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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is a deadly malignancy with dire prognosis due to
aggressive biology, lack of effective tools for diagnosis at early stage, and limited treatment
options. Detection of PDAC using conventional radiographic imaging is limited by the dense,
hypovascular stromal component and relatively scarce neoplastic cells within the tumor
microenvironment (TME). The CC motif chemokine 2 (CCL2) and its cognate receptor CCR2
(CCL2/CCR?2) axis is critical in fostering and maintaining this kind of TME by recruiting
immunosuppressive myeloid cells such as the tumor-associated macrophages, thereby presenting
an opportunity to exploit this axis for both diagnostic and therapeutic purposes. We engineered
CCR2-targeting ultrasmall copper nanoparticles (Cu@CuOy) as nano-vehicles not only for
targeted PET imaging by intrinsic radiolabeling with $4Cu but also for loading and delivery of
chemotherapy drug gemcitabine to PDAC. This %4Cu radiolabeled nano-vehicle allowed sensitive
and accurate detection of PDAC malignancy in autochthonous genetically engineered mouse
models. The ultrasmall Cu@CuOy showed efficient renal clearance, favorable pharmacokinetics
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and minimal /n vivo toxicity. Systemic administration of gemcitabine loaded Cu@CuOy
effectively suppressed the progression of PDAC tumors in a syngeneic xenograft mouse model and
prolonged survival. These CCR2-targeted ultrasmall nanoparticles offer a promising image-guided
therapeutic agent and show great potential for translation.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a devastating human cancer and a growing
challenge to the healthcare system in the United States. Most PDAC patients at advanced-
stage live less than one year, and only ~9% patients can live up to 5 years.! Clinically, the
combination of surgery and adjuvant systemic chemotherapy is commonly used to treat
PDAC patients. However, less than 15% of patients diagnosed at early stage will respond.
Most patients will eventually suffer disease relapse.2~* The majority of patients are
diagnosed at locally advanced or metastatic stages that preclude the potential for successful
tumor removal.> Combination chemotherapies can prolong survival but are not curative.®: 7
Due to the absence of useful biomarker for early detection and treatment, the rapid local and
distant metastasis, and dearth of effective therapy, the mortality of PDAC patient is high.
Conventional cytotoxic treatments, such as single or multi-agent chemotherapy regimens
using gemcitabine (Gem),8-11 or multidrug regimens,5: 12: 13 have been evaluated in clinical
trials, however, long term outcome remains poor.

Resistance to chemotherapy remains a daunting medical challenge in the treatment of
PDAC. The tumor microenvironment (TME) of PDAC has a desmoplastic stroma featuring
an abundance of fibroblasts, leukocytes, endothelial cells, and extracellular matrix proteins.
14 This unique stroma poses physical and biological barrier to drug delivery. Notably,
infiltrative leukocytes within the TME include bone-marrow-derived myeloid cells such as
tumor-associated macrophages, which not only stifle the effect of chemotherapy and anti-
tumor immunity but also promote tumor growth and metastasis.14-16 The chemokine ligand
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type 2 (CCL2, also named as monocyte chemoattractant protein-1, MCP-1) and its receptor,
chemokine receptor type 2 (CCR2), form a signaling axis that plays a key role in recruiting
CCR2+ inflammatory monocytes that egressed from bone marrow to tumors and changed
their phenotype to immunosuppressive tumor-associated macrophages.1’19 The CCL2/
CCR2 axis has been involved in the pathogenesis of many diseases such as inflammation,
atherosclerosis, and tumor growth and metastasis.1’: 18- 20-27 |mportantly, pre-clinical and
phase I/11 clinical studies have revealed that when coupled with CCR2 inhibition, therapeutic
response to chemotherapy could be improved.18: 28 However, these studies utilize small
molecule inhibitors against CCR2, which are typically cytostatic and may become
ineffective upon emergence of CCR2-independent adaptive response,” underscoring the
need to improve on the efficacy of CCR2-targeting strategies.

In the past decade, nanotechnology has led to advances in cancer therapy by delivering
chemotherapeutic drugs directly to targeted tumor sites, prolonging drug release, and
enhancing drug metabolism.11: 29-32 To date, lots of nanoparticles have been used for PDAC
imaging or delivery of therapeutic drugs.33-37 Many nanoparticles showed encouraging
results viathe enhanced permeability and retention (EPR) effect despite the stromal barriers
within TME of mice.38 Some nanoparticles had been used in PDAC patients although the
treatment efficiency need significant improvement.39: 40 To further improve the diagnosis
accuracy and treatment efficiency, the targeting ultrasmall nanoparticles have drawn
significant interest as an emerging platform due to accurate tumor detection, favorable /in
vivo pharmacokinetics, and rapid renal clearance, and potential for translational cancer
theranostics.*1~46 Previously, we reported the /77 vivo biodegradable copper nanoparticles
intrinsically radiolabeled with 84Cu (84Cu-CuNCs) for sensitive and accurate PET imaging
of triple negative breast cancer.#” In contrast to other drug delivery systems,8: 4° the pH-
sensitive degradation makes it an useful platform not only for imaging but also to rapidly
unload therapeutics for improved treatment outcome. The fast and robust synthesis may be
able to address the need for repeated treatment and empower the potential for future
translation.>0

Moreover, we have developed a CCR2 imaging agent using ECL1i peptide and
demonstrated its targeting specificity to monocytes and macrophages in multiple animal
models.22: 51-53 |n this study, we reconstructed the ultrasmall $4Cu radiolabeled copper
nanoparticles (84 Cu-Cu@CuOy) with ECL1i to target tumor stroma and loaded gemcitabine
(84Cu-Cu@CuO,-ECL1i-Gem) for PET guided drug delivery into PDAC tumors. We
assessed its specificity and sensitivity for targeted PET imaging in two genetically
engineered pancreatic cancer mouse models. We then assessed treatment efficacy in a
syngeneic xenograft mouse model and related /n vivo toxicity.

