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Glucose and glutathione (GSH) are key biomolecules for the regulation and growth of tumor cells. The
use of inorganic nanocatalysts in biomedicine to target and deplete such specific molecules represents a
novel and promising strategy against cancer. In this work, we present a ternary assembled nanohybrid
based on Au and CuFe,;04 with the capability to simultaneously deplete glucose and GSH and generate
reactive oxidative species (ROS) in a cascade process. We describe an example of a synergistic hetero-

geneous nanoarchitecture able to maintain the glucose oxidase-like activity of Au while preventing its
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deactivation in the presence of GSH. Au sites remain active due to the rapid response of the Cu—Fe co-

catalyst to deplete GSH levels. This example of hybrid heterostructure represents an appealing alter-

native with dual-activity within the tumor microenvironment (TME) for potential anticancer therapy.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The development of inorganic nanocatalysts in biomedicine has
irrupted as a promising alternative for multiple therapies such as
antibacterial, anti-inflammatory, Alzheimer or brain disease and
even tissue engineering or diagnostic imaging [1]. Cancer still
represents the most challenging systemic disease faced by human
mankind and the number of catalytic materials devoted to this
endeavour has increased exponentially in the past few years [2]. In
this context, the unique chemistry featuring the tumor microen-
vironment (TME) offer a powerful opportunity for engineered
nanocatalysts to selectively induce cancer cell death by targeting
key metabolites and biomolecules [3]. Moreover, the erratic and

Abbreviations: GSH, Glutathione; ROS, Reactive Oxygen Species; TME, Tumor
Microenvironment; CDT, Chemodynamic Therapy.
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accelerated metabolism of tumor cells require an enormous and
continuous energy supply, mainly in the form of glucose via aerobic
glycolysis [4]. This is also known as Warburg effect and the prin-
cipal consequence is a large glucose uptake by cancer cells. Thus,
one of the most employed catalytic strategies consists in reducing
glucose levels through its catalytic oxidation to cut off the ATP
production-flux of the cancer cell [4,6]. Among the inorganic cat-
alysts reported for glucose starvation therapy, freestanding and
supported Au nanoparticles (Au NPs) represent the most active
alternative to natural enzymes with a glucose oxidase mimicking
response [7—10]. While this catalytic activity is well established,
the potential influence of sulphur-containing biomolecules present
in the TME such as glutathione (GSH) [11,12] is typically overlooked.
Sulphur strongly binds to the Au surface hence blocking and
“poisoning” the active sites for glucose oxidation [13,14]. As a result,
the potential use of Au NPs for starvation therapy becomes less
effective.

Another interesting feature of the glucose oxidation process
catalyzed by Au NPs is related with the generation of hydrogen
(H20,) as reaction by-product [10]. Most of the literature reports
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exploiting glucose depletion typically combine Au nanoparticles
with transition metals to decompose the generated H,0, into hy-
droxyl radicals (*OH) via Fenton-like catalysis in a cascade reaction
process [7—9]. The generated *OH are highly-reactive species that
can irreversibly modify key biomolecules such as lipids, proteins or
nucleic acids leading to cell apoptosis [15]. Nevertheless, consid-
ering the previously mentioned issue regarding Au deactivation
with GSH, this molecule represents a severe obstacle to achieve an
effective starvation therapy. On the other hand, the catalytic tar-
geting of GSH with the aid of transition metal catalysts is becoming
a potential anticancer strategy itself [16]. GSH is a key antioxidant
molecule strongly involved in the regulation and damage preven-
tion from Reactive Oxygen Species (ROS) generated in cancer cells
[17]. Thus, the potential development of co-catalysts that can
transform GSH into its dimeric GSSG form (Fig. 1) may represent an
advantageous “two birds-one stone” scenario to prevent Au deac-
tivation while enhancing oxidative stress due to the depletion of
GSH levels. If terminal thiol groups from GSH evolve into -S-S-
groups, the blockage of Au sites might be minimized. The aim of
this work has been the design and development of a nanocatalytic
hybrid platform combining Au NPs and copper-iron oxide (CuFe)
NPs with specific response towards glucose and GSH, respectively.
We intended to prevent the deactivation of Au under GSH levels
typically found in the TME and provide a synergistic response to-
wards the simultaneous depletion of both key biomolecules.

