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Abstract

Major current challenges in nanobiotechnology and nanobiomedicine include the implementation of predesigned
chemical reactions in biological environments. In this context, heterogeneous catalysis is emerging as a promising
approach to extend the richness of organic chemistry onto the complex environments inherent to living systems.
Herein we report the design and synthesis of hybrid heterogeneous catalysts capable of being remotely activated
by NIR light for the performance of selective photocatalytic chemical transformations in biological media. This
strategy is based on the synergistic integration of Au and TiO2 nanoparticles within mesoporous hollow silica
capsules, thus permitting an efficient hot-electron injection from the metal to the semiconductor within the
interior of the capsule that leads to a confined production of reactive oxygen species. These hybrid materials can
also work as smart NIR-responsive nanoreactors inside living mammalian cells, a cutting-edge advance towards

the development of photoresponsive theranostic platforms.
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Titanium dioxide (TiO2) stands out among the inorganic semiconductors due to its high abundance, low cost,
chemical stability and unique photochemical and photoelectrochemical properties.! Owing to these
characteristics, TiO2-based photocatalysts have been exploited in many applications ranging from environmental
purifications to bactericidal uses. A major drawback in further extending the applicability of TiO2 as photo-
responsive material is associated to its wide bandgap (3.2 eV), which restricts its photocatalytic capabilities to
the ultraviolet (UV) segment of the solar radiation spectrum.? Accordingly, the well-known sensitivity of many
biomolecules to UV light impedes the use of TiOz in biological contexts.

Hybrid nanomaterials made by the combination of plasmonic metals (Au, Ag or Cu) and TiO> allow to extend
the photoresponse of the semiconductor to the visible and near-infrared (NIR) regions of the electromagnetic
spectrum.*® Upon irradiation, the plasmonic nanoparticles (NPs) generate hot electrons which are transferred to
the semiconductor to produce an efficient separation of charges. This state, with an excited (hot) electron in the
conduction band of the semiconductor and a hole in the Fermi level of the plasmonic metal, can be very effective
to promote reduction or oxidation reactions.® Indeed, the synergistic effects arising when combining both species
have already been implemented in several photocatalytic applications such as water splitting,” pollutant
degradation,® CO- reduction® or oxidation reactions.’® The low energy radiation associated to the excitation of
these heterogeneous reactors would overcome the intrinsic optical limitations of large bandgap semiconductors
such as TiO», thus providing for biological use. In this context, the development of photocatalytic biocompatible
and bioorthogonal reactions is especially appealing, as it would forge to a completely new field of research.1*3
Interestingly, such approach is radically different from the photothermal processes currently under investigation
in plasmonics, in which the optical excitation of the metal produces a localized temperature increase that can be
implemented in biological environments, finding applications in catalysis,** hyperthermia®® or sensing.®

Herein we provide the first examples on the use of NIR photoresponsive nanocomposites to promote specific
reactions of organic precursors in biorelevant media. In particular, we report the design and preparation of hybrid
nanocomposites featuring Au nanorods (NRs) and TiO2 NPs, synergistically integrated within a mesoporous
hollow silica capsule. The design of these materials stems from the notion of protecting the nanocatalyst inside

the capsule from potentially harmful components present in biological environments,'” while ensuring the



confined production of reactive oxygen species (ROS) in their inner cavity. This unique architecture allows the
selective chemical transformation of the desired substrates within the inner space of the mesoporous reactor by
means of NIR radiation, extending the usability of the hybrid nanocatalyst to complex biological media. As a
proof of concept, preliminary experiments indicate the suitability of this reactors to perform the transformation

of a fluorescent substrate in living cells.
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Scheme 1. (a) Hlustration depicting the architecture of the proposed nanoreactors (Au-TiO2NCs). (b) Detail of
the chemical transformation taking place at the internal cavity of the mesoporous silica capsules. Red spheres
represent molecules diffusing inside the cells, while black spheres remain outside because of steric bulkiness. ()
Hot electron injection mechanism between the Fermi level of the metal and the conduction band of the

semiconductor.



