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ABSTRACT: Metal-based nanoparticles are a promising class of
materials for diagnosis and treatment of cancer and other diseases.
However, mechanisms of action of these nanomedicines remain
insufficiently understood due in large part to our limited
understanding of the dynamic equilibria between solid metal
nanoparticles and labile metal ions generated from these nano-
particles within complex biological milieus. Here, we apply activity-
based sensing to directly identify and investigate the fate of labile
copper pools with metal and oxidation state-specificity generated
by anticancer copper nanomedicines. We found that treatment of
cells with copper-releasing nanoparticles alter labile Cu(I)/Cu(II)
ratios through an increase in labile Cu(II), while overall labile copper levels decrease. Labile copper release triggers compensatory
responses in two major antioxidant pathways, glutathione (GSH) and nuclear factor erythroid 2-related factor 2 (NRF2), as well as
in metal homeostasis to limit copper availability via regulation of copper export (ATP7B) and copper import (CTR1) proteins.
These findings establish the value of activity-based sensing as a generalizable approach for labile metal imaging to help decipher
molecular mechanisms of bioactive metal nanoparticles and guide the development of more effective nanomedicine diagnostics and
therapies to target metal-dependent disease vulnerabilities.
KEYWORDS: copper nanoparticles, anticancer nanomedicines, activity-based sensing, transition metal signaling, oxidative stress

■ INTRODUCTION
Nanoparticle materials offer a wealth of new opportunities in
diagnosis and treatment of disease. In this context, catalytic
metal-based nanoparticles show promise in cancer nano-
medicine owing to their capacity to leverage unique chemical
conditions within the tumor microenvironment (TME) to
perform localized therapy without the need for external stimuli
such as light, X-rays, or ultrasound.1 In particular, nanoparticles
are delivered with the aim of catalyzing cytotoxic chemical
reactions using differential features of the TME.2 These
reaction pathways include an increased production of reactive
oxygen species (ROS) in response to the higher metabolic
needs associated with tumorigenesis and metastasis, along with
overexpression of antioxidant-associated elements as a
compensatory mechanism to maintain a suitable intracellular
redox balance.3−6 Glutathione (GSH) is of particular interest
as an antioxidant whose biosynthesis and reduction have been
shown to be upregulated upon oncogenic mutations.7

Nanoparticles composed of biologically relevant metal
nutrients, including copper,8−10 iron,11,12 manganese,13,14 or
molybdenum,15−17 as well as noble-metals18 or hybrids,19 have
been successfully employed to exploit the TME through their
ability to simultaneously produce ROS and oxidize GSH to its
disulfide form (GSSG). Studies on intracellular metal nano-

particle trafficking, including internalization/excretion mecha-
nisms and effects on internal organelles, are prevalent in the
literature.20−23 In contrast, the fate of leached labile metal ion
species derived from these nanoparticles and the correspond-
ing cellular responses have received much less attention.
Indeed, since metal ion nutrients are under strict regulation by
cells, a better fundamental understanding of how metal
nanoparticle treatments can influence metal homeostatic
equilibria can create new therapeutic and diagnostic oppor-
tunities for nanomedicine.
Against this backdrop, copper (Cu) has emerged as a key

component in a multitude of nanomedicines.1,8,9,24−27 This
metal has potent intrinsic catalytic activity that can be
exploited for diagnostic and/or therapeutic purposes. On the
other hand, it is also an essential nutrient for life,28 acting as a
static metabolic cofactor to regulate the enzymatic activity at
protein active sites29−33 or as a transition metal signaling agent

Received: November 19, 2025
Revised: January 4, 2026
Accepted: January 5, 2026

Articlepubs.acs.org/ChemBioImaging

© XXXX The Authors. Co-published by
Nanjing University and American

Chemical Society A
https://doi.org/10.1021/cbmi.5c00237

Chem. Biomed. Imaging XXXX, XXX, XXX−XXX

ACS Partner Journal

This article is licensed under CC-BY-NC-ND 4.0

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 D

E
 Z

A
R

A
G

O
Z

A
 o

n 
Fe

br
ua

ry
 2

5,
 2

02
6 

at
 1

4:
45

:5
4 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Javier+Bonet-Aleta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aidan+T.+Pezacki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miku+Oi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose+L.+Hueso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jesus+Santamaria"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+J.+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+J.+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/cbmi.5c00237&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.5c00237?ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.5c00237?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.5c00237?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.5c00237?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/cbmi.5c00237?fig=tgr1&ref=pdf
pubs.acs.org/ChemBioImaging?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/cbmi.5c00237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/ChemBioImaging?ref=pdf
https://pubs.acs.org/ChemBioImaging?ref=pdf
https://pubs.acs.org/ACS_partner_journals?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/


in labile forms that are loosely bound to small-molecule and
protein ligands with freedom to move and exchange along
different cellular locations and regulate protein function
beyond active sites by metalloallostery.34−38 Labile copper
acts as a signaling agent in regulating a diverse array of
biological processes, including neuronal activity and neuro-
inflammation,39−42 lipid metabolism and lipolysis,43 and kinase
signaling.44−48 However, dysregulation of biological copper
homeostasis with aberrant elevations in this metal nutrient can
lead to the production of harmful ROS through the Fenton
reaction,49 in addition to triggering a newly identified form of
copper-dependent cell death, termed cuproptosis,50 and thus it
is strictly regulated by the cell.51,52 Moreover, copper
deficiency is as harmful as copper excess, this metal nutrient
plays a key role in cell health and survival pathways, through a
novel copper-dependent form of cell proliferation termed
cuproplasia.53 Thus, both the selective supplementation or
sequestration of this metal nutrient in the TME could form the
basis for development of novel nanomedicines.
Recent reports show how nanostructured catalysts contain-

ing copper are susceptible to copper dissolution in vitro,
particularly in the presence of GSH.54−56 Despite these
observations, to the best of our knowledge the application of
direct labile metal imaging to uncover regulatory mechanisms
that govern the adaptation of cells to this sudden influx of
metal remain limited. In this context, our laboratory has
advanced the concept of activity-based sensing, which employs
chemical reactivity between probe and analyte rather than
molecular recognition to achieve high selectivity for molecular
imaging in biological systems.57−59 We posited that activity-
based sensing could be applied to study labile copper released
upon internalization and metal leaching of copper-based
nanoparticles and subsequent cellular responses (Figure 1).
In particular, we sought to apply a tandem activity-based
sensing and labeling strategy recently developed by our
laboratory which covalently anchors copper-selective fluores-
cent probes upon analyte detection to preserve spatial
information on localized copper hotspots and avoid probe
diffusion within and/or out of the cell, coined as the copper-
directed acyl imidazole (CDAI or CD) approach.42,60 CD
probes chelate labile copper, which then subsequently activates
a proximal acyl imidazole electrophile by using the metal Lewis
acid to withdraw electron density from the acyl group, making

it susceptible to irreversible addition onto nucleophilic residues
found in proteins and other biologically relevant macro-
molecules. This tandem activity-based sensing/labeling strat-
egy can not only provide insight on the spatial localization of
leached labile copper pools but also do so in an oxidation state-
specific manner, as CD probes have been developed for the
detection of labile Cu(I) and Cu(II) pools simultaneously42

and for the oxidation state-specific detection of labile Cu(II).60

In this work, we employed two representative types of
copper-containing nanoparticles that have been proposed as
catalytic vectors in cancer therapy,54,61 CuFe2O4