Results and discussion

Synthesis of the ultrasmall copper nanoparticles

The synthesis of 54Cu radiolabeled CCR2-targeting Cu@CuOy, (64Cu-Cu@CuO,-ECL1i)
was modified from previous procedures (Figure 1a) with high yield and radiolabeling
specific activity (Figures 1 and S1-6).44. 45. 47,54 Scanning transmission electron
microscopy (STEM) image of Cu@CuO,-ECL1i showed uniformity of these nanoparticles
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with an average diameter of 2.7 + 0.2 nm (Figure 1b). Dynamic light scattering (DLS)
measurement demonstrated a renal-clearable hydrodynamic diameter (5.3 £ 0.1 nm, Figure
1c) and neutral surface charge (§-potential: —=3.7 £ 0.7 mV). Previously, we demonstrated
approximately 180 TA-PEGs on the surface of Cu@CuO.*” Based on our optimized
targeting strategy, we started the synthesis with a 1:2 molar ratio (TA-PEG-ECL1i: TA-PEG-
OMe) for Cu@CuOy surface conjugation. High performance liquid chromatography (HPLC)
and inductively coupled plasma mass spectrometry (ICP-MS) measurement determined
there were approximately 60 + 1.3 copies of TA-PEG-ECL1i on each Cu@CuOy, consistent
with our previous work (Table S1 and Figure S4). Though surface oxidation was observed
on Cu@CuOy, there was little effect on the conjugation of TA-PEG-ECL1i.47 Fast protein
liquid chromatography (FPLC) analysis demonstrated the integrity and chemical purity of
Cu@CuOy-ECL1i after synthesis (Figure S5).

Gemcitabine loaded nanoparticles (Cu@CuOy-ECL1i-Gem) were synthesized following the
same protocol using TA-PEG-Gem: TA-PEG-ECL1i at 2:1 molar ratio. The E-potential and
hydrodynamic diameter of Cu@CuO,-ECL1i-Gem were —-4.8 £ 2.4 mV and 4.9 £ 0.3 nm,
respectively, demonstrating a minimal effect of Gem loading on Cu@CuOy surface charge
and size. Quantitative measurement showed there were 134.9 + 6.7 copies of Gem and 53.0
+ 7.0 copies of TA-PEG-ECL1i per nanoparticle, with a loading efficiency of 81.0 + 4.1%
and 63.3 + 8.4 %, respectively. Gem is known to undergo rapid deamination in blood to
become the inactive metabolite 2°,2’-difluorodeoxyuridine. /n vitro cytotoxicity assay
showed that TA-PEG modified gemcitabine (TA-PEG-Gem) had comparable ICgq value
(48.8 uM) to that of gemcitabine (19.7 uM) (Figure S7). Thus, this modification strategy and
covalent conjugation of the prodrug onto Cu@CuOy not only improved drug stability but
also prolonged circulation half-life for enhanced drug delivery and treatment outcome.>>
Moreover, the in vitro release profiles showed gradual release of TA-PEG-Gem in both
physiological and acidic conditions, which was similar with the dissolution kinetics of the
ultrasmall Cu@CuO,,*’ revealing the drug release was attributed to the dissolution of the
nanoparticles (Figure 1d). Therefore, upon reaching the tumor /n vivo, acidic conditions
within tumor microenvironment would lead to the gradual dissolution of Cu@CuOy to
Cu(ll) and subsequent release of gemcitabine within the tumors for improved treatment
efficacy. With this strategy, the Cu@CuO,-ECL1i-Gem were expected to accumulate in the
tumoral regions on account of CCR2 targeting and release drug on-site for enhanced
treatment effect.

Pharmacokinetics of 4Cu- Cu@CuOy-ECL1i and 84Cu- Cu@CuO,-ECL1i-Gem

In vivo pharmacokinetics of 84Cu-Cu@CuOy-ECL1i and $4Cu-Cu@CuO,-ECL1i-Gem
were assessed through biodistribution studies using C57BL/6 mice. As shown in Figure 2,
both 4Cu-Cu@CuO,-ECL1i and 84Cu-Cu@CuO,-ECL 1i-Ge m showed rapid blood
clearance with comparable half-lives (t1/» = 1.27 h for 4Cu-Cu@CuO,-ECL1i and ty/p =
0.81 h for $4Cu-Cu@CuOy-ECL1i-Gem), consistent with our previous reports.#4 47 At 4 h
post injection, 66.8% of 84Cu-Cu@CuO,-ECL1i and 77.4% of $4Cu-Cu@CuO,-ECL1i-
Gem were cleared from blood in contrast to the data obtained at 1 h. At 24 h, the blood
retentions of both nanoparticles were less than 2.0 percent injected dose per gram (%1D/g),
providing a low background for enhanced tumor uptake contrast.
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In contrast to high mononuclear phagocyte system (MPS) retention of metal nanoparticles
with sizes more than 10 nm, the retentions of 84Cu-Cu@CuOy-ECL1i and 54Cu-Cu@CuOy-
ECLZ1i-Gem in both the liver and spleen were significantly lower due to their ultrasmall
sizes.#2: 56-58 Compared to $4Cu-Cu@CuOy-ECL1i, the accumulations of 84Cu-Cu@CuOy-
ECL1i-Gem were slightly higher at all three time points during the 24 h study. This is
mainly due to the conjugation of relatively more hydrophobic gemcitabine comparing to
hydrophilic ECL1i peptide on the surface of Cu@CuOy, which led to a more hydrophobic
surface and related hepatic and splenic accumulations as reported by others.59: 60

Both nanoparticles revealed efficient renal clearance during the 24 h study. Due to their
smaller size, the kidney clearance of 4Cu-Cu@CuO-ECL1i-Gem (31.8 + 9.2 %ID/g) at 1 h
post injection was approximately 60% more than that of 4Cu-Cu@CuO,-ECL1i (19.7 + 1.9
%ID/g). This rapid urinary clearance of the drug loaded nanoparticles is particularly helpful
to minimize potential toxicity caused by the retention of nanostructures in non-targeted
organs.®1 In other major organs, the two nanoparticles demonstrated comparable localization
during the 24 h study, in agreement with our previous reports.#4 45 47

Assessment of tumor targeting specificity of 54Cu-Cu@CuO,-ECL1i in vitro and in
autochthonous PDAC mouse models

