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Abstract
Pancreatic ductal adenocarcinoma (PDAC), characterized by a dense extracellular matrix (ECM), presents significant 
therapeutic challenges due to its poor prognosis and high resistance to chemotherapy. Current chemodrugs and 
diagnostic agents largely fail to cross the barrier posed by the ECM, which severely limits the PDAC theranostics. 
This study introduces a novel theranostic strategy using thioether-hybridized hollow mesoporous organosilica 
nanoparticles (dsMNs) for the co-delivery of copper (Cu) and disulfiram (DSF), aiming to induce cuproptosis 
in PDAC cells. Our approach leverages the ECM-degrading enzyme collagenase, integrated with dsMNs, to 
enhance drug penetration by reducing matrix stiffness. Furthermore, the innovative use of a pancreatic cancer 
cell membrane coating on the nanoparticles enhances tumor targeting and stability (dsMCu-D@M-Co). The 
multifunctional platform not only facilitates deep drug penetration and triggers cuproptosis effectively but also 
utilizes the inherent properties of Cu to serve as a T1-weighted magnetic resonance imaging (MRI) contrast agent. 
In vitro and in vivo assessments demonstrate significant tumor size reduction in PDAC-bearing mice, highlighting 
the dual functionality of our platform in improving therapeutic efficacy and diagnostic precision. This integrated 
strategy represents a significant advancement in the management of PDAC, offering a promising new direction for 
overcoming one of the most lethal cancers.

A collagenase-decorated Cu-based 
nanotheranostics: remodeling extracellular 
matrix for optimizing cuproptosis and MRI 
in pancreatic ductal adenocarcinoma
Yining Wang1†, Qiaomei Zhou1†, Wangping Luo1, Xiaoyan Yang1, Jinguo Zhang1, Yijie Lou3, Jin Mao1, Jiayi Chen2, 
Fan Wu4, Jue Hou2, Guping Tang2, Hongzhen Bai2* and Risheng Yu1*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-024-02968-6&domain=pdf&date_stamp=2024-11-8


Page 2 of 19Wang et al. Journal of Nanobiotechnology          (2024) 22:689 

Background
Pancreatic ductal adenocarcinoma (PDAC) has poor 
prognosis with a five-year survival rate below 9%, mak-
ing it the seventh leading cause of cancer-related deaths 
globally [1, 2]. Early diagnosis and treatment of PDAC 
poses significant challenges; 80–85% of patients lose 
the opportunity for surgical intervention by the time of 
detection [3], leading to the majority of PDAC patients 
relying on chemotherapy [4]. Numerous anticancer 
medications, such as frontline PDAC drugs gemcitabine 
and paclitaxel, have demonstrated to be efficient against 
PDAC cells in vitro; yet, they have limited efficacy in vivo 
[5]. Studies have disclosed that the vital factor contribut-
ing to the therapeutic challenges in PDAC is the dense 
extracellular matrix (ECM) surrounding the pancreatic 
tumor [6–8]. The ECM impedes the effective delivery of 

chemotherapeutic agents, primarily by orchestrating a 
notable elevation in interstitial fluid pressure within the 
tumor microenvironment (TME) [9, 10]. The interstitial 
fluid pressure of PDAC tumors is nearly ten-fold higher 
than that of the normal pancreas, significantly com-
promising tumor permeability [11]. Based on this, we 
propose that the integration of ECM remodeling with 
precise drug delivery could have major implications on 
the treatment of PDAC.

Some of the current delivery systems targeting the 
ECM primarily address the generation process of the 
ECM [7, 12, 13]. These strategies can reduce ECM gen-
eration and moderately enhance drug penetration, yet, 
the established ECM still impose limitations on drug 
penetration [14]. Herein, we posit that the direct disrup-
tion of PDAC ECM represents a straightforward way of 
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achieving deep drug delivery. Collagen, which constitutes 
up to 90% of the PDAC ECM, plays a critical role deter-
mining ECM stiffness and PDAC therapeutic challenge 
[15]. Clinical trials show that, treated with gemcitabine, 
patients with high ECM collagen levels have a median 
overall survival of 6.4 months, whereas patients with low 
ECM collagen levels have a higher median overall sur-
vival of 14.6 months [16]. Collagenases can efficiently 
degrade collagen, which could attenuate the stiffness of 
the matrix and contribute to more efficient drug delivery 
into solid tumors. Evidences have shown an 87% reduc-
tion in the tumor size of PDAC-bearing mice treated 
with a liposomal formulation of collagenase followed 
by paclitaxel, compared to mice treated with paclitaxel 
monotherapy [17]. Taken together, these evidences sup-
port collagenase anti-collagen strategy can overcome 
ECM barrier and improve tumor penetration. Therefore, 
we propose that developing an “all-in-one” collagenase-
decorated platform integrating ECM barrier degrada-
tion with antitumor mechanism initiation is a promising 
approach to overcome PDAC drug delivery challenge.

Copper (Cu), an essential transition metal, plays a dou-
ble-edged sword role in cellular processes. On one hand, 
it functions as a co-factor for various enzymes by donat-
ing or accepting electrons. On the other hand, excessive 
Cu accumulation can cause a range of cellular metabolic 
dysfunctions, ultimately leading to cell death [18, 19]. 
Notably, a Cu-dependent death pathway termed “cupro-
ptosis” has been discovered, which involves intracellular 
Cu accumulation triggering mitochondrial lipoylated pro-
tein (DLAT) aggregation and destabilization of iron–sul-
fur (Fe–S) cluster proteins such as lipoyl synthase (LIAS) 
within the tricarboxylic acid (TCA) cycle [20]. Also, its 
dysregulation has been observed in the microenviron-
ment of malignancies such as PDAC [21, 22]. Therefore, 
we hypothesize that delivering Cu into PDAC would be a 
potential therapeutic approach. However, achieving pri-
mary cuproptosis is hindered by an insufficient amount 
of Cu in the TME and the efflux of excess Cu from cells 
[23]. This renders the precise and efficient delivery of Cu 
to PDAC cells a critical concern for cuproptosis-based 
therapy. Disulfiram (DSF), a potential anticancer agent, 
not only induces ROS-dependent oxidative stress but 
also facilitates Cu uptake by cells [24]. In PDAC, DSF sig-
nificantly enhances Cu uptake by tumor cells in relation 
to free Cu, thereby improving the efficacy of cupropto-
sis [25, 26]. Furthermore, DSF can combine with Cu ions 
to form tumor cytotoxic bis(diethyldithiocarbamate)-Cu 
(CuET), which could promote nuclear protein localiza-
tion protein 4 (NPL4) aggregation and induce apoptosis 
[27]. Moreover, owing to its unpaired electrons, Cu has 
potential as a T1-weighted magnetic resonance imag-
ing (MRI) contrast agent, which can assist in diagnosing 
PDAC [28–30]. Hence, the co-delivery of DSF and Cu to 

tumor tissues using delivery systems is a promising ther-
anostic strategy in PDAC treatment.