As already mentioned, key for the success of the approach is the design of biocompatible nanostructures that
protect the Au-TiO2 nanoreactors from the biomolecules and salts present in biological buffers, hence ensuring
the hot electron injection in the metal-semiconductor hybrids and the subsequent electron exchanging processes
with the reactants (Scheme 1). In order to tackle this issue, we prepared hollow mesoporous silica nanocapsules
(NCs) whose internal walls have been functionalized with TiO2> NPs and Au NRs (Au-TiO2NCs, Scheme 1a).
The combination of titania with anisotropic plasmonic NPs is known to be an exceptional strategy to increase the
photocatalytic properties of the former.8!® Previous studies have shown that the extent of photosensitization
depends on a number of factors such as the chemical composition and shape anisotropy of the plasmonic NP, the
energy difference between the conduction band of the semiconductor and the Fermi level of the metal or the
quality of the physical interface created between both materials.’® Along these lines, the relatively small energy
gap between the conduction band of TiO. and the Fermi level of Au (=1 eV) allows for an efficient electron
injection across the Schottky barrier (Scheme 1c). We chose Au as plasmonic photosensitizer due to its higher
chemical stability when compared to other elements such as Ag or Cu and because Au nanostructures present a
plasmonic response that can be easily tuned throughout the visible and NIR regions of the electromagnetic
spectrum.?’ In that sense, the use of anisotropic Au NPs as photosensitizing agents would ensure a main
absorption contribution within the first biological transparency window of the NIR range (650-950 nm).?1:22

The morphology of the hybrid nanostructure and the chemical composition of its outermost shell are two key
characteristics for the correct design of a final composite with the desired properties and functionalities. In this
vein, the encapsulation of the photoactive components within the internal walls of a void silica NC presents
several advantages.?>?* Firstly, the mesoporous character of the silica shell should permit the control of molecular
traffic in and out of the cavity, allowing size selectivity while keeping the semiconductor and plasmonic
components away from an eventual non-specific binding of biomolecules.’®? In a similar way, the ROS formed
after activation of the semiconductor are unable to diffuse out of the nanostructure given their short lifetimes,
thus limiting their activity to the inner compartment within the nanohybrid. Moreover, the low cytotoxicity, easy
functionalization and high chemical stability of silica should warrant a high biocompatibility.?®2” Finally, the

encapsulation of Au NRs inside the silica shell endows these anisotropic objects with an improved photostability,



preventing the reshaping often suffered by this type of NPs when exposed to high intensity radiation sources such
as laser pulses.?® Overall, the engineered hybrid material gathers all the necessary characteristics to expand the

application of the photocatalytic properties of bare TiO,, especially in biological contexts.

The synthesis of the proposed capsules (Au-TiO2NCs) was carried using a multistep process in which the different
components that form the final hybrid are added in a sequential fashion (Figure 1a-h).? Firstly, polystyrene (PS)
beads with a mean diameter of 500 nm are functionalized with a layer of positively-charged poly(allylamine
hydrochloride) (PAH), allowing the consecutive deposition of TiO> NPs and Au NRs following the well-known
layer-by-layer assembly protocol.®® Such methodology allows the homogeneous distribution of TiO2 NPs onto
the PS substrate while ensuring an intimate contact between the semiconductor and Au NRs (Figure S1), essential
to ensure an efficient electron transfer between them. Subsequently, a CTAB-templated mesoporous silica shell
is grown onto the PS@AuU-TiO2 NPs, leading to the formation of a homogeneous silica coating with a thickness
of 25 (£3) nm (Figure 1e,f and S2). In the last step, THF is used to remove the CTAB molecules and the
polystyrene template, forming a hollow mesoporous silica shell whose internal cavity is functionalized with the
semiconductor and the metal components (for more details, please refer to the Supporting Information). The 3D
reconstruction of the final objects obtained by electron tomography provides information about the spatial
distribution of the photoactive species confined within the internal cavity of the mesoporous structure. As can be
seen in Figure 1i, both, the TiO2 NPs and Au NRs, are indeed adsorbed onto the inner wall of the silica shell thus
presenting available surfaces to get in contact with the substrates. Importantly, no modification in the morphology
of the objects was observed at the end of the synthetic procedure, highlighting the suitability of THF to remove
the organic materials in opposition to a calcination process that could otherwise compromise the integrity of the
nanocomposites through reshaping and sintering processes.?® TEM also allows the visualization of the ordered
nanometric pores within the silica shell, characteristic of outmost relevance for the selective diffusion of