To estimate the CCR?2 targeting specificity of 54Cu-Cu@CuOy-ECL1i, we first assessed the
in vitro cell uptake using both a PDAC tumor cells (KI, PDAC cells derived from
KRASG12D/INKA4A deficient mice)52 and a human monocytic THP-1 cell line.83 As shown
in Figure S8, after incubation at 0 °C for 30 mins, the cell uptake of 84Cu-Cu@CuOy-ECL1i
was nearly 5-fold as much as that of the non-targeted 84Cu-Cu@CuO, (3*Cu-Cu@CuOy-
NT) in both KI and THP-1 cells (p<0.001, n=4-6). Moreover, with 100 times excess of non-
radioactive Cu@CuOy-ECL 1i as blockade, 86.9 % and 80.4% uptake of 4Cu-Cu@CuOy-
ECLL1i were blocked in THP-1 (p<0.0001, n=4-6) and KI (p<0.001, n=4-6) cells,
respectively, suggesting the CCR?2 targeting specificity of 54Cu-Cu@CuO,-ECL1i.
Moreover, the uptake of $4Cu-Cu@CuO,-ECL1i in THP-1 and KI cells were also blocked
by 32.8% (p<0.01, n=4-6) and 66.3 % (p<0.01, n=4-6), respectively, with 1000-fold excess
of ECL1i peptide, further confirming the CCR2 targeting specificity of $4Cu-Cu@CuOy-
ECL1i.

We next assessed the CCR2 targeting specificity of $4Cu-Cu@CuOy-ECL1i with PET/CT in
two genetically engineered mouse models including the p48-CRE; LSL-KRasG12D/wt:
p53flox/flox (KPPC) and p48-CRE; LSL-KrasG12D/wt: p53floxwt (KpC) mice. These models
are characterized by a stromal-rich TME and aggressive biology that highly mimics human
PDAC, and are the most commonly used models in PDAC research.%4 65 In these models,
neoplastic progression occurs spontaneously, along with desmoplastic changes at different
paces, with invasive PDAC foci typically detected in 6-week-old KPPC mice and ~15-week-
old KPC mice. The 24 h PET image revealed increased retention of $4Cu-Cu@CuOy-ECL1i
in the tumors of 7-9-week-old KPPC mice in contrast to the minimal non-specific retention
in those imaged with 84Cu-Cu@CuO,-NT (Figure 3). Quantitative uptake analysis showed
that 84Cu-Cu@CuO,-ECL1i tumor uptake (11.16 + 1.22 %ID/g, n=5) was almost 3-fold as
much as that acquired with $4Cu-Cu@CuO,-NT (4.43 + 1.74 %ID/g, p<0.0001, n=4). In
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wild type (WT) control littermate mice, the accumulation of 64Cu-Cu@CuO,-ECL1i (2.90 +
0.14 %ID/g, p<0.0001, n=4) in pancreas was 4 times less of that obtained in KPPC mice.
Competitive receptor blocking using a 50-fold excess of non-radioactive Cu@CuOy-ECL 1i
significantly decreased tumor accumulation of 4Cu-Cu@CuO,-ECL1i (5.14 + 0.70 %ID/g,
p<0.0001, n=5) by more than 50%. Moreover, blocking study using 50-fold excess of
Cu@CuOy-NT showed little effect on $4Cu-Cu@CuO,-ECL1i tumor uptake (9.84 + 2.67
%ID/g, n=4, p>0.05, Figure S9). All these data validated the specificity of 4Cu-Cu@CuOy-
ECL1i targeting CCR2 in KPPC tumors.

Due to the significant tumor accumulation and low non-specific localization at the
surrounding tissue, the tumor/muscle (T/M) contrast ratio of $4Cu-Cu@CuO,-ECL1i in
KPPC tumors was 17.03 + 3.43 (n=5) at 24 h, highlighting its sensitivity for tumor
localization. The significantly decreased T/M ratio in the blocked KPPC tumors (6.83
0.95, p<0.001, n=5) further confirmed the tumor targeting specificity of 4Cu-Cu@CuO,-
ECL1i.

Following PET imaging, tumors were immediately collected and fixed for autoradiography
and histopathological characterization. As shown in Figure 3d, ex vivo autoradiography of
64Cu-Cu@CuO,-ECL1i in KPPC tumor showed intense and heterogeneous distribution
across the tumor while minimal retention was determined in the pancreas of WT littermates,
which further confirmed the PET data. Hematoxylin and eosin (H&E) and trichrome
staining showed extensive fibrotic regions in the KPPC tumor (Figure 3e), representing the
desmoplastic stromal formation during malignancy development and progression. 3,3’-
diaminobenzidine (DAB) immunostaining showed elevated expression of CCR2 across the
tumor while the control IgG staining had little signal, which further supported the PET
imaging (Figure 3e).

The PDAC targeting efficiency of $4Cu-Cu@CuO,-ECL1i was further assessed in a more
chronic tumor model using approximately 22-23-week-old KPC mice, when PDAC tumors
are fully developed and recapitulate major pathological characteristics of human PDAC,
such as significant development of fibrosis and massive accumulation of macrophages.54 65
Consistent with the data acquired in the KPPC model, targeting 4Cu-Cu@CuOy-ECL1i
showed a strong PET signal in the KPC tumor versus little retention in WT littermates, and
non-targeting $4Cu-Cu@CuO,-NT showed low non-specific tumor accumulation suggesting
targeting specificity (Figure 4a). Quantitative analysis showed the uptake of 84Cu-
Cu@CuOy-ECL1i at 5.47 £ 0.75 %ID/g (n=5) in the KPC tumors, which was statistically
higher than the non-targeting $4Cu-Cu@CuO,-NT in KPC mice (2.01 + 0.29 %ID/g,
p<0.0001, n=4) and $4Cu-Cu@CuO,-ECL1i in WT mice (1.43 + 0.20 %ID/g, p<0.0001,
n=4) (Figure 4b). The T/M ratio of 84Cu-Cu@CuO-ECL1i (8.71 + 1.94, n=5) was more
than twice as that acquired with 4Cu-Cu@CuO,-NT (3.51 + 0.21, p<0.001, n=5) in the
KPC tumors, reconfirming the advantage of targeted imaging. Whole tissue H&E and
trichrome staining revealed significant tumor progression and fibrosis. Ex vivo
autoradiography acquired right after PET imaging revealed accumulation of 84Cu-
Cu@CuO,-ECL1i in the fibrotic region, indicating binding to the tumor stroma (Figure
S10). Interestingly, tumor uptake and the T/M ratio of $4Cu-Cu@CuO,-ECL1i in the KPC
mice were much lower than those in the KPPC mice, suggesting the advanced stroma in
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KPC tumors which limits the access and binding to CCR2+ cells. In contrast to a 111In-
labeled anti-claudin-4 monoclonal antibody, though the tumor accumulations were
comparable, $4Cu-Cu@CuO,-ECL 1i revealed higher contrast,%6 reasonably due to the faster
systemic clearance of the ultrasmall nanoparticles generating a low background comparing
to the extended blood retention of antibodies.

