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erplay between homogeneous and
heterogeneous catalytic mechanisms in copper–
iron nanoparticles working under chemically
relevant tumour conditions†

Javier Bonet-Aleta, abc Miguel Encinas-Gimenez, abc Esteban Urriolabeitia, d

Pilar Martin-Duque, ‡befg Jose L. Hueso *abcf and Jesus Santamaria *abcf

The present work sheds light on a generally overlooked issue in the emerging field of bio-orthogonal

catalysis within tumour microenvironments (TMEs): the interplay between homogeneous and

heterogeneous catalytic processes. In most cases, previous works dealing with nanoparticle-based

catalysis in the TME focus on the effects obtained (e.g. tumour cell death) and attribute the results to

heterogeneous processes alone. The specific mechanisms are rarely substantiated and, furthermore, the

possibility of a significant contribution of homogeneous processes by leached species – and the

complexes that they may form with biomolecules – is neither contemplated nor pursued. Herein, we

have designed a bimetallic catalyst nanoparticle containing Cu and Fe species and we have been able to

describe the whole picture in a more complex scenario where both homogeneous and heterogeneous

processes are coupled and fostered under TME relevant chemical conditions. We investigate the

preferential leaching of Cu ions in the presence of a TME overexpressed biomolecule such as

glutathione (GSH). We demonstrate that these homogeneous processes initiated by the released by Cu–

GSH interactions are in fact responsible for the greater part of the cell death effects found (GSH,

a scavenger of reactive oxygen species, is depleted and highly active superoxide anions are generated in

the same catalytic cycle). The remaining solid CuFe nanoparticle becomes an active catalyst to supply

oxygen from oxygen reduced species, such as superoxide anions (by-product from GSH oxidation) and

hydrogen peroxide, another species that is enriched in the TME. This activity is essential to sustain the

homogeneous catalytic cycle in the oxygen-deprived tumour microenvironment. The combined

heterogeneous–homogeneous mechanisms revealed themselves as highly efficient in selectively killing

cancer cells, due to their higher GSH levels compared to healthy cell lines.
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Introduction

Glutathione (GSH) is a key peptide in the regulation of intra-
cellular reactive oxygen species (ROS) levels. Its role is of para-
mount importance in the tumour microenvironment (TME),1

where GSH is overexpressed to counteract the overproduction of
oxidizing species such as H2O2 that may disrupt redox homeo-
stasis leading to apoptosis.2 GSH counteracts the generation of
ROS via enzymatic reaction with the glutathione peroxidase
(GPx) enzyme.3 Consequently, GSH is quickly becoming the
target of new cancer therapies.1 In addition, the high intra-
tumoral GSH concentrations (up to mM levels4,5) may interfere
with emerging cancer therapies (chemodynamic- (CDT), sono-
dynamic- (SDT), and photodynamic (PDT)) therapy that are
ROS-dependent and become less effective in the presence of
increased GSH levels.6

Nanocatalytic cancer therapy is rapidly emerging as a novel
alternative able to trigger selective catalytic reactions in cancer
Chem. Sci., 2022, 13, 8307–8320 | 8307
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Fig. 1 Simplified overview of the homogeneous–heterogeneous
processes fostered by the CuFe nanocatalyst in the presence of GSH.
After a GSH-triggered Cu release from the nanocatalyst, Cu2+ cata-
lyzes the homogeneous oxidation of GSH into GSSG. Simultaneously,
Fe(III) species present on the nanoparticle surface catalyze the
conversion of H2O2 and cO2

� species, considered as by-products from
GSH oxidation into O2 necessary to sustain the GSH depletion
homogeneous cycle.
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cells to induce their apoptosis.7,8 Transitionmetal nanocatalysts
in particular are able to promote GSH depletion via oxidation
mechanisms thereby interfering in the survival and protection
mechanisms of cancer cells.7 The ideal scenario involves cata-
lytic materials that can eliminate antioxidant molecules such as
GSH, while simultaneously promoting the generation of ROS. It
is obvious that a deeper understanding of the role of nano-
catalysts in the TME is critical to enhance their efficient action.
However, this still represents a formidable challenge: the cata-
lytic mechanisms of the most promising nanoplatforms and
their interplay with key biomolecules remains elusive due to the
complexity of the interactions in the TME.

A fundamental aspect of the interaction between catalyst
nanoparticles (NPs) and the TME that is oen overlooked
relates to the surface phenomena involved. In particular,
leaching (i.e. metal ions lixiviated from the surface of the
nanostructured catalysts into the surrounding uid) is
a phenomenon likely to have a strong inuence on the nal
therapy outcome. Previous investigations have aimed at
designing nanoplatforms with pH-triggered metal ion lixivia-
tion given the mildly-acidic TME.9 The inuence of acidity in
metal lixiviation has been explored in several cancer-related
works for Fe,10,11 Mn12–14 or Cu.15–20 It has also been shown
that the complex chemical composition in biological environ-
ments includes molecular species such as amino acids, that
may promote lixiviation especially in the case of Cu.21–23

However, the role that these species may play as catalysts and
the interactions with heterogeneous processes fostered by the
solid phase have not been investigated.

Some valuable insights can be derived from conventional,
aqueous phase catalysis. Eremin et al.24 recently pictured an
expanded vision of the nature of transition-metal-catalyzed
reactions. These authors described the well-established
scenarios of (i) molecular-based catalysis and (ii) nanoparticle-
based catalysis (heterogeneous catalysis) and presented three
additional intermediate scenarios given by (iii) lixiviation-
driven catalysis; (iv) “cocktail” of catalysts derived from the
nanoparticle (clusters, atoms, lixiviated ions) and (v) dynamic
catalytic systems. The action of the catalyst nanoparticles used
in medical applications is generally interpreted on the premises
of purely heterogeneous mechanisms. Only in a few cases, (e.g.
MnO2-based nanomaterials, where dissolution of the nano-
oxide structure through reaction with GSH is followed by Fen-
ton processes facilitated by the as-formedMn2+ ions) an attempt
has been made to describe processes closer to lixiviation-driven
catalysis. It must be noticed that the nanoplatforms evaluated
as catalysts for cancer therapy are usually composed by more
than one metal, (e.g. Cu2MoS4,25 MnFe2O4,26 CuFe2O4,27 copper/
manganese silicate,17 CuxFeySz (ref. 28) or SrCuSi4O10 (ref. 20))
and these may be affected to a different extent by lixiviation
phenomena under the mildly-acidic, hypoxic and GSH-enriched
conditions prevalent in the TME. In any case, issues such as the
extent of the lixiviation process, the possibility of a preferential
leaching of a specic transition metal or the inuence of
specic chemical species present in the TME remain mostly
unexplored. At present, is not possible to state whether the
therapeutic action of nanocatalysts in the TME is attributable to
8308 | Chem. Sci., 2022, 13, 8307–8320
lixiviated ions, a purely heterogeneous reaction, or a combina-
tion of both phenomena.

