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Gold nanorods coated with a uniform titanium dioxide nanoshell
have been prepared and used as glucose-oxidase surrogates.
Remarkably, this core—shell photocatalytic nanostructure has been
able to induce complete oxidation of glucose at near room temp-
erature (32-34 °C) in a wide range of pH values with the aid of a
near-infrared (NIR) irradiation source. In contrast, the uncoated
gold nanorods exhibit negligible photo-oxidation response under
identical experimental conditions thereby proving the photoactiv-
ity of the titania shell towards glucose oxidation. The process takes
place via in situ photo-generation of singlet oxygen or hydroxyl
radicals as reactive oxidative species (ROS). This underlines the role
played by the core nanorods as plasmonic light harvesters in the
NIR range and constitutes the first example of a NIR-activated
enzyme-like catalyst.

The design and development of novel nanostructured
materials mimicking the catalytic role of natural enzymes has
recently emerged as a promising research field. Enzymes
present in natural systems meet a wide variety of appealing
requisites as biocatalysts in terms of activity, specificity and
high production yields at mild reaction conditions that have
sparked the interest of multiple industries (i.e. pharmaceutical,
food, agrochemical) for the development of specific
chemicals."® Nevertheless, natural enzymes also exhibit some
inherent downsides that limit their use for practical appli-
cations:">* (i) catalytic stability and sensitivity strongly depen-
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dent on minimal alterations of their optimal environmental
conditions; (ii) difficulties for their recovery and reutilization;
(iii) undesired costs derived from the high number of prepa-
ration and purification steps required. To circumvent these
drawbacks, the search for stable and affordable alternatives has
brought the spotlight on the development of artificial enzymatic
systems based on inorganic/organic nanomaterials."”

Different nanostructured materials based on carbon (i.e.
graphene, carbon nanotubes, carbon dots),* '* metals®®7"1 714
(i.e. gold, silver, platinum, palladium or alloys), organic-in-
organic hybrids'"">"” or metal oxides (ie. iron, cobalt,
vanadium, ceria)"®'®>' have been recently tested as bio-
mimetic catalysts resembling the activity of peroxidase, dis-
mutase or glucose-oxidase (hereafter GOx) enzymes. The GOx bio-
mimetic systems for glucose oxidation hold a huge potential
for biomass conversion, selective detection of glucose at trace
levels and control/monitoring of internal metabolism in cells.
Much attention has been focused on gold nanoparticles due to
their enzyme-mimicking catalytic activity to oxidise glucose
into gluconic acid and hydrogen peroxide.®** Multiple
Au-based configurations have been evaluated by coating NPs
with different surface functional groups or by supporting/
encapsulating gold onto/within different supports such as
ceria or ordered mesoporous supports.»®'%?* The use of meso-
porous supports suggested by Lin et al.»* paved the way for the
direct application of nanoparticles in complex enzymatic
process and a dual GOx-like and peroxidase-like behaviour.
Alternatively, the use of novel photocatalytic systems inspired
in natural photosynthetic centers is also attracting a strong
interest.>** Ideally, the whole solar spectrum should be used
to facilitate the photo-conversion of glucose,”*° prompting
the study of semiconductors such as ZnO or TiO,.>**” In this
regard, the co-addition of noble-metal based nanoparticles
(i.e. Au, Pt or Pd) has shown a two-fold positive influence: (i)
under UV light irradiation, the presence of small nanoparticles
can give rise to enhanced selectivities and to a decrease of the
electron-hole recombination rates;>***’ (ii) under visible or
even NIR irradiation light, these metals act as light harvesters
and sensitizers due to their much larger absorption/scattering
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cross-sections and can inject electrons into the conduction
band of semiconductor supports.>>**¥73° In particular, the use
of gold-based nanostructures with anisotropic shapes has
been recently tested as a very appealing alternative for
photobiocatalysis.>>*° Their behaviour is mediated by
plasmon resonances that can be exploited to induce highly
localized thermal heating, inject hot electrons and enhance
the efficiency of light-induced chemical reactions. This work
aims at exploring a hybrid Au-TiO, photo-catalyst with a core-
shell configuration as a glucose-oxidase mimicking inorganic
alternative. This hybrid nanostructure combines: (i) a gold
nanorod core with excellent NIR absorption capabilities as a
plasmonic photo-sensitizer and (ii) a thin titania shell to
provide thermal stability and a high photo-activity. The light-
induced oxidation of glucose is achieved via the in situ photo-
generation of highly reactive radicals such as singlet oxygen
and hydroxyl species. The low thickness of the shell and the
high aspect ratio of the core maximize the interface area and
the electron transfer efficiency between both phases.