In this study, thioether-hybridized hollow mesoporous 
organosilica nanoparticles (dsMNs) were investigated 
to co-deliver Cu and DSF. The dsMNs bound to CuS 
(dsMN-CuS, denoted as dsMCu) via metal coordination 
and could physically adsorb DSF (dsMCu-D) owing to its 
hollow mesoporous structure. This biocompatible mate-
rial had disulfide bonds and responded to high glutathi-
one (GSH) expression in the TME, enabling a precisely 
controlled release and co-delivery. Moreover, an innova-
tive linker between collagenase and the dsMCu-D plat-
form was developed. PDAC cell membrane-coated NPs 
with a core–shell structure (dsMCu-D@M) provided 
stability and enhanced the tumor-targeting functional-
ity in vivo. Furthermore, the phospholipid bilayer of the 
cell membrane enabled facile modification. Collagenase 
was decorated into dsMCu-D@M NPs using the “phos-
pholipid insertion method” (dsMCu-D@M-Co) (Scheme 
1A). Through homologous targeting, dsMCu-D@M-Co 
NPs could effectively target PDAC. dsMCu-D@M-Co 
promoted collagen digestion when NPs reached the 
tumor site, enhancing the penetration into the PDAC 
tumor (Scheme 1B). After the uptake of Cu-based NPs, 
Cu directly engaged with DLAT, fostering the disulfide-
bond-dependent aggregation of lipoylated DLAT. LIAS 
emerged as a pivotal mediator of lipoylation, contrib-
uting to the accumulation of noxious lipoylated DLAT 
and subsequent cuproptosis. Moreover, the formation 
of CuET induced NPL4 protein aggregation, disrupt-
ing these specific processes and culminating in apopto-
sis (Scheme 1C). Thus, we constructed a multifunctional 
nanoplatform based on organic–inorganic hybrid materi-
als. In vitro and in vivo experiments demonstrated that 
our multifunctional nanoplatform not only promoted 
deep drug penetration but also effectively triggered 
cuproptosis, significantly reducing tumor size in PDAC-
bearing mice. Furthermore, the inherent properties of Cu 
enhanced T1-weighted MRI, providing a powerful diag-
nostic tool alongside therapeutic action (Scheme 1D).

Methods
Materials
Cetyltrimethylammonium chloride (CTAC), bis[3-
(triethoxysilyl) propyl] tetrasulphide (BTES), triethanol-
amine (TEA), tetraethyl orthosilicate (TEOS), ethanol, 
ammonia aqueous solution (NH3·H2O, 25 wt%), and col-
lagenase were sourced from Sigma-Aldrich (MO, USA). 
(3-mercaptopropyl) trimethoxysilane (MPTES), sodium 
sulfide nonahydrate (Na2S·9H2O), 3-(4,5-Dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT), sodium citrate, L-glutathione (GSH), 2-imino-
thiolane (Traut’s reagent), copper chloride dihydrate 
(CuCl2·2H2O), and disulfiram (DSF) were obtained from 
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Aladdin Co., Ltd. (Shanghai, China). Additionally, the 
Membrane and Cytosol Protein Extraction Kit, blotting 
grade, primary antibody dilution buffer, DCFH-DA, fluo-
rescein isothiocyanate (FITC) and 4’6-diamidino-2-phe-
nylindole (DAPI) were acquired from Beyotime (China).

Cell lines and animals
The BxPC-3 cell line, which originates from human 
pancreatic cancer, was procured from Procell (Wuhan, 
China). These cells were maintained in an RPMI 1640 
medium containing 10% FBS at 37  °C within a humidi-
fied incubator with 5% CO2. Male BALB/c nude mice, 
aged 6–8 weeks, were sourced from the Shanghai Silaike 
Laboratory Animal Limited Liability Company. All ani-
mal experiments were conducted in accordance with the 

guidelines set by the National Institutes of Health (NIH, 
USA) and were approved by the Animal Experiment 
Committee of Zhejiang University (Approval Year: 2024, 
No. 040). To generate the BxPC3 tumor-bearing mouse 
model, 2.0 × 106 cells were subcutaneously injected into 
the left thigh of male BALB/c nude mice. The volume 
of the tumor (V) was determined using the formula 
V = a²×b/2, where ‘a’ represents the shortest length (mm) 
and ‘b’ represents the longest length (mm) of the tumor.

Synthesis of dsMNs
Initially, TEA (6  g, 10 wt%) and CTAC (40  g, 10 wt%) 
aqueous solutions were mixed and stirred at 85  °C for 
15  min. TEOS (2  ml) was then added dropwise and 
allowed to react for 1  h. Following this, a mixture of 

Scheme 1  Synthesis process of dsMCu-D@M-Co NPs for tumor therapy and MRI diagnosis. (A) Preparation of dsMCu-D@M-Co. (B) dsMCu-D@M-Co ac-
cumulated in the tumor tissues after intravenous (i.v.) injection and collagenase effectively degraded the ECM, which enhanced the deep penetration of 
NPs. (C) Schematic illustration of the anticancer effects of dsMCu-D@M-Co on cuproptosis and apoptosis. (D) T1 MRI diagnosis
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TEOS (1 ml) and BTES (2 ml) was added, and the reac-
tion was continued for an additional 4  h. The result-
ing products were washed thrice with ethanol. Then the 
resulting products were dispersed in 50 mL methanol 
containing 1 wt% NaCl and heated at 65  °C, to remove 
the template CTAC. This step was repeated at least 
three times, each time at least 12  h to ensure the tem-
plate was removed completely. The final dsMN products 
were obtained using an ammonia-assisted selective etch-
ing strategy, which involved reaction of the NPs with an 
aqueous solution of ammonia (25 wt%) for 2.5 h at 90 °C. 
After the solution cooled to room temperature, the final 
dsMN products were acquired by centrifuging and subse-
quently washing three times with water [31].

Synthesis of dsMCu
dsMCu were synthesized according to the classical syn-
thesis method. First, 4 mL of a 0.05 M Na2S·9H2O aque-
ous solution was added to 200 mL of a mixed solution 
containing 1 mmol CuCl2·2H2O and 0.68 mmol sodium 
citrate. The mixture was stirred at ambient conditions 
for 30 min, followed by heating to 90 °C and maintaining 
this temperature for 10 min. This process yielded a dark-
green copper sulfide (CuS) NP solution which should 
be transferred to an ice bath immediately. Next, dsMNs 
(15 mg) were dispersed in 40 mL ethanol, and a mixture 
of 0.15 mL MPTES and 0.2 mL NH3·H2O (25 wt%) was 
added to it. After stirring overnight, the resulting dsMN-
SH was collected via centrifugation and washed thrice 
with ethanol. Next, 60 mL of the CuS solution and 30 mg 
dsMN-SH were re-dispersed in 100 mL water and stirred 
for 2  h in ice bath. The dsMCu NPs were obtained via 
centrifugation and then washed three times with water 
[32].

Loading DSF into dsMCu (dsMCu-D)
For incorporating DSF molecules into dsMCu NPs, 10 
milligrams of dsMCu NPs were dispersed in 2 milliliter 
of ethanol solution containing 20 milligrams of DSF, fol-
lowed by overnight vigorous stirring. Subsequently, the 
dsMCu-D NPs composite was obtained through centrif-
ugation and washed thrice with ethanol for subsequent 
applications. Then, the encapsulated dsMCu-D NPs 
samples are placed into the thermogravimetric analyzer 
and heated within a specific temperature range. At differ-
ent temperatures, both the drug and the carrier undergo 
mass changes. The encapsulation efficiency and drug 
loading values were calculated by observing the varia-
tions in the sample mass.

Extraction and preparation of BxPC-3 cell membrane-
coated nanoparticles
BxPC-3 cell membranes were isolated using a membrane 
protein extraction kit from Beyotime (China), following 

the manufacturer’s guidelines. Initially, BxPC-3 cells were 
cultured and suspended in reagent A for membrane pro-
tein extraction, followed by incubation on ice for 20 min. 
The cells were then lysed by repeated freezing in liquid 
nitrogen and subsequent thawing at room temperature 
until complete lysis was achieved. After centrifugation 
at 800 g and 4  °C for 15 min to remove intact cells and 
nuclei, the lysate was further centrifuged at 15,000 g and 
4 °C for 40 min to separate out the cell membranes. The 
supernatant was discarded, and the pellet containing 
the BxPC-3 cell membranes was collected. To prepare 
dsMCu-D@M nanoparticles, dsMCu-D was combined 
with BxPC-3 cell membranes using sonication and then 
extruded through a 200  nm polyethylene terephthalate 
membrane (LiposoFast, Avestin, Canada). The resulting 
dsMCu-D@M nanoparticles were harvested by centrifu-
gation and washed with water [33].