Here, we have thoroughly evaluated the catalytic mecha-
nisms behind the action of a copper–iron mixed oxide (CuFe)
nanocatalyst under TME representative conditions. This is
a bimetallic system, complex enough to illustrate the main
phenomena taking place. Our results shed light on the inter-
play between heterogeneous and homogeneous processes
occurring in the presence of GSH. We report for the rst time
how the presence of elevated levels of GSH induces a prefer-
ential lixiviation of Cu species, initiating a homogeneous
catalytic cycle that efficiently oxidizes GSH into glutathione
disulde (GSSG), assisted by the in situ formation of Cu–GSH
coordination complexes. Simultaneously, the progressively Fe-
enriched NP gives rise to heterogeneous catalytic cycles using
ROS generated in the homogeneous GSH oxidation cycle
(Fig. 1) or the overexpressed H2O2 present in the tumoral
media.29,30 The system chosen is of especial interest, consid-
ering the increasing relevance of Cu and its interaction with
key processes in cancer development.31 Overall, the results
presented in this work provide new insight on the dynamics of
the chemical reactions inside the TME and valuable clues for
the design of more efficient catalysts to operate in this
environment.
Results and discussion
Cation leaching in the presence of GSH

The inuence of GSH on the release of ionic Cu and Fe from the
CuFe2O4 nanocatalyst was quantied by microwave plasma-
atomic emission spectroscopy (see Experimental section for
© 2022 The Author(s). Published by the Royal Society of Chemistry
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details). A concentration of GSH of 5 mM was selected for the
experiments in order to mimic the average intracellular GSH
levels reported in the literature for cancer cells.32–35 The pres-
ence of GSH at a concentration of 5 mM changed considerably
the leaching patterns. Thus, the release of Cu was strongly
enhanced, with a cumulative release of ca. 70% of the initial Cu
in the particle aer 24 h (compared to about 20% in the absence
of GSH). On the other hand, while Fe is not expected to be
lixiviated signicantly at this pH, we found that ca. 30% of the
initial Fe content was released from the nanoparticle aer 24 h
(see Fig. 2a). We attribute this behaviour to the generation of
high-energy vacancies aer GSH-triggered Cu release that
facilitates the transfer of Fe into the solution.36 The fact that Cu
release is favored in the presence of GSH is not totally unex-
pected, as previous works had reported Cu lixiviation from CuO
nanoparticles in the presence of amino acids or peptides.21,22

Interestingly, at lower pH values (pH of 5.80, close to the pH in
a solid tumour medium) the extent of leaching for both Cu and
Fe in the presence of GSH was reduced (Fig. 2b), although the
percentage of Cu leached doubles that of iron. Considering the
different ionic forms of GSH upon varying the pH (ref. 37)
(Fig. 2c), this behaviour can be linked to the stronger nucleo-
philic character of –SH group from GSH species as pH
increases.38 Compared to –SH, thiolate (–S�) form exhibits
much stronger nucleophile behaviour and the processes where
–S� is involved may occur even at pH values far below thiol
pKa,39 which may explain the promotion of Cu leaching at
higher pH.
Fig. 2 GSH effect on the evolution of copper and iron cations lixiviated a
species as a function of different pH values; vertical lines represent the
expected GSH species; GSH concentration was set to 5 mM. Speciation

© 2022 The Author(s). Published by the Royal Society of Chemistry
Homogeneous GSH oxidation by cations leached from CuFe
nanoparticles

Aer the abrupt cation release observed in the presence of GSH
(Fig. 2a and b) and its preferential action towards the lixiviation
of Cu (roughly twice as much Cu is released, compared to Fe), it
is reasonable to assume a catalytic scenario mainly composed
by aqueous Cu2+ ions and GSH (5 mM). This is relevant because
previous works have described a evolution of GSH into its
oxidized form (GSSG) catalyzed by Cu2+.41 In this scenario, O2

could act as electron acceptor yielding reduced reactive oxygen
species (cO2

� (ref. 42 and 43) and H2O2 (ref. 41)) and GSSG as
products, respectively (see Fig. 3a). Encouraged by these
perspectives, we explored the possibility of fostering homoge-
neous oxidation processes using the cations released from our
CuFe2O4 nanocatalyst, while retaining the heterogeneous cata-
lytic activity of the nanoparticles themselves.

In order to analyze the potential contribution of each lixivi-
ated metal (Fe, Cu) in the homogeneous catalysis of GSH we
performed a series of control experiments using chloride salt
precursors (CuCl2 and FeCl3, respectively). We carried out 1H-
nuclear magnetic resonance (1H-NMR) analysis of the mixture
CuCl2 + GSH (Fig. 3b) to characterize the Cu(SG)2 complex.42–46

These assays were performed in the absence of O2 to prevent the
total evolution of the reaction to products. The resulting spectra
revealed a splitting of the b-CH2 protons of the Cys residue of
GSH, appearing as an unresolved multiplet at 2.86 ppm into
a well dened AB spin system at 3.22 and 2.88 ppm, due to the
bonding of the S atom to the reduced Cu(I) center.43,47 Other
t different pH media: (a) pH ¼ 7.4; (b) pH ¼ 5.80; (c) different GSH ionic
pH of selected experimental conditions for a better identification of
diagram was generated using pKa values obtained from.40

Chem. Sci., 2022, 13, 8307–8320 | 8309
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Fig. 3 Homogeneous catalysis of ionic Cu and GSH with O2. (a) Proposed homogeneous catalytic cycle for the Cu-assisted GSH oxidation. The
reoxidation of Cu(SG)2 to Cu(GSSG) involves a reaction between the Cu(GS–SG)c� complex and O2, yielding superoxide radical species (cO2

�) as
reaction by-product. The shaded areas correspond to the structure of GS and GS(H)SG, which are abbreviated for a better understanding; (b) 1H
NMR spectra of GSH, GSSG, GSH + CuCl2 and GSH + CuFe at different reaction times (2, 3 and 24 h) with the corresponding proton assignments.
1H NRM signal at 3.22 ppm implies a chemical modification near –SH group of the native GSHmolecule, either [Cu(SG)2]

+ or GSSG formation. 1H
NMR reaction spectra at 24 h is clearly altered due to paramagnetism induced by free Cu2+ in solution, since the reaction is complete and noGSH
is available to coordinate Cu2+; (c) HRMS-ESI from control experiments with CuCl2 + GSH binary mixture in anaerobic conditions to quench the
catalytic reaction. Two peaks at m/z ¼ 613.16 and 635.14 corresponding to [GSSG � H]+ and [GSSG + Na]+ confirmed the generation of GSH
oxidation product. The catalytic intermediate Cu(SG)2 is detected at m/z ¼ 674 and 675, respectively; (d) evolution of GSH concentration in the
presence of the CuFe nanocatalyst at pH 7.40 or 5.80 (adjusted with HCO3

