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Neurokinin-1 receptor (NK1R), a member of the
G protein-coupled receptor (GPCR) family, contributes
to multiple pathological processes, including pain,
chronic inflammation, and cancer (Gutierrez et al.,
2019; Robinson et al., 2023). Current reports and our
previous work have proven that NKI1R is highly ex-
pressed in many cancer cells, such as colorectal can-
cer and leukemia, and that targeted blocking of NK1R
can effectively inhibit tumor cell proliferation (Li XQ
etal., 2013; LiJY etal., 2016; Ge et al., 2019; Shi
et al., 2021). In addition, GPCRs have been found not
only in the plasma membrane but also in the mem-
branes of endosomes and lysosomes with endocyto-
sis (Irannejad et al., 2017; Yarwood et al., 2017), which
is more pronounced in cancer cells with highly de-
veloped lysosomes (Ramirez-Garcia et al., 2019).

Aprepitant, an NK1R antagonist approved by the
United States Food and Drug Administration (FDA),
can effectively block the overexpression of NKIR in
cancer cells (Yuan et al., 2016). Nevertheless, its poor
aqueous solubility and low bioavailability greatly limit
its application in cancer therapy (Shadle et al., 2012).
In recent years, drug—metal coordination nanoparti-
cles have attracted extensive research interest because
such nanoparticles consist of single or multiple small
molecules (e.g., curcumin and indocyanine green) and
metal ions, thus constructing carrier-free nanoparticles
that reach the nanoscale while dramatically increasing
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the proportion of active component (Lin et al., 2021;
Zhou et al., 2022).

Copper (Cu), as a transition metal, has been ex-
tensively utilized in the fabrication of self-assembled
nanoparticles due to its excellent coordination cap-
abilities (Zhu et al., 2024a). Unlike conventional sys-
tems that depend on drug adsorption or encapsula-
tion within organic or inorganic nanomaterials (Guan
et al., 2023; Wong et al., 2024), drug—metal coordina-
tion nanoparticles leverage the direct coordination be-
tween metal ions and drug molecules. This unique prop-
erty classifies them as carrier-free nanodrugs, which
offer significantly higher drug-loading efficiency than
traditional delivery systems. Beyond serving as a
structural component for nanodrug formulations, cop-
per also exhibits intrinsic therapeutic potential. Cop-
per has emerged as a key mediator of novel cell-death
pathways, including cuproptosis and ferroptosis, which
are characterized by regulated cell-death mechanisms
that are dependent on metabolic and oxidative stress
(Liu et al., 2023; Li et al., 2024; Zhu et al., 2024b).
Cuproptosis has a shorter development period, and
Tsvetkov et al. (2022) revealed its mechanism, in
which cell death is induced by targeting lipoylated
tricarboxylic acid (TCA) cycle proteins. Excessive
copper(I) (Cu") ions bind to lipoylated dihydroli-
poamide S-acetyltransferase (DLAT), further leading
to DLAT oligomerization (Yang LF et al., 2023).
Cu'-induced decrease in Fe-S stabilization or inactiva-
tion of Npl4-p97 also results in copper-induced cell
death (Xie et al., 2023). Building on these findings,
copper ion-based nanomaterials, such as copper sul-
fide nanoparticles and copper-based metal-organic-
framework nanoparticles, have demonstrated potent
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anti-tumor effects by inducing cellular cuproptosis
(Liu et al., 2022; Tong et al., 2023; Hu et al., 2024).
For instance, Zhu et al. (2024a) successfully developed
carrier-free nano-sonosensitizers through self-assembly
of copper(Il) (Cu™) and chlorin €6, enabling efficient
Cu™ delivery and inducing multiple cell-death path-
ways, including cuproptosis. However, to the best of
our knowledge, there has been limited research on the
application of Cu’-based nanomaterials in cuproptotic
cancer therapy. This is largely due to their high sus-
ceptibility to oxidation when exposed to aqueous en-
vironments, which poses significant challenges for
maintaining their stability and functionality (Chung
et al., 2022).

