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A B S T R A C T   

Pancreatic adenocarcinoma (PDAC) is highly resistant to conventional chemotherapeutic interventions, resulting 
in exceptionally low survival rates. The limited efficacy can in part be attributed to dose limitations and treat
ment cessation urged by toxicity of currently used chemotherapy. The advent of targeted delivery strategies has 
kindled hope for circumventing off-target toxicity. We have previously reported a PDAC-specific mesoporous 
silica nanoparticle (MSN) containing a protease linker responsive to ADAM9, a PDAC-enriched extracellularly 
deposited protease. Upon loading with paclitaxel these ADAM9-MSNs reduced side effects both in vitro and in 
vivo, however, disappointing antitumor efficacy was observed in vivo. Here, we propose that an efficient uptake of 
MSNs by tumor cells might underlie the lack of antitumor efficacy of MSNs functionalized with linker responsive 
to extracellular proteases. Harnessing this premise to improve antitumor efficacy, we performed an in silico 
analysis to identify PDAC-enriched intracellular proteases. We report the identification of BACE2, CAPN2 and 
DPP3 as PDAC enriched intracellular proteases, and report the synthesis of BACE2-, CAPN2- and DPP3- 
responsive MSNs. Extensive preclinical assessments revealed that paclitaxel-loaded CAPN2- and DPP3-MSNs 
exhibit high PDAC specificity in vitro as opposed to free paclitaxel. The administration of paclitaxel-loaded 
CAPN2- and DPP3-MSNs in vivo confirmed the reduction of leukopenia and induced no organ damage. Prom
isingly, in two mouse models CAPN2-MSNs reduced tumor growth at least as efficiently as free paclitaxel. Taken 
together, our results pose CAPN2-MSNs as a promising nanocarrier for the targeted delivery of chemothera
peutics in PDAC.   

1. Introduction 

Pancreatic cancer (PDAC) stands out as the most lethal among 
common cancers, with a dismal 5-year overall survival rate of less than 
9% [1,2]. While substantial strides have been made in the broader field 
of cancer treatment, PDAC continues to lag behind, with surgical 
resection standing as the lone potentially curative option. In the context 
of non-resectable PDAC, the prevailing first-line treatment options 
involve the systemic administration of gemcitabine combined with 
nab-paclitaxel, and combination therapy of fluorouracil, leucovorin, 
oxaliplatin, and irinotecan (FOLFIRINOX). However, these strategies 

face challenges due to dose-limiting toxicities, leading to treatment 
cessation in a substantial proportion of patients, ranging from 60% to 
70% [3]. Noteworthy side effects manifest as nausea, fatigue, diarrhea, 
neutropenia, and neuropathy. 

Nanocarriers have emerged as a promising solution to mitigate sys
temic toxicity of chemotherapeutics while enhancing their therapeutic 
precision [4]. These nanocarriers offer the prospect of targeted delivery 
of chemotherapeutic agents to malignant cells while sparing 
non-tumorous counterparts. Among the different nanocarriers, meso
porous silica nanoparticles (MSNs) have shown significant potential [5]. 
MSNs are notable for their porous architecture, allowing a high 
drug-loading capacity. In addition, MSNs are biocompatible and both 
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their inner core and outer surface can be modified to suit specific needs 
[6]. Notably, MSNs can be designed to incorporate gatekeeper systems 
that allow controlled release of the encapsulated drugs [7–9]. This 
design holds the potential to attenuate side effects by restricting drug 
release to the site of tumor cells. 

Within the context of PDAC, several gatekeeper systems have been 
explored [5], of which protease activity-dependent configurations are 
especially interesting. The reason for this is the abundant stroma seen in 
PDAC, which is relatively rich in proteases [10–12]. Protease-responsive 
gatekeepers are designed using a peptide linker tailored to 
tumor-enriched proteases, tethered with biotin to the surface of MSNs, 
and are subsequently used to seal the MSN pores by the interaction 
between biotin and avidin after drug encapsulation. In theory, when 
reaching the tumor (stroma), protease activity catalyzes the cleavage of 
the peptide linker, leading to the release of the encapsulated drugs. We 
have previously identified a disintegrin and metalloprotease domain 9 
(ADAM9) as a PDAC-enriched protease and reported the development of 
ADAM9-responsive MSNs (ADAM9-MSNs) [11,13]. Although the fact 
that these ADAM9-MSNs were highly effective against PDAC cells with 
limited side effects in vitro, no antitumor effect could be observed in vivo 
however [13]. 