The synthesis of the core plasmonic Au NRs was carried out
by the seed-mediated method, combining the use of hexadecyl-
trimetylammonium bromide (CTABr) and bromosalicylic acid
as stabilizers.”® Previously reported methods were adapted to
obtain an optimum TiO, thickness*>*® (see details in ESI{). To
grow a TiO, shell surrounding the Au NRs, a ligand exchange
with an anionic polymer such as poly-styrene sulfonate (PSS)
was first carried out to facilitate contact with the titanium
chloride precursor and induce a successful shell growth (see
Scheme 1a). {-Potential measurements at different pH values
confirmed the changes in the net charge for un-coated and
titania-coated Au NRs (Fig. S1, ESI}). Furthermore, TEM and
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) analysis also corroborated the for-
mation of homogeneous core-shell nanostructures (Fig. 1a-c)
with an average length x width: 54 x 16 nm for the Au NRs
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Scheme 1 (a) Scheme of the synthesis steps for titania-coated gold
nanorods (see Experimental section for details); (b) schematic descrip-
tion of the colorimetric assays employed to monitor the formation of
gluconic acid and hydrogen peroxide as the main reaction products
derived from the photo-oxidation of glucose under NIR irradiation at
near room temperature (see ESIT for specific details).
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Fig. 1 Characterization of the titania-coated gold nanorods: (a) repre-
sentative TEM image displaying the homogeneity of the nanostructures;
(b) STEM-HAADF image of the hybrid nanostructure accounting for the
darker contrast of the TiO, shell and the brighter contribution of the
gold nanorod in the core; (c—e) EDX elemental mapping distribution of
gold (referred to the Au—M edge transition) and titania (referred to Ti-K
edge); (f) Absorption spectra with the transversal and longitudinal
plasmon resonances of un-coated nanorods and titania-coated gold
nanorods before and after photo-catalytic experiments; (g)
HAADF-STEM image of an Au nanorod covered by TiO,. An EELS-SPIM
has been acquired in the green marked area (scale bar: 10 nm); (h) EEL
spectra (each of them corresponds to the sum of 25 spectra), after
removing the zero-loss peak (ZLP), extracted from the EELS-SPIM in the
areas marked in g.

(Fig. S2, ESIf). Elemental mapping analysis by Energy-
Dispersive X-ray spectroscopy (EDX) clearly defined the pres-
ence of gold in the inner part of the nanohybrid composite
(Fig. 1d) and an outer shell of TiO, (Fig. 1e) with an average
thickness of ~14 nm (Fig. S2, ESIf). XRD patterns confirmed
that the shell was formed by multiple anatase nanocrystallites
(Fig. S3, ESIt). X-ray Photoelectron Spectroscopy (XPS) analysis
also supported the formation of a well-oxidized phase of TiO,
attributed to a binding energy centred at 458.8 eV in the Ti2p;,
» photoemission peak (Fig. S41) and a surface atomic percen-
tage around 100 times higher than gold. Au was mostly identi-
fied in its metallic state form at 83 eV in the Au 4f region
(Fig. S51). The optical response of the Au NRs with the
addition of the TiO, shell was also evaluated by UV-Vis spectro-

scopy (Fig. 1f).

This journal is © The Royal Society of Chemistry 2016
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The longitudinal and transverse plasmon resonances of the
original Au NRs were centred at 808 and 532 nm, respectively.
Upon TiO, coating, the longitudinal plasmon peak was red-
shifted towards 850 nm and the maximum broadened in the
850-1000 nm range (Fig. 1f). Similar trends were previously
reported by Fang et al.*° and attributed to the modification of
the refractive-index in the surrounding medium.***" Fig. 1g
displays a low magnification HAADF-STEM image of an Au
nanorod coated by TiO,. High-energy resolution electron
energy-loss spectroscopy (HR-EELS)-STEM studies, in the low-
loss region (below 50 eV) was performed to locally analyze the
optical (plasmonic) response of these nanostructures. This
yields highly relevant information of the optical, dielectric and
electronic properties of nanomaterials at unprecedented
spatial resolution.*>™*® A low-loss EELS spectrum-image (SPIM)
has been acquired on the green marked area of this micro-
graph. From this SPIM-EELS, several spectra have been
obtained at different regions, which are highlighted in red and
blue. These EEL spectra (each of them corresponding to the
sum of 25 spectra), after zero-loss peak (ZLP) subtraction, are
plotted in Fig. 1h. The peaks observed in these EEL spectra at
~1.8 eV and 2.2-2.4 eV correspond to local surface plasmons
resonances (longitudinal and transverse modes,"” respectively)
of this Au nanorod. It is well established that the LSPR strongly
depend on the shape, size and local dielectric environment
(TiO, coating in this case) of the nanostructure.*>*’~>" These
spectra show a slight shift for the transverse mode that is
likely related to the TiO, sheath. It is worth noting that
although the EELS measurements already confirm the absorp-
tion measurements, these local analyses are more sensitive to
modifications of the plasmonic gold nanorod.