3,54 (herein,
Cu−oxide) and copper hexacyanoferrate (Cu−HCF),61,62
both of which contain leachable copper and are thus inherently
toxic to cancer cells. Using activity-based sensing, we
monitored their effects on labile copper status in cancer cells
using two CD probes, one that is responsive to both Cu(I) and
Cu(II) (CD664) and one that is responsive only to Cu(II)
(CD649.260). We observed that internalization of these
nanoparticles significantly alter labile Cu(I)/Cu(II) homeo-
stasis in a A549 lung cancer cell model with decreases in
overall labile copper levels but increases in labile Cu(II) pools,
which in turn affect metabolic pathways responsible for
controlling GSH biosynthesis, Nuclear Factor-erythroid factor
2-related factor 2 (NRF2), and copper import/export
trafficking pathways. Taken together, the results obtained
provide valuable information into foundational biochemical
mechanisms of action for ion-releasing catalytic metal
nanoparticle therapeutics. More generally, this work also
establishes the utility of activity-based sensing as a molecular
imaging platform to inform the rational design of metal-based
nanomedicines in the diagnosis and treatment of cancer and a
broader array of diseases.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Therapeutic Copper
Nanoparticles
We used copper oxides and hexacyanoferrates as representative
examples of therapeutic copper-based nanoparticles,3,54,61−63

both of which have been previously reported to undergo
copper leaching during catalysis54,62,64 and boast distinct
copper coordination geometries. In the case of Cu−oxide,
copper occupies tetrahedral sites surrounded by oxygen atoms
(Figure 2a)65 whereas copper occupies octahedral sites

Figure 1. Copper leaches from catalytic anticancer nanoparticle therapeutics and activates cellular pathways designed to control the concentrations
and bioavailability of labile copper ions, providing a distinct route from the traditional mode of action followed by solid metal nanoparticles.
Activity-based sensing probes for direct labile metal imaging with element and oxidation state specificity, when used in conjunction with inhibitors
or promoters of specific biochemical pathways, can reveal fundamental cellular responses to treatment with copper-based nanomedicines and
mechanisms of action.
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coordinated to nitrogen atoms in Cu−HCF (Figure 2b).66

Oxide particles were synthesized via a hydrothermal method
following our previous works.54 Cu−HCF nanoparticles were
synthesized via self-assembly mixing of Cu(II) with Fe(CN)63−

ions in the presence of citric acid to modulate the particle
size61 (see Experimental Information for further details).
Representative transmission electron microscopy (TEM)
images of both nanoparticles are shown in Figure 2a-b,
respectively. Oxide particles display a spherical morphology
with an average diameter of 9.5 ± 1.0 nm (Figure S1), whereas
Cu−HCF particles possess a cubic morphology with an
average diameter of 80.0 ± 14.1 nm (Figure S1). XRD patterns
of Cu−HCF confirmed the crystallinity of the sample with the
coordination environment of Cu−N6 and Fe−C6 fitting well

within the standard (JCPDS#02−0381) (Figure S2), while
corresponding XRD pattern of CuFe2O4 matched with our
previous works.67 To validate that these nanoparticles undergo
copper leaching, we performed elemental analysis on nano-
particle solutions after treatment with 5 mM GSH, which is
abundant in the TME3 and known to cause dissolution of
copper-based nanoparticles.54 Cu−oxide nanoparticles have a
considerably smaller size, and therefore a larger external area
per unit volume. However, both the copper leaching rate and
total amount of copper released in a 24 h period were lower
than those found for Cu−HCF (Figure S3). We suggest that
the presence of vacancies typically present in Prussian Blue
Analogues68 as Cu−HCF together with the Jahn−Teller
distortion induced by the Cu2+ in the nanostructure69 (Figure

Figure 2. Copper coordination and TEM images of (a) Cu−oxide and (b) Cu−HCF nanoparticles employed in this study. Inset: (a) Cu−oxide
and (b) Cu−HCF single nanoparticle at an enhanced resolution. Inset scale bar: 200 and 20 nm, respectively. ICP-MS analysis of A549 cells treated
with (c) Cu−oxide and (d) Cu−HCF nanoparticles for 1 or 24 h reveals an increase in total copper levels upon nanoparticle treatment. Total
cellular 65Cu levels were normalized to total 64Zn levels. Error bars denote SEM (n = 6). (e) Mechanism of action for the activity-based sensing
probe CD66442,60 to measure intracellular levels of labile copper. Binding of Cu(I) and/or Cu(II) Lewis acids to the N2S2 coordination pocket
activates the pendant acyl imidazole electrophile for attack from nucleophilic residues from nearby proteins, anchoring the probe to the site of
elevated labile copper. Quantification of CD664 fluorescence signal of A549 cells at different nanoparticle incubation times using (f) 6.25 μg Cu·
mL−1 Cu−oxide and (g) 3.125 μg Cu·mL−1 Cu−HCF. (h, i) Confocal fluorescence images of CD664 in A549 cells treated with (h) Cu−oxide and
(i) Cu−HCF. Early incubation times show a significant decrease in CD664 fluorescence as the cells appear to enter into a copper regulatory state
where the metal nutrient is more tightly controlled and is less bioavailable within the cells. Fluorescence intensity of CD664 was determined from
experiments with λex = 633 nm. Scale bar = 50 μm. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns, not statistically significant. Error
bars denote SEM (n = 8).
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S4) may be responsible for the greater extent of copper
dissolution displayed by the Cu−HCF nanoparticles. Based on
these in vitro assays, we reasoned that intracellular copper ion
release takes place to a higher extent for Cu−HCF nano-
particles. Both nanoparticles possess catalytic activity toward
GSH depletion and are thus interesting candidates for catalytic
nanomedicine therapy. In our previous work,54 Cu−oxide
nanoparticles showed a GSH depletion rate of 0.048 μmol
GSH·min−1·mg Cu−1 whereas Cu−HCF reached the value of
0.38 μmol GSH·min−1·mg Cu−1 under physiological con-
ditions (Figure S5). The higher GSH depletion rate relates to
the faster copper release rate of Cu−HCF nanoparticles
relative to the Cu−oxide congeners.54

Copper-Based Nanoparticle Treatment Decreases Overall
Labile Copper Levels But Increases Labile Cu(II) Levels

We chose A549 cells as a model lung cancer cell line to study
biochemical mechanisms of cellular responses to copper-based
nanoparticle treatment and labile copper ion leaching. Previous
reports suggest that A549 cells are resistant to treatment with
elesclomol, a mitochondrial-targeted copper ionophore,50 and
CuO nanoparticles,70 thus we hypothesized that these cells
would display a fast and effective response against copper
leaching. As a starting point, we studied the toxicity of the
nanoparticles in A549 cells to determine a subcytotoxic dose to
administer for further experiments (Figure S6). As expected,
Cu−HCF was more toxic (CC50 = 5.66 μg Cu·mL−1) than
Cu−oxide (CC50 = 21.6 μg Cu·mL−1), given the faster copper
release for the former. At this point, we fixed the copper dose
in subsequent experiments at 6.25 and 3.125 μg Cu·mL−1 for
Cu−oxide and Cu−HCF, respectively; these doses ensured
that cell viability was higher than 80% in both cases. We then
quantified total internalized copper in A549 cells upon
nanoparticle treatment using inductively coupled plasma
mass spectrometry (ICP-MS) analysis (Figure 2c-d). Total
copper levels in cells were significantly increased after 1 h,
particularly in the case of Cu−oxide nanoparticles, as their
smaller size likely results in a higher degree of internalization.71

After 24 h of nanoparticle treatment, total copper levels
decreased for cells exposed to Cu−oxide nanoparticles (Figure
2c), whereas total copper levels continued to increase for Cu−
HCF nanoparticles (Figure 2d). While these data provide us
with information on total copper status, it does not provide
information on the bioavailability of the leached copper. Thus,
we hypothesized that application of our recently developed
tandem activity-based sensing and labeling probes could
provide an effective means of measuring relative levels of
labile Cu(I) and Cu(II) pools rather than total copper. This
reasoning is supported by previous work from our laboratory
using fluorescent copper sensors to identify intracellular
accumulation of labile Cu(I) in response to contact killing of
bacteria72 and yeast73 with antimicrobial copper surfaces. To
meet this goal, activity-based sensing probes have been
previously applied to successfully study changes in labile
copper pools in these A549 cell models.60 To investigate labile
copper status upon nanoparticle treatment, we designed and
synthesized the new activity-based sensing probe CD664 that
bears a robust azetidine-based silicon rhodamine fluorophore
scaffold.74 CD664 is highly selective for labile copper over
other biologically relevant metal ions but lacks oxidation state-
specificity for Cu(I) vs Cu(II), and thus it can act as a tool for
measuring total labile copper levels rather than a single
oxidation state. The probe chelates labile copper via a favorable