2. Experimental section
2.1. Chemicals

Iron (II) chloride hexahydrate (FeCls-6H»0, 97%), copper (II)
chloride dihydrate (CuCl,-2H,0, >99.0%), sodium acetate anhy-
drous (CH3COONa, 99.0%), Bovine Serum Albumin (BSA), ethylene
glycol (EG), Dimercaptosuccinic Acid (DMSA, 99.0%), Gold (III)
chloride hydrate (50% Au basis), Tetrakis (hydroxymethyl) phos-
phonium chloride solution (THPC, 80 wt%, Germany), Tetraethyl
orthosilicate (TEOS, >99.0%, GC), (3-aminopropyl)triethoxysilane
(APTES, 99%), 3,3/,5,5'-tetramethylbenzidine (TMB, >95%), Gluta-
thione (GSH), 5,5'-Dithiobis (2-nitrobenzoic acid) (DNTB),
hydrogen peroxide (H,02, 33% v/v), sodium bicarbonate (NaHCOs,
99%), Tetraethyl orthosilicate (TEOS, >99.5% GC), were purchased
from Sigma Aldrich. p-glucose was purchased from MP-
biomedicals. Acetonitrile (ACN) was purchased from VWR (Avan-
tor). Sodium phosphate monobasic (NaH;PO4, >99.0) and Potas-
sium phosphate dibasic (K;HPO4, >99.0) were purchased from
Fisher Chemical. Deuterium Oxide (D0, >99.9% in D) was pur-
chased from Cambridge Isotope Laboratories. UPLC grade water
was obtained from a Milli-Q Advantage A10 System with resistivity
of 18.2 mQ (Merk Millipore, Germany).

2.2. Characterization techniques

Transmission electron microscopy (TEM) was performed using a
FEI TECNAI T20 microscope (Tecnai, Eindhoven, The Netherlands)
operated at 200 keV. Aberration-corrected scanning transmission
electron microscopy (Cs-corrected STEM) images were acquired
using a high angle annular dark field detector (HAADF) in a FEI
XFEG TITAN electron microscope (FEI, Eindhoven, The Netherlands)
operated at 200—300 kV. Elemental analysis was carried out with
an EDAX detector in scanning mode. Samples were prepared by
drop casting 3—5 uL of the NPs suspension onto a holey carbon TEM
grid. UV—vis spectra were obtained on a V67 UV—vis double beam
spectrophotometer (JASCO, Madrid, Spain). Individual particle size
was measured using Image] software. X-ray photoelectron
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Fig. 1. Summary of the proposed catalytic reactions and mechanisms involved in the
simultaneous depletion of glucose and GSH and the generation of hydroxyl radicals in
the presence of the CuFe—Au nanohybrid linked via DMSA: SH group from GSH is
responsible of deactivate Au nanoparticles and thus inhibiting their glucose oxidase-
like activity. However, after deposition of Au on CuFe, the large affinity of GSH by Cu
provokes their catalytic oxidation (step I) to avoid Au poisoning, which is then able to
catalyze glucose oxidation (step II); Since H,0, in one of the glucose oxidation by-
products, CuFe nanoparticle can transform it into *OH in a reaction cascade (step III).