Bare and titania-coated Au NRs were evaluated as photo-
catalytic enzyme-like glucose oxidase surrogates in the pres-
ence of a NIR laser while keeping a constant reaction tempera-
ture of 32-34 °C with the aid of a thermostatic bath (Fig. S6
and ESIY). In order to monitor the successful generation of the
expected oxidation products (i.e. gluconic acid and hydrogen
peroxide), different colorimetric assays were carried out over
time (see Scheme 1b). First, the formation of gluconic acid was
indirectly determined by UV-Vis spectroscopy through the for-
mation of a coloured hydroxamate complex with maximum
absorbance intensity at 505 nm in the presence of hydroxyl-
amine and Fe(m) trivalent ions (see Scheme 1b and ESIt).
Remarkably, the uncoated AuNRs showed no significant for-
mation of gluconic acid (Fig. 2). In contrast, the photocatalyst
with the core-shell configuration progressively converted
glucose into gluconic acid as evidenced by the increasing pres-
ence of the complex intermediate with maximum absorbance
centered at 505 nm (Fig. 2 and S77). Additional GC-MS ana-
lyses further confirmed the conversion of glucose and the pro-
gressive formation of gluconic acid and other chemically close
acid derivatives (Fig. S8, ESI{). A similar photo-catalytic
response could be observed in a broad interval of pH values
ranging from 4 to 9, thereby providing this core-shell nano-
configuration with a very robust response against pH changes.
This is a significant advantage with regards to natural glucose

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Comparison of the maximum absorbance intensity detected at
505 nm for the Fe-hydroxamate complex (see also Scheme 1b) formed
with the in situ generated gluconic acid upon irradiation with a NIR laser
at 808 nm at different time intervals and in the presence of the
uncoated and titania coated Au NRs, respectively (inset: digital micro-
graphs displaying the characteristic red-color of the complex formed at
different reaction times. The un-coated Au NRs exhibited negligible
photoactivity and results are not shown); experimental conditions:
[glucose]l = 10 mM; [catalyst] = 0.02 mg mL™; pH = 7.4 in 0.2 M NaAc
buffer; irradiation experiments with laser wavelength = 808 nm and
laser power of 1.5 W; reaction temperature: 33 °C.

oxidase enzymes that tend to deactivate in non-acidic environ-
ments.”® The steady-state rate data were successfully fitted to
typical Michaelis-Menten kinetics for the range of glucose con-
centrations evaluated (Fig. S9 and ESI}). Moreover, a Michaelis
constant (K;,) value of ~5.1 mM and a maximum velocity
(Vimax) Of 6.7 x 107® M s were determined for the enzyme-
mimicking photo-catalyst. The apparent K, constant is similar
to previously reported values for natural glucose oxidase
enzymes or other gold-based artificial nanocatalysts.*® The
fact that this core-shell catalyst is selectively activated upon
NIR irradiation can be attributed to the photosensitizing role
of the Au NR core and expands the photo-response of other
Pd/TiO, photocatalysts tested in the UV-region.”” It is also
worth mentioning that the present photocatalyst is not only
active in a wide range of pH (Fig. S10%) but also exhibits a high
thermal stability after multiple laser irradiation cycles
(Fig. S117) that did not affect its plasmonic response in the
NIR range (Fig. 1f).