molecular species into the internal cavity of these structures (Figure 1j).2°

The optical properties of the final composite were characterized by UV-visible-NIR absorption spectroscopy

(Figure 1Kk). At low wavelengths, strong extinction of the nanoreactor is observed, coming from a combination



of the bandgap excitation of TiO> NPs and the scattering contribution of the mesoporous silica shell. More
importantly, Au-TiO2NCs maintain the main features of Au NRs in solution, with their longitudinal plasmon
resonance centered at 870 nm, thus slightly red shifted with respect to that of the isolated nanorods (860 nm). In
this context, the material presented herein holds the optical features required for an efficient plasmonic excitation

in a biological setting, since the main absorption signature remains in the first biological transparency window.
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Figure 1. TEM images of different stages of the synthetic procedure: (a, b) adsorption of TiO2 NPs on PS beads,
(c, d) adsorption of Au NRs, (e, f) mesoporous SiO2 coating and (g, h) removal of the PS core and the CTAB
molecules present in the silica. Scale bars: 200 nm in the upper panel and 100 nm in the lower one. (i) 3D electron

tomography reconstruction of the Au-TiO2NCs where the TiO2 NPs are represented in yellow and the Au NRs in



red. (j) TEM image of the Au-TiO2NCs in which the mesoporous character of the silica can be clearly discerned.

(k) Extinction spectra of Au NRs (black line) and the Au-TiO2NCs (brown line).

The photocatalytic capabilities of the Au-TiO2NCs were explored in aqueous solutions, using aromatic dyes as
substrates. Among the different polycyclic aromatic molecules used as fluorescent dyes for industrial
applications, rhodamine B (RhB) has been previously reported to undergo molecular degradation when exposed
to solar radiation in the presence of hybrid Au-TiO2 nanosystems. This transformation has been chosen as initial
reference for our studies because it can be easily tracked by using absorption and fluorescence spectroscopies.'®
We found that the irradiation of an aqueous solution of RhB (10° M) with a solar simulator (Aexc: 350-2400 nm),
in the presence of the Au-TiO2NCs leads to a 82% loss in the original absorption signature after 210 min (Figure
2a, for more details refer to the Supporting Information), also accompanied by the disappearance of the
fluorescence signal (Aexc: 554 nm, Aem: 580 nm, Figure 2b). While previous studies in TiO2-promoted
photoreactions of RhB and other dyes refer to degradation and even mineralization events, a limited number of
them pay attention to the mechanistic insights and the intermediate products obtained in the process.®! A careful
analysis of the products resulting from the photocatalytic reaction of RhB confirmed that the observed decrease
in absorption is associated to de-ethylation reactions (Figure 2c-e). Indeed, the decrease in the absorbance at Amax:
554 nm (Figure 2a) and fluorescence intensity (Figure 2b) observed upon irradiation are accompanied by the
appearance of a new absorption band at shorter wavelengths consistent with the formation of the de-ethylated
derivatives such as rhodamine 110 (Rh110), holding an absorption maximum at 499 nm (black absorption
spectrum in Figure 2a). Additional analysis of the reaction media by liquid chromatography corroborates an
efficient conversion of RhB into Rh110 under solar simulator irradiation in the presence of the Au-TiO2NCs
(Figure 2c,d). Furthermore, the evolution of this transformation could be confirmed by mass spectrometry

through the detection of the different intermediates involved in the process (Figure 2e).