Considering that both cuproptosis and NKI1R
blockade-induced cell death are closely associated with
mitochondria, we employed the NK1R antagonist ap-
repitant here to assist in the preparation of copper
nanoparticles (Cu-aprepitant NPs) and to improve
their antioxidant properties. The construction of Cu-
aprepitant NPs greatly improved the water solubility of

Aprepitant

Cu2+
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aprepitant. The obtained Cu-aprepitant NPs exhibited
a favorable low-pH response for drug release and
physiological-environmental stabilization. As copper in
Cu-aprepitant NPs was oxidized to copper ions, particu-
larly in tumor cells with high metabolic and reac-
tive oxygen species (ROS) levels, they effectively in-
duced cuproptosis in breast cancer cells. Meanwhile,
the released aprepitant also blocked the highly ex-
pressed NKIR in breast cancer cells, thereby induc-
ing synergistic cell death (Fig. 1). Thus, these rapidly
synthesized carrier-free Cu-aprepitant NPs were able
to kill breast cancer cells efficiently, and our findings
can be generalized to other drug-assisted prepara-
tions of metal nanoparticles and cancer multi-pathway
therapies.

In this study, we synthesized copper nanoparti-
cles by introducing an FDA-approved NK1R antag-
onist, aprepitant, which has been reported to have a
good anti-cancer effect (Ge et al., 2019). The prepara-
tion and characterization methods for Cu-aprepitant
NPs are provided in the supplementary Materials
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Fig. 1 Illustration of the one-pot method for synthesizing Cu-aprepitant nanoparticles (NPs) and the cell-death pathways

assisted by Cu-aprepitant NPs.
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and Methods section. Fig. 2a shows the absorption
spectra of the aprepitant solution, CuCl, solution,
mixture of CuCl, and aprepitant, mixed systems at
the beginning of the reaction (i.e., Cu-aprepitant seeds),
and Cu-aprepitant NPs. The ultraviolet-visible (UV-
Vis) absorption spectra of Cu-aprepitant seeds and Cu-
aprepitant NPs revealed distinct changes during the
formation process. A broad increase in absorption
was observed in the range of 300—450 nm, accom-
panied by a significant decrease in the characteristic
absorption peak at approximately 290 nm, which is
typically attributed to free Cu® ions. Additionally,
the ligand-to-metal charge transfer (LMCT) transi-
tions, commonly found in the 200-400 nm region,
exhibited enhanced absorption (Su et al., 2023), fur-
ther indicating structural and electronic changes asso-
ciated with coordination between copper ions and
aprepitant. These results demonstrate that during the
synthesis process of Cu-aprepitant NPs, the copper
nanoparticles continued to grow and the Cu-aprepitant
complexes formed via coordination between the ni-
trogen (N) atoms of aprepitant and copper in the
presence of OH™ ions. Scanning electron microscopy
(SEM) (Fig. 2b) and transmission electron microscopy
(TEM) (Fig. 2¢) images display the morphology of
Cu-aprepitant NPs. The Cu-aprepitant NPs resulted in
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spherical particles with a size of (50.56+11.77) nm
(n=200), a polydispersity index (PDI) of 0.25+0.02,
and a zeta potential of (34.7+0.7) mV, indicating good
homogeneity and water stability of the obtained Cu-
aprepitant NPs.

Energy-dispersive spectrometry (EDS) revealed
the existence of Cu and elements, including N and F,
contained in the aprepitant in the as-obtained Cu-
aprepitant NPs (Fig. 2d). To confirm the percentage
of each component in Cu-aprepitant NPs, we collected
the resultant Cu-aprepitant NPs by centrifugation and
measured the unloaded aprepitant in the supernatant
by high-performance liquid chromatography (HPLC).
The drug-loading content (DLC) was (78.2+4.4)%.
Meanwhile, the freeze-dried Cu-aprepitant NPs were
ablated with aqua regia, and then the concentration
of copper was determined using the inductively cou-
pled plasma-optical emission spectroscopy (ICP-
OES). The results showed that the mass percentage
of copper in Cu-aprepitant NPs was 18.91%, i.e., the
molar ratio of copper atoms to aprepitant (molecular
weight=534.43 Da) in Cu-aprepitant NPs was approxi-
mately 2:1.