spectroscopy (XPS) to analyze the surface of the nanohybrid was
carried out with the aid of an AXIS Supra (Kratos Tech., Manchester,
UK) using a monochromatic Al-Ka. source (1486.6 eV) run at 8 kV
and 10 mA. For the individual peak regions, a pass energy of 20 eV
was used. Peaks analysis was performed with the CasaXPS soft-
ware, using a weighted sum of Lorentzian and Gaussian compo-
nents curves after Shirley background subtraction. The binding
energies were referenced to the internal C1s (284.5 eV) standard.
Cu, Fe and Au contents were measured on a 4100 MPAES instru-
ment (Agilent, Madrid, Spain) after dissolving the sample in a
mixture 5:1 of HyO:aqua regia. Empyrean equipment in Bragg-
Brentano configuration using CuKa radiation and equipped with a
PIXcel1D detector. Raman spectroscopy was performed using
alpha300 R, Raman Imaging Microscope, (WITec, Germany).
Experimental conditions for CuFeAu, Au and Si were 785 nm laser
source, 2 mW power, 3 s exposure time and 5 accumulations. For
CuFe,04, conditions were 532 nm laser wavelength, 5 mW, 10 s
exposure time and 3 accumulations. THNMR spectra were acquired
using a Bruker AV-500 MHz NMR spectrometer.

2.3. Synthesis of CuFe-DMSA nanoparticles

250 mg of BSA were dissolved in 2.5 mL of miliQ water for
10 min and mixed with 12.5 mL of Ethylene glycol. Then, 270.0 mg
of FeCls3-6H,0, 85.0 mg of CuCl, and 375.0 mg of CH3COONa were
added into the reaction flask. The reaction was stirred for 2 h at
room temperature. Then, the reaction was transferred to a Teflon
autoclave where the temperature was set to 180 °C for 24 h. Finally,
the product was centrifuged at 12 000 rpm for 20 min. DMSA ligand
(20 mL, 25 mM) and 5 mL of 0.7 M NaOH solution were added to the
obtained suspension using ultrasonication for 5 min. The final
product was purified by two centrifugation cycles at 12,000 rpm for
20 min. The resulting solid was stored at 4 °C until further use.
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2.4. Synthesis of ultrasmall Au nanoparticles

The preparation of ultrasmall Au nanoparticles was performed
following previous group work protocols [10,18]. Briefly, to a total
volume of 14 mL of distilled water, 165 pL of a 1 M NaOH solution,
333 uL of a 65 mM THPC solution and 1 mL of a HAuCl4-x H,0
(3 mg/mL) solution were sequentially added. Time between the
addition of THPC and Au precursor was fixed to 2 min. The reaction
mixture was stirred overnight at room temperature and directly
used to fabricate CuFe—Au nanostructures.

2.5. Assembly of CuFe—Au nanohybrids

In a total volume of 2 mL, 750 pL of Au-THPC nanoparticles so-
lution was mixed with 250 pL of CuFe-DMSA. The pH was adjusted
to 7.4 using a 0.1 M HCI solution. Final solution stirred overnight at
room temperature. CuFe—Au nanoparticles were purified by
centrifugation (13 300 rpm, 10 min, twice) and were resuspended
in 2 mL of miliQ Hy0.

2.6. Catalytic glucose oxidation

Elimination of glucose by CuFe—Au catalyst was analyzed ac-
cording to the following method. 5.5 mM of glucose were mixed
with 0.1 mg/mL of CuFe—Au in a total volume of 2.5 mL at 37 °C,
using Phosphate Buffer Saline as medium (pH = 7.4). Glucose
concentration at different reaction times was measured by UPLC-
QDa detector. 20 pL of reaction were sampled and mixed with
955 uL of a mixture 1:1 Acetonitrile:H,0 and with 25 pL of a lactose
1000 ppm solution as internal standard.

2.7. Catalytic GSH depletion

Catalytic activity towards GSH oxidation of CuFe—Au nano-
particles was evaluated according to the following protocol: 5 mM
of GSH were mixed with 0.1 mg/mL of CuFe—Au in a total volume of
2.5 mL at 37 °C. GSH concentration at different reaction times was
measured by UPLC-PDA detector. 20 pL of reaction were mixed with
100 pL of Di-sulfanediylbis-(2-nitrobenzoic acid) (DTNB) and
880 puL of 0.01 M 2-amino-2-hydroxymethyl propane 1,3 diol (TRIS).