Synthesis of dsMCu-D@M-Co
For the synthesis of dsMCu-D@M-Co, collagenase-mod-
ified DSPE-Col was synthesized first. Traut’s reagent in 
a 10 mg/mL concentration and collagenase in a concen-
tration of 10 mg/mL were combined and stirred at room 
temperature for one hour to synthesize thiolated collage-
nase (SH-Col). The excess Traut’s reagent was removed 
by dialysis. Then, DSPE-PEG-MAL at 15  mg/mL was 
mixed with SH-Col at a concentration of 7.5  mg/mL to 
synthesize DSPE- PEG-Col. The dialysis removed any 
unbound DSPE- PEG-MAL. The addition of this DSPE- 
PEG-Col into the dsMCu-D@M and incubation with it at 
room temperature for one hour allowed the lipids to fuse 
with the cell membrane [34]. The unconjugated DSPE-
Col was dialyzed out. Finally, dsMCu-D@M-Co was cen-
trifuged to obtain the product, which was washed with 
water.

Collagenase activity study
The residual activity of collagenase was determined first 
on gelatin. A gelatin solution (30 mg/mL) was incubated 
at 37 °C with DSPE-Col, free collagenase, dsMCu-D@M, 
and dsMCu-D@M-Co. After 24  h of incubation, each 
sample was cooled at four °C for 30  min before being 
documented with a digital camera. At the same time, 
activity was assessed by determining collagenase activ-
ity using the Collagenase Activity Colorimetric Assay 
Kit (Sigma-Aldrich, St. Louis, MO, USA). Collagen was 
mixed with PBS that included FITC (10 µg/mL) and put 
in ice. Next, the mixture was added to a 24-well plate 
and allowed to solidify at room temperature for 20 min. 
When gel appeared, it was softly washed till the fluores-
cence of the supernatant became zero [35]. After that, 
200 µL of PBS, dsMCu-D@M, dsMCu-D@M-Co, and 
collagenase were applied on the surface of the gel. After 
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24 h of incubation at 37 °C, the fluorescence in the super-
natant was measured.

Characterization
The particle size and zeta potential were determined 
using a Litesizer500 particle analyzer (Anton-Paar, 
Austria). The structural features of the dsMN, dsMCu, 
dsMCu-D@M, and dsMCu-D@M-Co nanoparticles were 
investigated using the transmission electron microscopy 
(TEM) JEM-1400fash JEOL, Japan. The surface area and 
pore size distribution were determined by the Brunauer-
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) 
techniques. Ultraviolet absorption spectra were deter-
mined on a UV-2600 spectrophotometer by SHIMADZU, 
Japan. Fourier transform infrared (FTIR) spectra were 
recorded using a 330FT-IR spectrometer produced by 
Thermo Fisher Scientific, USA. The copper content of the 
samples was determined by inductively coupled plasma 
mass spectrometry with a Nexion 300X instrument from 
PerkinElmer, USA. The loading percentage of the drug 
was determined using a thermogravimetric analyzer, and 
the drug loading was calculated by dividing the weight of 
DSF by the total weight of the drug-loaded product and 
multiplying the whole by 100%.

Collagen degradation in vitro
BxPC-3 cells were seeded in an 8-chamber slide over-
night for adhesion. The cells were washed with PBS, and a 
fresh medium containing different NPs was added. After 
two PBS rinses, the cells were fixed with 4% formalde-
hyde for 10 min. Collagen was immunostained using an 
Anti-Collagen I antibody according to the manufacturer’s 
instructions, and imaging was performed using confocal 
laser scanning microscopy (CLSM).

Assessing cellular uptake
BxPC-3 cells were plated onto 8-chamber slides (Cellvis, 
USA) and incubated overnight at 37  °C with 5% CO2. 
Upon reaching about 70% confluence, cells had their old 
medium substituted with fresh media, which included 
FITC-labeled dsMCu-D, dsMCu-D@M, and dsMCu-
D@M-Co. After 2–8 h, the cells were washed three times 
with PBS. After fixing the cells with a 4% paraformalde-
hyde solution for 30  min, actin-tracker and DAPI were 
used to label F-actin and the nucleus, respectively. Finally, 
images were captured using a Nikon microscope (Nikon 
Eclipse Ti-S, USA). Cells undergoing various treatments 
were also examined using bio-TEM.

Cytotoxicity analysis in vitro
BxPC-3 cells were allocated to 96-well plates at a seed-
ing rate of 5 × 10³ cells per well and permitted 24  h to 
settle and adhere. Post-adhesion, these cells received 
treatments with variable concentrations of DSF, CuET, 

dsMN, dsMCu, dsMCu-D, dsMCu-D@M, and dsMCu-
D@M-Co for a duration of 12 h. Subsequent to the treat-
ment period, 20 µL of MTT reagent (5  mg/mL) was 
added to each well, followed by a further incubation of 
four hours. After this incubation, the medium was evacu-
ated, and 50 µL of DMSO was introduced to each well to 
solubilize the formazan deposits, involving gentle agita-
tion for 15  min. The absorbance of each well was then 
quantified at 570 nm using a Bio-Rad Model 680 Micro-
plate reader. To assess cellular viability, cells in 12-well 
plates were incubated for 12 h, then stained with Calcein-
AM and PI for 25 min at 37  °C, and observed under an 
inverted fluorescence microscope after the treatment. For 
apoptosis studies, BxPC-3 cells were arranged in 12-well 
plates and exposed to PBS, dsMCu, dsMCu-D, dsMCu-
D@M, and dsMCu-D@M-Co (50  µg/mL) for 12  h. The 
cells were then released using non-EDTA trypsin, col-
lected, and subjected to Annexin V-FITC/PI staining, fol-
lowed by flow cytometry analysis to measure apoptotic 
activity.

Nanoparticle penetration in vitro
The 96-well plates were coated with 1.5% agarose solu-
tion, which had been heated to a high temperature. The 
setup was incubated at 37 °C for 24 h. The BxPC-3 cells 
were seeded into the agarose-coated wells at a concen-
tration of 1 × 10³ cell/well. After seven days of incuba-
tion, BxPC-3 MCSs were developed and those ranging in 
size to ~ 200 μm in diameter were chosen for continued 
testing. To test the ability of the nano platform to pen-
etrate, the prepared BxPC-3 MCS was placed into a con-
focal dish with 1 mL of the new medium; this was about 
a new medium that had been labelled with FITC forms 
of dsMCu-D, dsMCu-D@M, and dsMCu-D@M-Co. The 
CLSM technique was employed to perform Z-stack scan-
ning at every five µm from the top to bottom of the MCS 
after 24  h of incubation. The MCS was dissociated into 
single cells with accurate reagent, and FITC-positive cells 
and fluorescence intensity were measured using flow 
cytometry. In the study of MCS growth inhibition, the 
prepared BxPC-3 MCSs were co-incubated with dsMCu, 
dsMCu-D, dsMCu-D@M, and dsMCu-D@M-Co at a 
concentration of 50  µg/ml. The MCSs remained in cul-
ture for five days, during which their development was 
traced and recorded based on photographs taken by an 
optical microscope.