The photodegradation capabilities of the hybrid capsules are intimately related to their ability to photogenerate
ROS. Along these lines, we have performed control experiments in order to shade some light on the nature of

these unstable species responsible for the photodegradation of the organic dye.3? In this sense, hydroxyl (‘OH)



and superoxide (O2™) radicals have been detected thanks to their specific reaction with two radical scavengers:
terephthalic acid and 1,4-benzoquinone probes, respectively (Figure S3). While O2™ is the result of the interaction
of hot electrons with O> molecules, "OH may be formed after interaction of hot holes with water molecules or

through the decomposition of photogenerated H»O».

In order to ascertain the importance of the hot electron injection between the plasmonic material and the
semiconductor, we have compared the photochemical performance of the Au-TiO2NCs with those of silica NCs
whose internal walls are functionalized only with TiO2 NPs (TiO2NCs) or Au NRs (AuNCs), respectively (Figure
S4). In this manner, the use of TiO-NCs leads to the partial degradation of the organic dye (61%) (Figure 2h,
black line). The observed reactivity can be explained in terms of the direct activation of the semiconductor with
high energy photons coming from the UV segment of the simulated solar spectrum. Under the same irradiation
conditions, the use of AuUNCs does not lead to the degradation of the organic dye. Actually, a small increase in
the concentration of RhB is observed in this case (Figure S5), a result that might be consequence of a higher
diffusion of RhB molecules that were presumably blocked within the silica pores, owing to the temperature

increase induced by heat dissipation upon plasmonic excitation.

In order to ascertain the capabilities of the hybrid NCs to discern among different substrates (orthogonality), we
compared the photodegradation of RhB with that of evans blue (EB), another aromatic dye that can be
photocatalytically transformed under simulated solar light. EB presents a larger size than RhB, characteristic that
may hinder its fluent diffusion through the silica pores (Figure S6).3® Previous experiments with similar
mesoporous silica capsules have shown that size selectivity is a major parameter directing the reactivity.?® Indeed,
while RhB shows a 82% decrease in its original concentration after 210 min of irradiation with the solar simulator,
EB only presents a reduction of 12% (Figure 2f). The remarkable difference in chemical reactivity is consistent
with a size-selective molecular diffusion through the mesoporous channels of the nanoreactors (Au-TiO2NCs).?°
Importantly, when both dyes are irradiated in the presence of “naked” Au-TiO. catalysts (i.e. PS beads
functionalized with TiO2 NPs and Au NRs, as in Figure 1c,d), which lack the sieving effect capabilities provided

by the mesoporous silica shell, both molecules present the same degree of degradation (~28%, Figure 2g). These



results underline the benefits of the capsular configuration of the nanoreactors with respect to the non-hollowed
structures. Actually, the difference in efficiency is surely related to the confinement effect provided by the
container, hence facilitating the presence of dye molecules near the internal wall of the silica shell, and thus their
interaction with ROS created at the nearby metal-semiconductor interface. Even though steric hindrance is the
main parameter controlling molecular diffusion within the silica pores, other properties, such as charge
distribution or local changes in ionic concentration may also participate in the control of molecular traffic.3*
Therefore, our Au-TiO2NCs allow to confine the photocatalytic activity to their inner void space while providing
for size selective reaction capabilities. This can be especially useful in biological media by filtering the uptake of

biomolecules that might poison the reacting core.

We next studied the photochemical reactivity of the Au-TiO>NCs under NIR irradiation. As postulated
previously, the direct photosensitization of the semiconductor with the solar simulator leads to a substantial
degradation of RhB (82% for the Au-TiO2NCs vs. 61% for the TiO2NCs, Figure 2h). Importantly, when we use
a colored filter that blocks all radiation with A <700 nm, therefore restricting it to the NIR region of the simulated
solar spectrum, the photocatalytic activity of TiO2NCs vanishes while the efficiency of the Au-TiO>NCs remains
very high (76% conversion, Figure 2i). Previous works have shown that the high efficiency under NIR excitation
is the result of the predominant role played by the longitudinal plasmon band of Au NRs in the generation of
excited carriers, in our case centered at 870 nm.2 In this manner, the plasmonic photosensitization of TiO through
hot electron injection ensures the chemical transformations in the inner space of the hybrid reactor under NIR