We also compared $4Cu-Cu@CuOy-ECL1i imaging to 8F-FDG PET/CT in both KPPC and
KPC mouse models. Though 18F-FDG signals were detected in both models (Figure S11),
quantitative analysis showed 18F-FDG tumor uptake of 5.94 + 0.17 %ID/g in KPPC mice
which was approximately half the value of 84Cu-Cu@CuOy-ECL1i (p<0.0001, n=4-5/
group). In the KPC model, 18F-FDG uptake (4.91 + 0.10 %ID/g, n=4-5/group) was
consistent with that of 84Cu-Cu@CuO,-ECL1i. However, the T/M ratios of 18F-FDG in
KPPC (1.75 + 0.26, p<0.0001) and KPC (1.84 + 0.17, p<0.0001) mice were 9 and 3 times
lower than those acquired with 4Cu-Cu@CuO,-ECL1i, respectively. This was likely due to
the non-specific nature of 18F-FDG uptake, leading to high background and low contrast
ratio, which further highlighted the significance of CCR2 targeting 84Cu-Cu@CuO,-ECL1i
for PDAC diagnosis.

CCR2 targeted Gem delivery using Cu@CuOyx-ECL 1i-Gem as a therapeutic agent in PDAC

Gemcitabine has been widely used for advanced and metastatic PDAC treatment alone and
combined with other agents.8 However, these therapeutic regimens have not dramatically
improved long-term outcomes.11: 13. 17. 28, 67 The suppressive immune cells, including
CCR2+ myeloid cells, in the TME may contribute to chemoresistance. Recent clinical trial
from our institution showed that pharmacologic CCR2 inhibition augments the clinical
response to FOLFIRINOX chemotherapy to enable successful surgical resection for patients
with borderline-resectable or locally advanced PDAC,?8 at least in part by alleviating the
immunosuppressive TME. On this premise, we hypothesize that elimination, rather than
inhibiting CCR2 receptor, of CCR2+ myeloid cells using Cu@CuO,-ECL1i-Gem may be a
more effective approach, which we tested in a syngeneic immunocompetent xenograft (K1)
model.52 We had to resort to this model because our KPC cells have the propensity to
ulcerate when grown subcutaneously, precluding prolonged treatment. As shown in Figure
5a, the implanted tumors of KI mice treated with Cu@CuOy-ECL1i, low dose Gem (7
mg/kg) viaintravenous (IV) administration, and high dose Gem (100 mg/kg) via
intraperitoneal (IP) administration at day 10 post tumor implantation did not show any
treatment benefit in contrast to mice administrated with saline. The negligible treatment
effect of Cu@CuOy-ECL1i suggested the Gem delivery vehicle itself had no therapeutic
effect given the concerns of potential copper cytotoxicity.®® Thus, no survival benefit was
determined in these groups compared to saline (median survival: Cu@CuOy-ECL1i = 25
days, Gem low dose = 25 days; Gem high dose = 26 days; saline = 25 days) (Figure 5b).

Based on our PET imaging results, we first assessed treatment efficiency using the CCR2
targeted Cu@CuOy-ECL1i-Gem (Cu: 10 mg/kg, Gem loading: 3.4+0.8 mg/kg). As shown in
figure 5a, the KI tumor growth was effectively prevented in contrast to the other control
groups. At day 21, the tumor sizes of Cu@CuOy-ECL1i-Gem group (363.2 + 56.3 mm3,
n=5) were approximately two times smaller than those measured in saline group (897.4 +
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170.5 mms3, p<0.05, n=4). This was reasonably due to the targeted delivery of Gem viathe
CCR2 mediated tumor retention of Cu@CuO,-ECL1i-Gem abovementioned, which also
significantly extended the median survival of KI mice to more than 42 days (Figure 5b).

In a repeated effort to further assess the treatment efficiency of Cu@CuOy-ECL1i-Gem, KI
mice were treated with non-targeting Cu@CuOy-Gem and Cu@CuO,-ECL1i-Gem at day 7
post tumor implantation. Though Cu@CuO,-Gem showed tumor inhibition due to the low,
non-specific delivery of Gem, the CCR2 targeting Cu@CuOy-ECL1i-Gem revealed
substantial tumor inhibition with a statistical difference (p < 0.01, n=5/group) in tumor size
observed at day 33. Importantly, the effective tumor inhibition prolonged the median
survival of KI mice treated with Cu@CuOy-ECL1i-Gem to 51 days compared to 35 days
with Cu@CuOx-Gem, highlighting the significance of targeted Gem delivery for PDAC
treatment.3* Moreover, in contrast to the results obtained with Cu@CuOy-ECL1i-Gem
treatment starting at day 10, the median survival was extended more than 20% (9 days),
emphasizing the importance of early intervention. Histopathological characterization of the
tumors treated with Cu@CuOy-ECL1i-Gem revealed a large necrotic region, in comparison,
the tumors in mice receiving only Gem and saline had less necrotic levels, further
confirming the effective tumor treatment by Cu@CuOy-ECL1i-Gem. The effective tumor
growth inhibition of Cu@CuO4-ECL1i-Gem may not only be attributed to the effective
delivery of gemcitabine to tumor, but also the syngeneic effect of CCR2 targeting directed
inhibition of tumor-associated macrophages recruitment.%?