To explore the possible interactions between
copper ions and aprepitant, we recorded the Fourier-
transform infrared (FTIR) spectra of Cu-aprepitant NPs.
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Fig. 2 Characterization of Cu-aprepitant nanoparticles (NPs). (a) Ultraviolet-visible (UV-Vis) spectra of aprepitant, CuCl,,
mixture of aprepitant and CuCl,, Cu-aprepitant seeds, and Cu-aprepitant NPs. (b, ¢) Scanning electron microscopy (SEM) (b)
and transmission electron microscopy (TEM) (c) images of Cu-aprepitant NPs. (d) Energy-dispersive spectrometry (EDS) of
Cu-aprepitant NPs. (e) Full-range Fourier-transform infrared (FTIR) spectra of Cu-aprepitant NPs and aprepitant. (f) Zoomed-
in regions of the FTIR spectra showing differences in the N-H bending for Cu-aprepitant NPs and aprepitant. a.u.: arbitrary

unit.



As shown in Figs. 2e and 2f, the characteristic bands
of aprepitant at 1703 and 1608 cm™ could be attrib-
uted to the stretching vibrations of single-bond C=0
and C=C, respectively (Yeo et al., 2020; Nogusa et al.,
2023). The bending vibration of N-H at 1452 cm™
disappeared due to the coordination of nitrogen and
copper (Fig. 2f). These results indicate that the con-
struction of Cu-aprepitant NPs does not change the
overall structure of the aprepitant, and the copper ions
in the nanoparticles are bound together by coordina-
tion with the nitrogen atoms in the aprepitant.

In addition, we used the X-ray diffraction (XRD)
spectra to compare the structural identities of aprepi-
tant and Cu-aprepitant NPs. As shown in Fig. 3a, the
peaks of aprepitant are indexed to the pattern of
Cu-aprepitant NPs but with lower intensities, which
we attribute to a higher proportion of copper in the
Cu-aprepitant NPs (Pan et al., 2020). The peaks at dif-
fraction angles (26) of 43.94°, 51.13°, and 75.37° can
also be observed in the pattern, and correspond to
the characteristic face-centered cubic (FCC) symme-
try of the copper lines indexed at (111), (200), and
(222), respectively (Upadhyay and Kumar, 2017; Wang
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et al., 2020). In comparison, the mixed powder of re-
action substrates (i.e., CuCl, and aprepitant) exhibited
weak peaks for aprepitant and CuCl, (Jianu et al.,
2016). The composition details were also reflected by
X-ray photoelectron spectroscopy (XPS) character-
ization techniques, which showed that Cu-aprepitant
NPs were composed of C, N, O, F, and Cu elements
(Fig. 3b), which was consistent with the EDS results.
In the Cu 2p XPS spectra (Fig. 3c), the peaks indicat-
ing the metallic copper state were substantially larger
for Cu-aprepitant NPs (Kim et al., 2021). No strong
Cu™ satellite peaks were visible in the Cu 2p XPS
spectra of Cu-aprepitant NPs, while the broad satel-
lite peak (943.9 eV) was observed in the mixture of
CuCl, and aprepitant, indicating that there was Cu* in
the mixture and a decrease in this component in Cu-
aprepitant NPs (Platzman et al., 2008; Wang et al.,
2020). A slight peak displacement can be seen in the
N 1s spectra (Fig. 3d). This is because in the growth
process of Cu-aprepitant NPs, there were a few Cu’
states in Cu-aprepitant NPs and they were coordi-
nated with the nitrogen in the aprepitant (Sun et al.,
2022).
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Fig. 3 Phase and chemical-state investigation of Cu-aprepitant nanoparticles (NPs). (a) X-ray diffraction (XRD) spectra
of Cu-aprepitant NPs, mixture of CuCl, and aprepitant, and aprepitant powder. (b) Overall X-ray photoelectron
spectroscopy (XPS) spectra of Cu-aprepitant NPs, mixture of CuCl, and aprepitant, and aprepitant powder. (¢) Cu 2p
peak of Cu-aprepitant NPs and the mixture of CuCl, and aprepitant. (d) N 1s peak of Cu-aprepitant NPs, mixture of
CuCl, and aprepitant, and aprepitant powder. a.u.: arbitrary unit.
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Due to the reduced coordination interaction be-
tween copper and aprepitant under acidic conditions,
Cu-aprepitant NPs have the potential to dissolve in ly-
sosomes and release Cu’" and aprepitant. To investi-
gate aprepitant release, we treated Cu-aprepitant NPs
in a variety of simulated in vivo pH environments
(pH 7.4 for the normal environment, pH 6.8 for the
tumor microenvironment, and pH 5.7 for the endo-
somes or lysosomes). Fig. 4a shows the cumulative re-
lease of aprepitant from Cu-aprepitant NPs. In physio-
logical (pH 7.4) and weak acid (pH 6.8) buffers, the
aprepitant slightly increased during the first 12 h and
then remained stable. In comparison, the Cu-aprepitant
NPs in buffer at pH 5.7 exhibited more rapid drug re-
lease, with a 24-h drug-release rate of approximately
78%. The pH-responsive release of aprepitant is due
mainly to acidic conditions with high H" concentra-
tions, in which protons compete with the electron
donor (nitrogen) in aprepitant, thus weakening its bond
to copper ions (Zheng et al., 2011, 2013). Moreover,
as the surface copper ions dissociate from aprepitant,
the exposed monomeric copper continues to be oxi-
dized, accelerating the degradation of Cu-aprepitant
NPs and aprepitant release.