radiation, an important asset when aiming at the development of biocompatible photocatalysts.
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Figure 2. Evolution of the UV-visible absorption (a) and emission (b) spectra of RhB upon irradiation with a
solar simulator (350-2400 nm) in the presence of the Au-TiO2NCs (Aexc for the emission spectra: 554 nm). (c)
Chromatograms at different reaction times showing total conversion of the RhB into Rh110 after 240 min. (d)
Chromatogram of RhB after irradiation for 90 min, in which different derivatives of the photodegradation process
can be observed. () ESI-MS spectra of the species involved in the transformation of RhB into Rh110. (f)

Photocatalytic conversion of EB (blue) and RhB (red) in the presence of the Au-TiO2NCs (excitation range: 350—
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2400 nm). (g) Photocatalytic conversion of EB (blue) and RhB (red) in the presence of PS spheres functionalized
with Au NRs and TiO2 NPs (excitation range: 350-2400 nm). (h) Photocatalytic conversion of RhB catalyzed by
the TiO2NCs (black) and Au-TiO2NCs (red) using the solar simulator (excitation range: 350-2400 nm). (i)
Photocatalytic conversion of RhB catalyzed by the TiO>NCs (black) and Au-TiO2NCs (red) using the solar

simulator with a 700 nm filter that blocks UV and visible excitations.

The catalytic capsules can also be used for other types of oxidations, such as the transformation of the
dihydrorhodamine 123 (dihydro Rh123), a non-fluorescent compound, into its oxidized structure rhodamine 123
(Rh123), a highly fluorescent dye (Figure 3a). Accordingly, we have observed an increase in both the absorption
and fluorescence intensities (maxima at 501 and 525 nm, respectively) when dihydro Rh123 is treated with Au-
TiO2NCs under simulated solar irradiation in water (same conditions as those used for the photodegradation of
RhB and EB, but using a filter that blocks A< 700 nm) (Figure 3b,c). As validated by LC-MS analyses (Figure
S7), such increase is the result of the generation of the fluorescent Rh123 species after conversion of the dihydro

Rh123.

Having demonstrated the photocatalytic activity of the Au-TiO2NCs in water, we moved to more complex media
in order to assess their ability as bioorthogonal reactors. Therefore, we performed the above photocatalytic
transformation of dihydro Rh123 in Dulbecco’s modified Eagle’s medium (DMEM), a standard milieu used in
cell cultures that contains tens of components that range from several inorganic salts, to many amino acids, sugars
and vitamins. As shown in Figure 3d, the reaction exhibits a similar profile than in water, thus leading to Rh123
as the product of the photocatalytic transformation. Interestingly, a 10-fold increase in the fluorescence intensity
of this molecule can be observed after only 90 minutes of irradiation using just the NIR component of a solar
simulator (700-2400 nm). Moreover, such photocatalytic transformation of organic dyes can be similarly carried
out in the presence of proteins like BSA (bovine serum albumin protein), which features one free cysteine and
several histidine sites in its structure. Accordingly, photodegradation of RhB in the presence of BSA (see
Supporting Information for details), using the Au-TiO2NCs as photocatalysts, can be performed using NIR light

(Figure S8). As previously discussed, the architecture of the capsule warrants that this type of protein remains
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out of the internal reacting core, which avoids its reaction with ROS generated in this location while preventing

damage of the heterogeneous catalytic system.
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Figure 3. (a) Schematic representation of the photocatalytic oxidation of dihydro Rh123 in the presence of Au-
TiO2NCs with NIR light. (b) Evolution of the UV-Vis absorption spectra of dihydro Rh123 upon irradiation with
a solar simulator. (c) Evolution of the fluorescence spectra of Rh123 upon irradiation with the solar simulator
(Aexc =500 nm). (d) Evolution of the fluorescence spectra of Rh123 upon irradiation with the solar simulator in

DMEM (Aexc = 500 nm). Irradiation range for all the experiments: 700-2400 nm.