In this paper we provide an explanation for the disappointing in vivo 
efficacy of ADAM9-MSNs by showing that ADAM9-MSNs are efficiently 
taken up by cells thereby making them inaccessible for extracellularly 
expressed ADAM9. We next aimed to exploit the efficient cellular uptake 
of MSNs by identifying PDAC-enriched intracellular proteases, and show 
that paclitaxel-loaded MSNs responsive to the intracellular protease 
CAPN2 efficiently killed PDAC cells with limited cytotoxicity towards 
non-tumor cells in vitro. Most importantly, opposed to ADAM9-MSNs, 
CAPN2-MSNs effectively limited tumor growth in preclinical murine 
PDAC models with limited toxicity. 

2. Methods 

2.1. Cell culture 

Human PANC-1, BxPC-3, MIA PaCa-2, Capan-1, HPAF-II (all ATCC, 
Manassas, VA, USA), SH-SY5Y (kindly provided by Dr. J. van Nes, 
Amsterdam UMC, Amsterdam, The Netherlands), and murine KP2 cells 
(derived from pancreatic adenocarcinomas from p48-Cre/LSL-KrasG12D/ 
Tp53flox/flox mice, kindly provided by Dr. DeNardo, Washington Uni
versity Medical School, St. Louis, MO, USA) were grown in DMEM 
(Lonza, Basel, Switzerland) supplemented with 10% fetal calf serum, 
100 units/mL penicillin and 500 μg/mL streptomycin (all Lonza). SH- 
SY5Y culture medium was additionally supplemented with MEM non- 
essential amino acids (#11140050, ThermoFisher, Waltham, MA, 
USA). Cells were cultured in a humidified incubator at 37 ◦C and 5% 
CO2. Monthly mycoplasma tests were performed on all cell lines. 

2.2. Analysis of publicly available gene expression datasets 

Datasets were derived from Gene Expression Omnibus (htt 
ps://www.ncbi.nlm.nih.gov/gds) and analyzed using the R2 micro
array analysis and visualization platform (http://r2.amc.nl). First, the 
‘Subcellular Localization’ category of the Gene Ontology project on un 
iprot.org was assessed to differentiate all proteases into extracellular 
and intracellular proteases. Next, expression levels of intracellular pro
teases were derived from cell line datasets (GSE36133, GSE57083, and 
E-MTAB-783), PDAC datasets (GSE17891, GSE16515, GSE32676, 
GSE15471, GSE62452, and GSE36924; all containing both tumor and 
control pancreatic tissue), and datasets containing expression levels in 
lymphocytes (GSE46510), monocytes (GSE7158), leukocytes 
(GSE22886), macrophages (GSE2125), multiple hematopoietic subtypes 
(GSE24759), whole blood (GTeX v4), and healthy organs (GTeX v4). 
Average protease expression was calculated by averaging the expression 
level of every intracellular protease (n = 282) analyzed in all samples in 
a given dataset. Expression levels were considered to be high when they 
were above the average expression level plus 1.5 × the standard devi
ation of all proteases. To exclude effects from different gene expression 
analysis platforms and normalization methods comparative analyses 
were only performed within one dataset (except those using healthy 
organ datasets). Datasets using different gene expression (PDAC and 
healthy organs) analysis platforms were first normalized to b-actin 
expression before protease expression levels were compared. 

2.3. Synthesis and surface modification of MSNs 

MSNs were synthesized using the sol–gel emulsion essentially as 
described before [11]. In short, cetyltrimethylammonium bromide 
(CTAB, ≥99%, Sigma-Aldrich, Shanghai, China) and tetraethyl ortho
silicate (TEOS, ≥99%, Sigma-Aldrich) were incubated for 2 h after 
which the surfactant CTAB was removed by overnight incubation in a 
methanol and hydrochloric acid. The resulting MSNs were filtered, 
washed, and dried under a high vacuum. Overnight refluxing by dried 
toluene (>99.3%, Honeywell Fluka, Seelze, Germany) and aminopropyl 
triethoxysilane (APTES, ≥99%, Sigma-Aldrich) resulted in surface 
amine grafting, followed by filtering and drying under vacuum to obtain 
MSN-NH2. MSN-PEG4-N3 was obtained through overnight stirring of a 
suspension of MSN-NH2 with N3-PEG4-COOH (1 eq., >97%, Biomatrik, 
Jiaxing, Zhejiang, China), HATU (2 eq., 99%, Alfa Aesar, Kendel, Ger
many), and DIPEA (3 eq., ≥99%, Sigma-Aldrich) in DMF (≥99.8%, 
Biosolve Chimie, Dieuze, France). After overnight incubation, the 
PEGylated MSNs were filtered, washed with water and ethanol, and 
subjected to transmission electron microscopy to confirm successful 
synthesis [11]. 