2.8. UPLC-PDA-MS equipment for glucose and GSH analysis

Glucose and GSH analysis were performed on Waters ACQUITY
system H-Class that consisted of a binary pump, an autosampler, a
column thermostat and a photodiode array (PDA) detector. This
system is coupled to a single quadrupole mass spectrometer with
an electrospray ionization (ESI) ACQUITY QDa mass detector.
Glucose was monitored through its adduct [M+Cl|” at m/z = 215.15
(see Fig. S1). Data acquisition and processing were performed by
using MASSLYNX software (Waters Corporation USA). On the one
hand, in order to analyze GSH from derivatized samples (vide infra),
chromatographic separation was performed using an ACQUITY
UPLC BEH C18 column (130 A, 1.7 pm 2.1 x 50 mm, from WATERS)
at 40 °C under an isocratic flow of 0.3 mL/min containing 50%
acetonitrile, 50% milli Q water. PDA detector was employed to
monitor the absorbance from derivatized GSH at 412 nm during
analysis time (see Fig. S2). On the other hand, glucose was moni-
tored after chromatographic separation using an ACQUITY UPLC
BEH Amide column (130 A, 1.7 pm, 2.1 mm x 100 mm, WATERS). In
this case, the mobile phase consisted of an initial mixture of
acetonitrile/water (90:10), containing 0.1% 10 mM ammonium
chloride as a mobile phase modifier, at a 0.5 mL/min initial flow
rate. A gradient in the mobile phase was employed to separate the
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different metabolites present in the samples. Water composition
increased for 3 min until a 65% acetonitrile was reached and then
the system recovered initial conditions. ACQUITY QDa mass de-
tector was employed to quantify sugar concentrations according to
the most abundant ions generated as described below. Calibrations
were performed using commercial standards of glucose and
lactose.

2.9. GSH derivatization protocols for UPLC analysis

The derivatization of GSH using DTNB yields a quantifiable
yellow-colored product, 5-thiobis-(2-nitrobenzoic acid) (TNB%")
which absorbs at 412 nm (see Fig. S3). 20 uL of reaction were mixed
with 100 pL of 5,5'-Disulfanediylbis (2-nitrobenzoic acid) (DTNB)
and 880 pL of 0.01 M 2-Amino-2-hydroxymethyl-propane-1,3-diol
(TRIS). Both samples and standards were filtered with 0.22 pm
Nylon filters before injecting in UPLC system.

2.10. "H NMR analysis of catalytic GSH oxidation

A 50 mM K;HPO4, 50 mM NaH;PO4 and 20 mM GSH solution
was prepared in D,0. Then, the CuFe catalyst was added until
reaching a [Cu] = 2.0 pg/mL. Samples were collected at reaction
times of 5 and 7 h and then centrifuged for 10 min at 13 000 rpm).
Supernatant was filtered using 0.22 um Nylon filters and incubated
with 400 mg of Chelex resin for 30 min prior to the NMR analysis.

2.11. TMB oxidation assays

A freshly prepared TMB (5 mg dissolved in 1 mL of DMSO) so-
lution was used before each assay. 2.3 mL of CH3COONa (0.05 M)
solution at pH = 5.80 were mixed with 200 pL of CuFe—Au solution
(final Au concentration = 0.01 mg/mL) and 15 pL of TMB solution to
reach a final concentration of 0.10 mM. Absorbance at 652 nm was
monitored for 500 s to check the generation of oxidized TMB.

2.12. Cell viability experiments

Cells were maintained by the UC Berkeley Tissue Culture Facility.
A-549 and CCD-32Sk cells were seeded in 75% and 85% confluence,
respectively using Dulbecco's modified Eagle medium (DMEM
supplemented with Glutamax) in a 96-well cell plate. CuFeAu NPs
stock solution was centrifuged and the solid was dissolved in
DMEM at different concentrations, ranging from 0.1 to 0.0125 mg/
mL of Cu. After 48 h, the wells were washed with PBS. Then, 100 uL
of solution containing CCK-8 in DMEM (10% v/v) was added to the
well. The cell plate was incubated at 37 °C in a 5% CO; for 2.5 h (for
A-549 cells) and 3.5 h (for CCD-32Sk cells). Finally, the absorbance
at 450 nm was measured using a plate reader.

