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g r a p h i c a l a b s t r a c t
Bringing Glutathione down: Copper-Iron
 based nanoparticles play a determining catalytic role to favor Glutathione (GSH) depletion and subsequently
generate reactive oxidative species (ROS) that pave the way for a promising ChemoDynamic Therapy based on the selective overexpression of redox active
molecules especially in cancer cells.
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Heterogeneous catalysis has emerged as a promising alternative for the development of new cancer ther-
apies. In addition, regarding the tumor microenvironment as a reactor with very specific chemical fea-
tures has provided a new perspective in the search for catalytic nanoarchitectures with specific action
against chemical species playing a key role in tumor metabolism. One of these species is glutathione
(GSH), whose depletion is the cornerstone of emerging strategies in oncology, since this metabolite plays
a pivotal regulatory role as antioxidant agent, dampening the harmful effects of intracellular reactive
oxidative species (ROS). Herein, we present copper-iron oxide spinel nanoparticles that exhibit a versatile
and selective catalytic response to reduce GSH levels while generating ROS in a cascade reaction. We
demonstrate a clear correlation between GSH depletion and apoptotic cell death in tumor cells in the
presence of the copper-iron nanocatalyst. Furthermore, we also provide a novel analytical protocol, alter-
native to state-of-the-art commercial kits, to accurately monitoring the concentration of GSH intracellu-
lar levels in both tumor and healthy cells. We observe a selective action of the nanoparticles, with lower
toxicity in healthy cell lines, whose intrinsic GSH levels are lower, and intense apoptosis in tumor cells
accompanied by a fast reduction of GSH levels.
� 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

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

Despite intense research efforts in almost every branch of the
natural sciences, cancer continues to be one of the leading causes
of death worldwide [1]. Given the extensive panoply of oncologic
treatments available, it is noteworthy that the use of heteroge-
neous catalysts has scarcely been explored until recent years. How-
ever, heterogeneous catalysts could in principle play two
fundamental roles in cancer treatment: i) transform or destroy
molecules that are essential for tumor growth and/or ii) generate
toxic products in situ. Both effects, the depletion of useful metabo-
lites and the generation of toxic species such as reactive oxidative
species (ROS) have been the subject of a recent number of studies
with different heterogeneous nanocatalysts delivered and acti-
vated in tumor microenvironments (TME) [2–5].

The metabolic differences between tumoral and healthy cells
offer interesting opportunities for cancer therapy that can be lever-
aged with catalytic nanoparticles [6]. Notably, cancer cells possess
a high dependence on ATP production to sustain their rapid prolif-
eration [7] and exhibit an enhanced mitochondrial overproduction
of ROS such as hydrogen peroxide (H2O2) or oxygen superanions
(�O2

–) [8–10] that are present in higher concentrations compared
to normal cells [10]. In addition, H2O2 can be decomposed into
highly reactive hydroxyl radicals. All of these species (H2O2, �O2

–,
�OH) may induce significant transformations in key biomolecules
such as lipids, proteins or nucleic acids and lead to cell apoptosis
[6,11]. In this regard, ChemoDynamic Therapy (CDT) exploits the
decomposition of overproduced H2O2 through Fenton-like reaction
catalyzed by transition metal-based nanoparticles (Fe, Co, Mn, Cu,
Ni) to selectively induce apoptosis in cancer cells due to hydroxyl
radical (�OH) generation [12–16].

However, the effectiveness of this strategy is often low, due to
multiple challenges. In the first place, the concentration of intracel-
lular H2O2 remains relatively low (i.e. 0.1–1.0 mM) [17,18] even for
cancer cells, and therefore the capability of Fenton processes to
yield �OH is necessarily limited [6]. On top of that, the production
of antioxidant molecules such as Glutathione (GSH) is upregulated
in cancer cells [19] and this interferes with the products resulting
from Fenton reactions, further preventing the effectiveness of ROS-
triggered cancer treatments [13,20,21]. GSH is a natural tripeptide
with ROS scavenging capacity and is mainly localized in the cyto-
sol. Usual concentrations are in the range of 1–2 mM [22]. How-
ever, in some cell lines such as hepatocytes or malignant cancer
cells this value can reach 10 mM [21,23,24]. The major role of
GSH in cancer metabolism has been recognized for some time
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and has been linked to regulation of carcinogenic mechanisms as
well as to cell proliferation and apoptotic processes [13,25–27].
However, understanding the intracellular mechanisms involving
GSH remains elusive. This is likely hindering the development of
new therapies, since the interplay between antioxidant molecules
and ROS in the regulation of oxidative stress in cancer cells is cen-
tral in the design of more effective CDT treatments [6,28]. Thus,
while the modification of GSH metabolism has been proposed as
a tool to enhance cell response to antitumoral drugs, this strategy
is strongly limited due to its lack of specificity towards cancer cells,
with potential side effects on healthy cells and tissues [21]. It is
therefore not surprising that developing new ways to regulate
GSH levels in tumor cells is being intensely investigated in recent
years [27–29].

The main biochemical detoxification pathway of GSH is directly
related with H2O2 [30] through the seleno-enzyme Glutathione
Peroxidase (GPX4) [31]. H2O2 is able to oxidize the Se active center
of the enzyme into Se-OH, which can react with GSH through its
nucleophile thiol (-SH) group [32], forming a Se-SG intermediate
(see Fig. 1). Then, another GSH molecule is able to establish a disul-
fide bridge with Se-SG, releasing GSSG, and regenerating the Se
center. The process removes H2O2 and in doing so avoids the cor-
responding cell damage [32] (see Fig. 1). Because of this, reducing
GSH levels has a direct impact on the capacity of cells to damp
oxidative stress, and this has been exploited in CDT. Thus, recent
investigations show how nanoparticles containing high-valence
transition metals (Fe [28,33,34], Cu [35–37], Mn [29,34,38], Mo
[36,39]) that are able to oxidize GSH can create a synergy that
enhances the effect of CDT by promoting a scenario of lower GSH
concentrations.