Assessment of nanoparticles triggered DLAT aggregation 
by CLSM
The BxPC-3 cells were seeded and cultured in an 
8-chamber slide for 24  h. Subsequently, five treat-
ments were administered: PBS, dsMCu, dsMCu-D, 
dsMCu-D@M, and dsMCu-D@M-Co. Following this, 
the cells were washed with cold PBS and fixed with 4% 



Page 7 of 19Wang et al. Journal of Nanobiotechnology          (2024) 22:689 

paraformaldehyde for 30  min. Subsequently, Triton 
X-100 was applied for 10 min to ensure proper permeabi-
lization. After blocking with a blocking buffer for 2 h, the 
primary antibody to DLAT was incubated with the cells 
overnight at 4  °C. Following a PBS wash, the cells were 
incubated with the corresponding secondary antibody for 
2  h at room temperature. DAPI and actin-tracker were 
utilized to label the nucleus and F-actin, respectively. 
Finally, fluorescent images were captured using CLSM.

Western blot analysis
Cell cultures were separated, using different treatments 
at a temperature of 37  °C. Following a 12-hour incuba-
tion period, the cells were washed extensively using PBS 
at low temperature and subsequently subjected to lysis 
using RIPA buffer for lysis. These lysed samples were cen-
trifuged at 12,000 rpm at 4  °C for 15 min. 20 µg of pro-
tein in each lane was isolated through 10% SDS-PAGE. 
The isolated proteins were moved onto a polyvinylidene 
fluoride (PVDF) membrane and obstructed using 5% 
skim milk powder for 2 h at ambient temperature. Subse-
quently, this membrane was subjected to overnight incu-
bation with primary antibodies including DLAT, LIAS, 
NPLOC4 and β-actin. Subsequently, this membrane was 
additionally exposed to the HRP-labeled goat anti-rabbit 
secondary antibody for 2 h at a temperature of 4 °C. An 
image was taken using a molecular imager (ChemiDoc 
Touch Imaging System, Bio-Rad, USA).

Detection of mitochondrial membrane potential and ROS 
production
BxPC-3 cells were cultured in an 8-chamber slide at 37 °C 
for 24 h prior to applying various treatments. Eventually, 
the cells were stained with the JC-1 probe and imaged 
using CLSM.BxPC3 cells were seeded into 8-chamber 
slide and cultured at 37  °C for 24  h. Afterwards, cells 
were incubated with PBS, dsMCu, dsMCu-D, dsMCu-
D@M, and dsMCu-D@M-Co. Cells were washed with 
PBS after endocytosis and incubated with DCFH-DA for 
20 min at 37 °C. The intracellular oxidized DCF could be 
used as the indicator of ROS generation. The correspond-
ing fluorescence images of intracellular DCF at excitation 
wavelength of 488  nm were taken by CLSM. Moreover, 
the cells could be collected and analyzed by flow cytom-
etry in addition to FCM observation.

Blood compatibility test
2 mL whole mouse blood was taken from the BALB/c 
nude mice and added into the anticoagulant tube. After 
centrifugation (3000  rpm, 5 min) and washing the sedi-
ment with PBS five times, the red blood cells were col-
lected and then diluted with PBS three times. 100 µL of 
the above diluted red blood cells were added to tubes 
containing 900 µL of dsMCu, dsMCu-D, dsMCu-D@M, 

and dsMCu-D@M-Co solution, ultrapure water, or PBS 
and mixed evenly. After incubation at 37  °C for 2 h, the 
mixtures were centrifuged at 10,000 rpm for 5 min, and 
the UV absorbance of each tube at 540 nm was measured.

In vivo biodistribution
BxPC-3 tumor-bearing mice (n = 3 per group) were ran-
domly assigned to receive intravenous injections of 
Cy5.5-labeled dsMCu-D, dsMCu-D@M, or dsMCu-
D@M-Co (10 mg/kg). The mice underwent in vivo imag-
ing using the IVIS Spectrum fluorescence imaging system 
(Caliper, USA) at 12-, 24-, and 48-hours post-injection. 
At the final time point, tumors and major organs (heart, 
liver, spleen, lung, and kidneys) were collected for ex vivo 
biodistribution analysis. Copper content was quantified 
using ICP-MS.

In vitro and in vivo MRI
dsMCu-D@M-Co nanoparticles were dispersed in deion-
ized water at copper ion concentrations ranging from 0 
to 1.6 mM and then aliquoted into 1 mL Eppendorf tubes 
for analysis. T1-weighted images were acquired using a 
3T MRI scanner (Discovery MR 750, GE, USA). For in 
vivo studies, the nanoparticles were administered intra-
venously to mice through the tail vein. Subsequent imag-
ing was performed using a rapid spin-echo sequence with 
a repetition time of 400 ms, an echo time of 21 ms, a field 
of view of 60 × 60 mm, a matrix of 320 × 192, and a slice 
thickness of 2 mm.

In vivo assessment of collagen degradation and tumor 
penetration
To evaluate collagen degradation within tumor tissues, 
Masson’s trichrome staining and immunofluorescence 
methods were employed. BxPC-3 tumor-bearing mice 
were euthanized 24  h post-administration of dsMCu, 
dsMCu-D, dsMCu-D@M, or dsMCu-D@M-Co (10  mg/
kg). Tumor samples were processed into paraffin-embed-
ded sections, were Masson’s trichrome staining high-
lighted collagen for microscopic analysis. Furthermore, 
these sections underwent incubation with primary anti-
bodies against collagen I, followed by secondary anti-
bodies as per the staining kit’s protocol. To evaluate the 
in vivo penetration ability of dsMCu-D@M-Co, mice 
bearing BxPC-3 tumors were administered intravenous 
injections of FITC-labeled dsMCu-D, dsMCu-D@M, and 
dsMCu-D@M-Co at a dosage of 10  mg/kg. Forty-eight 
hours post-injection, the mice were euthanized, and their 
tumors were promptly excised, snap-frozen, and sec-
tioned. The sections of these tumors were then stained 
with DAPI and CD31 to assess penetration dynam-
ics, which were examined using confocal laser scanning 
microscopy (CLSM).
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In vivo antitumor effect
When the tumor reaches the desired volume, BxPC-3 
tumor-bearing mice (n = 5 per group) were randomly 
assigned to receive treatments including PBS, dsMCu, 
dsMCu-D, dsMCu-D@M, and dsMCu-D@M-Co. Injec-
tions were administered on days 1, 3, and 5. Tumor vol-
ume and body weight were recorded every two days. On 
day 14 post-treatment, the tumors were excised, and the 
survival of mice in each group was monitored for up to 
60 days.

IHC and IF staining analysis
In the case of IHC staining, after dewaxing, sections 
underwent antigen retrieval in citrate sodium buffer at 
60  °C overnight. Following this, sections were exposed 
to 3% H2O2 and obstructed using 5% bovine serum albu-
min (BSA) at room temperature for 1  h. The sections 
were incubated overnight with the corresponding pri-
mary antibodies at 4  °C. Subsequently, they were incu-
bated with biotin-labeled secondary antibodies at room 
temperature for 1 h. The DAB reagent was then applied, 
and images for IHC were captured using a microscope. 
In the case of IF staining, dewaxing and antigen retrieval 
procedures mirrored those used in IHC staining. Follow-
ing this, the sections were subjected to permeabilization 
using 0.1% Triton X-100 for 20 min and obstructed using 
5% BSA for 1 h at room temperature. After a PBS wash, 
the sections were exposed to the corresponding second-
ary antibodies and stained with DAPI. Images for IF were 
obtained using a fluorescence microscope.