N2S2 ligand donor set (Figure 2e). CD664 was synthesized
following a similar methodology as previously published42 (see
Experimental Information for further details). We investigated
whether CD664 was capable of monitoring leached copper
ions from both nanoparticles using A549 cell lysates to
simulate labeling of the whole cellular proteome. Nanoparticles
were preincubated with excess GSH for 24 h to ensure that
majority of the leachable copper was released from the
nanoparticles. Subsequently, this mixture was added to A549
cell lysate followed by CD664, and protein labeling was
analyzed via sodium dodecyl sulfate−polyacrylamide gel
electrophoresis (SDS-PAGE). In-gel fluorescence analysis
revealed a dose-dependent increase in fluorescence for
increasing concentration of either species of leached nano-
particle (Figure S7). These results validate CD664 as a
fluorescent probe capable of analyzing labile copper derived
from a nanoparticle. Fluorescence signals obtained using Cu−
HCF nanoparticles were higher, in agreement with a greater
extent of labile copper release (Figure S3). Interestingly,
although both types of nanoparticles raised total amounts of
intracellular copper and increased in vitro CD664 fluorescence,
activity-based imaging with CD664 in live A549 cells shows
that the labile copper pool rapidly decreases after treatment
with either catalytic nanoparticle (Figure 2f-i, bright field
images are found in Figures S8 and S9). Quantification of
CD664 fluorescence signals revealed a fast and significant
decrease in labile copper levels upon Cu−oxide treatment, in
comparison to a more gradual depletion of labile copper pools
for Cu−HCF (Figure 2f-g). Additionally, these effects are
dose-dependent, as the CD664 fluorescence signal decreased
more rapidly for treatment with Cu−oxide at higher
concentrations, while the addition of lower amounts of Cu−
oxide resulted in a more modest relative decrease in CD664
fluorescence signal (Figure S10 and Figure S11). Overall, the
pattern of observed overall decreases in labile copper as
directly imaged by CD664 suggests that the cell activates
machinery to sequester and/or regulate labile copper pools
triggered by the presence of leached copper ions derived from
nanoparticle treatment. It is interesting to note that when these
results are compared against analogous experiments with
CuCl2 as a soluble copper source, previously explored using
activity-based sensing probes,42,58,60 the opposite result was
obtained, namely that such treatments led to an increase and
expansion of the labile copper pool. Under native nutrient
sensing conditions, copper ions are typically internalized into
the cell through the high-affinity Cu(I)-selective copper ion
channel/transporter CTR1,75 where STEAP metalloreductases
are required for internalization,76 which allows for the precise
control of copper uptake for a suitable metal homeostasis.
DMT1 provides a complementary pathway for Cu(II)
uptake.60 In contrast, nanoparticle internalization typically
occurs via endosome and eventual lysosome formation,3,77,78

which produces a much faster rate of metal internalization and,
simultaneously, a lack of oxidation state-specific regulation for
the absorbed copper pool.
We posit that this rapid accumulation of copper upon

nanoparticle treatment may elicit responses by the cell to
counteract the disruption of its tightly regulated metal
homeostasis. Indeed, while CD664 provides information on
overall levels of labile copper, it does not discriminate against
Cu(I) vs Cu(II). To confirm that the nanoparticles release
Cu(I) in the presence of representative intracellular concen-
trations of GSH, we applied FCP-1, previously reported to
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successfully monitor fluxes in intracellular labile Cu(I).58 This
probe contains three components: a red-emitting rhodamine
(F576) unit connected to a green-emitting (F526) fluorescein
moiety via a Tris(2-pyridylmethyl)amine (TPA) group; the
TPA trigger is susceptible to Cu(I)-induced C−O oxidative
bond cleavage (Figure S12a), providing an activity-based
sensing approach to visualizing liable Cu(I) pools.58,79 In the
absence of Cu(I), the rhodamine group quenches the green
emission from fluorescein via Förster Resonance Energy
Transfer (FRET), leading to rhodamine-dominated red-shifted
fluorescence, but in the presence of Cu(I), the bond between
TPA and fluorescein is cleaved, disabling FRET (Figure S12a)
and resulting in green fluorescein emission.58 Therefore, the
generation of Cu(I) species is related to an increase in the
F526/F576 ratio (Figure S12b). After incubation of either Cu−
oxide and Cu−HCF nanoparticles with GSH to induce
leaching and subsequent incubation with FCP-1, a rapid
increase in the F526/F576 ratio is observed, indicating a specific
generation of Cu(I) during the leaching process (Figure S12c).
Owing to the high intracellular GSH levels, Cu(I) is
considered the predominant form of intracellular labile copper.
However, recent work from our laboratory has also identified
the existence of a labile Cu(II) pool and suggests that a
heightened oxidative environment, such as that driven by
oncogenes, can promote expansion of this pool.60 Given the
dynamic equilibrium that exists between these two forms of
labile copper, we sought to study how internalization of
copper-releasing particles affects labile copper pools in an
oxidation state-specific manner. To this end, we selected the
CD649.2 probe,60 an activity-based sensor which replaces an
ethylthioether ligand with a carboxylate group, which
introduces a harder Lewis base into the coordination site of
the first-generation CD649 probe. This substitution enhances
the selectivity toward the harder Cu(II) Lewis acid over softer
Cu(I) (Figure 3a).60 Analogous to CD664, we validated the
ability of CD649.2 to label proteins in the presence of leached
Cu(II) with A549 cell lysates. Both nanoparticles produced an
increase in CD649.2 fluorescence in the presence of A549 cell
lysate, thereby confirming the capability of this probe to
selectively track Cu(II) species generated from leached
nanoparticles (Figure S13). We found a larger fluorescence
turn-on response in the case of Cu−oxide nanoparticles,
indicating a larger generation of Cu(II) from these particles.
Confocal imaging experiments with CD649.2 in live A549

cells reveal the generation of intracellular labile Cu(II) pools
using both nanoparticles (Figure 3b-e and Figures S14 and
S15). We found a higher CD649.2 fluorescence signal in the
case of Cu−oxide nanoparticles, in agreement with protein
labeling experiments (Figure S13). Treatment with Cu−oxide
provokes an abrupt elevation of labile Cu(II) after 1 h of
incubation, which slightly decreases after 24 h (Figure 3b-c), in
agreement with the major changes found for CD664 (Figure
2f−g). This observation is in agreement with total copper
decreasing at 24 h, as detected by ICP-MS (Figure 2c). On the
other hand, cells treated with Cu−HCF nanoparticles display a
continuous increase in CD649.2 signal after 1 and 24 h of
incubation (Figure 3d-e), again tracking with the total copper
increases measured by ICP-MS (Figure 2d).
Summarizing, the above results suggest that upon internal-

ization, both nanoparticles leach copper, which is distributed in
the form of labile Cu(II). To the best of our knowledge,
activity-based sensing offers the first example of a method to
directly monitor the redox status of labile metal ions leached

from nanoparticles in a biological setting. Interestingly, the
results suggest that internalization of copper-based nano-
particles reduce overall levels of labile copper in cells even
though total copper levels increase. Moreover, upon further
investigation, we find a relative elevation in labile Cu(II) with a
shift in labile Cu(I)/Cu(II) ratios. Indeed, we observed
distinct evolution patterns in total, overall labile, and oxidation
state-specific labile copper pools depending on the nano-
particle used, in line with varying cellular responses to
differences in nanoparticle internalization and labile copper
ion leaching rates.
GSH and NRF2 Pathways Play Central Roles in Regulating
Labile Copper Ion Pools Generated from Nanoparticle
Treatment in Cells
Although treatment with copper nanoparticles induced an
increase in labile Cu(II) pools, the overall labile copper
content in cells was significantly decreased almost immediately
upon nanoparticle incubation (Figure 2f-i). These observations
indicate that a cellular response is occurring to counter this
sudden metal imbalance. Given the established link between
copper and cellular redox status,58,60 we first sought to test
whether this sudden increase in labile Cu(II) would lead to a
heightened production of ROS. Indeed, Cu(II) has been
widely explored in nanocatalytic therapy for its ability to
deplete intracellular antioxidant reservoirs.4 Along these lines,
both Cu−oxide and Cu−HCF treatment induced a significant