Fenton processes and GSH-depleting nanocatalysts can be con-
nected through an oxidation–reduction catalytic cycle. Fenton-like
reactions are typically catalyzed more efficiently by Fe(II) [40,41],
Cu(I) [42,43] or Mn(II) [44] species, i.e. reduced transition metal
elements, in comparison with their oxidized counterparts. A smart
design of catalytic nanoparticles can successfully target the GSH/
H2O2 system within the TME using cascade redox processes
[17,29,35]. First, high-valence metal species are internalized inside
cells reacting with GSH to yield oxidized GSH species (GSSG) and
reduced-valence metal species (Fig. 1, bottom). Considering the
faster Fenton kinetics [43,45,46] of reduced species, H2O2 mole-
cules in the vicinity of the newly reduced metal will rapidly
decompose yielding �OH while regenerating Mn + species, thus
providing positive feedback to the catalytic cycle. This strategy
leverages the comparatively high GSH [24,30,47] and H2O2

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


Fig. 1. Scheme depicting some key processes involving GSH: (Top) GPX4-catalyzed
H2O2 removal through GSH oxidation into GSSG�H2O2 is able to oxidize Se-H active
group from GPX4 yielding Se-OH. One GSH molecule is able to bind to Se-OH,
forming Se-SG intermediate. Finally, another GSH molecule reacts with Se-SG
releasing the final GSSG product. (Bottom) Catalytic redox process mediated by
transition metal oxide nanoparticles. Electrons from -SH group of GSH GSH are able
to reduce the oxidized metal specie (Mn+) to form active species in Fenton-like
reaction (Mn). Once formed, Mn can decompose H2O2 into toxic �OH radicals.
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[17,18] levels inside tumor cells to couple GSH depletion and H2O2

decomposition processes.
Nevertheless, a study that not only correlates GSH levels in

tumor and healthy cells but also relates these GSH concentrations
to the performance of nanocatalysts has not been carried out.
Encouraged by the possibilities arising from the above-described
scenario, herein we have synthesized a copper-iron mixed oxide
(CuFe) nanoparticle and evaluated its catalytic response in the
presence of GSH, H2O2 and glucose. Furthermore, we have been
able to develop an analytical protocol to accurately estimate GSH
concentrations inside cells, demonstrating the high GSH concen-
trations levels in U251MG tumor cells in comparison with non-
tumoral cell lines (i.e. human placental mesenchymal stem cells -
hpMSC). This enabled us to establish for the first time a clear cor-
relation between GSH levels and the catalytic capability to gener-
ate ROS while depleting GSH. Interestingly, our CuFe
nanocatalyst is also able to trigger a parallel process of glucose oxi-
dation, leading to a significant reduction of glucose levels, thus
allowing the combination of CDT and starvation therapy, given
the high glucose dependence of tumor metabolism. The results of
the study shed light on the role played by GSH in the tumor envi-
ronment and explain the enhanced response observed in the tumor
cells after their exposure to CuFe NPs, in terms of their higher GSH
content, suggesting the potential use of this catalyst nanoparticle
to selectively induce tumoral cell death.
2. Results and discussion

2.1. Synthesis and characterization of the CuFe nanocatalyst

The synthesis of the Cu-Fe nanocatalyst uses Bovine Serum
Albumin (BSA) as template (Fig. 2a). BSA favors the nucleation
and growth of the CuFe nanoparticles thanks to the high density
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of carboxy, amino and thiol groups which can coordinate to Cu2+

and Fe3+ precursor ions to provide nucleation sites [48]. In addi-
tion, ethylene glycol (EG) was used as co-solvent, hindering the
agglomeration between particles formed at nearby nucleation
points, this and the large number of nucleation points contribute
to the final distribution of small, well dispersed nanoparticles
[49]. TEM and HAADF-STEM images show pseudo-spherical mor-
phologies with a uniform diameter distribution (mean size of 7.8
± 2.2 nm) (Fig. 2b to 2 g) and the random presence of some bigger
nanoparticles in the 20–35 nm range (Fig. 2d-2i). NTA sizes were
close to the 70 to 370 nm range (see Fig. S1a) indicating a limited
degree of agglomeration in H2O, while an even narrower dispersion
in DMEM (Fig. S1b) was obtained. XRD analysis revealed the exis-
tence of a CuFe2O4 cubic spinel phase with the identification of
(220), (311), (400), (511), (440) and (533) planes and a minor
Cu cubic phase contribution (Fig. 2c). HRTEM images and FFT anal-
ysis of localized areas revealed lattice spacing of 0.148, 0.210 and
0.251 nmmatching of the CuFe2O4 spinel with cubic phase, respec-
tively [50,51] (Fig. 2h). EDS mappings further revealed a homoge-
neous distribution of Cu and Fe in the smaller nanoparticles
(Fig. 2e) and the preferential presence of Cu surrounded by a
sulfur-enriched outer layer in the bigger nanoparticles (Fig. 2j).
Fourier Transform Infrared Spectroscopy (FTIR) reveals some char-
acteristic features attributable to BSA in the purified catalyst, pre-
senting bands at 2950, 1655 and 1395 cm�1 which can be
attributed to Csp3-H stretching, amide C@O stretching and CAN
stretching, respectively [52,53] (Fig. 2k). XPS analysis corroborated
the existence of the carbon surface species as shown in Fig. S2
where CAC/C@C, CAO and O-C@O contributions with Binding
Energies (BEs) centered at 284.5, 286 and 288.8 eV were identified
[54]. XPS also confirmed the presence of highest valence states for
Fe(III) and Cu(II) catalytic species (Fig. 2l-2 m). X-ray photoemis-
sion peaks of the Cu2p revealed the major presence of Cu2+ species
with binding energies of 933.7 eV and well defined satellite shake-
ups at 940–945 eV [55,56]. It is also worth mentioning the pres-
ence of a minor fraction (12 %) of either monovalent or metallic
Cu, attributable to the lower binding energy a second contribution
at ca. 932 eV [55,56]. Likewise, the analysis of the Fe2p region
revealed a combination of Fe2+/Fe3+ valence states with peaks cen-
tered at 710.5 eV and 712.4 eV attributable to Fe 2p3/2 orbitals of
Fe3+ and Fe2+, respectively [57,58]. The presence of satellite peaks
at 715 and 719.8 eV corroborated the existence of both oxidation
states [57,58] (see Tables S1-S2).

2.2. CuFe catalytic activity towards GSH depletion and GSH
quantification

The presence of high-valent oxidation states in the surface (FeIII

and CuII) confers the possibility of promoting the oxidation of
reducing molecules such as GSH. This would be highly interesting
as it would deplete GSH levels inside the cell while at the same
time yielding Fe(II) and Cu(I), species that are active in Fenton
reaction, reacting with H2O2 to yield hydroxyl radicals (�OH), as
depicted in Fig. 1. Thus, the first step in the proposed cascade-
reaction consisted in the catalytic oxidation of GSH by CuFe. The
capabilities of CuFe regarding GSH depletion were evaluated using
a benchmarking assay with 5,50-Dithiobis(2-nitrobenzoic acid
(DNTB). DNTB represents a dimer of TNB linked by a SAS bond.
In the presence of GSH (in a pH range between 7 and 8), this SAS
bond is broken yielding TNB as product, which is easily detectable
thanks to its absorption at 412 nm (Fig. S3). In fact, catalytic GSH
oxidation experiments described in the literature typically use
spectroscopic analysis (via UV–vis) to follow the reaction indirectly
through analysis of TNB2- [28,36,59–61].