Cu@CuOy-ECL1i-Gem in vivo toxicity

Cu is an essential element for bodies, but a surplus of Cu intake may cause adverse health
problems. Therefore, we assessed the /n7 vivo toxicity of the Cu nanoparticle scaffolds in WT
CD1 mice at dosages of 1, 10, 15, and 20 mg Cu/kg body weight via IV injection. The mice
receiving 20 mg/kg Cu@CuO,-NT died 2-3 days following administration, while the other
groups of mice survived with no behavior changes, no hepatic or renal deficiencies as
measured by serum, and no difference in liver and kidney weight as a percentage of body
weight (Figure S12). Histopathologic examination showed no obvious lesions in major
organs including lung, heart, liver, kidney, and bone marrow. Thus, 15 mg Cu/kg body
weight was determined to be a safety threshold for one-time administration. We next
determined the cumulative toxicity of Cu@CuOy-ECL1i and Cu@CuOy-ECL1i-Gem (Cu
mass=10 mg/kg) in WT C57BL/6 mice following administration twice per week for 2
weeks. Complete blood count and white blood cell differential measurements, as well as
serum biochemistries, validated that the dosage regimen had no adverse influence on
hematopoietic, hepatic, and renal functions (Figure 6a and 6b). Gross necropsy and
histopathologic examination showed no appreciable differences in bone marrow, liver, and
kidney for Cu@CuO,-ECL1i-Gem compared to the mice administrated with saline. Bone
marrow samples from control and treated animals revealed no differences in cellularity or
composition of the marrow. Microscopic examination revealed liver parenchyma with
preserved architecture and no significant portal inflammation, steatosis or fibrosis in both
control and treated groups. Likewise, kidney samples from control and treated animals
revealed renal parenchyma with no significant glomerular sclerosis, tubular damage,
inflammation or interstitial fibrosis (Figure 6¢). Comparison of heart samples from control
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and treated animals revealed no inflammation or myocyte necrosis in either group while lung
specimens revealed no significant acute or chronic inflammation or fibrosis (Figure S13).

The overall histological findings supported the safety of Cu@CuO,-ECL1i-Gem for PDAC
treatment in mice. This also highlighted the advantages of effective renal clearance and the
degradable nature of Cu@CuOy as we previously reported.4” This rapid renal clearance led
to low retention of unbound Cu@CuOy-ECL1i-Gem in major organs, reducing the long-
term toxicity. The gradual dissolution of Cu@CuOy could effectively decrease the
toxicological effect of Cu for improved biocompatibility.

Conclusion

In summary, we developed a CCR2-targeting ultrasmall nanoparticle for PDAC imaging and
therapy. The straightforward synthesis of 84Cu-Cu@CuO,-ECL 1i enabled high
radiolabeling specific activity for sensitive PET imaging, scale-up synthesis, and drug
loading capability for effective drug delivery. The ultrasmall nanoparticles exhibited
desirable biodistribution and rapid systemic clearance to decrease toxicity. In both KPPC
and KPC mouse models, 4Cu-Cu@CuO,-ECL1i demonstrated specific tumor detection and
low nonspecific retention. The high T/M ratio of $4Cu-Cu@CuO,-ECL1i in comparison
with 18F-FDG highlighted its potential for early and sensitive diagnosis of PDAC
malignancy. The CCR2 targeted therapy of Cu@CuO-ECL1i-Gem led to substantial tumor
necrosis, effective inhibition of tumor growth, and prolonged survival. Preliminary toxicity
evaluations demonstrated the biocompatibility of both Cu@CuOy-ECL1i and Cu@CuOy-
ECL1i-Gem for PDAC imaging and therapy.

Our studies also had limitations. The PDAC imaging was done with 84Cu-Cu@CuOy-ECL1i
while the treatments were with Cu@CuO,-ECL1i-Gem, based on the study design.
Although these two platforms did not show significant differences in physicochemical
properties and /n vivo pharmacokinetics, it may be necessary to investigate the theranostic
potential of $4Cu-Cu@CuO,-ECL1i-Gem for PDAC in future studies. Additionally, the
current treatment regimen needs further optimization such as dosage and frequency to
enhance the therapeutic outcomes. It would also be necessary to study the treatment efficacy
combining Cu@CuO,-ECL1i-Gem with other clinically used chemotherapeutic agents
including paclitaxel or nab-paclitaxel for improved outcome.

Taken together, the CCR2-targeting nanoparticles demonstrated the potential for PDAC
imaging guided therapy and warranted further investigation for future translation.

EXPERIMENTAL SECTION

Materials and methods.

Chemicals. Lipoamido-dPEG®g-TFP ester (TA-PEG-TFP ester), MAL-dPEG®1-lipoamide
(TA-PEG-maleimide) and m-dPEG®y,-Lipoamide (TA-PEG-OMe) were purchased from
Quanta BioDesign, Ltd. and used without further purification. The CCR2 peptide
(LGTFLKC) was customized by CPC Scientific (Sunnyvale, CA). The 4Cu (half-life = 12.7
h, B* = 17%, B~ = 40%) was generated at the Cyclotron Facility of Washington University.
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All other reagents were purchased from Millipore-Sigma, TCI America, or Fisher Scientific
and were used without further purification. Water was purified with an E-Pure filtration
system (Barnstead International, Dubuque, 1A) with a resistivity of 18.2 MQ cm. IHNMR
spectra were acquired using a 400 MHz NMR spectrometer (Varian/Agilent, Santa Clara,
CA). Matrix assisted laser desorption/ionization time-of-flight (MALDI-TOF) was operated
in a reflector mode with positive ion detection to collect data with a Bruker AutoFlex Speed.
JEOL JEM-2100F Field Emission Electron Microscope was used for higher-resolution TEM
imaging and scanning transmission electron microscopy (STEM) imaging was operated at
an accelerating voltage of 200 kV. Nanoparticle suspension was dropped onto an ultrathin
carbon film supported by a lacey carbon film on a copper grid and dried in air for TEM and
STEM. The hydrodynamic size and C-potential were measured using Zetasizer Nano ZS
(Malvern instruments). Radiochemical purity was measured by instant radio-thin layer
chromatography (radio-TLC) (Bioscan). RP-HPLC analysis and preparation were conducted
on an Agilent 1200 system with Phenomenex® Luna 5 pm 100 A C18 LC column and
Vydac 218TP™ 5 ym 300 A C18 semipreparative column, respectively. ICP-MS was
performed on a PerkinElmer Elan DRCII instrument. FPLC was evaluated on AKTA FPLC
system (GE Healthcare) with Superdex® 200 Increase 10/300 GL gel filtration column
eluting by phosphate buffered saline (PBS). UV absorbance was obtained in a Victor 3 1420
multilabel counter (Perkin Elmer).

Synthesis of TA-PEG-ECL1i.