Figure 3. Cu(II)-specific probe CD649.2 with both copper and
oxidation state specificity reveals an increase in labile Cu(II) pools in
A549 cells following internalization of copper-based nanoparticles. (a)
Mechanism of action for activity-based sensing of Cu(II) with the
CD649.2 probe. Introducing a harder carboxylate Lewis base at the
coordination site switches the selectivity of the probe to Cu(II)60

while not compromising its capabilities to undergo nucleophilic
conjugation with proteins in the same manner as CD664. (b, c)
Confocal CD649.2 fluorescence images and quantification of A549
cells treated with 6.25 μg Cu·mL−1 Cu−oxide nanoparticles at
different incubation times. Fluorescence quantification reveals a
significant increase in labile Cu(II) after 1 and 24 h in comparison to
the control. (d, e) Confocal CD649.2 fluorescence images and
quantification of A549 cells treated with 3.125 μg Cu·mL−1 Cu−HCF
nanoparticles at different incubation times. Fluorescence quantifica-
tion reveals a time-dependent increase in labile Cu(II). Fluorescence
intensity of CD649.2 was determined from experiments with λex =
633 nm. Scale bar = 50 μm. *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001; ns, not statistically significant. Error bars denote
SEM (n = 8).
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Figure 4. Pharmacological modulation of GSH biosynthesis and NRF2 activation pathways regulate maintenance of labile copper pools in cells
following nanoparticle internalization. (a) Interplay between GSH and NRF2 pathways and labile copper ions generated from nanoparticle
dissolution together with inhibitors and promoters employed in the study. GSH and NRF2 pathways can modulate overall labile copper levels
through a variety of potential mechanisms. BSO blocks GSH biosynthesis84 thereby reducing copper buffering and sequestration. KI69687 and ML-
38588 promote or inhibit the antioxidant response element NRF2, decreasing or increasing overall labile copper levels, respectively. Labile copper
imaging with the activity-based sensor CD664 in conjunction with these pharmacological treatments provides insights into how these biochemical
pathways regulate labile copper ion pools released by nanoparticles. (b, c) Confocal CD664 fluorescence images and quantification of A549 cells
treated with 0.5 mM BSO and 6.25 μg Cu·mL−1 of Cu−oxide for 24 h. Inhibition of GSH biosynthesis with BSO promotes the accumulation of
intracellular labile copper pools. (d ,e) Confocal CD664 fluorescence images and quantification of A549 cells treated with 1 μM KI696 and 6.25 μg
Cu·mL−1 of Cu−oxide for 24 h. Activation of the NRF2 pathway leads to a decrease in intracellular labile copper pools, as measured by CD664,
likely due to upregulation in the expression of copper-sequestering proteins.89 (f, g) Confocal fluorescence images and quantification of A549 cells
treated with 10 μM ML38587 and 6.25 μg Cu·mL−1 of Cu−oxide for 24 h. Inhibition of the NRF2 pathway prevents the upregulation of metal-
buffering proteins in A549 cells, favoring an accumulation of labile copper after internalization of Cu−oxide nanoparticles. Fluorescence intensity of
CD664 was determined from experiments with λex = 633 nm. Scale bar = 50 μm. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns, not
statistically significant. Error bars denote SEM (n = 8).
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increase in the green fluorescence signal of CellROX, a broad-
spectrum fluorescent ROS probe, in comparison to nontreated
cells (Figure S16), confirming that nanoparticle incubation
increases ROS in A549 cells. The released Cu(I) can also
reduce endogenous H2O2, forming hydroxide and the highly
oxidative hydroxyl radical species via Fenton-like chemistry.9

In addition, the residual fraction of solid nanoparticle after
labile copper leaching, mainly composed of FeOx and Fe(CN)6
units respectively, remained internalized in A549 cells as
treatment with either nanoparticle increased total iron content,
as shown by ICP-MS analysis (Figure S17). These species may
also contribute to the generation of ROS due to their widely
known Peroxidase-like activity80,81 (i.e., oxidation of organic
substrates using H2O2), which are especially active in mildly
acidic intracellular environments such as lysosomes.82

In this context, cells typically increase their levels of the
antioxidant buffering molecule GSH in response to an increase
in oxidative stress, with previous reports indicating upregula-
tion of GSH biosynthesis and regeneration in cancer models
(Figure 4a).7 Moreover, GSH is also involved in controlling
the bioavailability of labile copper through a variety of
mechanisms, including interactions with metallochaperones
and metal-buffering proteins such as metallothionein.58 GSH
also has the potential to chelate copper directly, given its tight
complex formation constant with Cu(I) (logKf’=26.6)
measured in vitro,54,83 but the direct evidence for physiological
roles of cellular copper-GSH complexes remains elusive. We
therefore explored whether GSH was involved in sequestering
copper ions released from nanoparticles using buthionine
sulfoximine (BSO), an inhibitor for the γ-glutamylcysteine
synthetase (GCS) enzyme involved in the first step of GSH
biosynthesis.84 We hypothesized that if GSH could buffer
labile copper pools, then depleting GSH levels would lead to
an increase in overall labile copper levels upon nanoparticle
treatment. To rule out the possibility that BSO can directly
bind copper and itself lead to fluorescent changes under these
experimental conditions, we investigated whether CD664,
CD649.2 (Figure S18) or FCP-1 (Figure S19) were capable of
monitoring the produced labile copper species after nano-
particle leaching in the presence or absence of BSO. We used
A549 cell lysate to simulate labeling of the whole cellular
proteome. Indeed, the fluorescence signals of CD664,
CD649.2 or FCP-1 in this in vitro system containing Cu−
oxide, Cu−HCF or CuSO4 in the presence of 0.5 mM BSO
were similar to treatments with the nanoparticles or CuSO4
alone (Figures S18 and S19), indicating that BSO was not
binding labile Cu(I) and Cu(II). After the treatment with
BSO, the overall basal levels of labile copper in live A549 cells
increased (Figure 4b), consistent with the role of GSH as a
labile copper buffer in the cytosol85,86 and in agreement with
previous studies in HeLa cells.58 Upon 24 h of incubation with
0.5 mM BSO and either Cu−oxide (Figure 4b-c, bright field
images are shown in Figure S20) or Cu−HCF nanoparticles
(Figure S21), we found significant increases in overall labile
copper levels.
While these imaging results are in agreement with previous

studies from our laboratory that link labile copper bioavail-
ability with total GSH levels,58 we found that labile copper
levels in cells treated with BSO alone were still higher than in
cells treated with BSO in conjunction with nanoparticles,
suggest that additional pathways may be involved in regulating
the nanoparticle-based copper influx. We speculated that the
transcription factor NRF2 might be responsible, as it is

activated upon disruption of GSH pools90 and its activation
leads to the upregulation of antioxidants and metal-buffering
agents, including GSH91 (Figure 4a). Cytosolic NRF2 levels
are regulated by its interaction with the Kelch like-ECH-
associated protein 1 (KEAP1)/Cullin3 system through
ubiquitination.92 When the interplay between KEAP1/Cullin3
and NRF2 is blocked, the entrance of NRF2 into the nuclei is
favored, and consequently an upregulation in antioxidant and
metal-buffering agents occurs which should directly affect labile
copper levels in the cell.
To evaluate the interplay between labile copper pools and