�), 37 �C, [GSH]0 ¼ 5 mM; [CuFe]¼ 0.1 mg mL�1; (e) influence of GSH
on the generation of anion superoxide species cO2

� as side-product of the Cu-catalyzed GSH oxidation. The absorbance of DPBF at a wave-
length of 411 nmwas used as indirect probe; reaction conditions: pH¼ 7.40 (adjusted with HCO3

�), [GSH]0 ¼ 5 mM, [DPBF]0 ¼ 0.1 mM, [CuFe]¼
0.1 mg mL�1.
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signals remained almost unchanged, suggesting that only the S
atom is involved in bonding of GSH to Cu(I). This is in accor-
dance with hard so acid base theory (HSAB), so-basic thiol
(–SH) groups from GSH tend to bond so-acidic Cu(I) centers.48

Diffusion-ordered NMR spectroscopy (DOSY) experiments
were also performed with GSH, GSSG and the CuCl2 + GSH
binary mixture to determine the molecular size of each
8310 | Chem. Sci., 2022, 13, 8307–8320
molecule and complex intermediates present in the solution
based on their diffusion coefficients (D, m2 s�1). The diffusion
coefficients from the control experiments with GSH and GSSG
(Fig. ESI-1a and b†) were adjusted to 3.98 � 10�10 and 2.75 �
10�10 m2 s�1, respectively. Likewise, their corresponding
hydrodynamic radii calculated through Stokes–Einstein equa-
tion were 0.6 and 0.9 nm. These values are in good agreement
© 2022 The Author(s). Published by the Royal Society of Chemistry
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with intramolecular distances obtained in X-ray structures for
GSH49–51 and GSSG.52,53 DOSY analysis of the CuCl2 + GSH binary
mixture yielded a product with a D ¼ 2.75 � 10�10 m2 s�1

(Fig. ESI-2a†). In the presence of Cu2+, the species formed are
larger than GSH (Fig. ESI-1a†) but of a similar size in compar-
ison with GSSG (Fig. ESI-1b†). The complex Cu(SG)2 is formed
under these conditions,42–46 which exhibit a rather analogous
coefficient D with respect to GSSG. Also, we were able to conrm
the formation of the Cu complex through the homogeneous
catalytic cycle of Fig. 3a using high resolution mass
spectroscopy-electroSpray ionization (HRMS-ESI) (Fig. 3c), that
allowed identication of peaks corresponding to [GSSG + H]+

(m/z ¼ 613.1613) and [Cu(SG)2 + H]+ (m/z ¼ 675.0801). Ngam-
chuea et al.41 studied the Cu(II)-mediated GSH catalytic oxida-
tion and suggested a reaction pathway based on kinetic
experiments where Cu(SG)2, the same species detected in our
control experiments (Fig. 3c) also acted as reaction
intermediate.

We also evaluated the potential contribution of Fe species to
form complexes with GSH. In this case, control experiments
with FeCl3 were carried out at pH ¼ 3.60 to minimize the
formation of iron hydroxide species which interfere with NMR
measurements and the introduction of species that are not
normally present at physiological pH. 1H-NMR and DOSY
control experiments with FeCl3 conrmed the formation of [Fe–
(SG)x] complexes (Fig. ESI-3a and b†), with proton chemical
shis at 3.04 and 2.76 ppm corresponding to assignments
previously reported in the literature.54,55 In addition, HRMS-ESI
analysis revealed the formation of [Fe2(SG)2 + H]+ (m/z ¼
725.0352) and [Fe(SG) + H]+ (m/z ¼ 363.0173) complexes
(Fig. ESI-4†).54

Once the formation of complexes with Cu and Fe cations
were conrmed, analogous experiments with the CuFe nano-
catalyst were subsequently carried out in the presence of GSH.
The Cu lixiviated at pH ¼ 7.4 interacted with the excess of GSH
like in the control experiments. 1H-NMR and DOSY analysis of
the solution (Fig. 3b and ESI-2b†), revealed both the presence of
unreacted GSH (D ¼ 4 � 10�10 m2 s�1) and the formation of
species with D ¼ 2.70 � 10�10 m2 s�1. Taking into account the
control experiments with CuCl2, the formation of the Cu(SG)2
intermediates seemed also very likely in the presence of the
CuFe catalyst. The widening on the spectra signals was attrib-
uted to different equilibria established between GSH and
Cu(SG)2.45,56 The presence of very small amounts of para-
magnetic [Fe–(SG)x] complexes cannot be discarded, and could
also contribute to the widened signal. MS-ESI analysis of the
solution at different reaction times (3–24 h) yielded a mixture of
Cu–SG-derived fragments (Fig. ESI-5†) supporting the hypoth-
esis of Cu-SG as reaction intermediate in the catalytic cycle.

GSH levels were monitored via ultra performance liquid
chromatography-photo diode array (UPLC-PDA) and revealed an
important decrease at pH ¼ 7.40 and 5.80 due to the catalytic
activity of the Cu lixiviated by GSH (Fig. 3d). Remarkably, the
formation of H2O2 and cO2

� were also detected in the presence
of GSH (Fig. 3e) using 1,3-diphenylisobenzofuran (DPBF) as
analytical probe (see also Experimental section and scheme of
the reactions in Fig. ESI-6a†).57,58 The specic generation of cO2

�

© 2022 The Author(s). Published by the Royal Society of Chemistry
was evaluated using dihydroethidium (DHE) (see Fig. ESI-
6a†).58–61 An enhancement of 20% of the uorescence signal of
oxidized DHE in the presence of 5 mM of GSH was found
(Fig. ESI-6b†) in comparison to the control experiment in the
absence of catalyst. Considering this set of experimental results
we concluded that the simultaneous formation of H2O2 and
cO2

� was taking place during the catalytic GSH oxidation. These
ndings are also in agreement with other reports available in
the literature41,43,45,62 and allowed us to propose a homogeneous
catalytic reaction taking place mainly between the Cu2+ cations
released from the CuFe catalyst and GSH (reaction step dis-
played in Fig. 3a): (i) GSH is able to bind and reduce aqueous
Cu2+ species into Cu+ through –SH group to form the CuI(SG)
intermediate; (ii) a second GSH molecule is able to cleave the
Cu–S bond to promote S–S formation through a radical
process.39 This step is thermodynamically favoured since S–S
bond energy is larger in comparison to Cu–S (429 vs.
285 kJ mol�1, respectively63). Following reported thiol oxidation
kinetics,39 we propose the (iii) formation of the radical inter-
mediate [CuI(GSSG)]c�. O2 acting as electron acceptor with-
draws one/two electron from this disulde radical anion
(Fig. ESI-7†) (iv) to yield the superoxide anion cO2