We were able to determine the long-term stability
of Cu-aprepitant NPs in physiological environments.
The UV-Vis spectra of Cu-aprepitant NPs after 16 d

—
O
-

of storage were not significantly different from those
of the freshly made samples (Fig. 4b). In addition, the
size of Cu-aprepitant NPs after two weeks of storage
in the cell culture medium was slightly increased but
within a reasonable range, which can be attributed to
protein adhesion. Meanwhile, the hydrated particle
size and PDI of Cu-aprepitant NPs after four weeks of
storage significantly increased (Fig. 4c), and the zeta
potential became (-7.2+0.2) eV, indicating the disinte-
gration and reaggregation of nanoparticles. These re-
sults indicate that Cu-aprepitant NPs have a stable
structure and composition within two weeks in the
physiological environment.

Before determining the anti-cancer effects of Cu-
aprepitant NPs, we observed the cellular uptake of flu-
orescein isothiocyanate (FITC)-labeled Cu-aprepitant
NPs with confocal laser scanning microscopy (CLSM).
As shown in Fig. 4d, the green fluorescence attributed
to FITC-labeled Cu-aprepitant NPs was localized
within the cells and mostly overlapped with the red
fluorescence attributed to lysosomes, resulting in yel-
low or orange colors in the merged image. This sug-
gested that Cu-aprepitant NPs entered the human
breast cancer cell line (SKBR3) cells by endocytosis
after 3 h of co-incubation. In an acidic environment
(Fig. 4a), Cu-aprepitant NPs, which are sensitive to
acidic conditions, can quickly release the aprepitant
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Fig. 4 In vitro drug release, water-stability, and cellular internalization of Cu-aprepitant nanoparticles (NPs). (a) Cumulative
release of aprepitant from Cu-aprepitant NPs. (b) Ultraviolet-visible (UV-Vis) spectra of freshly prepared Cu-aprepitant
NPs and Cu-aprepitant NPs after 16 d of storage. (¢) Hydrated particle size and polydispersity index (PDI) of Cu-
aprepitant NPs after storage in the physiological environment. (d) Cellular uptake of Cu-aprepitant NPs after 3 h of
co-incubation with the human breast cancer cell line (SKBR3) cells. (a, ¢) The data were expressed as mean+standard
deviation (SD), n=3. a.u.: arbitrary unit; FITC: fluorescein isothiocyanate.
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and copper nanoparticles in the lysosome to exert a
cytostatic effect by blocking NKI1R on the lysosomal
membrane and inducing cuproptosis (Ramirez-Garcia
etal., 2019).