NRF2 status, we treated A549 cells with 1 μM of KI696, a
potent and selective inhibitor of the KEAP1/NRF2 interaction.
Analogous to control experiments with BSO, we demonstrated
that KI696 also does not interfere with the copper responses of
the activity-based sensing probes, as CD664, CD649.2 and
FCP-1 fluorescence signals in the presence of KI696 and
nanoparticles were similar to signals measured with nano-
particle treatments alone (Figures S18 and S19). KI696 acts
effectively as a NRF2 promoter,88 and we measured the effects
of this pharmacological treatment on labile copper pools using
CD664 imaging. As expected, in the absence of nanoparticle
treatment, activation of the NRF2 pathway led to a decrease in
overall basal labile copper levels (Figure 4d-e and Figure S20).
However, cotreatment with Cu−oxide nanoparticles and
KI696 provoked a significant decay in total labile copper
levels that was significantly larger than treatment with Cu−
oxide or KI696 alone, indicating that the NRF2 pathway plays
a significant role in the cellular response to a sudden increase
in copper levels upon nanoparticle treatment (Figure 4d-e and
Figure S20). Correspondingly, we hypothesized that inhibition
of the NRF2 pathway would block the upregulation of metal-
buffering proteins and lead to an increase in labile copper
pools. Indeed, we observed that upon incubation with 10 μM
ML385, a potent NRF2 inhibitor87 without copper-binding
capabilities (Figures S18 and S19), that CD664 imaging shows
an increase in overall basal labile copper levels, which was even
higher in the presence of Cu−oxide nanoparticles (Figure 4f-g
and Figure S20). Analogous results were obtained using Cu−
HCF nanoparticles (Figure S21). These data provide further
support that the NRF2 pathway as a key regulator of labile
copper ion pools generated from nanoparticle leaching. Taken
together, the results suggest that upon internalization of
copper-containing nanoparticles and subsequent labile copper
ion release, cells respond by promoting the NRF2 pathway to
limit the bioavailability of labile copper.
Cells Respond to Internalization of Copper-Based
Nanoparticles to Limit Copper Exposure via Regulating
the Copper Exporter ATP7B and the Copper Importer
CTR1

The fate of copper in cells is driven by dynamic and
coordinated responses by copper storage, copper metal-
lochaperone, and copper import/export and related transport
proteins.93 In this context, we tested the hypothesis that
another possible explanation for the observed decrease in
CD664 signal, indicating a loss of intracellular labile copper,
could be attributed to changes in the expression of proteins
that are involved in Cu import/export. In this context, ATP7B
is a copper-dependent ATPase protein present in the
membrane of the trans-Golgi network and is responsible for
the metalation of proteins under basal levels of copper;
however, upon exposure to elevated levels of copper, ATP7B is
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trafficked toward the cell surface and toward lysosomal
compartments94 as a primary pathway for copper efflux.53,95

Given that the vast majority of metal−based nanoparticles96,97
are internalized via the endosomal-lysosomal pathway, we
sought to quantify the protein expression of ATP7B in A549
cells upon exposure to Cu−oxide or Cu−HCF. Interestingly,
Western Blot analysis (Figure 5a−c) revealed a drop in ATP7B

expression after 1 h of treatment with Cu−oxide whereas
expression did not change for Cu−HCF in the same early time
frame (Figure 5c). ATP7B expression increased back to basal
levels for both particles after a 24 h of treatment (Figure 5c),
consistent with a compensatory cellular response to elevations
the labile Cu(II) pools generated from nanoparticle internal-
ization and leaching over these longer time scales (Figure 3).98

We note that these finding complement work by Lu and
colleagues,56 who also detected a transient increase in ATP7B
levels in hepatocyte cells treated with CuS nanoparticles, but
its expression decayed after 1 h of treatment. These findings
suggest a correlation between nanoparticle copper ion leaching
rate and ATP7B expression. In addition, we also monitored the
expression levels of high affinity copper uptake protein 1
(CTR1), the principal importer of extracellular Cu.99

Incubation with either Cu−oxide did produce a significant
downregulation of CTR1 expression in A549 cells within 1 h,
which was maintained after 24 h of treatment for this particle
(Figure 5b). In contrast, treatment with Cu−HCF did not alter
CTR1 levels neither at 1 or 24 h, suggesting that the
composition, internalization rate, and copper release kinetics of
each specific nanoparticle can trigger different responses from
the cell. In addition to its role as a copper nutrient importer,
CTR1 can also act as a promoter of angiogenesis through
activation of Vascular Endothelial Growth Factor receptor type
2 (VEGFR2).100 Along these lines, CTR1 downregulation
using copper-containing nanoparticles could also contribute to
a reduced nutrient flux toward the TME.101 These data reveal
additional cellular response pathways toward copper-contain-
ing nanoparticle internalization, where the cell limits its copper
exposure by upregulation of the ATP7B exporter to promote
removal of excess labile copper ions generated after particle
dissolution and the downregulation of CTR1 importer to
decrease further copper ion uptake.

■ CONCLUDING REMARKS
We have established the utility of activity-based sensing as a
method for applications in nanomedicine, by studying the
biochemical mechanisms of redox and metal homeostasis in
cells in response to treatment with anticancer metal-containing
nanoparticle therapeutics. Using a pair of activity-based sensing
probes that respond to either labile Cu(I) and Cu(II)

Figure 5. Copper-based nanoparticle internalization affects the
regulation of cellular copper ion flux. (a) Western Blot analysis of
ATP7B, CTR1, and Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) proteins in A549 cells treated with 6.25 μg Cu·mL−1 Cu−
oxide, 3.125 μg Cu·mL−1 Cu−HCF, or vehicle control for 1 or 24 h.
Quantified (b) CTR1 and (c) ATP7b expression after incubation with
Cu−oxide or Cu−HCF for 1 or 24 h. Error bars denote SEM. Full gel
images are posted in the Supporting Information.

Figure 6. Schematic depiction of a model showing the effects of copper-based nanoparticles on copper homeostasis and compensatory biochemical
responses in cells. (a) A basal, physiological scenario where copper and intracellular redox status are under normal and regulated homeostatic
control. (b) A high-copper perturbation scenario following nanoparticle internalization and copper ion leaching where a significant pool of labile
Cu(II) is generated. To overcome this acute or chronic aberrant exposure to excess of this metal and accompanying oxidative stress, cells sequester
excess copper via GSH and NRF2 antioxidant pathways with concomitant upregulation of the copper ion export protein ATP7B to promote copper
efflux and downregulation of the copper ion import protein CTR1 to block copper influx.
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(CD664) or Cu(II) alone (CD649.2), we have studied the
effects of therapeutic copper-leaching nanoparticles on labile
copper levels and compensatory cellular responses in a lung
cancer A549 cell model. Interestingly, although we observed
that copper-containing nanomedicines increase the total
copper content in cells as measured by ICP-MS (Figure 2c-
d), internalization of copper-based nanoparticles results in a
decrease in the overall levels of bioavailable labile copper pools
(Figure 2f-i). This decrease in overall labile copper is
accompanied by a shift in relative labile Cu(I)/Cu(II) ratios,
as activity-based sensing using the oxidation state-selective
probe CD649.2 revealed an accumulation of labile Cu(II)
(Figure 3). In response to the increases in total copper and
oxidized labile Cu(II), the cell triggers the activation of two
distinct antioxidant pathways in response to oxidative stress,
the elevation in bioavailability of the redox buffering molecule
GSH and the activation of the redox-responsive transcription
factor NRF2 (Figure 4). Moreover, the cell also responds to
copper nanoparticle treatment via changes in metal homeo-
stasis machinery, and regulates copper exposure by modifying
the expression of ATP7B and CTR1 (Figure 6a, b).
Overall, this work provides insights into foundational

biochemical mechanisms of how nanoparticles are able to
release metal ions and influence metal homeostasis in living
biological systems and compensatory cellular responses,
particularly in the partitioning of total and labile metal ion
pools and in the redox balance of metal oxidation states.
Furthermore, our results establish that the activity-based
sensing methodology can identify key factors to inform the
future design of more effective nanoparticle-based platforms
for nanomedicine. In the context of nanomedicine therapeutics
for cancer, such strategies could involve combinatorial
treatments of copper-leaching nanoparticles with relevant
inhibitors to boost their efficiency toward selective killing of
tumor cells versus healthy tissue. The growing connections
between copper and cancer,53 particularly in the discovery and
emergence of novel pathways for copper-dependent cell
proliferation (cuproplasia) and copper-dependent cell death
(cuproptosis), presage a wealth of opportunities for nano-
medicine to diagnose and treat metal-dependent disease
vulnerabilities.