� (path I, one
electron) or H2O2 (path II, two electrons) that we have been able
to detect together with CuI(GSSG). Aer this fast electron
transfer, (v) the CuI center rapidly oxidizes into CuII in the
presence of O2.45 (vi) The catalytic cycle is restored aer GSSG is
detached from the coordination sphere of CuII and replaced by
a fresh GSH molecule. In the presence of a GSH excess, the
CuII(GSSG) complex exchanges GSSG by GSH to restart the
catalytic cycle.45 This process is also thermodynamically fav-
oured, since the formation constant (log K0) of Cu(SG)2 is
signicantly higher (26.6)64 than Cu(GSSG) (3.63).65 The
appearance of the Cu(SG)2 complex is also favored by pH values
typically met in a tumour microenvironment (Fig. ESI-8 and ESI-
9†). Although the lixiviation of Cu triggered by GSH proceeds at
a slower pace at pH ¼ 5.80 (see Fig. 2b), the percentage of Cu
leached aer 2 h of reaction reached �25%, enough to produce
the oxidation of roughly half of the initial GSH at that time
(Fig. 3d). Furthermore, lower pH values may also increase the
reaction rate of Fenton and Fenton-like processes related to the
Cu and Fe28,32,66 and enhance the GSH oxidation rates via ROS
formation.

Similarly, to the control experiments carried out with FeCl3,
the experiments between CuFe and GSH excess were carried out
under acidic conditions. Aer 3 hours of reaction, 1H-NMR
analysis (Fig. ESI-3a†) showed no meaningful fractions of
GSSG/Fe(SG) complex formed. UPLC-PDA and MS-ESI analyses
further corroborated the lower conversion of GSH in the pres-
ence of lixiviated Fe ions (Fig. ESI-10 and ESI-11,† respectively).
While an increase of the [Fe(SG) + H]+ signal was found aer
24 h of reaction (Fig. ESI-8a†), a signicant concentration of
GSH was still present (Fig. ESI-8b†). These GSH-oxidation
results together with previous MP-AES results at neutral pH
(Fig. 2a) further suggest a limited inuence of Fe in the
homogeneous conversion of GSH. Two factors are key to justify
these phenomena: (i) the much larger standard reduction
potential of Fe3+/2+ (E0 ¼ +0.77 V compared to +0.153 V for Cu2+/
Chem. Sci., 2022, 13, 8307–8320 | 8311
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+) implies a comparatively slower catalytic cycle since the
regeneration of Fe3+ species to restart the cycle requires a higher
energy demand, an energy penalty analogous to that observed in
Fenton-like processes;67 (ii) the scarcity of labile Fe3+ available,
both due to its slower leaching rate compared to Cu (Fig. 2a)
and to the fact that at physiological pH released iron tend to
rapidly form Fe(OH)3 species.68
Heterogeneous O2 generation of the Fe-enriched solid
nanoparticles

Given the strong Cu release in comparison with the much less
intense Fe lixiviation, we investigated the morphological and
catalytic properties of the progressively Fe-enriched nano-
particles. Aer the interaction with GSH, most of Cu present in
the NP is lixiviated into the aqueous media (see Fig. 2a). This
was conrmed by high-angle annular dark eld-scanning
transmission electron microscopy (HAADF-STEM) and energy
dispersive X-ray spectroscopy (EDX) mapping analysis of the
NPs before (Fig. 4a) and aer (Fig. 4b) reaction, revealing a very
signicant Fe enrichment following the preferential leaching of
Cu aer its interaction with GSH. X-ray photoelectron spec-
troscopy (XPS) analysis of the CuFe nanocatalyst further
conrmed the strong reduction of the atomic percentage of Cu
at the surface in comparison with the original sample (0.28
atomic% Cu aer exposure, compared to 7.80 before, a 28-fold
decrease, see Tables ESI-1 and ESI-2†). This was further sup-
ported by the signicant reduction of the Cu 2p3/2 photoemis-
sion contribution aer incubation with GSH (Fig. 4c).

In addition, the oxidation state of Cu was strongly affected by
the process. The remaining Cu content was enriched in Cu+ as
shown by the ratios of the contributions at 932.6 and 934.3 eV
due to the reduction capability of GSH,69 compared to the
original sample with a higher ratio of Cu(II) to Cu(I) states.70 In
contrast, the Fe surface atomic percentage slightly increased
(see Tables ESI-1 and ESI-2†). TEM analysis of the CuFe nano-
catalyst aer one hour of incubation with different GSH
concentrations revealed that some NP size reduction takes place
in the presence of average intracellular GSH concentrations (i.e.
5 mM) as a consequence of metal leaching (Fig. 4d). XRD
analysis showed an important decrease of the intensity corre-
sponding to the (400) diffraction peak71 which accounts for the
crystalline plane that includes four tetrahedral Cu sites
(Fig. ESI-12a and b†). This reduction is also consistent with the
selective loss of copper sites upon the incubation with GSH
(Fig. 2). In contrast, the Fe-enriched remaining solid nano-
particle matches well with the XRD patterns of Fe3O4 and
CuFe2O4 (Fig. ESI-12a†).

Fe-based oxides have been reported as active catalysts to
transform ROS species, such as cO2

� (ref. 72 and 73) or H2O2

(ref. 7, 27 and 74) into H2O2 and O2, respectively. Specically,
both species (cO2

� and H2O2) are interesting in our system. cO2
�

is a reaction side-product resulting from the homogeneous
catalytic cycle (Fig. 3b) and H2O2 is both an intratumoral over-
expressed molecule75,76 and a reported by-product of Cu-
catalyzed GSH oxidation in the homogeneous phase.41 Thus,
the Fe-enriched fraction of the heterogeneous CuFe catalyst was
8312 | Chem. Sci., 2022, 13, 8307–8320
not a mere spectator of the homogeneous catalytic cycle. On the
contrary, it became an active agent in generating O2 from H2O2

under hypoxic conditions (i.e. low O2 concentration) that prevail
in TME (Fig. 4e). This is clearly shown in Fig. 4f. Aer each H2O2

injection a clear increase in the concentration of dissolved O2

was observed in the presence of the Fe-enriched catalyst, acting
as a catalase-mimicking surrogate. This experiment rendered
the opposite result when carried out in the presence of the Cu
leachate from the catalyst, where no O2 generation could be
observed (Fig. 4f). The generated O2 allowed to complete and
sustain the homogeneous GSH-oxidation cycle, which needs O2

as nal electron acceptor.77 We also evaluated the potential
capability of this Fe-enriched catalyst to transform cO2

� into O2.
KO2 was selected as superoxide source. In spite of the rapid self-
dismutation of cO2

� itself in the control experiments,78 the
contribution of the catalyst could be clearly distinguished at
longer reaction times (Fig. ESI-13†). Interestingly, while the Fe-
enriched solid nanocatalyst was able to decompose H2O2 into
O2 (Fig. 4f), it showed negligible activity towards cOH produc-
tion via Fenton-like processes when tested with methylene blue
(MB) (Fig. ESI-14†).
Interplay between homogeneous and heterogeneous catalysis
in healthy and cancer cells with different GSH levels

To evaluate the biological action of the CuFe nanocatalyst,
additional experiments were carried out against different cell
lines. Different cancer cell lines were specically selected for
their intrinsic high GSH levels, while healthy cell lines (i.e.
broblasts and mesenchymal cells) with lower GSH concentra-
tions were used as control.79,80 Specically, four different
tumour cell lines were chosen to assess the cytotoxic effect of
this nanocatalyst: U251-MG and U87-MG (both malignant
glioblastoma cell lines), SKOV-3 (ovarian cancer cell line) and
HeLa (cervical cancer cell line). The aim of the study was to
compare the behaviour of cell lines against the action of our
nanocatalyst, since we could expect variable effect depending
on their specic GSH content (Fig. 5a).