Abbreviations 

ABHD17C Abhydrolase Domain Containing 17C, Depalmitoylase 
ADAM9 A disintegrin and metalloprotease domain 9 
ADAM9-MSNs ADAM9-responsive mesoporous silica nanoparticles 
ALAT Alanine aminotransferase 
ASAT Aspartate aminotransferase 
BACE2 Beta-Secretase 2 
BACE2-MSN BACE2-responsive mesoporous silica nanoparticles 
BMDL Bone Marrow-Derived Leukocytes 
CAPN2 Calpain 2 
CAPN2-MSN CAPN2-responsive mesoporous silica nanoparticles 
CDK4 Cyclin-dependent kinase 4 

DPP3 Dipeptidyl Peptidase 3 
DPP3-MSN DPP3-responsive mesoporous silica nanoparticles 
FACS Fluorescence Activated Cell Sorting 
FITC-MSN FITC-avidin-capped ADAM9-MSNs 
FOLFIRINOX fluorouracil, leucovorin, oxaliplatin, and irinotecan 
HTRA1 HtrA Serine Peptidase 1 
LDH Lactate dehydrogenase 
MSN Mesoporous Silica Nanoparticles 
PDI Polydispersity index 
PRSS23 Serine Protease 23 
PTX Paclitaxel 
STAMBPL1 STAM Binding Protein Like 1  
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2.4. Synthesis, conjugation, and characterization of linker peptides 

The synthesis and conjugation of linker peptides onto MSNs were 
similar as described before [11]. In summary, peptides (as shown in 
Table 2) were synthesized using a Liberty Blue automated, 
microwave-assisted, peptide synthesizer (CEM Corporation, Matthews, 
NC, USA). Except for Fmoc-propargyl-glycine (Glentham Life Sciences, 
Corsham, UK), Fmoc-homophenylalanine (Carbolution, St. Ingbert, 
Germany) and Fmoc-D-homophenylalanine (Alfa Aesar), all protected 
amino acids were acquired from Novabiochem (Darmstadt, Germany). 
All amino acids were Fmoc-deprotected by 20% piperidine (Biosolve 
Chimie) in DMF. Amide coupling to the deprotected amino acids was 
achieved by incubation of amino acids with diisopropylcarbodiimide 
(DIC, 99%, Acros Organics, Budapest, Hungary), and Oxyma Pure (Carl 
Roth, Karlsruhe, Germany). Finally, biotin was coupled to the peptide N 
terminus using biotin (≥99%, Sigma-Aldrich, lyophilized powder, St. 
Louis, MO, USA), HATU (99%, Alfa Aesar), and DIPEA (≥99%, 
Sigma-Aldrich). A mixture of trifluoroacetic acid (TFA, ≥99.5%, Bio
solve Chimie), triisopropylsilane (TIPS, 98%, Sigma-Aldrich) and water 
was used to cleave the resin from the synthesized peptide linkers. The 
resulting peptide linkers were subsequently precipitated using cold 
diethyl ether (100%, VWR Chemicals BDH, Darmstadt, Germany) and 
purified using HPLC. After assessing the purity of the collected fractions 
by LC-MS the fractions were pooled and lyophilized. Finally, the linker 
peptides were conjugated to the MSNs by employing a copper-catalyzed 
click reaction. A suspension of anhydrous copper (II)sulfate (CuSO4, 
≥98%, ThermoFisher), sodium L-ascorbate (≥99%, Sigma-Aldrich), and 
tris(3-hydroxypropyltriazolylmethyl)amine (THPTA, Lumiprobe, Hunt 
Valley, MD, USA) in deionized water was flushed with nitrogen for 30 
min, after which 10 μmol biotin-coupled linker peptides and 10 mg 
MSN-PEG4-N3 were added. The reaction mixture was then stirred 
overnight at room temperature in an inert atmosphere, after which the 
MSNs were centrifuged and washed with water and ethanol to obtain 
peptide-linker-functionalized MSNs. 