Statistical analysis
GraphPad Prism software was employed for statistical 
analysis. The findings were expressed as mean ± standard 
deviation (SD). Group comparisons were evaluated using 
both one-way analysis of variance (ANOVA) and Stu-
dent’s t-test, with statistical significance set at P < 0.05. 
Significance levels were denoted as *p < 0.05, **p < 0.01, 
***p < 0.001, and ****p < 0.0001.

Results and discussion
Construction and characterization of dsMCu-D@M-Co 
nanoparticles
Initially, highly monodisperse hollow mesoporous 
organosilica nanospheres dsMNs were synthesized 
using the “structural difference-based selective etching” 
method [29]. Specially, core-shell structured mesoporous 
SiO2-organosilica nanoparticles (referred to as unetched 
dsMN, Fig. S1) were synthesized via the co-hydrolysis 
and co-condensation of TEOS and BTES. CTAC served 
as the structure-directing agent, while TEA functioned 
as the alkaline catalyst. Given that the Si-C bonds in the 
organosilica shell were more stable and stronger than the 
Si-O bonds in the SiO2 core, NH3·H2O was employed to 

selectively etch the inner SiO2 core, resulting in disulfide-
bridged dsMNs. Sulfhydryl groups were introduced into 
the synthesized dsMNs via the grafting of MPTMS, yield-
ing dsMN-SHs. The surface of the dsMN-SHs was then 
covalently linked with ultrasmall CuS via sulfydryl link-
ers, leading to the formation of dsMCu NPs. TEM images 
displayed a highly dispersed and uniformly spherical 
morphology as well as a hollow mesoporous structure 
of both dsMN and dsMCu NPs (Fig.  1A). The average 
size of the dsMNs was 31.65 ± 0.41 nm, which increased 
to 34.21 ± 0.69 nm following Cu–S conjugation (Fig. 1C). 
The elemental composition of the dsMCu nanoparticles 
was characterized using energy-dispersive X-ray spec-
troscopy (EDS). Analysis confirmed the presence and 
distribution of Si, O, Cu, and S in the nanostructures. 
(Figs.  1B, S2, and S3), confirming the successful intro-
duction of Cu into the NPs framework. Furthermore, the 
alteration in the zeta potential from − 18.63 mv to -22.74 
mv also corroborated the successful conjugation of CuS 
(Fig.  1C). Inductively coupled plasma mass spectrom-
etry (ICP-MS) revealed that the engineered Cu content 
reached 16.37%. The successful doping of higher levels 
of Cu in the nanoplatform laid the foundation for sub-
sequent cuproptosis-related tumor killing. Furthermore, 
the initial mesopore size of the dsMNs was 3.66  nm, 
which showed only a minimal change (to approximately 
3.69 nm) in the dsMCu NPs, suggesting that the mesopo-
rous channels remained unobstructed (Fig. 1D). The BET 
surface area of the dsMNs was 253.4 m2 g-1, whereas that 
of the dsMCu NPs was 129.2 m2 g-1, providing substan-
tial surface areas to accommodate drug payloads. DSF 
was subsequently encapsulated within the hollow interior 
of the dsMCu NPs via physical adsorption (dsMCu-DSF, 
denoted as dsMCu-D); the product showed no significant 
changes in morphology and particle size (Fig. S5). The 
drug loading rate of DSF was calculated to be 10.59%, as 
determined by thermogravimetric analysis (Fig. S6).

FTIR spectroscopy validated the alterations in the 
chemical composition (Fig.  1E). The characteris-
tic absorption peak of Cu–S bond was observed at 
680.2  cm-1 in the dsMCu NPs; conversely, it was not 
detected in the dsMNs. The peaks at 1347.9  cm-1 and 
1350.2  cm-1 confirmed the presence of S-S disulfide 
bonds in both dsMCu and dsMN nanostructures. Given 
the proclivity of disulfide bonds within the framework to 
undergo cleavage in the reductive TME, the TEM images 
of dsMCu NPs showed time-dependent biodegradabil-
ity in GSH and acidic solutions (Fig. 1F). ICP-MS results 
revealed that the cumulative release of Cu2+ was approxi-
mately only 40% at pH of 7.4, without GSH (Fig. 1G). At 
lower pH values and higher GSH concentrations, over 
90% of Cu2+ in the dsMCu-D NPs was rapidly released 
within 48  h. DSF in dsMCu-D NPs exhibited similar 
release profiles in response to pH and GSH stimulation 
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Fig. 1  Synthesis and characterization of dsMN, dsMCu, dsMCu-D, dsMCu-D@M, and dsMCu-D@M-Co. (A) TEM image of dsMN and dsMCu. Scale bar, 
200 nm. (B) Elemental mapping (Si, O, S, and Cu) in dsMCu NPs. Scale bar = 200 nm. (C) DLS data and Zeta potential of dsMN and dsMCu. (D) Pore size 
distributions of dsMN and dsMCu. (E) FT-IR spectra of dsMN and dsMCu. (F) Representative TEM images of dsMCu after 1 h and 48 h of incubation in PBS 
with different pH values and GSH. Scale bar, 100 nm. (G-H) Cumulative release profiles of Cu2+ (G), and DSF (H) from dsMCu-D NPs in PBS with different 
pH values and GSH. (I) Scheme and TEM image of cell membrane, dsMCu-D@M, and dsMCu-D@M-Co. Scale bar, 100 nm. (J) SDS-PAGE protein analysis of: 
L1, marker; L2, cell membrane; L3, dsMCu-D@M; L4, dsMCu-D@M-Co; L5, collagenase. (K) Relative enzyme activities. (L) Collagen I expression of BxPC-3 
cells treated with dsMCu-D, dsMCu-D@M, and dsMCu-D@M-Co by CLSM. Scale bar, 20 μm
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(Fig.  1H). The simultaneous release of Cu2+ and DSF 
could rapidly form the toxic CuET metabolite, as evi-
denced by the different characteristic absorption peaks in 
the UV-vis spectrum. The characteristic peak of DSF was 
located at about 265  nm, while the characteristic peak 
of CuET was located at about 425 nm [36]. NIR spectra 
confirmed CuET formation from degraded dsMCu-D 
NPs, indicating effective Cu2+ and DSF release in situ 
(Fig. S7). These results indicated that the dsMCu-D NPs 
could respond to the TME, this TME-respond strategy 
allowed for controlled release of both Cu2+ and DSF in 
situ and thereby maximized the precise anti-tumor effect.

Subsequently, we employed the liposome extrusion 
method to uniformly coat the surface of dsMCu-D NPs 
(dsMCu-D@M) with the cell membranes of BxPC-3 cells 
[37]. Following this, the membrane surface was func-
tionalized with DSPE-conjugated collagenase through 
the lipid insertion method, resulting in the formation of 
our final nanoplatform (dsMCu-D@M-Co). The mor-
phologies of the resulting cell membrane, dsMCu-D@M, 
dsMCu-D@M-Co NPs were depicted in Fig.  1I and S8. 
The dsMCu-D@M NPs possessed a core–shell structure 
with a dsMCu-D core ensconced in a thin membrane 
shell (Fig. 1I 2). The thickness of the membrane shell was 
measured to be approximately 2.5 nm. The faint spheres 
surrounding the dsMCu-D@M-Co NPs confirmed the 
successful conjugation of collagenase (Fig.  1I 3). The 
degree of collagenase modification on the dsMCu-D@M-
Co nanosystem was calculated using the bicinchoninic 
acid (BCA) assay. Unbound collagenase was separated 
through ultrafiltration, and its concentration was quan-
tified using a BCA Protein Assay Kit. The modification 
degree of collagenase was found to be 17.42% ± 3.51%. 
The dsMCu-D@M-Co NPs exhibited a protein pro-
file akin to that of the BxPC-3 cell membrane, with dis-
cernible bands of collagenase, indicating the successful 
translocation of membrane proteins and encapsulation 
of collagenase within the NPs (Fig. 1J). We then quanti-
fied the shifts in collagenase activity using a collagenase 
enzyme activity detection kit and a collagen gel contain-
ing FITC. The ultimate collagenase activity of dsMCu-
D@M-Co NPs was estimated to be approximately 56% of 
the original free collagenase (Fig. 1K, S10), indicating that 
dsMCu-D@M-Co NPs retained a relatively high collage-
nase activity. Owing to the similarity between gelatin and 
collagen, the enzyme activity was also assessed by evalu-
ating gelatin degradation. Pure gelatin dissolved in warm 
water but resolidified into a hydrogel at low temperatures 
[38]. Gelatin remained liquid after co-incubation with 
dsMCu-D@M-Co NPs, indicating that dsMCu-D@M-
Co still had collagenase activity, degrading gelatin into 
low molecular weight products that would not solidify at 
low temperatures (Fig. S9). Collagen expression and deg-
radation in the BxPC-3 cells was further investigated by 