■ MATERIALS AND METHODS

Chemicals and Reagents
Reagents were purchased from commercial sources and used without
further purification unless otherwise noted. Janelia Fluor 664, free acid
was purchased from Tocris biotechne. Phosphate Buffer Saline (PBS
without Ca and Mg, Corning), Dulbecco’s Modified Eagle’s Medium
(DMEM, (GlutaMax)), Hanks’ Balanced Salt Solution (HBSS +
CaCl2, + MgCl2, Gibco), Cell Counting Kit-8 (CCK-8, Dojindo),
CellROX-Green reagent (InvitroGen) were purchased from Thermo
Fisher Scientific. The synthesis and characterization of materials has
been performed by the Platform of Production of Biomaterials and
Nanoparticles of the NANBIOSIS ICTS, more specifically by the
Nanoparticle Synthesis Unit (Unit 9) of the CIBER in Bioengineer-
ing, Biomaterials & Nanomedicine (CIBER-BBN).
Instruments
Transmission electron microscopy (TEM) was performed using a FEI
TECNAI T20 microscope operated at 200 keV. Confocal
fluorescence imaging was performed with a Zeiss laser scanning
microscope LSM880 with a 20× dry objective lens using Zen 2015
software (Carl Zeiss, Zen 2.3 black). X-ray diffraction (XRD) patterns
were obtained in a PANalytical Empyrean equipment in Bragg−
Brentano configuration using CuKα radiation and equipped with a

PIXcel1D detector. Metal release from nanoparticles was measured
using a 4100 Agilent MP-AES. Metarel content in cells was
determined by measuring 65Cu and 64Zn using a Thermo Fisher
iCAP-Qc ICP-MS in KED mode. Aristar BDH Ultra Concentrated
nitric acid to dissolve samples was purchased from VWR. 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 sample was excited by a
monochromatized Al Kα source at 1486.6 eV and subsequently run at
8 kV and 15 mA. A survey spectrum was 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 Cu 2p peak was
performed with the CasaXPS software using a weighted sum of
Lorentzian and Gaussian component.

Synthesis of Cu−Oxide
Copper−oxide was synthesized following previous works54 without
further modification.

Synthesis of Cu−HCF
Cu−HCF nanoparticle synthesis was adapted from the literature,61

modifying the protocol to introduce FeIII instead of FeII. 300 mg of
citric acid (Sigma-Aldrich, 99.0%) and 36.8 mg of K3Fe(CN)6 were
dissolved in 20 mL of distilled water. 10 mL of a 3.5 mg·mL−1

solution of CuSO4·5H2O was added dropwise to the previous
solution. The mixture was left to stir overnight at room temperature.
Final product was collected by centrifugation (two cycles of 10 000
rpm, 10 min) and stored at 4 °C for further use.
In Vitro Measurements of Copper Release from
Nanoparticles
To a 5 mM GSH solution (pH = 7.4, buffered with HCO3

−/CO2),
Cu−HCF nanoparticles were added until a final [Cu] = 0.1 mg·mL−1

was reached. 1 mL of solution was sampled and centrifuged at 13 300
rpm for 10 min. Supernatant was analyzed using MP-AES to quantify
the released Cu.

GSH Oxidation Catalyzed by Cu−HCF
To a 0.1 M PBS solution, GSH and Cu−HCF catalyst were added to
a final concentration of 4 mM and 0.01 mg Cu·mL−1, respectively.
Temperature was fixed at 37 °C. Samples were analyzed by UPLC-
PDA following methodology from previous works54 without further
modification.

Cell Viability Assays
All cells used in this research were maintained by the UC Berkeley
Tissue Culture Facility. A549 cells were seeded at 75% confluency in a
96-well cell plate. Cu−oxide and Cu−HCF nanoparticles from stock
solution in PBS were added to DMEM to achieve a final
concentration ranging from 0.00625 to 0.10 mg·mL−1. Prior to the
addition of the solution, nanoparticles were sonicated for 20 min.
After 24 h, cells were washed with PBS (1×) and 100 μL of 10% v/v
CCK-8 in DMEM solution was added to the well. Cells were then
incubated at 37 °C in a 5% CO2 incubator for 3 h. Finally, the
absorbance at 450 nm was measured using a plate reader. Viability is
presented as a percentage of control (n = 3 ± S.E.M).

ICP-MS Analysis
A549 cells were seeded in Falcon 6-well clear plates (ref. 353046) at
75% confluency. Cu−oxide and Cu−HCF nanoparticles resuspended
in DMEM were added to a final concentration of 6.25 μg Cu·mL−1

and 3.15 μg Cu·mL−1, respectively, and incubated for 1 and 24 h.
Then, wells were washed with ice-cold PBS (1×) three times. Finally,
350 μL of concentrated nitric acid was added to the plate and
incubated for 48 h at room temperature. Before analysis, 20 ppb of Ga
was added to each sample as an internal standard. Results are
expressed as an average ratio of [Cu]/[Zn] ± SEM (n = 6).
Intracellular Zn concentration was used to normalize total cell
number.
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Synthesis of CD664
The complete synthetic route is shown in Figure S22. Methods are
adapted from previous works.42,60

Synthesis of Compound 1
Sodium ethanethioate (727 mg, 8.65 mmol) and NaOH (188 mg,
4.71 mmol) were dissolved in 2 mL of MeOH through sonication and
vigorous stirring for 30 min. Bis(2-chloroethyl)amine hydrochloride
(701 mg, 3.93 mmol) was dissolved in 2.5 mL of MeOH and was
slowly added to the previous solution. The mixture was stirred at
room temperature overnight. MeOH was then removed under
reduced pressure. The obtained slurry was extracted with hexane
three times. The solution was filtered through a short plug of basic
alumina and the filter was washed with DCM and ethyl acetate.
Solvent was removed under reduced pressure and product was dried
under high vacuum. 1H NMR (CDCl3, 400 MHz): δ 2.85 (t, J = 8 Hz,
4H, NHCH2), 2.71 (t, J = 8 Hz, 4H, SCH2), 2.55 (q, J = 8 Hz, 4H,
SCH2), 1.76 (s, broad, 1H, NH), 1.27 (t, J = 8 Hz, 6H, CH3) (Figure
S23).

Synthesis of Compound 2
4-Imidazole aldehyde (260 mg, 2.71 mmol) was dissolved in 1.40 mL
of MeOH. Compound 1 (525 mg, 2.71 mmol) was dissolved in 7.2
mL of MeOH: Acetic acid mixture (10:1) and was slowly added to
the previous solution. NaBH3CN (275 mg, 4.38 mmol) in 2 mL of
MeOH was then added dropwise and stirred at room temperature
overnight. N2 was added to the solution and sealed with a septum.
Reaction was quenched with 4−5 drops of HCl. Then, solvent was
removed at high vacuum, extracted with DCM and dried with
Na2SO4. Final product was purified with an alumina column (DCM:
MeOH = 100:0 to 95:5). 1H NMR (CDCl3, 400 MHz): δ 7.70 (s,
1H, NCHN), 7.00 (s, 1H, CHN), 3.70 (s, 2H, NCH2), 2.85 (t, J = 8
Hz, 4H, NHCH2), 2.71 (t, J = 8 Hz, 4H, SCH2), 2.55 (q, J = 8 Hz,
4H, SCH2), 1.27 (t, J = 8 Hz, 6H, CH3) (Figure S24).