However, while this kind of analysis is valid to establish a proof
of concept, it remains insufficient to quantify GSH concentration



Fig. 2. Morpho-chemical characterization of the Cu-Fe nanoparticles: (a) Synthesis scheme of CuFe nanocatalyst using BSA as template The coordination of Cu2+ and Fe3+

cations to BSA functional groups generates a host of polymer-bound nucleation sites which provide a controlled and homogeneous growth of the particle; (b) Particle size
distribution based on TEM image analysis with imageJ software (n = 150); (c) XRD pattern of CuFe nanoparticles attributable to a predominant cubic spinel phase of CuFe2O4

and a secondary phase of Cu; (d) Low magnification TEM image of the CuFe nanoparticles; (e) HAADF-STEM image and EDS elemental mappings corresponding to the Fe-K
and Cu-K intensities and distributions; (f)-(g): High resolution HAADF-STEM images accounting for the crystallinity of the nanoparticles; (h) High resolution TEM images of
the CuFe nanoparticles and corresponding FFT in selected areas (marked with red squares with the identification of lattice spacings matching to (311), (400) or (440) planes
of CuFe2O4; (i) STEM image accounting for the presence of 20–35 nm nanoparticles; (j) EDS elemental mapping of (i) accounting for the preferential presence of Cu and an
outer layer of S in the bigger nanoparticles; (k) FT-IR spectrum exhibiting characteristic BSA bands; (l) X-ray photoemission spectra (XPS) corresponding to Fe2p region; (m)
X-ray photoemission spectra (XPS) corresponding to Cu2p region; Binding Energies and fitting assignations can be found in the Supplementary Information.
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with time due to: (1) Difficulties to obtain an accurate calibration
curve that allows precise determination of intracellular GSH and
(2) Overlapping between DTNB and TNB2- signals. To overcome
these drawbacks, in this work we have established a quantification
protocol using UPLC-PDA (see Experimental Section for details).
We observed that our CuFe nanoparticles were able to convert a
large proportion (up to 70% under the conditions tested) of the
GSH at room temperature, even in the absence of H2O2 (see
Fig. 3a). The addition of H2O2 increased the GSH conversion levels
to up to 85% only in the presence of the CuFe catalyst (Fig. 3a). XPS
analysis after reaction (Fig. S4 and Table S3) confirmed the gener-
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ation of reduced Fe(II) and Cu(I) species on the catalyst as previ-
ously claimed by Liu et al.[28] and Hu et al. [61] with Cu-Fe
based nanocatalysts. For Cu-based nanoparticles, literature reports
show a clear reduction of Cu(II) to Cu(I) after GSH reaction [35,61].
Interestingly, in contrast with the strong reduction detected in the
Cu(II) species, Fe(III) species are still present after 1 h of GSH reac-
tion, although a clear decrease of the Fe3+/Fe2+ ratio can be
observed. It is reasonable to assume that GSH-oxidation is prefer-
entially occurring via interaction with Cu(II) sites than with Fe(III),
in agreement with the lower redox potential of Cu2+/Cu+ (0.16 V) in
comparison with Fe3+/Fe2+ potential (0.77 V). The newly reduced



Fig. 3. GSH-depletion capabilities of CuFe nanoparticles and detection of GSH and GSSG by NMR spectroscopy: (a) Evolution of GSH in the presence of CuFe in the absence and
in the presence of H2O2; No GSH conversion was detected in the absence of the CuFe catalyst (n = 3), Reaction conditions: [Catalyst] = 0.1 mg�mL�1, [GSH]0 = 5 mM,
[H2O2]0 = 0.5 mM, total volume of reaction = 2.5 mL;; (b) 1H NMR spectra of GSH, GSSG and GSH + CuFe after 24 h; Reaction conditions: [Catalyst] = 0.1 mg�mL�1,
[GSH]0 = 5 mM, total volume of reaction = 2.5 mL; (c) Molecular structures of GSH and GSSG with the corresponding signal assignment.
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species are prone to undergo Fenton reaction with H2O2 to produce
�OH radicals and regenerate Fe(III) and Cu(II) species, thereby
enhancing its catalytic response (see also Fig. 4 below).

Furthermore, Fenton-like response is more favored at higher pH
values for Cu than for Fe catalysts [62,63]. In this study, in addition
to GSH depletion, we have also studied the formation of the main
reaction product (GSSG) using 1H NMR analysis of the reaction
medium (Fig. 3b-3c). It can be seen that GSH characteristic chem-
ical shifts (4.45 ppm, Cys-CH; 2.83 ppm, Cys-CH2) disappeared
after 24 h of incubation with CuFe. The newly formed peaks
(3.17 ppm, Cys-CH2; 2.86 ppm, Cys-CH2) matched with GSSG sig-
nals [64,65]. Wang et al. [61] found this analogous reaction product
(GSSG) with Cu-hexacyanoferrate nanoparticles. However, no fur-
ther studies of reaction product have been performed with Fe(III)
species. Taking into account that no additional signals are found
in the 1H NRM spectra, it can therefore be concluded that Fe(III)-
assisted GSH catalysis yields GSSG as product (Fig. 3c).

2.3. Evaluation of catalytic �OH generation

To confirm the generation of reactive species derived from
Fenton-like reactions, a systematic evaluation was carried out via
MB assay [29,66]. At lower pH values (pH = 4.5, AcONa/AcOH buf-
fer), CuFe NPs can promote methylene blue oxidation through Fen-
ton processes (Fig. 4a, scenarios 1–3) in comparison with neutral
pH (7.0, PBS) (Fig. 4a, scenarios 4–6), where the reaction is negligi-
ble in the absence of GSH. The main representative reactions are
presented in Fig. 4e-f. In the absence of GSH (Fig. 4e), H2O2 must
act as reducing agent of Fe(III) and Cu(II) (Reactions 1–2 and 4,
respectively). Fe2+ is the active iron specie in Fenton reaction
responsible of producing �OH (Reaction 3), yielding Fe3+ as product
[40,41]. However, the generation of Fe2+ is hampered by slow
kinetics and this retards the continuous production of dOH [41].
In the case of Cu, a similar trend is also found with the pair Cu+/
Cu2+ [42,43]. Nevertheless, the characteristic tumoral environment
offers a large GSH concentration [24,47] and this enables an alter-
native mechanism to take place. This antioxidant molecule with
E0 < 0 mV [67] can act as an accelerator for the generation of Cu+