confocal laser scanning microscope (CLSM). After incu-
bation with different preparations for 12 h, the collagen 
content surrounding the dsMCu-D@M-Co-treated cell 
surface decreased significantly (Fig.  1L, S11, and S12). 
This proved that dsMCu-D@M-Co had the ability to sig-
nificantly degrade collagen, providing evidence for our 
further study of ECM degradation.

Cellular uptake and penetration behavior in vitro
Bio-transmission electron microscopy (bio-TEM) and 
CLSM images illustrated the number of dsMCu-D@M-
Co NPs in BxPC-3 cells was significantly increased 
compared with dsMCu-D NPs due to the homologous 
targeting ability of the cell membrane (Fig.  2A and B). 
At the same time, we also observed that long-term treat-
ment (8  h) caused the disintegration of dsMCu-D@M-
Co NPs. We believed this may be because the disulfide 
bonds in the dsMCu-D@M-Co responded to the high 
GSH environment in the PDAC cell [39]. CLSM images 
showed that in addition to the change in uptake over 
time, the fluorescence of dsMCu-D@M-Co NPs was 
slightly stronger than that of dsMCu-D@M NPs; this may 
be due to the relaxation of the dense collagen barrier by 
collagenase, which promoted the increase of endocytosis.

Multicellular spheroids (MCSs) were employed to 
assess the in vitro penetration of dsMCu-D@M-Co into 
PDAC tumor. MCSs more closely resembled the actual 
TME compared to two-dimensional (2D) models, as they 
facilitated the replication of cell-cell interactions and the 
ECM, including components such as collagen [40]. Con-
sequently, MCSs were ideal for evaluating the permeabil-
ity of dsMCu-D@M-Co NPs in vitro and could serve as a 
valuable reference for subsequent in vivo studies. FITC-
labeled dsMCu-D@M-Co NPs were used to visualize the 
distribution, and the penetration behavior was observed 
through CLSM via z-stack imaging. Minimal fluores-
cence was observed in the dsMCu-D-treated MCSs 
(Fig.  2C), indicating limited penetration. The dsMCu-
D@M-treated MCSs exhibited a slightly higher fluo-
rescence intensity, indicating enhanced cellular uptake 
due to targeting of the PDAC cell membrane; however, 
uptake was still limited to the MCSs surface due to the 
hindrance of the dense ECM. The dsMCu-D@M-Co-
treated MCSs exhibited notably stronger and more uni-
form fluorescence, nearly penetrating the entirety of the 
MCSs. This indicated the loosening of the ECM along the 
dsMCu-D@M-Co NPs diffusion path via collagen degra-
dation, which facilitated penetration into the deep MCSs 
regions. The visualization of 40  μm depth sections via 
2.5D diagrams clearly revealed the fluorescence intensity 
and distribution. Quantitative analysis demonstrated that 
the dsMCu-D@M-Co group exhibited the most intense 
fluorescence in the central MCSs. Furthermore, fluores-
cence activated cell sorting (FACS) analysis confirmed 
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Fig. 2  Cellular uptake and digestion of collagen prompting the penetration of NPs in vitro. (A) TEM images of the cellular uptake of dsMCu-D and dsMCu-
D@M-Co by BxPC-3 cells. Scale bar, 5 μm, 4 μm, 500 nm. (B) CLSM images of BxPC-3 cells treated with dsMCu-D, dsMCu-D@M, and dsMCu-D@M-Co. Scale 
bar, 20 μm. (C) CLSM z‑stack images of BxPC-3 MCSs after incubation with FITC- dsMCu-D, FITC- dsMCu-D@M, and FITC- dsMCu-D@M-Co. Scale bar, 50 μm. 
(D-E) FACS analysis of BxPC-3 MCS cells after incubation with PBS, FITC- dsMCu-D, FITC- dsMCu-D@M, and FITC- dsMCu-D@M-Co. (F) Schematic of the 
digestion of collagen prompting the penetration of NPs in vitro
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these findings, showing that the number of FITC-positive 
cells in the dsMCu-D@M-Co-treated group was signifi-
cantly increased compared with the other groups, with 
even a 2.4-fold increase compared with the dsMCu-D 
group (Fig. 2D and E).

Cytotoxicity evaluation
To validate the Cu-dependent antitumor activity of 
DSF, we examined the cytotoxicity of DSF and CuET 
at various concentrations. MTT assays showed that in 
the absence of Cu, DSF exhibited extremely high cell 
viability even at very high concentrations. CuET, on the 
other hand, showed excellent PDAC cell killing effects 
at lower concentrations, which indicated the efficacy 
of DSF as a potential antitumor molecular drug in the 
presence of Cu (Fig. S15). Furthermore, we verified the 
cytotoxicity of different NPs upon PDAC cells. The cyto-
toxicity of dsMCu was very weak, while dsMCu-D NPs 
showed enhanced lethal effects, further confirming that 
the combination of DSF and Cu promoted the antitu-
mor effect. More notably, the IC50 of dsMCu-D@M-Co 
NPs decreased significantly, and we speculated that this 
enhancement was attributed to cell membrane targeting 
and collagenase degradation, leading to more efficient 
drug delivery to PDAC cells. (Fig. S16).

Moreover, to exploring the impact of different prepa-
rations on MCSs growth, we examined MCSs growth 
after five days of treatment with various NPs (Fig. S13, 
S14). The dsMCu-D@M-Co group showed the most sig-
nificant inhibition, leading to a marked reduction in the 
MCSs volume, nearly causing their disintegration and 
disappearance. These results exhibited that the dsMCu-
D@M-Co NPs effectively permeated MCSs via collage-
nase-mediated ECM degradation and induced maximal 
cytotoxicity.