The results of the cytotoxicity studies aer different incu-
bation times with the CuFe nanocatalyst (Fig. 5b) revealed
a clear effect: the viability of the four tumour cell lines was
reduced, even at the lower concentrations of the catalyst and
shorter incubation times (see Fig. 5b). In contrast, the non-
tumoral cell lines remained viable in the presence of much
higher concentrations of the catalyst. The 50% cytotoxic
concentration (CC50) determined for the CuFe nanocatalyst was
signicantly lower in the cancer cell lines than in the healthy
ones (Fig. 5b and Table ESI-6†). In addition, the monitoring and
quantication of intracellular GSH levels in U251-MG and HeLa
cell (cancerous) and hpMSC (healthy) cell lines helped to
correlate with their respective viabilities in the absence and
presence of the CuFe nanocatalyst (Fig. 5b). The corresponding
GSH intracellular levels were quantied following a recently
optimized protocol by Bonet-Aleta et al.32 (see Experimental
section). Both cancer cell lines (i.e. U251-MG and HeLa) showed
a signicant decrease in GSH levels (40.6 and 20.6%, respec-
tively) while GSH levels of the evaluated healthy cell line remain
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Heterogeneous catalysis on the Fe-enriched nanoparticle surface: (a) and (b) STEM-EDX images before/after catalyst interaction with
GSH. Prior to the GSH-triggered lixiviation of Cu, Fe and Cu co-localize within the crystalline network of the nanoparticle oxide. However, after
GSH exposition, Cu starts to be released and its presence in the nanoparticle is strongly reduced; (c) X-ray photoemission spectra corresponding
to the Cu 2p3/2 and Fe 2p regions before and after reaction of the CuFe nanocatalyst with GSH; as a consequence of leaching process, the
intensity of Cu signal is close to noise; (d) TEM images of the CuFe nanocatalyst after 1 hour incubation with different GSH concentrations
relevant at the intracellular and extracellular levels. Size analysis of individual nanoparticles reveals a certain reduction of size in the presence of
larger GSH concentrations (5mM); (e) scheme showing the transformation of the by-products generated via aerobic GSH oxidation into O2 in the
presence of the solid Fe-enriched catalyst that enables the regeneration of O2 as electron acceptor to sustain the GSH oxidation cycle; (f) O2

generation capabilities of the Fe-enriched nanoparticles and of the supernatant containing leached Cu cations after the addition of H2O2;
experimental conditions: pH ¼ 7.40; [H2O2]0 ¼ 1 mM, [CuFe] ¼ 0.1 mg mL�1; addition of H2O2 is highlighted.

© 2022 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2022, 13, 8307–8320 | 8313
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Fig. 5 Cancer cell lines with overexpressed GSH levels are intensely affected by CuFe-triggered catalysis. (a) Left: scheme of catalyst evolution
inside the cell, highlighting the role played by GSH; Right: intracellular GSH concentration levels detected for U251-MG, HeLa and hpMSC cell
lines before and after 24 h of incubation with 25.0 mg mL�1 of CuFe nanocatalyst. Statistical analysis revealed significant differences for cancer
cells with higher GSH levels (i.e. U251-MG and HeLa) in comparison to hpMSC, which likely enhance GSH-related pathways, affecting cell
viability; (b) cell viability study of CuFe nanocatalyst with different cancer (SKOV-3, U251-MG, HeLa and U87) and non-tumoral (hpMSC and
fibroblasts) cell lines. CC50 values stand for the cytotoxic concentration to kill 50% of cell populations after 48 h of incubation; [CuFe]
concentration for each experiment was (1) 12.5 mg mL�1; (2) 25.0 mg mL�1; (3) 50.0 mg mL�1; (4) 100 mg mL�1 and (5) 200 mg mL�1; (c) confocal
microscopy images corresponding to the U251-MG, HeLa and hpMSC cell lines before and after the incubation with CuFe NPs for 24 h using 25.0
mg mL�1 of nanocatalyst; (actin fibres are displayed in red after staining with phalloidin-Alexa 488, nuclei are shown in blue and stained with DAPI
and CuFe appear in green colour, pointed by yellow arrows and seen by reflection).
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unaltered. This behaviour may be attributed to the differences
between the intracellular GSH concentration levels of cancer
and healthy cell lines, respectively.32,33 Catalytic conversion
differences between U251-MG and HeLamay arise from distinct
8314 | Chem. Sci., 2022, 13, 8307–8320
responses from different cells under a GSH-deprivation
scenario. For instance, HeLa cell line treated with Cu salts at
normal cysteine levels raise their intracellular GSH levels
increasing its biosynthesis, which may be reected as a reduced
© 2022 The Author(s). Published by the Royal Society of Chemistry
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catalytic conversion.81,82 Representative optical (Fig. ESI-15†)
and confocal microscopy (Fig. 5c) images of these cell lines
treated with 25.0 mg mL�1 at 24 h conrmed the internalization
of the catalyst within all cell lines to trigger the above described
catalytic cycle.

Regarding the CuFe NPs internalization route, it has been
widely reported that the internalization of both Cu or Fe-based
nanomaterials mainly occurs through endocytosis23 (via
clathrin-mediated pathway83). However surface coating also
plays a key role, since for FexOy NPs coated with BSA and PEG,
clathrin- or caveolin-mediated endocytosis were favoured,
respectively.84 Moreover, the use of DMSA as coating agent has
been also reported as a way to boost the uptake efficiency for
Fe2O3 NPs.85

Up to now, the interaction between Cu and Fe based nano-
particles and GSH has been either interpreted from the
perspective of a heterogeneous process taking place at the
nanoparticle–liquid interface or directly neglected. We have
detected both cO2

� and H2O2 as the reaction by-products of Cu-
catalyzed GSH oxidation, which is consistent with litera-
ture.41,45,62,86 This reaction is taking place homogeneously with
leached Cu species, i.e. while GSH interacts with the surface to
produce the release of Cu(I) species, the GSH oxidation itself
would be a homogeneous process taking place in the bulk of the
solution and not on the catalyst particle. However, both reaction
by-products cO2

� and H2O2 can interact with the remaining Fe-
enriched nanoparticle which acts as an heterogeneous catalyst
yielding O2, which in turn is necessary to sustain the homoge-
neous GSH oxidation.