To evaluate the cytotoxicity of Cu-aprepitant
NPs compared to free aprepitant in normal cells, both
formulations were co-incubated with human umbilical-
vein endothelial cells (HUVECs) for 24 h. As shown in
Fig. 5a, HUVECs treated with free aprepitant exhibited
concentration-dependent cytotoxicity, with a half maxi-
mal inhibitory concentration (IC,) of 0.018 mmol/L.
In contrast, HUVECs exposed to Cu-aprepitant NPs
under the same conditions showed negligible cytotox-
icity. Subsequently, we selected two human breast
cancer cell lines, SKBR3 and MDA-MB-231, as models
to investigate the in vitro anti-cancer effects of Cu-
aprepitant NPs. After 24 h of treatment with graded
concentrations of Cu-aprepitant NPs, both SKBR3
and MDA-MB-231 cells exhibited concentration-
dependent inhibition of proliferation. Specifically,
SKBR3 cell viability decreased to (21.34+3.37)% at a
Cu-aprepitant NP concentration of 100 pg/mL (i.e.,

0.30 mmol/L aprepitant; Fig. 5b), while MDA-MB-
231 cells also showed a significant reduction in via-
bility (Fig. S1). The IC,, values of Cu-aprepitant
NPs were calculated to be 27.93 pg/mL for SKBR3
cells and 92.83 ug/mL for MDA-MB-231 cells, dem-
onstrating a higher sensitization of SKBR3 to Cu-
aprepitant NPs. The difference in toxicity of free apre-
pitant and Cu-aprepitant NPs between HUVECs and
breast cancer cells primarily arises from the distinct
localization of NKI1R. In normal cells, NKIR is pre-
dominantly located on the extracellular membrane,
where it readily binds to and is inhibited by aprepi-
tant. In contrast, in tumor cells, NK1R is translocated
to lysosomes (Ramirez-Garcia et al., 2019). As a re-
sult, Cu-aprepitant NPs internalized via endocytosis
accumulate in lysosomes, leading to enhanced cyto-
toxicity in SKBR3 or MDA-MB-231 cells. As previ-
ously reported, the cytotoxicity of the free drug in
two-dimensional (2D) cell-culture models might be
comparable to, or even greater than, that of nanoparti-
cles at equivalent drug concentrations (Némati et al.,
1994; Norouzi et al., 2020). This is due to the rapid
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Fig. 5 In vitro anti-cancer effect and pathways of Cu-aprepitant nanoparticles (NPs). (a, b) Viability of human umbilical-
vein endothelial cells (HUVECS) (a) and SKBR3 cells (b) cultured with gradient concentrations of free aprepitant and Cu-
aprepitant NPs. (c) Relative viability of SKBR3 cells after co-incubation with inhibitors and Cu-aprepitant NPs (25.0 pg/mL).
(d) Flow cytometry of cell apoptosis rates (%) of SKBR3 cells after co-incubation with Cu-aprepitant NPs (12.5 and
25.0 pg/mL). (e) Western blot analysis of SKBR3 cells treated with Cu-aprepitant NPs for 24 h. The data are expressed as
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concentration of aprepitant (mmol/L); UKS5099: a-cyano-$-(1-phenylindol-3-yl)acrylate; Fer-1: ferrostatin-1; Nec-1:
necrostatin-1; Z-VAD: Z-Val-Ala-Asp(OMe)-fluoromethylketone; FDX-1: ferredoxin-1; LIAS: lipoyl synthase; HSP70:
heat shock protein 70; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.



1266 | Journal of Zhejiang University-SCIENCE B 2025 26(12):1260-1268

penetration and direct diffusion of the free drug into
the cells, creating high local concentrations that en-
hance its cytotoxic effects.