ECL1i peptide (50.0 mg, 64.0 umol) and TA-PEG-maleimide (51.4 mg, 58.1 umol) were
mixed in 25 mL 0.1 M pH = 7.0 phosphate buffer solution. After overnight stirring at R.T.,
TA-PEG-ECL1i was purified by RP-HPLC using H,O and acetonitrile as mobile phase and
lyophilized into a white powder. The overall yield was approximately 55%. MALDI-TOF
m/z: [M + H]* Cal. for C75H129N11024S3H 1664.8; Found 1664.9, [M + Na]* Cal. for
C75H129N11024S3Na 1686.8; Found 1686.9, [M + K]+ Cal. for C75H129N11024S53K 1702.8;
Found 1702.9.

Synthesis of TA-PEG-Gem.

Gemcitabine hydrochloride (50 mg, 0.17 mmol) and N, N-diisopropylethylamine (DIPEA,
29 pL, 0.17 mmol) were mixed in 200 pL anhydrous DMSO. After gemcitabine was
dissolved, TA-PEG-TFP ester (130 mg, 0.17 mmol) in 200 pL anhydrous DMSO was added,
followed by 29 UL DIPEA. The mixture was stirred overnight at 80 °C. Next, the mixture
was precipitated into diethyl ether twice, and washed with saturated NaHCO3 and brine. The
product was obtained as a pale yellow oil (yield = 80%). IH NMR (D,0, 400 MHz) &
(ppm): 8.26 (d, J = 7.7 Hz, 1H), 7.45 (d, J = 7.7 Hz, 1H), 6.29 (t, J = 7.4 Hz, 1H), 4.42 -
4.33 (m, 1H), 4.15 (s, 1H), 4.06 (d, J = 12.8 Hz, 1H), 3.89 (dd, J = 12.8, 5.9 Hz, 3H), 3.70 -
3.60 (m, 30H), 3.39 (t, J = 5.1 Hz, 2H), 3.25 - 3.16 (m, 3H), 2.82 (t, J = 5.7 Hz, 2H), 2.49
(dd, J=12.9, 6.4 Hz, 1H), 2.28 (d, J = 7.5 Hz, 2H), 1.98 (dd, J = 12.9, 6.4 Hz, 1H), 1.73 -
1.63 (m, 4H), 1.42 (d, J = 7.6 Hz, 2H). MALDI-TOF m/z: [M + Na]* Cal. for
C3HgoN4O14SoF>Na 875.4; Found 875.4, [M + K]+ Cal. for C36HgoN4014S2F2K 913.3;
Found 913.3.
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Synthesis of $4Cu-Cu@CuOy-ECL1i and 84Cu-Cu@CuO,-ECL1i-Gem.

Cell culture.

The synthesis of copper nanoparticles was modified from our previous method. Typically,
CuCl, (376 pL, 10 mM), TA-PEG ligands (400 uL, 2.5 mM (34Cu-Cu@CuOy-ECL 1i used
1:2 molar ratio of TA-PEG-ECL1i and TA-PEG-OMe, 4Cu-Cu@CuO,-ECL1i-Gem used
1:2 molar ratio of TA-PEG-ECL1i and TA-PEG-Gem), and 84CuCl, (0.1 M NH4OAc, pH
5.5, ca. 18.5 MBq uL~1) were mixed in 2 mL water and stirred for 15 mins at RT. Then,
sodium borohydride (450 pL, 20 mM) was added to the reaction vial with rapid stirring for
another 25 mins. The prepared nanoparticles were then immediately centrifuged with a
centrifugal filter unit (Amicon Ultra, 10 kDa NMWL, 7500 g, 15 mins) and washed 3 times
with water. The final product was diluted with sterile water and immediately delivered for
PET imaging. The scale up nanoparticles for treatment were filtered through 0.22 pm filter
(Corning® 50 mL Tube Top Vacuum Filter System) prior to centrifugation, which was
injected through 1V immediately after purification. Radiochemical purity was measured by
instant radio-thin layer chromatography (iTLC or radio-TLC) using glass microfiber
chromatography paper impregnated with a silica gel (Agilent Technology) and 10%
ammonium acetate and methanol (1:1 volume ratio) mixture as developing solution (Radio-
TLC, BioScan).

Kl cells derived from KRASG12D/INK4A deficient mice, and THP1 cells were cultured in
Dulbecco modified Eagle medium with L-glutamine (Mediatech, Manassas, VA) and 10%
fetal bovine serum (Sigma, St. Louis, MO), gentamicin (50 pg/ml), and amphothericin B
(0.25 pg/ml). All cells were cultured at 37°C, 5% CO», and 95% humidity.

Mouse tumor model.

Cytotoxicity

Conditional p48-CRE; LSL-KRas®12DWt: and p53flox/flox 1_Cre strains were interbred to
obtain KPPC and KPC animals on a mixed 129/SvJae/C57BI/6 background. For the KI
model, K1 cell line (obtained from a PDX1-Cre/KRASC12D/INK4ATIoX/loXmoyseb2) was
expanded and inoculated subcutaneously into syngeneic 8-week-old female FVBN/J mice.
All studies were conducted in compliance with the institutional animal care and use
committee (IACUC) guidelines of the Washington University.

study.

The KI Cells were seeded into 96-well plates with 5000 cells per well. 24 hrs later, the
medium was replaced by fresh medium containing TA-PEG-Gem and Gem at the indicated
concentration (range, 0-500 uM), respectively. All experimental groups were performed at
least three times. After 3 days of continuous drug treatment, cell viability was determined
using the WST-1 cell cytotoxicity assay (Roche, Basel, Switzerland) following the
manufacturer’s protocol. Briefly, 10 ul WST-1 reagent was added in each well and then
incubated for additional 4 h. The absorbance of the solution was measured using a
microplate reader at 440 nm. IC50 was computed using GraphPad Prism 7.03 software
(GraphPad Software, San Diego, CA).
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Cell uptake studies.

10,000 THP1 or Kl cells were incubated in the medium with 0.074 MBgq 54Cu-Cu@CuOy-
NT, 84Cu-Cu@CuO,-ECL1i, and $4Cu-Cu@CuO,-ECL1i in the presence of 100-fold of
non-radioactive Cu@CuO,-ECL 1i or 1000-fold of ECL1i peptide at 0 °C for 30 mins,
respectively. Each group was performed at least in triplicate. The unbonded nanoparticles
were removed by washing the cells with PBS for 4 times. The radioactively was measured in
a PerkinElmer 1480 automatic gamma counter and recorded as counts per minute (cpm).

Immunofluorescence and Microscopy.