[35] and Fe2+ [34] species.
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These Fe(II) and Cu(II) species formed in reactions 2 and 4 read-
ily react with intracellular H2O2 (reactions 3 and 5) yielding �OH
radicals that quickly react with MB, dramatically enhancing the
reaction rate compared to the process in the absence of GSH (Fig. 4-
a-4b). An alternative �OH detection method with sodium tereph-
thalate (NaTA) was also employed to validate the generation of
ROS via a Fenton-like mechanism (Fig. S5) [60]. Interestingly, the
concentration of GSH outside cancer cells is much lower, down
to mM levels [68] and this is low enough to avoid triggering this
cascade reaction outside the cell (Fig. S6). In general, GSH concen-
tration in cell cytosol have been found to be heterogeneous being
present in millimolar concentrations (varying from 1 to 10 mM)
[69]. However, in normal and healthy cells, GSH levels range from
1 to 2 mM. For instance, in red blood cells, GSH concentrations vary
from 0.4 to 3 mM [70]. In the case of the brain, GSH concentrations
have been described to be approximately 1.5–3 mM) [71]. Never-
theless, some cell types such as hepatocytes (whose role is to
export GSH) the concentration of intracellular GSH can even reach
10 mM, a concentration comparable to the GSH levels in cancer
cells [22]. Also, discrepancies in GSH levels have also been
observed in tumoral areas, depending on the tissue under study.
GSH has been shown to be elevated in breast, ovarian, head and
neck and lung cancer, but lower in brain and liver tumors, in com-
parison to normal tissue [20]. Therefore, the analysis of the GSH
levels should performed in every organ and tissue comparing to
their disease-free controls, as it has been discussed whether the
tumor might induce changes in glutathione in nearby disease-
free peritumoral tissue.

Ma et al. [35] also reported cascade reaction with Cu-cysteine
nanoparticles employing 0.5 mM GSH to in situ generate Cu(I)
active species that could then react with H2O2. It is noteworthy
that, even though the studied H2O2 concentration in their case
was high (10 mM), their dOH generation rate was still slow in com-
parison with the results presented in this work. This again points
out to the critical role of the GSH initial concentration: the pres-
ence of GSH is directly related with the generation rate of
Fenton-active species. Wang et al.[61], found a higher
peroxidase-like activity when Cu-hexacyanoferrate nanoparticles
were pretreated with GSH. Also pH has a critical influence on Fen-



Fig. 4. CuFe assisted �OH generation experiments. (a) Percentage of methylene blue oxidized after 20 min of reaction at pH = 4.5 (scenarios 1–3) and at pH = 7.0 (scenarios 4–
6); (b) Evolution of MB over time under scenario 5 (CuFe + GSH/H2O2) at pH = 7.0, [GSH]0 = 5 mM; (c) Glucose conversion under different reaction scenarios at pH7.0; d)
Schematic representation of CuFe mechanism: after reaction with GSH, the generated Fe(II) and Cu(I) species can decompose H2O2 into �OH which can be detected via MB
reaction; Reaction conditions: [CuFe] = 0.1 mg�mL�1, [GSH]0 = 5 mM, [H2O2]0 = 1 mM, [MB]0 = 5.78�10-5 M. In 4c H2O2 was added to the system after 40 min of reaction. (e-f)
Interaction between GSH and CuFe nanoparticles towards �OH generation. (e) The generation of Fe(II) and Cu(I) active Fenton species through reactions (1,2) and (4),
respectively, represents the bottleneck of the catalytic process. (f) The presence of GSH acts as an accelerator, providing the required reduction power to generate these active
Fenton species through reactions (9) and (10).
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ton reaction, since hydroxide ions (OH–) can complex Fe and Cu
centers of the catalyst [72]. Heterogeneous Fenton reaction starts
after the interaction of H2O2 with the surface of the metal [41],
being in several cases the Rate Determining Step (RDS) [73]. The
higher the pH, the more complexed the CuFe surface by OH– ions
will be, thereby hindering the coordination of H2O2 and the subse-
quent formation of �OH. A similar trend has been observed in
homogeneous Fenton catalysis [40]. This may explain the result
obtained for CuFe catalyst towards �OH production. At pH = 4.5,
the large [H+] is enough to drive the reaction following the mech-
anism presented in Fig. 4e where the H2O2 can act also as reducing
agent, so the influence of GSH in the metal reduction is negligible.
However, given the slower kinetics of Fenton reactions at pH = 7.4,
the reduction power of GSH is critical to generate the active Fenton
species following Fig. 4f.

We also analyzed the influence of GSH on metal leaching
(Fig. S7): the presence of GSH quickly releases Cu from the crys-
709
talline structure. This is in contrast with the behaviour observed
for iron, which only starts to be leached significantly once the pref-
erential release of Cu has occurred to a large extent. An enhanced
Cu leaching in the presence of GSH was also reported by Xu et al.
with Cu-Mn based biodegradable nanoparticles [66] although in
this case, Mn release also took place at the same time. They attrib-
uted the Cu-leaching to the high lability of Mn-O bond under
tumor-microenvironment conditions (i.e. large GSH concentrations
and mildly-acidic pH). The breakage of the Mn-O induced the for-
mation of lattice defects [74] which led to the cleavage of Cu-O
bonds.

The capacity of the same GSH-activated mechanism to target
glucose, was also evaluated as this is a key molecule for cancer cell
metabolism. The results are shown in Fig. 4c. It can be seen that,
while there is little or no effect of the catalyst alone or with
H2O2 added, when GSH is present a similar trend to that observed
for MB follows, with a fast decrease of glucose concentration (up to
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70% from 5.5 mM a value that could be considered representative
of physiological concentrations) as soon as H2O2 (1 mM) was added
when GSH was present in the system. From the above discussion
we attribute this behavior to the generation of Fe(II) and Cu(I)
active species on the catalyst mediated by GSH (reactions 9 and
10, Fig. 4f). Glucose is especially important in tumors and is being
proposed as a central target of the so-called starvation therapy,
focusing on glucose metabolism to hinder tumor growth [75].

Tumor cells consume an abnormally high amount of glucose in
comparison with healthy ones to satisfy their energy needs and the
anabolic demands for growth [10]. This glucose dependency has
been known for a century and is generally known as the Warburg
effect [76]. The strong depletion of glucose shown in Fig. 5c vali-
dates the potential of CuFe nanoparticles to generate ROS able to
convert glucose as an attractive alternative to other catalysts
exhibiting glucose oxidase-like activity [77].