Investigation of dsMCu-D@M-Co antitumor mechanism
Cuproptosis was recorded as a type of copper-induced 
cell death, as we mentioned before, this stress was par-
ticularly evidenced by the aggregation of lipoylated pro-
teins in mitochondria and the destabilization of Fe–S 
cluster proteins [41]. Cu directly engaged with DLAT, 
fostering the disulfide-bond-dependent aggregation of 
lipoylated DLAT. Notably, LIAS emerged as a pivotal 
mediator of lipoylation, contributing to the accumula-
tion of noxious lipoylated DLAT and subsequent cell 
death (Fig.  3A). Moreover, the formation of CuET via 
the interaction of DSF with Cu2+ could induce apop-
tosis. Consequently, NPL4 protein aggregation was 
promoted, disrupting these specific processes and cul-
minating in cell death. Considering the role of GSH as 
an inhibitor of cuproptosis, reducing GSH levels could 
trigger cuproptosis in PDAC cells (Fig.  3B). The disul-
fide bonds in dsMCu-D@M-Co had reacted with GSH, 

and as the dsMCu-D@M-Co fragmented, the GSH level 
in the TME had significantly decreased, thereby facilitat-
ing the occurrence of cuproptosis. Subsequent immu-
nofluorescence analysis of BxPC-3 cells had revealed a 
significant increase in DLAT foci following treatment 
with dsMCu-D, dsMCu-D@M, and dsMCu-D@M-Co 
NPs (Fig.  3C), indicating abnormal oligomerization of 
DLAT. Additionally, Western blot analysis demonstrated 
that the expression of soluble DLAT in dsMCu-D@M-Co 
treated BxPC-3 cells was significantly reduced, thereby 
contributing to proteotoxic stress and subsequent cell 
death (Fig.  3D). Moreover, it was observed that LIAS 
was downregulated following dsMCu-D@M-Co treat-
ment, as Cu-DSF interference with Fe-S cluster proteins 
led to mitochondrial toxicity and facilitated cuproptosis 
(Fig. 3D). In the groups treated with dsMCu-D, dsMCu-
D@M, and dsMCu-D@M-Co NPs, there was a notable 
suppression of NPL4 protein expression compared to the 
control. This suppression stemmed from the antitumor 
activity of CuET, which was capable to induce aggrega-
tion of the NPL4 protein, consequently disrupting the 
metabolism of ubiquitinated proteins and precipitat-
ing cell apoptosis (Fig. 3D). It was also noted that more 
significant changes in protein expression were observed 
in the dsMCu-D@M-Co treatment group than in the 
dsMCu-D treatment group. This observation further 
revealed that the collagenase-decorated nanoplatform 
enhanced the therapeutic effects of cuproptosis and Cu-
related apoptosis [42].

Since cuproptosis was related to mitochondrial 
metabolism, the mitochondrial transmembrane poten-
tial (MMP) changes in the BxPC-3 cells after treatments 
were confirmed through CLSM with a JC-1 fluores-
cence probe (Fig.  3E). The fluorescence intensity ratio 
of red (JC-1 aggregates indicating high MMP) to green 
(JC-1 monomers indicating low MMP) was computed to 
assess mitochondrial dysfunction. The dsMCu-treated 
cells exhibited minimal green fluorescence, comparable 
to the PBS group. This observation suggests that the 
antitumor effect is minimal without the modification 
by DSF and collagenase. In contrast, the dsMCu-D@M-
Co-treated cells displayed the lowest red-to-green ratio, 
confirming its synergistic effect on the mitochondrial 
dysfunction and cell apoptosis, which was likely owing 
to the increased Cu accumulation. DSF is a potential 
anticancer agent that not only promotes cellular copper 
uptake but also induces ROS-dependent oxidative stress. 
CLSM revealed that in BxPC-3 cells, the 2′,7′-dichloro-
dihydrofluorescein diacetate (DCFH-DA) probe showed 
strong green fluorescence after NPs treatment, indicat-
ing that high levels of ROS were generated in the cells. 
The level of ROS in cells treated with dsMCu-D@M-Co 
NPs was the highest, which corroborated the results of 
the above MMP. We further explored this trend through 
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Fig. 3  Analysis of the antitumor mechanism. (A) Scheme for the antitumor mechanism. (B) GSH levels in BxPC-3 cells incubated with different treatments 
for 12 h. (C) CLSM of DLAT in BxPC-3 cells after different treatments. Scale bar = 50 μm. (D) Western blot analysis on the expression of DLAT, LIAS and NPL4. 
(E) CLSM of changes in mitochondrial membrane potential of BxPC-3 cells incubated with different treatments. Scale bar = 50 μm. (F-G) CLSM and FACS 
of intracellular ROS levels in BxPC-3 cells incubated with different treatments. Scale bar = 50 μm. (H) FACS analysis of the apoptosis levels of BxPC-3 cells 
after incubation with different treatments
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FACS, which strongly demonstrated the anti-tumor effi-
ciency of the nanoplatform at the cellular level (Fig.  3F 
and G). Subsequently, cytotoxicity was visually assessed 
through live/dead assays (Fig. S17). Most cells died in the 
dsMCu-D@M and dsMCu-D@M-Co groups, indicating 
that dsMCu-D@M and dsMCu-D@M-Co NPs effectively 
killed the cells via combined cuproptosis and apoptosis. 
The effects of apoptosis induced by various preparations 
were further examined by analyzing apoptotic responses 
(Fig.  3H, S18); the dsMCu-D@M and dsMCu-D@M-Co 
groups showed significant apoptosis.

dsMCu-D@M-Co biodistribution pattern in vivo
The promising in vitro antitumor effects motivated the 
in-depth exploration of the PDAC model. Prior to the in 
vivo studies, blood biochemistry assays confirmed mini-
mal hemolysis at high concentrations, proving low risk 
for intravenous use (Fig. S19). Leveraging the potent 
tumor-cell-killing efficacy of dsMCu-D@M-Co NPs in 
vitro, we conducted comprehensive investigation in the 
BxPC3-tumor-bearing mice. Initially, we used Cy5.5-
labeled NPs to assess in vivo distribution (Fig. 4A). After 
received intravenous injection, the BxPC3 tumor-bearing 
mice were allowed for real-time tracking of the formula-
tions’ biodistribution. The dsMCu-D group was widely 
distributed throughout the body and only showed weak 
fluorescence at the tumor site after 48  h. While the 
dsMCu-D@M and dsMCu-D@M-Co groups evidenced 
a significant, time-varying increase in fluorescence inten-
sity within the tumor area starting from 12  h (Fig.  4A). 
This observation verified that dsMCu-D@M-Co NPs had 
a targeted delivery capability, allowing them to accumu-
late preferentially at tumor regions. Furthermore, the 
dsMCu-D@M-Co group exhibited significantly higher 
tumor fluorescence intensity than dsMCu-D@M group, 
signifying continuous permeation and efficient accu-
mulation within the tumor tissue via collagenase deg-
radation. Analysis of isolated tumors and major organs 
showed that the fluorescence intensity of dsMCu-D@M-
Co was substantially higher in tumor tissues compared 
with other organs, emphasizing its tumor-specific distri-
bution (Fig. 4B). At the same time, we also quantitatively 
analyzed the Cu content through ICP-MS and found that 
the Cu content in the tumors of the dsMCu-D@M-Co 
group was significantly increased (Fig. S20). These data 
collectively further confirmed that collagenase-decorated 
NPs had targeting and penetration promotion func-
tion, significantly improved the accumulation of Cu in 
tumor sites and amplified the anti-tumor efficiency of 
cuproptosis.

Tumor penetration effect and collagen degradation in vivo
Masson and collagen immunofluorescence staining 
showed a significantly lower collagen content of the 

dsMCu-D@M-Co group, indicating its potential to 
remodel the PDAC ECM (Fig.  4C, S23). dsMCu-D@M-
Co NPs were additionally analyzed to examine whether 
collagen digestion at PDAC tumor might increase perme-
ability and accumulation. We used immunofluorescence 
staining to visualize blood vessels, and observed colocal-
ization of blood vessels (red) and nanomaterial formula-
tions (green) by CLSM (Fig.  4D). In the dsMCu-D and 
dsMCu-D@M groups, nanomaterial fluorescence was 
observed only near the vessels, whereas dsMCu-D@M-
Co verified notable fluorescence distant from the vessels, 
penetrating approximately 4.62 times deeper than the 
other groups (Fig. S23). To enhance the visualization of 
the NPs distribution, a 2.5D diagram reconstructed using 
ImageJ was employed for visual examination (Fig. S22). 
The remarkable imaging results stem from the effective 
collagen breakdown by dsMCu-D@M-Co NPs, prompt-
ing their relocation from the perivascular areas. The 
collagen degradation notably enhanced diffusion into 
tumors and promises an improved in vivo nanoplatform 
effectiveness. In summary, the degradation of collagen 
significantly enhanced diffusion within tumors, demon-
strating considerable potential for improving the in vivo 
efficacy of our nanoplatform.