2.13. Internalization capacity of A549 cells and confocal imaging

Briefly, 20,000 A-549 cells were seeded onto @ 12 mm cover-
slips, which were deposited on a 24-well plate. Cells were allowed
to attach to the coverslip at 37 °C and 5% CO; and, 48 h after the
seeding, cells were treated with a suspension of CuFe—Au NPs in
DMEM at 6.25 pg/ml of Cu for 48 h (for control cells, media
renewal was carried out). After this time, cells were washed thrice
with PBS, fixed with 4% paraformaldehyde for 30 min, and washed
again thrice with DPBS. Preparation of the samples for confocal
microscopy assay included an initial permeabilization of the
samples in a solution of DPBS/1% BSA/0.1% saponine, followed by a
1 h incubation with phalloidin-Alexa 488 (dilution 1:200) for actin
fibres staining. After the incubation, coverslips were gently
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deposited onto a drop of mounting media (Fluoromount-G) which
also contained DAPI for nuclei staining. Regarding the CuFe—Au
NPs, aggregates could be detected due to the reflection of the
incident light. In order to ensure the internalization of the NPs in
the cells, a Z-Stack of the whole cell was performed. Images were
analyzed, and the maximum orthogonal projection was obtained
for each image. The NPs could be observed due to the contrast
detected with the photomultiplier for transmitted light (T-PMT).
This experiment was performed in a confocal microscope (ZEISS
LSM 880 Confocal Microscope), using a 63/1.4 Qil DIC M27
objective.

3. Results and discussion

3.1. Synthesis, assembly and characterization of the CuFe—Au
nanocatalyst

We have fabricated a CuFe oxide spinel with reported activity
and selectivity towards GSH oxidation [19] and modified its surface
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with dimercaptosuccinic acid (DMSA) as linker to subsequently
attach ultrasmall Au NPs through covalent bonding (Fig. 1). We
analyzed in previous works how GSH interacted with Cu—Fe in a
first step (Fig. 1-1), and promoted the release of Cu®* ions from the
spinel network. These cations subsequently oxidized GSH into
GSSG through homogeneous catalysis (Fig. 1-1). At this point, we
hypothesized that this strong affinity between Cu and GSH [20]
might prevent the excessive inactivation of Au sites induced by
thiol groups from GSH during the glucose oxidation process (Fig. 1-
II). In addition, we also demonstrated that the H,O, generated as
by-product during the glucose oxidation could be further trans-
formed into *OH through a cascade reaction (Fig. 1-III). The syn-
thesis of the ternary CuFe—Au nanocatalyst took place following a
two-stage process (Fig. 2). The first part consisted on the hydro-
thermal preparation of the Cu—Fe spinel oxide NPS using BSA as
stabilizing agent [19] (Fig. 2a—i). Then, CuFe-BSA NPs were func-
tionalized with DMSA [21] in a basic solution (Experimental section
and Fig. S4). The ligand exchange and coating of CuFe-BSA NPs with
DMSA took place through bonding between the carboxylic end

CuFeZO4
- o DMSA

*_)
r o NaOH
Sodium Acetate S

Incubation at pH =7.4

Map Data 11

M 25m ! M 25m ! M 250m !