2.4. Cellullar uptake and CuFe biocompatibility

The tolerability of exposure to CuFe NPs of cancer (U251-MG)
and mesenchymal stem cells (hpMSCs) was determined by incu-
bating increasing quantities of the catalyst with the respective cells
during 6 and 24 h, respectively. According to the ISO 10993–5 (Bio-
logical evaluation of medical devices. Part 5: test for in vitro cyto-
toxicity) a reduction in cell viability higher than 30 % compared to
the control is considered as cytotoxic effect. Fig. 5a and Fig. 5b
show that a clear decrease on cell viability could be observed above
a certain concentration of CuFe NPs. Interestingly, the vulnerability
of U251-MG cancer cells to these nanoparticles was significantly
higher compared to hpMSCs after incubation. Thus, after 6 h of
incubation, 1.5 mg mL�1 and 0.4 mg mL�1 of CuFe were the doses
that significantly reduced cell viability in hpMSCs and U251-MG
cells (compared with untreated cells), respectively (i.e. hpMSCs
can tolerate concentrations of CuFe NPs that are nearly four times
the corresponding levels for U251-MG cells). Similar results were
obtained also after a 24 h incubation period, with cell viability sig-
nificantly affected at 0.4 and 0.1 mg mL -1 for hpMSCs and U251-
MG cells respectively, compared to untreated cells, again a factor
Fig. 5. (a) Tolerability study of CuFe incubated with hpMSCs cells after 6 h and 24 h. (b
(n = 4). (c) Confocal trafficking study of CuFe in hpMSCs showing endosomal pathway. (d
(actin is shown in green, nuclei in cyan, CuFe in blue and CD63 positive vesicles in red)
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of four. These data suggest that the viability of cancer glioma cells
is more strongly affected upon the exposure to CuFe NPs compared
with healthy hpMSC cells. To further study the interaction of these
nanoparticles with both types of cells, a CuFe concentration of
0.1 mg mL�1 was selected as subcytotoxic dose lines in the subse-
quent experiments. The internalization of CuFe into U251-MG cells
and hpMSCs was assessed by confocal microscopy. Fig. 5c and
Fig. 5d (and Fig. S8) include representative images from hpMSCs
and U251-MG cells, respectively, after treatment with CuFe for 4,
6, 10, 24 and 48 h. After 6 h a significant accumulation of CuFe
inside both cell lines was observed, higher than at other time
points studied. The internalization route was studied by marking
lysosomes and CD63 positive endosomes and investigating their
co-localization with CuFe NPs under confocal microscopy. The
results (see the Z-stack sections of the images in Fig. 5 as well as
in Figures S8 and S9) confirmed the localization of the CuFe NPs
within an endosomal pathway, with preference to the lysosomal
route. This is a favorable result, as a faster CuFe degradation would
take place in the lysosomal acidic compartments within the cells.

2.5. Estimation of intracellular GSH concentration

Encouraged by the above findings on the role played by GSH in
enhancing the catalytic effects of CuFe NPs, we decided to investi-
gate whether the higher sensitivity exhibited by U251-MG cells
could be related to their GSH content. Although it is generally
known that cancer cells tend to increase the production of GSH
compared with healthy cells, (a feature that is thought to be
related to the role of GSH as antioxidant molecule) [19], to date
there are no systematic studies correlating catalytic effects to
GSH levels which is likely due to the lack of an accurate method
to determine intracellular GSH levels. Here, we estimated the cyto-
plasmic GSH concentration in U251-MG and hpMSCs by: i) mea-
suring GSH levels in cells after their tryptinization, lysate and
derivatization with DTNB for a subsequent quantification using
UPLC-PDA (see Fig. 6a and Experimental section) and ii) relating
the amount of GSH determined to the number of cells present in
the sample and to the cell volume (to estimate GSH concentrations
) Tolerability study of CuFe incubated with cancer U251-MG cells after 6 and 24 h
) Confocal trafficking study of CuFe in U251-MG cells showing endosomal pathway
.



Fig. 6. Scheme summarizing the intracellular GSH quantification method devel-
oped in this work: (a) GSH extraction from cells after trypsinization, lysate and
derivatization with DTNB for final quantification by UPLC-PDA analysis. GSH
intracellular concentrations were expressed on a cell volumetric basis taking into
account number of cells in the culture and their volume, obtained from optical
inverted microscopy images; (b) Intracellular GSH concentration for hpMSCs and
U251-MG lines, evidencing the larger amount of GSH in the latter (n = 6).
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inside each individual cell) (Fig. 6a). Cell volumes were estimated
from optical images obtained from cells in suspension with an
inverted optical microscope (Olympus IX81) (Fig. 6a and
Fig. S10b). As expected, the suspended cells had an approximately
spherical morphology and their average radius were calculated as
14.4 ± 4.6 mm and 9.2 ± 1.8 mm for hpMSCs and U251-MG cells,
respectively (Fig. S10a). According to these mean values, hpMSCs
and U251-MG cells presented a total volume of 1.2 � 10-11 L and
3.3 � 10-12 L per cell, respectively. Then, the total amount of GSH
determined by UPLC on the cell culture could be related to the total
cell volume, taking into account the volumes of each cell and the
number of cells in the respective cultures. Fig. 6b shows intracellu-
lar GSH levels estimated for both types of cells and it can be seen
that in the case of U251-MG cancer cells GSH concentrations were
significantly higher 7.3 ± 1.2 mM compared to 1.9 ± 0.2 mM for
hpMSCs cells.

2.6. Cell death mediated by CuFe nanoparticles

The ability of CuFe nanocatalyst to induce cell death through by
Fenton-type reactions was evaluated in both cancer and stem cells.
Specifically, the cell cycle distribution and death mechanisms were
studied by flow cytometry. Fig. 7 shows that, when exposed to
CuFe NPs (0.2 mg�mL�1) both cell lines undergo changes in the dis-
tribution of cells in each cycle phase, but a clearly more acute effect
711
was observed on U251-MG cells leading to cell death (Fig. 7a). In
fact, in some cases it was not even possible to evaluate the distri-
bution of cells in each phase of the cell cycle because tumoral cells
were strongly affected by CuFe particles (Fig. 7a). A significant
increase in S phase (from 1.8 to 30.6 %) as well as in G2-M phase
(<10%) and a decrease on G0-G1 phases (almost a 40 % decrease)
was observed after cancer cell treatment compared to control sam-
ples (Fig. 7b and Table S4). Flow cytometry also elucidated the
mechanism of cell death caused by CuFe (Fig. 7c). The incubation
of the two cell lines (hpMSCs and U251-MG cells) with 0.2 mgmL�1