As an initial proof of concept to demonstrate the potential of these reactors to achieve bioorthogonal
heterogeneous photocatalysis “in living environments”, we have carried out preliminary experiments in the
presence of living mammalian cells. In this manner, the use of NIR light should ensure biocompatibility while
providing for spatiotemporal control in the transformation of an exogenous substrate. Accordingly, incubation of

cultured Vero cells with the Au-TiO2NCs for 16 h allowed the observation of clusters of the hybrid nanoreactors
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in the perinuclear area of the cytosol (yellow circles Figure 4a,b), owing to the endocytic internalization pathway
of the catalyst.®® Interestingly, no cytotoxic response could be observed at this stage (Figure S9). The medium
was then removed and substituted with fresh medium containing 20 uM of RhB. After 30 min of incubation, cells
were washed again with fresh medium to remove the excess of the fluorescent substrate. Observation under the
microscope revealed the accumulation of the fluorescent dye in the aforementioned cluster regions (yellow circle
in Figure 4c). Those regions were then irradiated with a 785 nm laser beam using pulses of 30-60 s with a spot
size of =2 pm?. After exposition to the irradiation source a significant decrease in the fluorescence could be
observed in these regions (yellow circle in Figure 4d), likely due to the degradative reaction with RhB (vide
supra). Controlling the intensity of the laser beam proved to be crucial in order to avoid undesired cell death from
the heating derived from irradiation of the plasmonic NPs. Along these lines, the photocatalytic transformation
of the substrate does not lead to any apparent modification of the cellular viability, hence highlighting the

biorthogonal capabilities of the hybrid nanoreactor and the confinement of the ROS in its interior (Figure S10).

Control experiments performed using AuNCs led to a negligible decrease in the fluorescent signal (Figure 4e-h)
of RhB. This outcome suggests that the local increase in temperature associated to the plasmonic resonators (i.e.
plasmonic hyperthermia) does not play a major role in the photocatalytic transformation of the substrate under
these experimental conditions. Such result, together with the null effect observed when the same cell line was
incubated with TiO2NCs (Figure 4i), is consistent with the operation of the hot electron injection process.
Therefore, the interaction between the plasmonic component and the semiconductor accounts for the

transformation of the chosen substrate in the interior of living cells.
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Figure 4. Intracellular decrease in RhB fluorescence by NIR irradiation of the capsular nanoreactors.
Micrographs of Vero cells before (a, ¢) and after (b, d) irradiation in the presence of Au-TiO2NCs (yellow circle)
with a laser beam (A=785 nm). The same experiments have been repeated in the presence of AuNCs (e-g). The
upper panel represents the bright field images showing the morphology of the intracellular NCs while the lower
panel corresponds to the fluorescence images showing the intracellular fluorescence (Aexc=543/22 nm,
em=593/40 nm; for more details please refer to the Experimental Section in the Sl). Scale bars: 10 pum. (i)
Quantification of the photodegradation experiments with 3 independent silica NCs: Au-TiO2NCs, n=8; AuNCs,

n=9 and TiO2NCs, n=5 (n refers to the number of experiments performed with each type of NC).

In the present study we have described the rational design of remotely activated hybrid heterogeneous
photocatalysts engaging the synergistic interaction of a large bandgap semiconductor and a plasmonic resonator,
integrated within a dedicated silica nanocapsule. Specifically, TiO2 NPs and Au NRs have been immobilized on
the internal wall of a hollow mesoporous silica shell to ensure that the catalytic activity is confined within its
inner volume. The controlled porosity of the shell allows for a size-selective control of the molecular traffic.
These systems have proven to be efficient photocatalysts both in aqueous solutions and in complex biological
media, allowing the selective transformation of designed reactants mediated by photogenerated charges.

Ultimately, preliminary experiments indicate that the unique morphological features of the nanoreactors allowed

15



their use inside cells, for a localized, NIR-promoted degradation of a fluorescent substrate. This work could be
viewed among the inaugural contributions of a field at the boundary between heterogeneous photocatalysis and

chemical and cell biology.
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