Fig. 2. Synthesis and electronic microscopy analysis of the CuFe—Au catalyst: (a) Scheme of the two-stage synthesis of the CuFe—Au nanohybrids: (a;) Synthesis of the DMSA coated
CuFe NPs using a hydrothermal assisted protocol in the presence of BSA, acting as template to induce particle growth at 180 °C and subsequent ligand exchange with DMSA in basic;
(aj) Generation of Au NPs using THPC as simultaneous reducing and stabilizing agent in the presence of NaOH and final assembly of CuFe and Au NPs via Au—S covalent bonding. (b)
TEM image of the CuFe—Au NPs; (c) Particle size distribution histograms corresponding to the individual diameters of AuNPs and CuFe NPs after attachment (n = 50); (d—e) HAADF-
STEM of CuFe—Au nanocatalyst where ultrasmall Au NPs are pin-pointed with yellow arrows and (e) HR-STEM image of a single Au nanoparticle deposited on CuFe, where an
interplanar distance of 0.235 nm can be attributed to the (111) plane of cubic structure of metallic Au; (f) STEM-EDS mapping analysis of CuFe—Au nanoparticles: Top row: HAADF-
STEM image and EDS mapping distribution of Cu, Au and Fe (merged); Bottom row: specific mapping distribution for Cu, Au and Fe respectively.
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groups and the Fe!l sites [21] of the spinel network (Fig. 2a—i). The
second stage consisted in the synthesis of ultrasmall AuNPs using
tetrakis-(hydroxymethyl)-phosphonium chloride (THPC) as reduc-
tion/stabilizing agent [10,18] (Fig. 2a—ii). Finally, both CuFe and Au
NPs were assembled via covalent linking between the S—H terminal
groups from DMSA and the Au NPs (Fig. 2 and SI for further details).
Transmission electron microscopy (TEM) and High Angle Annular
Dark Field Scanning Transmission Electron Microscopy (HAADF-
STEM) analysis of the CuFe—Au nanohybrids confirmed the suc-
cessful assembly (Fig. 2b and d-f) with an average diameter of
8.9 + 2.2 nm and 1.9 + 0.6 nm, respectively (Fig. 2c). HR-STEM
analysis of individual Au NPs confirmed the (111) crystalline
plane of cubic Au (Fig. 2e). The presence of Au was also confirmed
by STEM-Electron Dispersive X-ray Spectroscopy (EDS) (Fig. 2f).
STEM-EDS analysis of the nanohybrid (Fig. S5) also revealed a
Cu:Fe:Au ratio of 1.0:1.6:0.3, respectively. In the same analysis
performed by MP-AES, we obtained a Cu:Fe:Au ratio of 1.0:1.5:0.1,
respectively. The XRD analysis also confirmed that the crystalline
structure of the CuFe;04 spinel was preserved after Au deposition.
No clear signal from the Au NPs could be discerned given their
reduced size (Fig. S6). X-ray photoelectron spectroscopy (XPS)
analysis of the CuFe-DMSA NPs before and after the assembly of Au
NPs corroborated the increase of Au atomic percent on the surface
of the hybrid (see Tables S1—S2). Furthermore, the binding energies
(BEs) centered at 84.4 and 87.9 eV confirmed the metallic nature of
the Au species associated to the Au4f;; and Audfs;p regions,
respectively [22] (Fig. 3a).

Two photoemission contributions at 85.2 and 88.6 eV were
attributed to Au®* species probably in closer contact with the CuFe
spinel [22] (Fig. 3a). XPS analysis of the Fe2p region revealed the
coexistence of both divalent and trivalent oxidation states (Fig. 3b)
with main contributions at 710.9 and 712.9 eV for Fe(Il)2p3,2 and
Fe(IlI)2p32, respectively [23]. Cu XPS spectra (Fig. 3¢) showed a
clear contribution of Cu(Il)2p3/; and Cu(I)2ps3; at BEs of 934.9 and
933.5 eV [24]. Moreover, the assembly of Au nanoparticles did not
alter the oxidation state of Fe and Cu (see Tables S3—S4). The S2p
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region (Fig. 3d and Tables S3—S4) disclosed three main doublet at
161.0 and 161.6 eV, attributed to S binding to Fe and Cu [25], 162.3
and 163.1 eV attributable to Au—S binding [26,27] and unbounded
thiol groups at 163.8 (S2p32) and 164.9 eV (S2pq)2), respectively
[28]. Finally, a contribution from oxidized species could be identi-
fied at higher BEs [28]. FTIR analysis mostly revealed different
contributions from DMSA and THPC present in the nanohybrids
(see Fig. 3e). Two main contributions from DMSA (asymmetric/
symmetric contributions of C=0 bond at 1560 and 1390 cm')
[29,30] and THPC (O—H stretching/bending/deformation at 3250,
1630 and 1360 cm, respectively) [31] confirmed the presence of
the organic linker and the stabilizing ligand of AuNPs. Raman
spectroscopy of the CuFe;04 NPs revealed the presence of contri-
butions at low Raman shifts in the region between 200 and 400 cm!
that could be attributed to Fe and Cu oxides [32] (Fig. S7). The
hybrid CuFe—Au also revealed additional contributions in the 594-
680 cm! region corresponding to Cu and Fe oxides with higher
valence states. Additional Raman features appearing at 132 cm! can
be attributed to a small presence of gold oxide (Au—O stretching/
bending), chloride (Au—Cl stretching) and/or sulfide (Au—S
stretching) [33].