of CuFe during 6 and 24 h did not exhibit remarkable changes com-
pared to control (untreated) samples regarding the percentage of
cells death by necrosis. However, after CuFe NPs treatment, apop-
tosis was induced for both cell lines, again muchmore intensely for
U251-MG cells (see Fig. 7d). Thus, for hpMSCs, 16.7 and 46.5% of
cells were in a late apoptotic phase after 6 and 24 h of incubation
with CuFe, respectively while in the case of cancer U251-MG cells
the corresponding percentages were 34.3 % and 72.6 % respectively
when they were incubated with the same concentration of CuFe
nanoparticles at 6 and 24 h, respectively. Especially in late apopto-
sis, very significant increases were observed for U251-MG cells.
Finally, the evolution of cell morphology by confocal microscopy
also corroborates the results of flow cytometry regarding the effect
of CuFe nanoparticles. Fig. 8a shows how U251-MG morphology
was strongly affected upon CuFe treatment (particularly after
24 h of incubation). The presence of the nanocatalyst caused the
features typical of apoptosis including spherical rounded shape,
cytoplasmatic aggregation, membrane irregularity and the forma-
tion of multiple apoptotic bodies compared with untreated cells.
Interestingly, apoptosis features are not yet evident the micro-
scopy images of hpMSCs incubated with CuFe NPs under the same
conditions, even though CuFeNPs are clearly present inside MSC
cells. These data again confirm the enhanced effect of CuFe
nanocatalyst in the cancer cells studied compared to the stem cell
counterparts.

GSH levels inside both hpMSCs and U251-MG cells after their
treatment with CuFe were measured. U251-MG cells exhibited
a very significant decrease on GSH intracellular levels when trea-
ted with CuFe compared to control cells (untreated) (see Fig. 8b).
Specifically, the presence of the nanocatalyst led to an abrupt
decrease of cytoplasmatic GSH from 7.3 mM to 5.2 mM (6 h) and
to 2.5 mM (24 h) in the cancer cells. These results demonstrate
an enhanced cytotoxic response towards the U251-MG tumor cell
line, being much more susceptible to GSH depletion compared to
stem cells after their interaction to CuFe NPs. Taking together,
the results of flow cytometry and confocal microscopy indicate
that: i) after CuFe exposure, U251-MG cancer undergo intense
apoptosis compared with hpMSCs, a catalytic action that is trig-
gered by the high GSH levels inside U-251-MG cells; and ii)
U251-MG GSH levels significantly decrease when incubated with
CuFe compared to hpMSCs (Fig. 7b) as a result of the above-
described cascade processes.
3. Experimental section

3.1. Chemicals and materials

Iron (III) chloride hexahydrate (FeCl3�6H2O, 97%), copper (II)
chloride dihydrate (CuCl2�2H2O, � 99.0%), sodium acetate anhy-
drous (CH3COONa), Bovine Serum Albumin (BSA), ethylene glycol
(EG) (99.8%), Glutathione (�98, HPLC), Glutathione oxidized
(�98, HPLC), 5,50-Dithiobis(2-nitrobenzoic acid) (DNTB), lactose
(Standard Quality), methylene blue (MB), hydrogen peroxide
(H2O2, 33% v/v), sodium bicarbonate (NaHCO3, 99%) were pur-
chased from Sigma Aldrich. D-glucose was purchased from MP



Fig. 7. Flow cytometry analyses: (a) Cell cycle histograms obtained by flow cytometry; (b) Percentage of cells in cell cycle after the treatment with CuFe during 24 h at
0.2 mg mL�1 compared to untreated cells (control); (c) Apoptosis and necrosis results obtained by flow cytometry; (d) Percentage of cells in early or late apoptosis and
necrosis after the treatment with CuFe during 24 h at 0.2 mg mL�1 compared to untreated cells (control).
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Biomedicals. Acetonitrile (ACN) (HPLC Quality) was purchased
from WVR (Avantor) . UPLC grade water was obtained from a
Milli-Q Advantage A10 System with resistivity of 18.2 mX (Merk
Millipore, Germany).
3.2. Synthesis of CuFe nanoparticles

CuFe2O4 nanoparticles were synthetized following a templated-
growth method. In a typical synthesis, 250 mg of BSA were dis-
solved in 2.5 mL of deionized water. After that, 12.5 mL of EG were
added to the mixture, followed by 270.5 mg of FeCl3�6H2O,
121.0 mg CuCl2�2H2O and 375 mg of CH3COONa. Reagents were
thoroughly stirred for 2 h at room temperature. The reaction was
then transferred to a Teflon autoclave and the temperature was
kept at 180 �C for 24 h. Finally, the product was centrifuged at
12 000 rpm for 20 min and washed twice in the same conditions
with distilled water. The catalyst was stored at 4 �C until further
use. The synthesis of these materials has been performed at the
Platform of Production of Biomaterials and Nanoparticles of the
NANBIOSIS ICTS, more specifically by the Nanoparticle Synthesis
Unit of the CIBER in BioEngineering, Biomaterials & Nanomedicine
(CIBER-BBN).
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3.3. Characterization techniques

Transmission electron microscopy (TEM) was performed using
a FEI TECNAI T20 microscope operated at 200 keV. Samples were
prepared by dropcasting 5 mL of the nanoparticle suspension on a
holey carbon TEM grid. High-resolution transmission electron
microscopy (HRTEM) was performed using a FEI Titan (80–
300 kV) microscope at an acceleration voltage of 300 kV. Sample
was prepared by depositing 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. Fourier trans-
form infrared spectroscopy (FTIR) was performed on a Bruker Ver-
tex 70. 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 spec-
trumwas measured 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 software
using a weighted sum of Lorentzian and Gaussian component



Fig. 8. (a) Morphological changes of cells incubated with CuFe during 6 and 24 h (0.2 mg mL�1). Actin is visualized in red, CD63 positive vesicles in green, nuclei in blue and
CuFe in white; (b). Evolution of intracellular GSH levels of hpMSCs and U251-MG after their incubation with the nanocatalyst or under control (non-treated) conditions. Inset
illustrates the GSH depletion-ROS generation cycle (n = 3).