To further verify the pathway by which Cu-
aprepitant NPs induced cell death, SKBR3 cells were
pre-treated with high, medium, or low concentra-
tions of inhibitors of cuproptosis, ferroptosis, necrosis,
apoptosis, and the mitochondrial respiratory chain (i.e.,
a-cyano-B-(1-phenylindol-3-yl)acrylate (UK5099),
ferrostatin-1 (Fer-1), necrostatin-1 (Nec-1), Z-Val-Ala-
Asp(OMe)-fluoromethylketone (Z-VAD), and anti-
mycin A), and then co-cultured with Cu-aprepitant
NPs. The results showed that cuproptosis and necro-
sis inhibitors could reverse cell cytostasis, while the
others had no reversal effect (Fig. 5c¢). Previous studies
by our team have verified that aprepitant blocks
NKI1R and activates endoplasmic reticulum stress,
programming the necrosis of cells (Ge et al., 2019;
Shi et al., 2021). The released aprepitant from Cu-
aprepitant NPs consistently contributed to cell necro-
sis. The reversal of cell death by cuproptosis inhibitor
UKS5099 confirmed that copper components in Cu-
aprepitant NPs underwent a valence shift upon cellu-
lar uptake and induced cuproptosis. Fig. 5d depicts
the apoptosis rates as measured by flow cytometry.
Treatments with Cu-aprepitant NPs at concentrations
of 12.5 and 25.0 pg/mL induced apoptotic cell popu-
lations of 24.23% and 29.40%, respectively, signifi-
cantly higher than that in the negative control group
(0.31%). This increase is likely attributable to the
apoptosis-like features of cuproptotic cells and the ne-
crotic effects induced by aprepitant (Ge et al., 2019;
Pi et al., 2023). Notably, the incomplete apoptotic
characteristics of cuproptotic cells, as detected by
Annexin V/propidium iodide (PI)-based flow cyto-
metry (Yang WC et al., 2023; Zhang et al., 2023), re-
sulted in lower observed apoptotic populations com-
pared to the total cell death measured using the cell
counting kit-8 (CCK-8) assay. Western blot analysis
further confirmed the occurrence of cuproptosis, as evi-
denced by the reduced expression of ferredoxin-1
(FDX-1) in SKBR3 cells after treatment with Cu-
aprepitant NPs (Figs. 5e and S2). Additionally, the ex-
pression of lipoyl synthase (LIAS), which encodes
components or protein targets involved in lipoyla-
tion (including DLAT), decreased in a concentration-
dependent manner following Cu-aprepitant NP treat-
ment. This suggests that Cu-aprepitant NPs promote

DLAT lipoylation and subsequent oligomerization,
thereby inducing cellular cuproptosis. Interestingly,
no significant change was observed in the expression
of heat shock protein 70 (HSP70), a protein typically
upregulated during cuproptosis due to proteotoxic
stress. This discrepancy could be explained by the re-
lease of HSP70 into the extracellular matrix, lyso-
somal rupture, or activation of proteases such as cas-
pases and calpains, which can lead to HSP70 degrada-
tion (Gyrd-Hansen et al., 2004; Korbelik et al., 2005).
These degradation processes, commonly associated
with necrosis, suggest a necrotic component in the
observed cell death (Brojatsch et al., 2014).

In conclusion, we successfully prepared copper
nanoparticles with the FDA-approved NK1R antag-
onist aprepitant as a ligand and verified, for the first
time, Cu’-based nanoparticles capable of inducing
cuproptosis. This drug-assisted synthesis of copper
nanoparticles preserved the functionality of the drug.
The aprepitant in this study exhibited a faster release
rate in the simulated acidic environment of the lyso-
some and acted on the NK1R on the lysosomal mem-
brane after endocytosis, thereby inducing necrosis.
Combining the functions of copper and aprepitant,
Cu-aprepitant NPs exhibited an effective in vitro inhi-
bition of breast cancer cells by inducing cellular cu-
proptosis and necrosis. We hope that our study will
be an impetus for the synthesis of drug-assisted copper
nanoparticles and the design of nanoplatforms that
synergize cuproptosis and other anti-cancer pathways
by selecting different drugs.
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