Taking into account the above results, we propose the
following reaction mechanism (see Fig. 6): (i) in a rst step,
nucleophilic thiol (–SH) groups from GSH promote the release
of Cu species from the nanocatalyst crystalline network. GSH
overexpressed in TME forms a coordination complex with
released Cu, (Cu(SG)2). The formation of this complex effectively
Fig. 6 Complete homogeneous-heterogeneous interplay for the CuFe
triggers Cu-release from the spinel nanostructure (ii) excess GSH is able t
to stabilize CuI (iii) molecular O2 accepts electrons from Cu(SG)2 complex
of electrons transferred) and Cu(GSSG); (iv) in a heterogeneously coup
remaining Fe-enriched surface of the solid heterogeneous nanocatalys
intratumoural H2O2 decomposes on the Fe-enriched catalyst, contribut

© 2022 The Author(s). Published by the Royal Society of Chemistry
removes free Cu(I) species from the environment, shiing liquid
phase equilibria and increasing the rate of Cu leaching; (ii) the
Cu(SG)2 complex starts a homogeneous catalytic cycle where
GSH is nally oxidized to GSSG by dissolved O2; this latter
process entails a one/two electron transfer from [CuI(GSSG)]c�

to O2, promoting the generation of H2O2 and cO2
� species which

readily (iii) react with the FeIII sites remaining in the solid
nanocatalyst through a Haber–Weiss reaction87,88 to regenerate
O2 that feeds the homogeneously Cu-catalyzed reaction. More-
over, additional O2 is produced by the Fe-enriched catalytic NP
using the intracellular H2O2 (Fig. 4f). Finally, (iv) GSSG is
released from the coordination sphere of Cu2+, which becomes
available to be reduced by GSH and re-start the catalytic cycle.
The proposed mechanism constitutes a perfect example of how
two catalytic processes, namely the homogeneous Cu-catalyzed
GSH oxidation and the heterogeneously catalyzed processes of
H2O2 decomposition and cO2 reaction are synergistically
coupled to produce the efficient oxidation of a key tumour
metabolite (GSH) allowing to circumvent O2-scarcity in the
TME.
Experimental
Chemicals

Iron(III) chloride hexahydrate (FeCl3$6H2O, 97%), copper(II)
chloride dihydrate (CuCl2$2H2O, $99.0%), sodium acetate
anhydrous (CH3COONa, 99.0%), bovine serum albumin
(BSA), ethylene glycol (EG), dimercaptosuccinic acid (DMSA,
99.0%), glutathione, glutathione oxidized (GSSG, $98.0%
HPLC), 5,50-dithiobis(2-nitrobenzoic acid) (DNTB), hydrogen
peroxide (H2O2, 33% v/v), sodium bicarbonate (NaHCO3,
99%), methylene blue (MB, $95.0), dihydroethidium (DHE,
99%), potassium dioxide (KO2, >99%), trichloroacetic acid
(CCl3COOH, >99%) and tris(hydroxymethyl)aminomethane
(TRIS, >99%) were purchased from Sigma Aldrich.
nanoparticles in the presence of GSH and O2: (i) in a first step, GSH
o form an organometallic complex with Cu through thiol (–SH) groups
to yield O2 reduced species (H2O2 or cO2

�, depending on the number
led process, as-generated H2O2 and cO2

� donates electrons to the
t in a process that generates oxygen needed for step (iii). Moreover,
ing additional oxygen generation.
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Acetonitrile (ACN) was purchased from WVR (Avantor). UPLC
grade water was obtained from a Milli-Q Advantage A10
System with resistivity of 18.2 mU (Merk Millipore, Germany).
Phalloidin-Alexa 488 was acquired from Molecular Probes
(A12379) and Fluoromount-G + DAPI from EMS (17984-24).
Dulbecco's modied Eagle medium (DMEM) was purchased
from Lonza (Ref. 12-614F). Dulbecco's phosphate buffered
saline (DPBS 1�, Ref. 17-512F) and PBS (Ref. BE02-017F) were
also purchased from Lonza.

Characterization techniques

Transmission electron microscopy (TEM) was performed using
a FEI TECNAI T20 microscope operated at 200 keV. High-
resolution transmission electron microscopy (HRTEM) was
performed using a FEI Titan (80–300 kV) microscope at an
acceleration voltage of 300 kV. In both cases samples were
prepared by drop casting 5 mL of the nanoparticle suspension
on a holey carbon TEM grid. UV-vis spectra were obtained on
a UV-vis double beam spectrophotometer Jasco V67. X-ray
photoelectron spectroscopy (XPS) was performed with an Axis
Supra spectrometer (Kratos Tech). The samples were mounted
on a sample rod placed in the pretreatment chamber of the
spectrometer and then evacuated at room temperature. The
spectra were excited by a monochromatized Al Ka source at
1486.6 eV and subsequently run at 8 kV and 15 mA. A survey
spectrum was acquired at 160 eV of pass energy, and for the
individual peak regions, spectra were recorded with a pass
energy of 20 eV. Analysis of the peaks was performed with the
CasaXPS soware using a weighted sum of Lorentzian and
Gaussian component curves aer Shirley background subtrac-
tion. The binding energies were referenced to the internal C 1s
standard at 284.5 eV. X-ray diffraction (XRD) patterns were ob-
tained in a PANalytical Empyrean equipment in Bragg–Bren-
tano conguration using Cu Ka radiation and equipped with
a PIXcel1D detector. 1H spectra (D2O) were recorded at 25 �C
using a Bruker Avance 400 MHz NMR spectrometer with TMS as
the internal standard and deuterated water as solvent in a 5 mm
QNP probe. Nanoparticle tracking analysis was measured on
Malvern Nanosight 300.

Synthesis of CuFe–DMSA nanoparticles

CuFe2O4 nanoparticles were synthesized via a templated-growth
method.32 Firstly, 250 mg of BSA were dissolved in 2.5 mL of
Milli-Q water and consequently 12.5 mL of ethylene glycol were
added. Aer that, 270.0 mg of FeCl3$6H2O, 85.0 mg of CuCl2
and 375.0 mg of CH3COONa were added into the reaction
vessel. Reaction was kept stirring for 2 h at room temperature to
ensure a correct binding of BSA–nucleophile groups to the
metallic ions. Then, the reaction was transferred to a Teon
autoclave and the temperature was set to 180 �C for 24 h.
Finally, the product was centrifuged at 12 000 rpm for 20 min.
20 mL of a 25 mM solution of DMSA were poured to the reaction
pellet and the dispersion was assisted with ultrasonication.
5 mL of 0.7 M NaOH solution were added to ensure the correct
DMSA dissolution to decorate the nanocatalyst surface. The
nal product was puried by two centrifugation cycles at
8316 | Chem. Sci., 2022, 13, 8307–8320
12 000 rpm for 20 min. The nanocatalyst was stored at 4 �C for
further use. CuFe nanocatalysts were synthetized using bovine
serum albumin (BSA) as template27,89 and ethylene glycol (EG) as
a solvent to modulate particle size.90 The abundance of nucle-
ophile functional groups in the BSA (–COO–, –NH2) can chelate
the metal ions (Cu2+, Fe3+) and serve as starting point to growth
the nanostructure. Although the distribution size of the nano-
particles is homogeneous, these nanoparticles suffer from
aggregation in aqueous media, which may hinders cell inter-
nalization.91 As shown previously by Miguel-Sancho et al.,92