J. Bonet-Aleta, M. Sancho-Albero, J. Calzada-Funes et al. Journal of Colloid and Interface Science 617 (2022) 704–717
curves after Shirley background subtraction. The binding energies
were referenced to the internal C 1 s standard at 284.5 eV. X-ray
diffraction patterns were obtained in a PANalytical Empyrean
equipment in Bragg-Brentano configuration using CuKa radiation
and equipped with a PIXcel1D detector. 1H spectra (D2O) were
recorded at 25 �C using a Bruker Avance 400 MHz NMR spectrom-
eter 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.
3.4. Catalytic oxidation of GSH

The catalytic activity of CuFe2O4 nanoparticles oxidizing GSH
was evaluated according to the following protocol: in a total vol-
ume of 2.5 mL, 5 mM of GSH were mixed with 0.1 mg�mL�1 of CuFe
at 37 �C. In the experiments adding H2O2, the final concentration in
the reaction was fixed at 0.5 mM. GSH concentration was quanti-
fied by UPLC (vide infra).
3.5. Generation of hydroxyl radicals

The capability of CuFe nanoparticles to generate �OH was eval-
uated via MB assay [29,66]. In a total volume of 2.5 mL, a final con-
centration of 5.78�10-5 M of MB and 0.1 mg�mL�1 of CuFe were
mixed. For experiments containing GSH, a concentration of 5 mM
was selected. The pH of the reactions was set to 4.5 and 7.0 using
CH3COO/CH3COOH and PBS buffer, respectively. H2O2 was added
after 40 min with a final concentration of 1 mM. Alternatively,
�OH formation was detected via the terephtalic acid assay
[60,78,79]. In a total volume of 2.5 mL, 5 mM of disodium tereph-
thalate, 0.1 mg�mL�1 CuFe and 5 mM of GSH were mixed. The pH
was maintained at 4.5 using a CH3COO–/CH3COOH buffer. H2O2

was added after 25 min of reaction, with a final concentration of
1 mM. The generation of 2-hydroxy disodium terephthalate was
evaluated by measuring the fluorescence with an excitation wave-
length of 315 nm.
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3.6. Cell culture conditions

hpMSCs were obtained from Cellular Engineering Technologies
(CET) (Coralville, IA, USA) and U251-MG glioblastoma cells were
kindly obtained from Cancer Research UK Cell services. hpMSCs
were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Biowest, France) supplemented with 5 g mL�1 of FGF-2 growth fac-
tor (PeproTech, USA), with 10 % of fetal bovine serum (FBS, GIBCO,
USA), 1% penicillin/streptomycin and 1% amphotericin (Biowest,
France) and maintained at 37 �C in a 5% CO2-humidified atmo-
sphere under hypoxic conditions (3 %). For culturing U251-MG
cells DMEM with 10 % of FBS supplemented with 1% penicillin/
streptomycin and 1% amphotericin was used.

3.7. Study of CuFe nanoparticles biocompatibility

hpMSCs and U251-MG cells were seeded in a 96-well plate for-
mat (at 5000 and 4000 U251-MG cells and hpMSCs per well,
respectively) and incubated for 24 h before treatment. Each well
was then replaced with a suspension of CuFe in culture media at
a concentration ranged from 0.025 to 1.5 mg mL�1 After 6 and
24 h cells were washed with PBS buffer. Blue Cell viability reagent
(10% v/v) was used to determine cell viability under the effect of
CuFe [80]. Experiments were performed in triplicates.

3.8. Cellular uptake and trafficking of CuFe nanoparticles

Confocal microscopy was employed to follow the internaliza-
tion of CuFe in both hpMSCs and U251-MG cells. hpMSCs and
U251-MG cells were seeded at a density of 30,000 and 20,000
U251-MG cells and hpMSCs per well, respectively onto 20 mm
cover slips (deposited onto a 24-well plate) and incubated under
standard culture conditions for 24 h. Then, CuFe at the subcyto-
toxic dose (0.1 mg�mL�1) were added to each well and incubated
for 4, 6, 10, 24 and 48 h. Cells were finally fixed with 4 %
paraformaldehyde. In order to label the cytoplasmic actin, cells
were stained with phalloidin-Alexa546 (Invitrogen, USA), the
endosomal pathway was labelled using an anti-CD63-Alexa-488
(ThermoFisher Scientific) and Draq-5 was used to observe the
nuclei. Reflection of the incident light at 488/490 nm was used to
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directly visualize CuFe aggregates. Lysosomes were also labelled
using a Lysotracker Green DND-26 (molecular probes) without
previously fixing the cells and following manufacturer instruc-
tions. The cellular uptake was observed under a confocal micro-
scope (SEISS LSM880 Confocal Laser Scanning Microscope) with a
63x oil immersed N.A. 1.40 objective. Z-stack orthogonal projec-
tions were developed to determine the presence of NPs inside
the cytosol.

3.9. Intracellular GSH quantification

In order to determine the intracellular GSH concentration,
U251-MG and hpMSCs were seeded onto P100 culture dishes upon
they reach 80 % of confluence. Cells were finally trypsinized,
washed twice with PBS (500 g, 5 min) and collected. Before GSH
quantification, cells were centrifuged twice at 13300 rpm for
5 min. Supernatant was discarded and a certain volume of 12%
CCl3COOH solution was added to lysate the cells and precipitate
proteins avoiding its interference in the analysis (500 mL for GSH
determination and 400 mL for GSH-consumption experiments).
Samples were sonicated and left 15 min at 4C. The suspension
was centrifuged at 13 300 rpm for 5 min. The supernatant was iso-
lated for derivatization process (see details below) and labelled as
in vitro. In order to express the result in terms of GSH cell concen-
tration, an estimation of total cell volume in the samples was
established. After quantifying the number of cells in each sample,
and assuming 3-dimensional spherical shapes, average cell volu-
metric distribution was estimated after measuring the radius of
250 individual cells from inverted conventional microscopy images
(see Fig. S10b). Average radii of 14.4 ± 4.6 mm and 9.2 ± 1.8 mm
were determined for hpMSCs and U251-MG cells, respectively),
Likewise, hpMSCs presented a calculated volume of 1.2 � 10-11 L
whereas U251-MG volumes were 3.3 � 10-12 L.

3.10. GSH derivatization protocols for UPLC analysis

The derivatization of GSH using DTNB yields a quantifiable
yellow-colored product, 5-thiobis-(2-nitrobenzoic acid) (TNB2-)
which absorbs at 412 nm following reaction shown in Fig. S3.
Depending on the experiment (ex vitro GSH oxidation or in vitro
GSH quantification), analysis conditions are different due to matrix
differences. In the case of catalytic oxidation of GSH, a calibration
curve was prepared following the amounts specified in Table S2.
For the sample preparation, 20 mL of the reaction were mixed with
100 mL of 1 mM DTNB, 50 mL of 0.2 M NaHCO3 and 880 mL of ACN:
H2O (1:1) solutions. For in vitro GSH quantification, calibration
curve was prepared following the amounts specified in Table S3.
Due to the acidic nature of TCA employed for GSH extraction, dur-
ing the sample preparation, 50 mL of in vitro GSH solution were
mixed with 20 mL DNTB (2.5 mM), 6.5 mL NaOH (3 M) and 930 mL
TRIS (0.01 M) solution. Final pH both of standards and samples
was 7.8–7.9. Both samples and standards were filtered with
0.22 mm Nylon filters before injecting in UPLC system.