The presence of the other main oxidation product (i.e.
hydrogen peroxide) was tested by two horseradish peroxidase
(HRP)-mediated colorimetric assays (Scheme 1b and
Fig. S127). The generated H,0, was subsequently reduced in
the presence of the HRP enzyme and induced the simul-
taneous oxidation of either 2,2-azino-bis (3-ethylbenzothiozo-
line)-6-sulfonic acid diammonium salt (hereafter ABTS) or
3,3,5,5-tetramethylbenzidine (hereafter TMB) that evolved into
coloured dye-derivatives with maximum absorbance intensities
at 415 and 652 nm, respectively (Fig. S12f). Again, the
uncoated Au NRs showed no evidence of significant photo-
activity and only traces of colour were detected in different
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assays. In contrast, the titania-coated Au NRs further corrobo-
rated their glucose-oxidase mimicking activity by showing an
increasing generation of H,O, and the appearance of colori-
metric by-products with increasing exposure to NIR irradiation
(Fig. S127), following a similar evolution with respect to the
formation of gluconic acid. In order to justify the enhanced
photo-catalytic response of the titania-coated Au NRs in com-
parison with their uncoated counterparts, a series of reactivity
tests were performed to confirm the in situ generation of reac-
tive oxidative species, responsible for the oxidation of glucose
both in the absence (Fig. S131) and in the presence of plasmo-
nic resonance conditions. Firstly, the generation of singlet
oxygen '0,, a highly reactive oxygen species typically involved
in photo-catalytic events, was monitored using 9,10-anthracene-
diyl-bis(methylene) dimalonic acid (ABDA) as molecular probe.
ABDA reacts with 'O, to yield an endoperoxide (Fig. 3a),
causing a reduction in the absorption intensity of the anthra-
cene core of the probe. This decrease in the absorption spectra
of ABDA was drastically accelerated for the titania-coated
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Fig. 3 (a) Structure of ABDA and specific reaction with the in situ
generated singlet oxygen species; (b) time-dependent absorption
spectra evolution of ABDA in the presence of uncoated AuNRs at
different NIR irradiation times; (c) time-dependent absorption spectra
evolution of ABDA in the presence of titania-coated AuNRs at different
NIR irradiation times; (d) specific reaction between the in situ generated
hydroxyl radicals and NaTA to generate a fluorescent derivative; (e)
fluorescence spectra of the different solutions of the NaTA hydroxylated
derivative at different irradiation times in the presence of uncoated
AuNRs; (f) fluorescence spectra of the different solutions of the NaTA
hydroxylated derivative in the presence of titania-coated AuNRs at
different NIR irradiation times. Experimental details: [catalyst] = 0.02 mg
mL™%; pH = 7.4 in 0.2 M NaAc buffer; laser wavelength = 808 nm; laser
power = 1.5 W; reaction temperature: 19-20 °C; [ABDA] = 0.12 mM;
[NaTA] = 5 mM; specific dilutions and the generation of NaTA are further
described in the ESI.T
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photo-catalyst as shown in Fig. 3b and c, respectively. In
addition, the formation of highly reactive hydroxyl radicals
(‘OH) was also systematically evaluated with the aid of di-
sodium terephthalate (NaTA) that selectively reacts with "OH
radical groups to form 2-hydroxy disodium terephthalate, a
fluorescent compound emitting at 425 nm (Fig. 3d). Indeed,
the progressive formation of hydroxyl groups upon NIR illumi-
nation was detected in the presence of both the uncoated
(Fig. 3e) and especially for the titania-coated Au NRs that
favoured an approximately 3-times stronger fluorescence emis-
sion (Fig. 3f). In the absence of a NIR illumination source, no
evidence of radical formation was detected (Fig. S147). These
results further explain the obtained photo-catalytic activity
obtained under NIR irradiation and the efficient response of
the Au NRs when surrounded by a homogeneous titania shell.
While the resonant plasmon excitation of the un-coated Au
NRs under NIR illumination is evident, it becomes clear that
the efficiency of the electron transfer mechanism to induce
ROS and promote the photo-oxidation of glucose is poorer
with bare Au NRs than in the case of the core-shell configur-
ation with titania. Additional control experiments in the
absence of NIR illumination also confirmed the photo-acti-
vation pre-requirements to promote the glucose transform-
ation (Fig. S147). Previous reports on Au-based catalysts have
shown the critical influence of the chemical nature of the
ligands attached to the gold surface to obtain an efficient cata-
Iytic response towards glucose oxidation. Therefore, the CTABr
bilayer that is typically used to direct synthesis and stabilize
Au NRs may have a detrimental effect, hindering the inter-
action with the reactant molecules, glucose in this case. In
contrast, the replacement of CTABr by a TiO, continuous shell
induces the effective formation of a Schottky barrier at the inter-
face between Au and TiO, that, under plasmon excitation con-
ditions, would favour the generation of a population of elec-
tron-hole pairs.>® Subsequently, a fraction of the excited elec-
trons present at energy levels higher than the Schottky barrier
(i.e. hot electrons) would be injected into the conduction band
of TiO, (Fig. S157). These injected electrons can subsequently
interact with surrounding oxygen molecules to form superoxide
anion radicals®>®® (0,”") that readily react to yield singlet
oxygen®>**7> (10,) or hydroxyl radicals**>*>*° ("OH), respectively
as depicted in Fig. S15.1 These ROS generation routes seem the
most plausible, given the high reactivity and short-lived stability
of superoxide anion radical and the results obtained with ABDA
and NaTA, respectively (Fig. 3 and S13-S15%).

In summary, the hybrid nanostructure formed by Au nano-
rods surrounded by an anatase shell presents exciting possibili-
ties as the first example of a NIR activated enzyme-like catalyst.
This structure might be also potentially applied in the visible
and UV range, given the UV-photoactive response of titania and
the expected sensitizing effect stemming from the transversal
modes in the plasmonic Au nanorods. Potential applications
range from biomass conversion, (by expanding the photo-
response of photocatalysts towards the whole UV-Vis-NIR range)
to medical devices for the control of glucose levels, by taking
advantage of the deeper penetration of NIR light.

This journal is © The Royal Society of Chemistry 2016
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