Synthesis of Compound 3
A solution of N-(tert-butoxycarbonyl)-2-(2-aminoethoxy)ethanol
(1.00 g, 4.74 mmol), N,N′-disuccinimidyl carbonate (2.50 g, 9.75
mmol), and triethylamine (0.98 g, 9.75 mmol) in CH3CN (35 mL)
was stirred for 2 h at 40 °C. After removal of the solvent by
evaporation, the residue was dissolved in EtOAc. The organic layer
was washed with sat. NaHCO3 and dried over Na2SO4 followed by
concentration in vacuo. The residue was purified by flash column
chromatography on silica gel (EtOAc: Hexane = 50:50 to 75:25). 1H
NMR (400 MHz, CDCl3) δ 4.47 (t, J = 4.8 Hz, 2H), 3.74 (t, J = 4.8
Hz, 2H), 3.56 (t, J = 4.8 Hz, 2H), 3.33 (m, 2H), 2.85 (s, 4H), 1.45 (s,
9H) (Figure S25).
Synthesis of Compound 4
A solution of compound 2 (315 mg, 1.15 mmol), 3 (329 mg, 0.95
mmol), and pyridine (223 μL, 2.81 mmol) in dry DMF (7.5 mL) was
stirred at room temperature for 12 h under an N2 atmosphere. The
reaction was subsequently diluted with EtOAc, washed with water
(×2) and brine, and then dried over Na2SO4, filtered, and evaporated.
The crude residue was purified by column chromatography on silica
gel (50−75% EtOAc/hexane, linear gradient) to yield the product
(286.15 mg, 0.58 mmol, 61%) as a colorless oil. 1H NMR (CDCl3,
400 MHz) δ 8.09 (d, J = 1.3 Hz, 1H), 7.35 (d, J = 1.3 Hz, 1H), 4.86
(s, 1H), 4.54 (t, J = 4 Hz, 2H), 3.79 (t, J = 4 Hz, 2H), 3.68 (s, 2H),
3.57 (t, J = 5.4 Hz, 2H), 3.33 (t, J = 5.4 Hz, 2H), 2.80−2.72 (m, 4H),
2.71−2.63 (m, 4H), 2.55 (q, J = 7.4 Hz, 4H), 1.44 (s, 9H), 1.25 (t, J =
7.4 Hz, 6H). (Figure S26).
Synthesis of CD664
Compound 4 (12.4 mg, 24.6 μmol, 1.5 equiv) was dissolved in 5:1
DCM: TFA (1.20 mL: 0.25 mL) and stirred at room temperature for
30 min. Solvent was removed via rotary evaporation and residual TFA
was removed by azeotroping 3 times with toluene (1.20 mL each
time) and left under high vacuum for 30 min. Deprotected compound
4, Janelia Fluor 664, free acid (10.0 mg, 16.3 μmol), and DIPEA (22.0
μL, 131 μmol, 8.0 equiv) were then dissolved in dry DMF (1 mL).

BOP (8.7 mg, 19.7 μmol, 1.2 equiv) was then added and the reaction
was stirred at room temperature for 20 min. The product was then
purified via prep-HPLC (conditions: 20% → 70% CH3CN in H2O
with 10 mM NH4OAc pH = 5 over 40 min and hold at 70% for
another 40 min, 8 mL/min flow rate). HPLC fractions were
combined and lyophilized to obtain a light blue powder (8.8 mg,
62%). UV−vis and MS spectra of the purified compound are shown in
Figure S27. 1H NMR (600 MHz, DMSO-d6) δ 8.77 (t, J = 5.7 Hz,
1H), 8.14 (d, J = 1.3 Hz, 1H), 8.12 (d, J = 1.3 Hz, 1H), 8.03 (dd, J =
8.0, 1.3 Hz, 1H), 7.97 (d, J = 8.0 Hz, 1H), 7.65 (d, J = 1.3 Hz, 1H),
7.40 (d, J = 1.3 Hz, 1H), 6.70 (d, J = 2.6 Hz, 2H), 6.60 (d, J = 8.7 Hz,
2H), 6.30 (dd, J = 8.7, 2.6 Hz, 2H), 4.44 (t, J = 4.6 Hz, 2H), 3.81 (t, J
= 7.3 Hz, 8H), 3.73 (t, J = 4.6 Hz, 2H), 3.57 − 3.55 (m, 4H), 3.39
(td, J = 11.5, 5.7 Hz, 2H), 2.63 − 2.55 (m, 8H), 2.47 (q, J = 7.3 Hz,
4H), 2.23 − 2.25 (m, 4H), 1.13 (t, J = 7.3 Hz, 6H), 0.59 (s, 3H), 0.48
(s, 3H). (Figure S26). 13C NMR (600 MHz, DMSO-d6) δ 169.2,
165.0, 154.6, 150.8, 148.2, 140.5, 139.8, 136.7, 135.7, 131.3, 128.1,
127.4, 125.4, 122.8, 115.4, 115.1, 112.6, 91.2, 68.5, 67.5, 67.0, 53.3,
51.9, 49.6, 28.6, 25.1, 16.3, 14.8, 0.0, −1.4. (Figure S29). HR-MS
(ESI) m/z calculated for [M + H]+ 883.370, found 883.371 (Figure
S30).

Synthesis of CD649.2
The CD649.2 dye was synthesized following previous works60

without further modification.

In Vitro Protein Labeling
To prepare cell lysate, A549 cells were seeded in Falcon 6-well clear
plates (ref. 353046) at 75% confluency. Cells were washed using cold
PBS (1×) twice. Cells were then collected using a cell scraper, and
centrifuged at 6,000 rpm for 20 min at 4 °C. Supernatant was
discarded and cell pellets were lysed with 150 μL of RIPA buffer
(Thermo Scientific, 89900) with an added protease inhibitor cocktail
(Roche, 05892953001) for 30 min. The protein concentrations were
quantified by Pierce BCA assay (Thermo Scientific, 23250). To
release all possible copper from either Cu−oxide or Cu−HCF, each
nanoparticle (50 μg/mL) was incubated with 10 mM GSH in PBS
(pH = 7.4, titrated with 1 M NaOH) for 24 h at 37 °C. Then, 2.40 μL
of A549 cell lysate (5.2 mg·mL−1) was preincubated with various
concentrations of the nanoparticle + GSH mixture for 5 min at room
temperature (diluted with PBS to a final volume of 24.5 μL). Finally,
0.5 μL of CD664 or CD649.2 (0.5 mM) was added to the previous
solution and left to incubate for 1 h. The solution mixture was mixed
with NuPAGE LDS Sample Buffer (4×) and heated at 95 °C for 5
min, followed by separation on Novex tris-glycine gels (Invitrogen)
and scanned by ChemiDoc MP (Bio-Rad Laboratories, Inc.) for
measuring in-gel fluorescence. The fluorescence was measured by
695/55 nm band-pass filter with excitation using red epi-illumination.
The total protein level on the gel was then assayed by Coomassie
Brilliant Blue R-250 (Biorad; 1610400) according to the manufac-
turer’s protocol and scanned by ChemiDoc MP. The integrated
intensities were analyzed by ImageLab.

Detection of Cu+ Generation Using FCP-1
A solution containing 10 mM GSH and 50 μg·mL−1 of Cu−oxide or
Cu−HCF was incubated in PBS (pH = 7.4, titrated with 1 M NaOH)
for 24 h at 37 °C to induce the release of copper. Leached
nanoparticles were then diluted into PBS with 40 vol % PEG-400 to a
final concentration of 10 or 1 μg·mL−1 (final volume 999 μL). One
μL of FCP-1 (5 mM) was then added to the solution and incubated
for 1, 15, and 30 min, respectively. Finally, the fluorescence spectra of
the solution were acquired using an excitation wavelength (λexc = 458
nm).