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

GSH and glucose 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 single quadrupole mass spectrometer with
an electrospray ionization (ESI) ACQUITY QDa mass detector. 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 as describe below, chro-
matographic separation was performed using an ACQUITY UPLC
BEH C18 column (130 Å, 1.7 mm 2.1 � 50 mm, from WATERS) at
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40 �C under an isocratic flow of 0.3 mL/min containing 50% ace-
tonitrile, 50% milli Q water. PDA detector was employed to monitor
absorbance from derivatized GSH at 412 nm during analysis time.

On the other hand, glucose was monitored after the chromato-
graphic separation was performed using an ACQUITY UPLC BEH
Amide column (130 Å, 1.7 mm, 2.1 mm X 100 mm, WATERS). In this
case, mobile phase consisted of an initial mixture of acetonitrile/
water (90:10), containing 0.1% 10 mM ammonium chloride in
ammonium, as a mobile phase modifier, at a 0.5 mL/min initial
flow rate. Thereon a gradient in the mobile phase was employed
to separate the different metabolites present in the samples. Water
composition increased for 3 min until a 65% acetonitrile is reached
and then the system can recover initial conditions. ACQUITY QDa
mass detector was employed to quantify sugar concentrations
according to the most abundant ions generated as described below.
Calibrations were performed using commercial standards of glu-
cose and lactose.

3.12. Cell viability and intracellular GSH levels depletion

To determine how CuFe presence within cell cytoplasm leads to
cell death mediated by GSH decrease, firstly the distribution of the
cell cycle phases after CuFe treatment was assessed by flow cytom-
etry. Cells were seeded onto 6-well plates at a density of 200,000
and 300,000 hpMSCs and U251-MG cells per well, respectively.
After 24 h, CuFe (0.2 mg mL�1) were added into the treated wells.
After 24 h, cells were trypsinized and washed twice with PBS
(500 g, 5 min). Then, cells were collected in PBS and fixed with
70 % ice-cold ethanol and maintained at 4 �C in this solution almost
for 24 h. DNA staining was performed by adding RNase A and pro-
pidium iodide (PI) to the cell suspension. Finally, samples were
analyzed in a FACSARRAY BD equipment with the MODIFIT 3.0 Ver-
ity software. Control samples (not treated cells) were also evalu-
ated to estimate the standard distribution of cell cycles in the
cell lines assayed. Moreover, cell morphology was evaluated upon
their exposure to CuFe 0.2 mg mL�1 during 6 and 24 h by confocal
microscopy as previously mentioned.

In order to study cell mechanisms induced by the presence of
CuFe, cells were again seeded onto 6-well plates and CuFe was
added at previously mentioned (0.2 mg mL�1 during 6 and 24 h).
After these time points, cells were collected and washed twice with
PBS. Cell pellet was finally suspended in 200 mL of PBS containing
ethylenediaminetetraacetic acid (EDTA) before cell labeling with
5 mL of Anexin V-FITC and 5 mL of PI during 15 min. Cancer cell
mechanism (necrosis or apoptosis) was determined by flow cytom-
etry (FACSAria BD cytometer, BD Bioscience). Flow cytometry
experiments were performed in triplicates. Finally, GSH intracellu-
lar levels of CuFe treated hpMSCs or U251-MG cells (0.2 mg mL�1

during 6 and 24 h) were quantified as described above in order to
corroborate that CuFe lead cytotoxicity effect is mediated by GSH
depletion inside cell cytoplasm. Experiments were performed in
triplicates.

3.13. GSH triggered conversion of glucose

GSH-assisted peroxidation of glucose was carried out as fol-
lows: 1000 ppm of glucose (5.55 mM) were mixed with
0.05 mg�mL�1 of CuFe at 37 �C in a total volume of 2.5 mL. For
experiments containing GSH, a concentration of 5 mM was estab-
lished. 100 mL H2O2 (125 mM) were added after 30 min of reaction
to reach a final concentration of 1 mM. The pH was adjusted to 7.0
with NaHCO3 solution. Glucose concentration from samples col-
lected at different times were analyzed by UPLC-MS. After ESI, glu-
cose most abundant ion is the chloride adduct [M�Cl-] at m/z
formed due to the presence of NH4Cl in the mobile phase [81]. Cal-
ibration curve was prepared following the amounts specified in
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Table S6. Lactose was used as internal standard, being 377.45 the
m/s corresponding to its most abundant chloride adduct. For the
sample preparation, 20 mL of reaction was mixed with 25 mL of
1000 ppm Lactose solution and 955 mL of a mixture ACN:H2O
(1:1). Both samples and standards were filtered with 0.22 mm
Nylon filters before injecting in UPLC system.
3.14. Statistical analysis

All the results are expressed as mean ± SD. Statistical analysis of
the biological experiments and the significant differences among
the means were evaluated by two-way analysis of variance
(ANOVA) for multiple comparisons by Dunnett’s multiple compar-
isons test using GraphPad Software). Statistically significant differ-
ences were express as follows: *p < 0.05, **p < 0.005, ***p < 0.0005
and ****p < 0.00005.
4. Conclusions

The CuFe nanoparticles synthesized in this work can enable a
GSH-triggered cascade reaction that gives rise to the depletion of
intracellular GSH in a process that produces reduced species on
the surface of the nanoparticles. These reduced species in turn pro-
mote Fenton processes in the presence of H2O2 and the subsequent
generation of ROS species that induce cell death by apoptosis.
Especially at close to neutral pH, the catalytic action needs the
presence of both GSH and H2O2 as a trigger, and is strongly
enhanced by higher GSH concentrations. Our comparative study
with hpMSCs and U251-MG cells as examples of healthy and can-
cer cells support this conclusion: CuFe nanoparticles were much
more toxic towards U251-MG cells leading to an enhancement of
apoptosis, as confirmed by flow cytometry and confocal micro-
scopy observations. The effect was damped on hpMSCs, with con-
siderably lower GSH basal levels. Both intra- and extracellular GSH
levels were accurately measured in this work, and the concentra-
tions correlated well with the catalytic action observed. Interest-
ingly, the presence of GSH not only pulled the catalytic action
regarding the reduction of GSH levels and the concomitant gener-
ation of ROS, but also the depletion of other molecules. Glucose in
particular was tested in this work, undergoing a strong reduction
in the presence of GSH, H2O2 and CuFe nanoparticles. In summary,
the higher concentration of GSH in cancer cells enables a combined
therapeutic action (ROS generation and starvation therapy through
glucose depletion), leading to enhanced apoptosis. This could open
up new opportunities that leverage GSH upregulation in the tumor
environment, adding a new element to the growing chemody-
namic therapy toolbox.
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