DMSA functionalization enhanced the dispersion and stability
of the nanoparticles in aqueous media (Fig. ESI-16 and ESI-17†).
The synthesis of these materials has been performed at the
Platform of Production of Biomaterials and Nanoparticles of the
NANBIOSIS ICTS, more specically by the Nanoparticle
Synthesis Unit of the CIBER in BioEngineering, Biomaterials &
Nanomedicine (CIBER-BBN).

Metal leaching study by microwave plasma-atomic emission
spectroscopy (MP-AES)

Each solution was prepared in an Eppendorf tube with CuFe–
DMSA nanoparticle at a concentration of 0.1 mg mL�1 (total
volume ¼ 1 mL). The different solutions were introduced in an
Eppendorf thermoshaker at 37 �C and constant stirring of
400 rpm. At every time point (2 h, 4 h, 6 h, 24 h), samples were
centrifuged at 13 300 rpm during 300, and the supernatants
were collected for further analysis. The nanoparticle pellet was
resuspended with the corresponding solution, until the next
analysis cycle, where the procedure was repeated. At the
experiment endpoint, the supernatant samples were analyzed
together with nal nanoparticle pellet, to close mass balances
and elucidate how much metal moved to the solution. All the
samples were digested with HCl : HNO3 (3 : 1) mixture over-
night. Cu and Fe concentrations were determined through the
analysis with Agilent 4100 MP-AES.

1H-NMR-study of CuFe–GSH interaction

The interaction study of leached metals (Cu, Fe) with GSH was
performed by the 1H-NMR and DOSY analysis of different
reaction mixtures. For CuCl2–GSH experiments, the pH was
xed to 7.4 (buffer Na2HPO4/KH2PO4) and the molar ratio
CuCl2 : GSH was set to 1 : 4 ([GSH] ¼ 20 mM, [CuCl2$2H2O] ¼ 5
mM). For FeCl3–GSH experiments, the pH was not xed (pH ¼
3.60) and the molar ratio FeCl3 : GSH was set to 1 : 4 ([GSH] ¼
20 mM, [FeCl3$6H2O] ¼ 4 mM). The reaction mixtures were
analyzed aer incubation for 5 minutes. For CuFe + GSH
experiments, molar ratio CuFe : GSH was 1 : 44 ([GSH] ¼
20 mM, [CuFe2O4] ¼ 0.5 mM). Reaction were incubated at pH ¼
7.4 (Na2HPO4/KH2PO4) and pH ¼ 3.70 (free pH) for 3 and 24 h.
All samples were ltered before analysis.

Mass spectroscopy analysis of the reaction

ESI (ESI+) mass spectra were recorded using an Esquire 3000
ion-trap mass spectrometer (Bruker Daltonic GmbH) equipped
with a standard ESI/APCI source. Samples were introduced by
direct infusion with a syringe pump. Nitrogen served both as
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the nebulizer gas and the dry gas. The HRMS mass spectra were
recorded using anMicroToF Q, API-Q-ToF ESI with amass range
from 20 to 3000 m/z and mass resolution 15 000 (FWHM).
Samples prepared for 1H-NMR/DOSY experiments were
analyzed by using this methodology.

Catalytic GSH depletion

Catalytic activity towards GSH oxidation of CuFe–DMSA nano-
particles was evaluated according to the following protocol.
5 mM of GSH were mixed with 0.1 mg mL�1 of CuFe–DMSA in
a total volume of 2.5 mL. GSH concentration at different reac-
tion times was measured by UPLC-PDA. 20 mL of reaction were
mixed with 100 mL of 1 mM 5,50-disulfanediylbis(2-nitrobenzoic
acid) (DTNB) and 880 mL of 0.01 M 2-amino-2-hydroxymethyl-
propane-1,3-diol (TRIS). Standards for the calibration curve
were prepared following Table ESI-5.†

UPLC-PDA equipment for GSH quantication

GSH analysis were performed on Waters ACQUITY system H-
Class which consisted of a binary pump, an autosampler,
a column thermostat and a photodiode array (PDA) detector.
This system is coupled to a photo diode array (PDA) detector to
monitor absorbance from derivatized GSH at 412 nm during
analysis time. Data acquisition and processing were performed
by using MASSLYNX soware (Waters Corporation, USA). In
order to analyze GSH from derivatized samples as describe
below, chromatographic separation was performed using an
ACQUITY UPLC BEH C18 column (130 Å, 1.7 mm 2.1 � 50 mm,
fromWATERS) at 40 �C under an isocratic ow of 0.3 mL min�1

containing 50% acetonitrile, 50% Milli-Q water.

Generation of hydrogen peroxide H2O2, and superoxide
radicals cO2

�

1,3-Diphenylisobenzofuran (DPBF) was employed as a probe to
measure the production of H2O2 and cO2

� during homogeneous
GSH oxidation. 20 mL of 10 mM DPBF solution (in ethanol) were
added to 2.5 mL of a mixture ethanol : PBS(1�) 2 : 1. Catalyst
and GSH concentration were 0.1 mg mL�1 and 5 mM, respec-
tively. UV-vis analysis of remaining DPBF was performed aer
centrifuging the sample (100 mL of reaction + 400 mL mixture
ethanol : PBS-1�) at 13 000 rpm for 50. Selective cO2

� detection
was carried on using dihydroethidium (DHE) as a probe.42,59–61

15 mL of concentrated DHE solution was added to a Na2HPO4/
KH2PO4 buffer solution (pH¼ 7.4) to reach a nal concentration
of 100 mM. Catalyst and GSH concentration were 0.01 mg mL�1

and 5 mM, respectively. 500 mL were centrifuged, and 400 mL of
the supernatant were mixed with 1000 mL PBS and measured on
a LS 55 uorescence spectrometer (PerkinElmer). lexc/lem ¼ 480
nm/500–700 nm, slit-widths of 10 nm for both excitation and
emission wavelengths.