KI cells were incubated on coverslips (Chemglass Inc, CLS-1760-012) in 24 well plates for
24 h at 37 °C. After being washed with phosphate-buffered solution (PBS) and fixed with
10% neutral-buffered formalin (Sigma, St. Louis, MO) for 15 mins at room temperature, the
cells were blocked in 10% BSA for 30 mins (ThermoFisher, Waltham, MA). Then the cells
were stained with mouse anti-CCR2 antibody (Abcom, Cambridge, MA, 1:100 dilution) or
10% BSA for 1 h at room temperature, washed by PBS three times, and incubated with
donkey anti-mouse Cy5 antibody (Jackson ImmunoResearch, West Grove, PA, 1:300
dilution) and DAPI (ThermoFisher, 1:1000 dilution) for 1 h. The samples were visualized on
macroscope camera (Leica, DC7000T) after putting the coverslip on the slide with mounting
medium.

Biodistribution.

All animal experiments were carried out in compliance with IACUC guidelines of the
Washington University. Biodistribution studies were performed using female wild type
C57BL/6 mice (Charles River Laboratories, Wilmington, MA). All the mice were
anesthetized with inhaled isoflurane and adminstrated with about 370 kBq of 84Cu-
Cu@CuOy-ECL1i or $4Cu-Cu@CuOy-ECL1i-Gem in 100 uL saline (APP pharmaceuticals,
Schaumburg, IL) viathe tail vein. At 1, 4, and 24 h post injection, the mice were re-
anesthetized and euthanatized by cervical dislocation (n = 4/time point). Major Organs of
interest from mice were harvested and weighed to acquire the weight of the organs. Then the
organs were counted in a Beckman 8000 gamma counter (Beckman, Fullterton, CA) to
obtain the radioactivity in these organs. The 84Cu-Cu@CuOy-ECL1i or 4Cu-Cu@CuOy-
ECL1i-Gem standards were prepared and counted along with the samples to calculate
percentage of the injected dose per gram of tissue (%ID/g). A nonlinear regression analysis
was used to calculate the mean blood half-lives of the two nanoparticles (Prism, version
7.03, Graphpad).

Micro-PET/CT imaging.
KPPC mice at 7-9-week-old, KPC mice at 22-23-week old, and their wild type littermates at
the same age were anesthetized and injected with 3.7 MBq 84Cu-Cu@CuO,-ECL1i/64Cu-
Cu@CuO,-NT in 100 pL saline viathe tail vein. Small animal PET scans were carried out
on Inveon PET/CT system (Siemens, Malvern, PA) at 24 h post injection (60 min frame).
The attenuation, scatter, normalization and camera dead time were all corrected for micro-
PET images for co-registration with micro-CT images. The Inveon PET/CT scanner is
periodically calibrated using a normalization phantom of known activity concentration to
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ensure its quantitative accuracy. Micro-PET images were reconstructed with the maximum a
posteriori (MAP) algorithm. Data quantification was carried out using Inveon Research
Workplace. Tumor accumulation was computed as percent injected dose per gram (%1D/g)
of tissue in three-dimensional region-of-interests without the correction for partial volume
effect. PET blocking study was done by co-injection of 50-fold non-radioactive Cu@CuOy-
ECLLi/Cu@CuO,-NT for competition.

Autoradiography.

The mice were perfused with saline transcardially and the tumors were collected and sliced
immediately following PET/CT scan. The slices were covered by a phosphor-imaging film
plate and exposed overnight. The film was then imaged with a GE Typhoon FLA 9500
Biomolecular Imager.

Cu toxicity study.

Treatment.

8-9 weeks old CD1 mice were IV administrated with 1, 10, 15, and 20 mg/kg body weight
of Cu@CuOy-NT (n = 5/group). Saline was injected as the control group. The mice
receiving 20 mg/kg of body weight of Cu@CuOy-NT died 2-3 days post treatment. One-
week post administration, the mice in other groups were submitted to Division of
Comparative Medicine (DCM) research animal diagnostic laboratory in Washington
University in St. Louis for clinical pathologic and histopathologic evaluation. The mouse
blood was collected by cardiocentesis immediately after euthanasia by CO, inhalation.
Hematology was performed on blood samples anticoagulated with EDTA using
commercially supplied tubes (Microvette 100, Sarstedt AG, Numbrecht, Germany). The
complete blood count was performed using the Hemavet 1700 Veterinary Multispecies
Hematology System (Drew Scientific, Miami Lakes, FL). Blood smears of each sample were
prepared, dried, fixed in methanol, and stained using Wright-Giemsa stain for microscopic
evaluation. Serum measurements of blood urea nitrogen (BUN), creatinine, alanine
aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase, and total
protein (TP) were determined using the Liasys 330 liquid reagent chemistry analyzer (AMS
Diagnostics, Weston, FL). After weighing the mice, kidneys and livers were harvested and
fixed in 10% neutral buffered formalin. Following fixation, the tissues were trimmed,
paraffin-embedded, and prepared as 5-micron sections and then stained with hematoxylin
and eosin for standard histopathologic evaluation. 8-week-old male and female C57BL/6
mice were randomly treated with (1) Cu@CuOy-ECL1i-Gem; (2) Cu@CuOy-ECL1i; and
(3) saline (n = 5/group) for 2 successive weeks. The Cu mass was equivalent to 10 mg/kg of
body weight. 3 days post treatment, all the mice were submitted to DCM research animal
diagnostic laboratory for evaluation.

A Kl xenograft model was used to determine tumor growth trends and treatment efficacy of
Cu@CuO,-ECL1i-Gem. 10 days after tumor implantation, mice were randomized into 5
groups (n = 5/group): (1) Cu@CuO,-ECL1i-Gem (Cu mass: 10 mg/kg body weight, Gem:
3.4 + 0.8 mg/kg body weight, IV injection, twice per week); (2) Cu@CuOy-ECL1i (same
Cu@CuO,-NT dose as (1), IV injection, twice per week); (3) gemcitabine 7 mg/kg body
weight (IV injection, twice per week); (4) gemcitabine 100 mg/kg body weight (IP injection,
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once per week); (5) saline (100 pL, IV injection, twice per week). For the 2"d treatment
study, the mice started dose administration at 7 days post implantation. The dose regimens of
Cu@CuOy-Gem and Cu@CuO,-ECL1i-Gem were the same as the 15t treatment study. The
Cu mass was limited to a dosage of 10 mg/kg for all nanoparticle groups, and the relative
loaded gemcitabine dose was 3.4 + 0.8 mg/kg body weight. The low dose gemcitabine group
was comparable, in terms of gemcitabine dose, to the dosing regimen of Cu@CuO-ECL 1i-
Gem. The high dose gemcitabine group was comparable with the standard human dosing
regimen.’® Mouse weight and tumor volume were monitored 2-3 times each week. Tumor
mass was calculated as (length x width2)/2. The treatment was continued for 6 successive
weeks or until the mice died or were sacrificed and deemed as dead when their tumor
volume reached over 2000 mm3, After treatment, the tumors were collected for H&E
staining.