Investigation of T1-weight MRI in PDAC
Given the theranostic challenges in PDAC and the poten-
tial of Cu in MRI, we further explored the T1-weighted 
MRI performance of dsMCu-D@M-Co NPs [43, 44]. The 
dsMCu-D@M-Co exhibited enhanced MRI signal inten-
sity with increasing Cu concentration in both grayscale 
and pseudo-color T1-weighted MRI images (Fig. S21). 
Post injection, dsMCu-D@M and dsMCu-D@M-Co dis-
played a significantly higher tumor MR signal than that 
of dsMCu-D, reaching a peak at 48 h (Fig. 4F). And the 
dsMCu-D@M-Co group showed a higher signal than 
that of dsMCu-D@M. This enhancement was attributed 
to ECM degradation and tumor targeting, which ampli-
fied the MR properties. Therefore, dsMCu-D@M-Co can 
gradually accumulate at the tumor site, achieving tumor 
targeting and strengthened T1-weighted MR imaging in 
vivo.

In vivo antitumor effect and biosafety
Subsequently, the therapeutic effectiveness of various 
formulations was evaluated in mice bearing BxPC-3 
tumors. (Figure  5A and B and S26). Cu-based nanosys-
tems dsMCu and dsMCu-D, as TME responsive mono-
therapies of cuproptosis, demonstrated only moderate 
effects on tumor recession compared to the PBS control. 
This outcome highlighted the limitations of non-specific 
targeting and dense ECM in pancreatic tumors. Owing to 
its ECM degradation ability and the targeting effect, the 
dsMCu-D@M-Co group exhibited the most substantial 
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Fig. 4  Evaluation of in vivo tumor penetration, targeting capacity, and T1 MRI capability. (A) In vivo fluorescence images of BxPC-3 tumor-bearing mice 
at different time points after intravenous injection of Cy5-dsMCu-D, Cy5-dsMCu-D@M, and Cy5-dsMCu-D@M-Co. (B) Ex vivo fluorescence biodistribution 
in main organs and tumors after intravenous injection of Cy5-dsMCu-D, Cy5-dsMCu-D@M, and Cy5-dsMCu-D@M-Co. (C) Masson’s trichrome analysis 
(collagen are blue) and immunofluorescence images of collagen I (red) in tumor slices. Scale bar, 100 μm. (D) CLSM images of tumor slices collected from 
mice receiving dsMCu-D, dsMCu-D@M, and dsMCu-D@M-Co. Scale bar, 100 μm. (E-F) In vivo T1-weighted MRI of BxPC3 tumor-bearing mice at different 
time points after intravenous injection of dsMCu-D, dsMCu-D@M, and dsMCu-D@M-Co
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inhibition of tumor growth, suggesting a superior antitu-
mor effect. Histological analysis using hematoxylin and 
eosin (H&E) staining demonstrated increased necrotic 
damage and nuclear condensation in tumor tissues 
treated with dsMCu-D@M-Co compared to those sub-
jected to other groups. Additionally, evaluations of apop-
tosis and proliferation using terminal deoxynucleotidyl 

transferase dUTP nick end labeling (TUNEL) and Ki-67 
immunohistochemistry demonstrated that dsMCu-
D@M-Co achieved its antitumor effects by enhancing 
apoptosis and suppressing malignant cell proliferation 
(Fig. 5C). To gain deeper insights into the antitumor and 
antimetastatic mechanisms of dsMCu-D@M-Co, immu-
nofluorescence assays were conducted to examine the 

Fig. 5  In-vivo antitumor efficiency and mechanism of the BxPC-3 pancreatic tumor-bearing BALB/c mice model. (A) Digital photographs of the BxPC-3 
pancreatic tumor-bearing mice and their tumor regions after different treatments. (B) Tumor growth curves during different treatments (n = 5). (C) Survival 
rate of BxPC3 tumor‑bearing mice after receiving different treatments in 60 days (n = 5). (D) LIAS and DLAT staining of tumors after the mice received dif-
ferent treatments. Scale bar, 100 μm (E) H&E, TUNEL, and Ki67 staining of tumors after the mice received different treatments. Scale bar, 100 μm (F) Tumor 
growth inhibition after receiving the different treatments (n = 5)
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expression of related proteins (DLAT and LIAS) in tumor 
tissues [45]. Consistent with our in vitro results, the 
most significant accumulation of DLAT and reduction 
of LIAS were observed in tumor sections treated with 
dsMCu-D@M-Co, thereby substantiating the occurrence 
of cuproptosis (Fig.  5D). Survival analysis revealed that 
the dsMCu-D@M-Co treatment significantly prolonged 
survival in relation to the other modalities. These find-
ings demonstrated that dsMCu-D@M-Co NPs directly 
targeted the tumor site, infiltrated the tumor tissue, 
and exerted potent antitumor effects in vivo. Given that 
the dsMCu-D@M-Co nanomedicine was engineered 
for the co-delivery of collagenase and Cu-DSF, its bio-
logical safety was crucial for in vivo applications [46]. 
Evaluations of this nanomedicine’s safety profile yielded 
promising results. After the treatment period, histologi-
cal examination of major organs from the treated mice, 
conducted using H&E staining, displayed no notable 
histological abnormalities (Fig. S24). Additionally, blood 
biochemistry assays indicated that the delivery systems 
did not cause significant changes in blood indices or 
impair hepatorenal functions (Fig. S27). The biological 
safety of dsMCu-D@M-Co can be attributed to the bio-
compatible dsMNs core and the membrane-mediated 
tumor-targeting capability, emphasizing its potential for 
dual Cu-specific tumor theragnostic.

Conclusion
In summary, we successfully developed a collagenase-
decorated Cu-based core-shell nanoplatform, serving as 
an effective theranostic treatment for highly malignant 
PDAC. Due to the disulfide bonds within the dsMCu-
D core and the PDAC cell membrane shell between 
dsMCu-D and collagenase, dsMCu-D@M-Co demon-
strated excellent GSH responsiveness and tumor tar-
geting. Additionally, the substantial Cu and DSF loaded 
on dsMCu-D@M-Co could be efficiently delivered into 
PDAC cells to form cytotoxic CuET. The biological activ-
ity of the collagenase on the dsMCu-D@M-Co NPs was 
also effectively preserved. In vitro analysis revealed that 
dsMCu-D@M-Co could digest collagen in tumor tissues, 
effectively broke through the physical barrier of PDAC, 
significantly enhancing NPs penetration. Furthermore, 
the dsMCu-D@M-Co NPs not only promoted cupropto-
sis initiated by disturbing the intracellular Cu balance but 
also apoptosis through ROS-mediated oxidative stress, 
effectively enhancing their anti-tumor capabilities. In 
vivo assays further validated that treatment with dsMCu-
D@M-Co led to favorable therapeutic results in curbing 
tumor growth and acted as an outstanding T1-weighted 
MRI agent, emphasizing its viability as a safe and robust 
theranostic nanoagent. Overall, our results proved effec-
tive in developing multifunctional nanotheranostics of 

PDAC, potentially applicable to a wider range of solid 
tumor treatments.
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