3.2. Simultaneous conversion of GSH and glucose: synergistic
influence of the CuFe NPs and comparison with inert SiO, NPs

Fig. 4a shows the glucose conversion levels achieved by the Au
NPs either in the presence or in absence of CuFe NPs and/or GSH
with analogous reaction kinetics (Fig. S8). The glucose-oxidase
mimicking activity of the Au NPs in the absence of GSH rendered
glucose conversions close to 25% when deposited on inert SiO2 NPs
(see Fig. 4a and Figs. S9—S10). This conversion rose up to ca. 50%
glucose conversion after 90 min of reaction at pH 7.4 in saline buffer
(Phosphate Buffer Saline, PBS) at physiological temperature (i.e.
37 °C) with the CuFe—Au nanohybrid. These values are in agree-
ment with those reported in the literature [7—10]. Interestingly, the
enhanced catalytic conversion of the CuFe—Au NPs can be probably
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Fig. 3. Spectroscopic characterization of the CuFe—Au catalyst: (a) X-ray photoemission spectrum corresponding to the Au 4f region of CuFe—Au catalyst; (b) X-ray photoemission
spectrum of the Fe2p region of the CuFe—Au catalyst accounting for the presence of divalent and trivalent Fe species; (c) X-ray photoemission spectrum of the Cu2ps; region
accounting for the presence of Cu(Il) and Cu(I) species in the CuFe—Au catalyst; (d) X-ray photoemission spectrum of the S2p region where the peaks detected at higher binding
energies (i.e. 162.5 and 163.6 eV) are attributed to Au—S bond formation [26,27]; (e) Fourier Transformed Infrared spectroscopy (FT-IR) analysis of the CuFe—Au nanohybrid.
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90 min; Reaction conditions: pH = 7.4, buffered PBS; [Glucose]o = 5.5 mM; [GSH]o = 5 mM; [Au] = 0.02 mg/mL; (b) GSH conversion levels before and after the assembly of Au NPs;
(c) "H NMR analysis of GSH catalytic oxidation reaction at different reaction times. Signal at 3.20 ppm identifies as oxidized GSH (i.e. GSSG) or Cu(SG), complex [20]; (d) Schematic
illustration of the influence of GSH towards the deactivation of Au sites due to the competing poisoning induced by the GSH molecules that prevent the catalytic conversion of
glucose; (e) Cell viability at different catalyst concentrations (expressed in [Cu]) after 48 h of incubation in A-549 (lung cancer cells, blue bar) and CCD-32Sk (human fibroblasts, red
bar); (f) Confocal microscopy images obtained from treated A-549 cells with 6.25 mg Cu-mL" cells after 48 h. Actin fibres are shown in red after staining with phalloidin-Alexa 488,
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attributed to the capacity of Cu and Fe to trigger a cascade reaction
to transform H,0,, generated as secondary by-product of the
glucose oxidation, into *OH. This latter process (see Fig. 1-11I) would
be favored via Fenton-like reaction [34] and would be contributing
to the additional oxidation of glucose observed in Fig. 4a. In order to
demonstrate this cascade reaction, we performed a series of ex-
periments using the colorimetric probe 3,3',5,5'-tetrame-
thylbenzidine (TMB) whose reaction with oxidizing species (i.e.
*OH) yields a colored probe that can be monitored by UV—vis
spectroscopy (Fig. S11). A control experiment in the presence of
2 mM of Hy0, yielded an increase of the absorbance at 652 nm, due
to the formation of the oxidized TMB species [10,12]. In the absence
of H,0,, the enhancement of the signal could be only attributed to
the oxidase-like capacity of the Au NPs, which can also transform

TMB by themselves in the presence of dissolved O, [35]. However,
in the presence of 5.5 mM of glucose, the absorbance at 652 nm was
higher due to the progressive generation of H,0, after catalyzing
the glucose oxidation (Fig. S11).

