
ated into such particles, photocatalytic effects could, however,

Nanoscale, 2022, 14,12297-12312 | 12307
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points before, during and after 2 h of UV exposure.

potentially be affected by several factors. First, the matrix par-
ticles absorb some of the UV light, which in turn may result in
reduced ROS formation.’® Furthermore, depending on TiO,
localization within the silica nanoparticles, the diffusion
length of ROS generated at the TiO, surface before reaching
the membrane lipids will be longer, which risks resulting in a

12308 | Nanoscale, 2022, 14,12297-12312

reduced fraction of ROS reaching the membrane surface.’® As
proximity between TiO, nanoparticles and the membrane has
previously been found to be important for UV-induced mem-
brane destabilization,""” ROS diffusion length/life time
effects could potentially result in suppressed photocatalytic
destabilization of lipid membranes for TiO, loaded into the

This journal is © The Royal Society of Chemistry 2022
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silica particles. Such effects are expected to be larger for virus-
like mesoporous silica nanoparticles due to their outer shell of
spikes. On the other hand, incorporation of TiO, nanoparticles
into mesoporous silica nanoparticles suppress colloidal desta-
bilization of the former, which may result in an effectively
increased TiO,-water surface area, thus favoring ROS gene-
ration.”' However, the binding of TiO, nanoparticles to the
mesoporous silica matrix may also affect re-combination
between photogenerated electrons and holes,"* which would
also influence ROS generation and UV-induced lipid oxidation
and membrane destabilization.

In contrast to smooth mesoporous nanoparticles, which do
not substantially destabilize anionic membranes in the
absence of UV, virus-like nanoparticles can induce direct mem-
brane destabilization induced by the spikes on the latter, pre-
viously investigated by Malekkhaiat Hiffner et al.'® This direct
membrane destabilization may potentially compensate for
losses in photocatalytic membrane destabilization on incor-
porating TiO, nanoparticles into mesoporous silica nano-
particles. Analogously, Lu et al. investigated membrane inter-
action of graphene oxide nanosheets as a function of the
orientation the latter. Exposing Escherichia coli (E. coli) bacteria
to surfaces coated with graphene oxide nanosheets in a vertical
orientation (i.e., with the sharp edge oriented towards the solu-
tion) was found to result in higher antibacterial activity than
nanosheets in either random orientation or lying flat at the
surface, illustrating the importance of direct nanosheet-
mediated membrane destabilization. In addition, ROS gene-
ration and oxidative membrane destabilization were observed,
illustrating an interplay between these effects.””> Analogously,
Huang et al. showed the antimicrobial effects of fullerenes
against E. coli and Staphylococcus aureus to correlate with the
partitioning of fullerenes into bacterial membranes. However,
such antimicrobial effects caused by direct particle-mediated
membrane destabilization could be substantially enhanced by
photocatalytic effects,"* as also reported by Lyon et al*®
Similarly demonstrating the interplay between particle-
mediated and oxidative membrane destabilization, Vecitis
et al. investigated single-walled carbon nanotubes (SWCNTs)
with different levels of defects, and found both glutathione
oxidation and morphological changes to depend on the elec-
tronic structure of the SWCNTs, notably increasing with their
metallic nature and oxidative capacity.*® Also, along the same
line, Cui et al. investigated the effect of nitrogen plasma treat-
ment of graphitic carbon nitride nanosheets, g-C3N, (N-g-
C3N,4) on their antimicrobial effects against foodborne bac-
teria, and found bactericidal activities in the dark >10 times
higher than those for g-C;N,, an effect related to boosted
membrane binding after cationization. However, bacterial
rupture was also correlated to the abundance of surface
defects and nitrogen vacancies in N-g-C;N,, and hence also to
photocatalytic effects.*” In contrast to these previous findings,
the results of the present investigation show that direct mem-
brane destabilization by the spikes of the virus-like nano-
particles only marginally influences the photocatalytic effects
of TiO,. There are several reasons for this. In comparison to
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carbon-based nanomaterials such as g-C3N,, CNTs, and fuller-
enes, and graphene derivatives, mesoporous silica nano-
particles are characterized by very low optical absorption,
hence loss of light needed to generate free electrons and holes
in TiO, after incorporation into silica matrices is expected to
be minor. Hence, photocatalytic effects of the silica-loaded
TiO, nanoparticles are correspondingly larger and direct mem-
brane interactions relatively less important. In fact, TiO, nano-
particles loaded into the virus-like silica nanoparticles trigger
slightly lower photocatalytic effects than either free TiO, or
TiO, loaded into mesoporous silica nanoparticles. Here, one
need to be careful to exclude effects of colloidal instability, as
aggregation would result in reduced surface area, which in
turn may result in an increased probability of charge recombi-
nation (and hence suppressed ROS generation),*® as well as
diffusion limitations of ROS formed. Having said that, the
results (DLS as well as cryo-TEM at pH 3.4) do not support the
notion of colloidal instability causing the slower Kkinetic
observed for the virus-like nanoparticles (but not the smooth
ones) compared to that of free TiO,, as all these systems are
well-dispersed at the conditions employed for the neutron
reflectometry experiments. Instead, the slightly slower kinetics
observed for the virus-like nanoparticles is likely an effect of
the spikes, which effectively increase the diffusion length of
ROS generated within the TiO,-loaded silica matrix to reach
the target membrane lipids, in line with the slightly lower ROS
generation observed for TiO, nanoparticles loaded into the
virus-like particles (Fig. 5A), which in turn contributes to the
slightly slower oxidative membrane destabilization (Fig. 8D).