Confocal Fluorescence Imaging
A549 cells were seeded at 75% confluency in a poly L-lysine coated 8-
well chamber slide (Nunc Lab-Tek). Cu−oxide and Cu−HCF
nanoparticles resuspended in DMEM were added to a final
concentration of 6.25 μg Cu·mL−1 and 3.125 μg Cu·mL−1,
respectively, and incubated for various times. Wells were then washed
with HBSS once, and CD664 was added to a final concentration of 1
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μM (0.6% of DMSO). Cells were incubated for 15 min at 37 °C in a
5% CO2 incubator prior to imaging. CD664 was excited with a 633
nm laser, and the emissions were collected using a META detector
between 650 and 750 nm. For CD649.2, cells were treated in the
same way, however staining with CD649.2 was performed for 1 h and
cells were then washed once with HBSS prior to imaging. All results
are expressed considering average signal of control = 1 ± SEM (n =
8).
Detection of Labile Copper in the Presence of BSO, KI696,
and ML385
We evaluated whether the labile copper detection properties of
CD664, CD649.2, or FCP-1 were affected by the presence of BSO,
KI696 or ML385. Cell lysates were prepared by seeding A549 cells in
Falcon 6-well clear plates (ref.353046) at 75% confluency. Cells were
washed using cold PBS (1×) twice. Cells were then collected using a
cell scraper, and centrifuged at 6,000 rpm for 20 min at 4 °C.
Supernatant was discarded and cell pellets were lysed with 150 μL of
RIPA buffer (Thermo Scientific, 89900) with an added protease
inhibitor cocktail (Roche, 05892953001) for 30 min. The protein
concentrations were quantified by Pierce BCA assay (Thermo
Scientific, 23250). To release all possible copper from either Cu−
oxide or Cu−HCF, each nanoparticle (10 μg/mL) was incubated
with 10 mM GSH in PBS (pH = 7.4, titrated with 1 M NaOH) and
0.5 mM BSO, 1 μM KI696 or 10 μMML385 for 24 h at 37 °C. Then,
3.23 μL of A549 cell lysate (3.87 mg·mL−1) was preincubated with
the previous solutions for 5 min at room temperature (diluted with
PBS to a final volume of 24.5 μL). Finally, 0.5 μL of CD664 or
CD649.2 (0.5 mM) was added to the previous solution and left to
incubate for 1 h. The solution mixture was mixed with NuPAGE LDS
Sample Buffer (4×) and heated at 95 °C for 5 min, followed by
separation on Novex tris-glycine gels (Invitrogen) and scanned by
ChemiDoc MP (Bio-Rad Laboratories, Inc.) for measuring in-gel
fluorescence. The fluorescence was measured by 695/55 nm band-
pass filter with excitation using red epi-illumination. The total protein
level on the gel was assayed by silver staining (ThermoFisher
Scientific; 24612) according to the manufacturer’s protocol and
scanned by ChemiDoc MP. The integrated intensities were analyzed
by ImageLab.
In the case of Cu+, a solution containing 10 mM GSH and 1 μg·

mL−1 of Cu−oxide or Cu−HCF was incubated in PBS (pH = 7.4,
titrated with 1 M NaOH), to induce the release of copper, and 0.5
mM BSO, 1 μM KI696 or 10 μM ML385 for 24 h at 37 °C. Leached
nanoparticles were then diluted into PBS with 40 vol % PEG-400 to a
final concentration of 10 or 1 μg·mL−1 (final volume 999 μL). One
μL of FCP-1 (5 mM) was then added to the solution and incubated
30 min, respectively. Finally, the fluorescence spectra of the solution
were acquired using an excitation wavelength (λexc = 458 nm).
Image Analysis and Quantification
Nanoparticle diameter and confocal microscopy images of A549 cells
were quantified using ImageJ software. Fluorescence intensity both of
CD664 and CD649.2 was measured from two independent wells from
a total of 8 pictures taken at x20 augments. For quantification, the
area of stained cells was selected by fixing the appropriate threshold
for each image with a Gaussian blur filter (sigma = 1). The “Create
Mask” function followed by the “Create Selection” function were then
used to create a selection from this threshold to finally quantify signal.
Mean intensity of control samples was employed to perform the final
statistic analysis using Prism7 (GraphPad).
Reactive Oxygen Species (ROS) Imaging
A549 cells were seeded at 60% of confluency in a poly L-lysine coated
8-well chamber slide (Nunc Lab-Tek). Cu−oxide and Cu−HCF
nanoparticles resuspended in DMEM were added to a final
concentration of 6.25 μg Cu·mL−1 and 3.125 μg Cu·mL−1,
respectively, and incubated for 1 or 24 h. Wells were washed with
HBSS once, and then CellRox reagent was added to a final
concentration of 5 μM (1% DMSO). Cells were incubated for 30
min at 37 °C in a 5% CO2 incubator. Wells were then washed with
HBSS twice, and fixed with paraformaldehyde (3.7%) for 15 min at 37

°C prior to imaging. CellROX was excited with 485 nm with an Ar
laser, and the emissions were collected using a META detector
between 500 and 540 nm. Results are normalized to control
fluorescence = 1 ± SEM (n = 8).
Western Blot Analysis
106 A549 cells were seeded in a 6-well clear plates, and they were
treated with Cu−oxide and Cu−HCF with a final concentration of
6.25 μg Cu·mL−1 and 3.125 μg Cu·mL−1, respectively, and incubated
for 1 or 24 h. Cells were washed using cold PBS (1×) twice and
detached from the plate using TrypLE solution. Cell pellets were lysed
with 150 μL of RIPA buffer (Thermo Scientific, 89900) with an
added protease inhibitor cocktail (Roche, 05892953001) for 30 min
under sonication at 4 °C. The protein concentrations were quantified
by Pierce BCA assay (Thermo Scientific, 23250). 20 μg of protein per
well were loaded onto an SDS−PAGE gel for 1 h at 200 V. After
protein separation, dry transfer of proteins to a PVDF membrane was
conducted using an iBLOT2 transfer instrument using the P0Method
(20 V for 1 min, 23 V for 4 min and 25 V for 2 min). Then,
membranes were blocked with Pierce Clear Milk Blocking Buffer (1x)
for 1 h at room temperature, washed three times with PBS−T buffer
and incubated with ATP7B and CTR1 antibodies overnight at 4 °C.
After incubation, membrane was washed three times with PBS−T and
incubated with GAPDH antibody for 1h at room temperature. Then,
membrane was washed three times with PBS−T and incubated with
secondary antibody (anti−Rb−HRP) (1:5000 dilution) for 1 h at
room temperature. After incubation, membranes were washed three
times with PBS−T and incubated for 1 min with HRP substrate.
Chemiluminiscence images were captured using a ChemiDoc XRD+
system. GAPDH antibody was purchased from Cell Signaling
Technologies (Asp175, no. 9661) and used with a dilution 1:1000.
ATP7B antibody was purchased from Novus Biological (NB100−
360) and used with a dilution of 1:1000. CTR1 antibody was
purchased from Novus Biological (NBP2−36573) and used with a
dilution of 1:100. Results are normalized by GAPDH expression.
Statistical Analysis
All the results are expressed as mean ± SEM. 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 comparisons test using
GraphPad Software). Statistically significant differences were express
as follows: *P < 0.05, **P < 0.005, ***P < 0.0005, and ****P <
0.00005.
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presence of Cu−HCF nanoparticles. Figure S6, cytotox-
icity of Cu−oxide and Cu−HCF in A549 cells. Figure
S7, in-gel detection of released Cu in A549 cell lysate
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Figure S13, in-gel detection of released Cu in A549 cell
lysate using CD649.2. Figure S14, brightfield images of
A549 cells treated with Cu−oxide at different times for
imaging with CD649.2. Figure S15, brightfield images of
A549 cells treated with Cu−HCF at different times for
imaging with CD649.2. Figure S16, quantification of
ROS levels in treated A549 cells. Figure S17,
quantification of intracellular Fe in treated A549 cells.
Figure S18, in-gel detection of released Cu in A549 cell
lysate using CD664 in the presence of BSO, KI696, and
ML385. Figure S19, detection of labile Cu(I) using
FCP−1 in a test tube in the presence of BSO, KI696,
and ML385. Figure S20, brightfield images of A549 cells
treated with Cu−oxide at different times for imaging
with CD664 in the presence of BSO, KI696, and
ML385. Figure S21, quantification of total labile Cu with
CD664 in A549 cells treated with CuHCF and BSO,
KI696, or ML385, respectively. Figure S22, synthetic
route to synthesize CD664. Figures S23−S30, NMR and
HRMS data (PDF)
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