Analysis of O2 consumption/generation

Molecular O2 was measured with a NeoFox oximeter equipped
with FOSPOR-R probe. In order to analyze the O2-generation
capabilities of the remaining nanoparticle, CuFe (0.1 mg mL�1)
© 2022 The Author(s). Published by the Royal Society of Chemistry
was incubated with 5 mM of GSH (pH ¼ 7.40) for 3 h to induce
selective Cu-release. The solution was centrifuged at 13 300 rpm
for 100 to separate homogeneous and heterogeneous catalysts to
analyze their individual catalytic activity towards O2 production
using [H2O2]0 ¼ 1 mM. To check O2 production using KO2, the
heterogeneous catalyst wasmixed with 100 mMKO2 at pH¼ 7.40
(adjusted with Na2HPO4/KH2PO4 buffer).
Cell culture conditions and study of CuFe cytotoxicity

In order to assess the effect that these nanoparticles produced
on the chosen cell lines, a viability assay on 96 well plates was
carried out. Briey, cells were seeded at different densities
depending on their type (3000 cells per well for tumoral cell
lines, i.e. U251-MG, SKOV-1, HeLa, U87-MG and 4000 cells per
well for healthy cell lines, i.e. hpMSC and broblasts), using
Dulbecco's modied Eagle medium (DMEM), supplemented
with 1% L-glutamine, 1% PSA (penicillin, streptomycin,
amphotericin), and 10% fetal bovine serum (FBS); in the case of
hpMSC, DMEMmedium was also supplemented with broblast
growth factor 2 (FGF-2) at 5 mg mL�1 24 h aer the seeding, the
wells were treated with CuFe nanoparticles, in such a way that
the supernatant in each well was replaced with a suspension of
CuFe nanoparticles in DMEM (DMEM + FGF-2 for hpMSC) at
different concentrations, ranging from 200 to 12.5 mg mL�1.
Aer 24, 48 and 72 h of incubation, the wells were washed with
Dulbecco's phosphate buffered saline (DPBS), and then, a solu-
tion of blue cell viability reagent in DMEM (10% v/v) was used to
assess the cytotoxic effect of these nanoparticles on the different
cell lines. Aer 1 h of incubation with the blue cell viability
reagent at 37 �C, the signal was measured with a BioTek plate
reader, exciting at 528 nm and measuring the emission at
590 nm.
Cellular analysis by confocal microscopy

Confocal microscopy assay was carried out to assess the
capacity of internalization of CuFe NPs into 3 different cell
lines: U251-MG, HeLa and hpMSC. Cells were seeded onto
12 mm Ø coverslips, which were deposited on a 24-well plate, at
a density of 20 000 cells per well, and incubated at 37 �C and 5%
CO2. Aer 24 h, cells were treated with CuFe NPs dispersed in
DMEM at a concentration of 25 mg mL�1 during 24 h (for
negative control C-wells, DMEM was replaced with fresh
media). Aer this time, cells were washed 3 times with DPBS,
xed with 4% paraformaldehyde, and then washed 3 more
times with DPBS. In order to prepare the samples for confocal
microscopy, cells were permeabilized with 0.1% saponine. Aer
that, cytoplasmic actin bres were stained with phalloidin-Alexa
488; (dilution 1 : 200), and samples were deposited onto a drop
of Fluoromount-G + DAPI for nuclei staining. Nanoparticle
aggregates could be observed due to the reection of the inci-
dent light. In order to conrm the presence of the nanoparticles
inside the cell, a Z-Stack assay of the whole cell, and its ulterior
maximum orthogonal projection were performed. This assay
was carried out in a confocal microscope (ZEISS LSM 880
Confocal Microscope), using a 63�/1.4 Oil DIC M27 objective.
Chem. Sci., 2022, 13, 8307–8320 | 8317
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Intracellular catalytic oxidation of GSH

In order to assess the catalytic effect of CuFe NPs and their
correlation with intracellular GSH levels, U251-MG, HeLa and
hpMSC cells were seeded in p100 dishes. Before they reached
90% of conuence, cells were treated with 25 mg mL�1 for 24 h
(for C-dishes, DMEM was replaced with fresh media). Then,
cells were washed with PBS–EDTA and trypsinized. Cells in
suspension were counted with a Neubauer chamber and
centrifuged at 500 g during 5 minutes, in order to obtain the cell
pellet. Analysis of the intracellular GSH levels was performed as
follows, based on a previously optimized protocol.32 Briey, cells
were rst trypsinized, washed twice with PBS (500 g for 5
minutes) and collected. Cells were again centrifuged at
13 300 rpm for 5 minutes. Supernatant was discarded and 400
mL of 12% CCl3COOH solution was added to cell pellet to
precipitate proteins and avoid their interference during the
analysis. Samples were sonicated and le 15 minutes at 4 �C.
The resulting suspension was centrifuged for 13 300 rpm for 5
minutes. The supernatant was isolated and subjected to
a derivatization process: 50 mL of the sample were mixed with
930 mL of a 0.01 M TRIS solution and 20 mL of a 1 mg mL�1

DTNB solution. pH of each individual sample was adjusted at
a value of 8.0 using 4–6 mL of a 3 M NaOH solution. Standards
for the calibration curve were prepared following Table ESI-7.†
Samples were analyzed by UPLC-PDA equipment following the
analysis conditions presented before. For the calculation of
intracellular GSH, an average volume of 1.2 � 10�11 L, 3.3 �
10�12 L and 2.6 � 10�12 L were selected for hpMSCs, U251-MG
and HeLa cells, respectively.32,93
Statistical analysis

Results are expressed as mean � standard deviation. Statistical
analysis of biological experiments together with signicance
between means were evaluated by two-way analysis of variance
(ANOVA) for multiple comparisons by Dunnett's multiple
comparison test using GraphPad Soware. Analysis of signi-
cance for intracellular catalytic oxidation of GSH was performed
using t test. Statistically signicant differences were expressed
as follows: *p < 0.05, **p < 0.005, ***p < 0.0005 and ****p <
0.00005.
Conclusions

Processes promoted by heterogeneous catalysts are not neces-
sarily of a purely heterogeneous nature. Here we demonstrate
that a combination of homogeneous and heterogeneous
processes can originate from a copper–iron based nanocatalyst
under conditions that are relevant in the tumour microenvi-
ronment. The main part of the contributing reactions take place
in a homogeneous cycle catalyzed by released Cu species. The
results shed light on the complexity of the processes taking
place in developing elds such as nanocatalytic cancer therapy.
As demonstrated in this work for a CuFe hybrid nanocatalyst,
lixiviation mechanisms induced by specic biomolecules with
a strong presence in the TME such as GSH may lead to new
catalytic scenarios where homogeneous and heterogeneous
8318 | Chem. Sci., 2022, 13, 8307–8320
processes are no longer unrelated events. This means that
catalyst design becomes more complex, since it has to take into
account the effect of environmental species on the stability of
the catalyst, but also more powerful, since leaching processes
can be engineered to yield synergistic catalytic actions. Under
this scenario, the design of the catalyst will consider not only its
ability to favour specic surface reactions, but also its role as
a reservoir for the long-term release of active ions in response to
stimuli from the chemical environment. This point of view will
be key to develop novel nanoparticles capable of acting as
successful bio-orthogonal catalysts.
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