Immunohistochemistry of tumor tissues.

Tumor serial sections with 5 um thickness were prepared from Histochoice®-fixed (24 h),
paraffin-embedded specimens. A series of xylenes and graded alcohols were used to
deparaffinize and rehydrate the sections for staining with hematoxylin and eosin to assess
morphology of the tissues. Consecutive sections of rehydrated tumor underwent antigen
retrieval pre-treatment (Diva Decloaker, 1x) as well as hydrogen peroxide quenching before
being treated with serum for 1 hour to block nonspecific binding (Vectastain; \ector
Laboratories, Burlingame, CA). The slides were stained with primary antibody overnight at
4C (anti-CCR2, 1:1000 in blocking serum, Novus Biologicals). After secondary antibody
was used (Vector Laboratories, Burlingame, CA), a diaminobenzidine-based
immunostaining was carried out. Digital images of the stained sections were obtained using
both scanning light and light microscopes (Nanozoomer, Hamamatsu, and Leica).

Statistical analysis.

Statistical analysis was done with GraphPad Prism (version 6.07). Group variation was
reported as mean * standard deviation. Differences between two or multiple groups were
calculated using the unpaired two-tailed Student’s t-test or one-way ANOVA. A significant
difference was reported when a P value was less than 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Synthesis and characterization of ultrasmall copper nanoparticles (Cu@CuOy). (a)

Schematic diagram of the synthesis of Cu@CuOy-ECL1i, Cu@CuO,-ECL1i-Gem, and 84Cu
radiolabeled nanoparticles, (b) STEM of Cu@CuOy-ECL1i, (c) Number average
hydrodynamic diameter of Cu@CuO4-ECL1i, (d) /n vitro TA-PEG-Gem release profiles of
Cu@CuO,-ECL1i-Gem under physiological and acidic conditions.
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Figure2.

Biodistribution of 84Cu-Cu@CuO4-ECL1i and 4Cu-Cu@CuOy-ECL1i-Gem in wildtype
C57BL/6 mice (n = 4/group) at (a) 1h, (b) 4 h and (c) 24 h post injection.
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Figure 3.
(a) Representative /n vivo PET/CT images of $4Cu-Cu@CuO,-ECL1i in wild type

littermate, 7-9-week-old KPPC mice, KPPC mice with 50-fold blocking dose, and 84Cu-
Cu@CuO,-NT in KPPC mice at 24 h post injection (yellow arrow: pancreas/pancreatic
tumor). Quantitative analysis of (b) tumor uptakes and (c) tumor/muscle (T/M) ratio that
showed significant difference between KPPC mice, wild type littermates, blocking mice, and
64Cu-Cu@CuO4-NT (**** p<0.0001, n=4-5/group). (d) Autoradiography of 64Cu-
Cu@CuO,-ECL1i uptake in KPPC tumor showing intense and heterogeneous distribution
compared to the low accumulation in a wild type mouse. (¢) H&E, trichrome, CCR2
(brown), and control IgG immunostaining showing the histology, fibrosis, and CCR2
expression of the KPPC tumor.

ACS Nano. Author manuscript; available in PMC 2022 January 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zhang et al. Page 23

== SCu-Cu@CuO,-ECL1i WT
== %Cu-Cu@CuO,-ECL1i KPC
= %Cu-Cu@CuO-NT KPC

o bk Kk ek

b12} i

0 J

C 20 mm eicy-Cu@Cu0 -ECL1I WT
161-%” -Cu@CuO,-ECL1i KPC

== Cu-Cu@CuO -NT KPC

E,12_ Jkk dedek
< 81
[ —
4-
0-

Trichrome

Figure 4.
(a) Representative /7 vivo PET/CT images of 84Cu-Cu@CuO,-ECL 1i in 22-23-week-old

KPC mice and wild type littermates, and 84Cu-Cu@CuO,-NT in KPC mice at 24 h post
injection (yellow arrow: pancreas/pancreatic tumor). Quantitative analysis of (b) tumor
uptakes and (c) tumor/muscle ratio of 84Cu-Cu@CuO,-ECL1i in WT and KPC mice, and
64Cu-Cu@CuO,-NT in KPC mice showing significant difference among KPC mice, wild
type littermate, and $4Cu-Cu@CuOy-NT (*** p<0.001, **** p<0.0001, n=4-5/group). (d)
Autoradiography showing intensive but heterogeneous 4Cu-Cu@CuO,-ECL 1i distribution
across the KPC tumor. H&E, and trichrome staining of KPC tumor showing the correlation
between fibrotic regions (blue) and 54Cu-Cu@CuO,-ECL1i tumor uptake.
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Figureb.
The tumor growth (a) and mouse survival (b) curves of KI implanted mice after treating with

Cu@CuO,-ECL1i-Gem, Cu@CuO,-ECL1i, Cu@CuO4-Gem, gemcitabine (7 mg/kg body
weight, 1V), gemcitabine (100 mg/kg body weight, IP), and saline. 1%t treatment with
Cu@CuOy-ECL1i-Gem started at 10 days post tumor implantation. The Cu@CuO,-Gem
and 2" treatment began at 7 days post tumor implantation. H&E staining of the tumor slices
from mice treated with Cu@CuOy-ECL1i-Gem (c), gemcitabine (100 mg/kg body weight)
(d), and saline (e).
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Figure®6.
Hematological (a) and serum biochemical (b) tests of C57BL/6 mice after 2 weeks receiving

successive treatment (twice per week) of 10 mg/kg (Cu dose) Cu@CuOx-ECL1i and
Cu@CuOy-ECL1i-Gem, and 100 pL saline for control group. (c) The H&E staining of bone
marrow, liver, and kidney showed no significant histological differences between
Cu@CuOy-ECL1i-Gem and the control group.
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