While the relative importance of these effects for different
photocatalytic nanoparticles and matrices needs to be further
investigated, the findings of the present study show that TiO,
nanoparticles can indeed be incorporated into mesoporous
silica nanoparticles for improved colloidal stability at largely
retained photocatalytic effects with largely retained photo-
catalytic activity, as well as similar modes-of-action for de-
stabilizing bacteria-mimicking lipid membranes (Fig. 9).

Finally, we note that the broader applicability of the
approach taken will need to be investigated in biological effect
studies. In order to provide meaningful and conclusive results,
antibacterial effects need to be studied in a comprehensive
study design. Rather than just selecting an arbitrary example
and experimental setup, such effects need to be investigated
for several bacterial strains, and also under various bacteria
densities and ambient conditions. Since the relative effects of
UV exposure alone, nanoparticles alone, and nanoparticles
under UV exposure vary with particle concentration, illumina-
tion time, and illumination distance, these parameters need to
be investigated as well. Furthermore, since photocatalytic
nanoparticles may cause oxidative degradation not only of bac-
teria, but also eukaryotic cells, antimicrobial effects need to be
compared to effects on cell toxicity, again requiring several cell
types and assays in order to be able to generate results of
broader validity. We are currently working on such an exten-
sive biological effect study for TiO, nanoparticles, to be com-
municated separately.
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Fig. 9 Schematic illustration of the main effects associated to the loading of photocatalytic TiO, nanoparticles into smooth or virus-like meso-
porous nanoparticles. As shown, loading of TiO, nanoparticles into either smooth or virus-like mesoporous silica nanoparticles suppressed their
aggregation at neutral and close-to-neutral pH (upper panel) at largely retained photocatalytic efficiency (lower panel). Neutron reflectivity analyses
showed that only minor destabilization occurs for all these systems in the absence of UV illumination, whereas UV illumination triggers pronounced
membrane destabilization, including membrane thinning, lipid removal, and formation of a partial disordered outer membrane leaflet. Quantitatively,
loading TiO, into virus-like silica nanoparticles resulted in slightly suppressed lipid membrane destabilization, likely due to reduced photoexcitation
of TiO,, as well as longer diffusion length of UV-triggered reactive oxygen species.

Conclusions

Consequences of incorporation of TiO, nanoparticles in meso-
porous silica nanoparticles for colloidal stability, as well as for
their photocatalytic ability to oxidize phospholipids and desta-
bilize their membranes, were investigated by neutron reflecto-
metry, cryo-TEM, lipid oxidation assays, and dynamic light
scattering. At low pH, charge contrast between silica and TiO,
nanoparticles drives loading of the latter into the former, in
turn extending the pH range of colloidal stability, allowing
good colloidal stability at physiological pH of skin (pH 5.4).*°
Despite this, lipid oxidation remains qualitatively similar for
free TiO, nanoparticles and those loaded into either smooth
or virus-like (‘spiky’) mesoporous nanoparticles, driven by
both hydroxyl and superoxide radicals. Furthermore, these
systems display qualitatively similar interactions with sup-
ported model membranes based on phosphatidylcholine and
phosphatidylglycerol. Thus, minor destabilization of these
membranes by the nanoparticles occurs in the absence of illu-
mination, whereas dramatically increased membrane destabili-
zation is triggered by the presence of UV illumination, includ-
ing membrane thinning, lipid removal, and formation of a
partial disordered outer membrane leaflet. Quantitatively,
loading TiO, into virus-like silica nanoparticles result in
slightly suppressed lipid membrane destabilization, likely an
effect of an effectively longer diffusion length for ROS gener-
ated by TiO, loaded within the silica matrix to reach the target
membrane lipids, caused by the surface spikes. The effect of

12310 | Nanoscale, 2022, 14,12297-12312

membrane destabilization by the spikes of the virus-like silica
particles is thus smaller than effects observed previously for
sharp-edge photocatalytic materials such as graphene, CNTs,
and g-C3N,. This is likely an effect of the low optical absorp-
tion of silica, and the correspondingly small loss of light
needed to generate free electrons and holes in TiO, after incor-
poration into silica matrices. Hence, photocatalytic effects of
the silica-loaded TiO, nanoparticles are correspondingly larger
and direct membrane interactions relatively less important.
Taken together, these findings extend on previous mechanistic
studies on oxidative destabilization of lipid membranes by
photocatalytic nanoparticles'®'” by outlining how photo-
catalytic nanoparticles can be incorporated into other nano-
materials for increased colloidal stability and yet retain their
capacity for photocatalytic destabilization of lipid membranes.
As such, the study provides new information on a widely
employed practice in applications of photocatalytic nano-
materials, which had so far not been investigated
mechanistically.
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