Previous studies have demonstrated that GSH and other bio-
molecules containing —SH moieties [11] can induce the progressive
deactivation of noble metals and the loss of their oxidase
mimicking response [12—14]. In our case, the addition of GSH
reduced the overall glucose conversion levels, regardless of the
catalysts tested (Fig. 4a). Nevertheless, while the activity of the
Au—SiO; NPs decreased in the presence of GSH (only 3% conversion
was achieved after 90 min, a 9-fold decrease, see Fig. 4a), the
CuFe—Au NPs were still able to achieve 35% glucose conversion (i.e.
70% of its original conversion) despite the strong deactivation
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scenario induced by GSH. Moreover, these NPs were able to
maintain the GSH depletion activity in comparison with the DMSA
coated CuFe analogous NPs [19] (Fig. 4b). Furthermore, 'H NMR
analysis of the catalytic GSH oxidation showed an increasing
contribution at 3.2 ppm due to the generation of Cu(SG); and GSSG
species, both present in the homogeneous GSH oxidation [20]
(Fig. 4c). In summary, using CuFe NPs as co-catalyst of Au NPs de-
lays their deactivation by GSH following the process illustrated in
Fig. 4d. We hypothesize that both Au and CuFe NPs possess avail-
able active sites with strong affinity towards GSH. The preference of
GSH to bind and with Cu sites [20] favors a delayed deactivation
and poisoning of Au active sites that can continue the glucose
conversion reaction in the presence of GSH and generate H,0, for
subsequent Fenton chemistry able to induce ROS generation.
Likewise, the strong affinity of —SH group by Cu sites in the CuFe;04
structure promotes its leaching following the reported mechanism
in our previous work [20]. Once in solution, Cu®" starts to catalyze
oxidation of GSH to yield GSSG. We suggest that the decrease of free
—SH groups from GSH after its oxidation can prevent the complete
deactivation of the Au NPs towards the glucose oxidation.

Finally, the interaction of CuFeAu catalyst in a biological media
was evaluated studying their cytotoxicity in A549 (lung cancer) and
CCD-32Sk (human fibroblasts). A549 was the selected cancer cell
line due to their known dependence on glycolysis [36] and GSH [37]
metabolism. The viability of A549 cells decayed in the presence of
CuFeAu catalyst while fibroblast remained healthy at all the eval-
uated concentrations of catalysts (Fig. 4e). We assume that the
simultaneous depletion of both glucose and GSH have a direct
impact on their survival and the high specificity towards the cancer
cells corroborates the efficiency of the combined strategy targeting
two key biomolecules for these cancer cells, simultaneously.
Moreover, representative fluorescence confocal microscopy (Fig. 4f,
Fig. S12) images of A549 incubated with CuFeAu NPs after 48 h
demonstrated the presence of the catalyst within the cells to trigger
the described catalytic reactions and also the presence of some
non-internalized aggregates. All these data suggest CuFeAu as a
promising and selective catalyst for Chemodynamic-starvation
therapy.

4. Conclusions

We have demonstrated the versatility of a CuFe—Au nanoplat-
form able to simultaneously prevent the deactivation of Au sites
during the catalytic oxidation of glucose and the oxidation of GSH.
GSH is rapidly consumed due to the synergistic action of the Cu—Fe
mixed oxide NPs assembled to the Au NPs. To the best of our
knowledge, this is the first example in literature where this glucose
conversion is successfully carried out in the presence of GSH
[19,20]. The synergistic action of these heterostructures may pave
the way to develop more efficient and selective nanocatalysts while
preventing side effects or undesired deactivation events.
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