Characterization of MSNs was performed as described in [11]. In 
short, dynamic light scattering (DLS) measurements were performed to 
assess the size of the MSNs, and Fourier transform infrared (FT-IR) 
spectroscopy and zeta potential (ZP) were used to confirm the successful 
synthesis and functionalization of the MSNs. 

2.5. Cellular uptake of MSNs 

For uptake experiments, 1 mg ADAM9-MSNs was incubated with 
Alexa Fluor 488-conjugated streptavidin for 30 min. Next, the MSNs 
were washed and stored at − 70 ◦C until used for uptake experiments. 
For Fluorescence Activated Cell Sorting (FACS) experiments, 20.000 
PANC-1, MIA PaCa-2 or BxPC-3 cells were seeded in a 96-well plate and 
left to attach overnight. The following day, the cells were incubated with 
various amounts of FITC-avidin-capped ADAM9-MSNs (FITC-MSN) for 
30 min, 1 h or 2 h. Next, the medium was removed, cells were washed 
twice with PBS and incubated with 100 μL trypsin (Gibco, Thermo 
Fischer Scientific, Waltham, MA, USA). The detached cells were resus
pended in 100 μL ice-cold PBS and analyzed for the presence of MSNs on 
a BD FACSCanto II (BD Biosciences, Franklin Lakes, NJ, USA). Data was 
analyzed using FLOWJO v10 (FlowJo LLC, Ashland, OR, USA). To 

confirm cellular uptake as assessed by FACS analysis confocal images 
were acquired by seeding 20.000 PANC-1, MIA PaCa-2 or BxPC-3 wells 
in a 8-chamber slide (Ibidi, Gräfelring, Germany) followed by 48 h 
attachment and incubation with 20 μL FITC-MSNs (1 mg/mL), after 1 h 
the cells were carefully washed twice and lysosomes were stained using 
LysoBrite Red (AAT Bioquest, Pleasanton, CA, USA) following manu
facturers protocol and subsequently fixed with 4% paraformaldehyde in 
PBS. Next, the fixed cells were stained with DAPI (1 μg/mL) for 10 min 
and washed twice with PBS. Mounted slides were imaged using a SP8X 
confocal microscope (Leica Microsystems, Wetzlar, Germany) using 
Leica Application Suite (LAS) software. 

2.6. Inhibition cellular uptake MSNs 

To prevent cellular uptake by PEGylation, 1 mg of FITC-avidin- 
capped ADAM9-MSNs were incubated with 5, 10 or 30 mg PEG2000 
(Sigma-Aldrich) coupled to biotin for 30 min. The PEG-biotin- 
conjugated FITC-MSNs were washed twice and resuspended in PBS. 
For uptake inhibition experiments 20.000 PANC-1 cells were seeded per 
well in a 96-well plate. After overnight attachment, the cells were 
incubated with 20 μL of control MSNs or 5, 10 or 30 mg PEG-biotin- 
conjugated FITC-MSNs for 30 min, 1 h or 72 h. After designated time 
points the cells were washed twice, detached using 100 μL trypsin and 
resuspended in 200 μL PBS and analyzed by FACS. Subsequently, PANC- 
1 cells were treated with various amounts of 30 mg PEG-biotin- 
conjugated FITC-MSNs for 1 h and analyzed using FACS as described 
above. As an alternative approach to PEGylation, cells were also pre
treated for 20 min with 0.056 M sucrose (Sigma-Aldrich), 1 μM chlo
roquine (Sigma-Aldrich) or various concentrations of Dyngo-4a 
(Selleckchem, Houston, TX, USA). At various time points the pre
treatments were removed and 20 μL FITC-MSNs in 100 μL added for 1 h. 
Cells were detached, resuspended and measured as described above. All 
data was analyzed using FLOWJO v10 (FlowJo LLC, USA). 

2.7. Paclitaxel loading and capping of MSNs 

Peptide-linker-functionalized MSNs were loaded with paclitaxel by 
the adsorption equilibrium method [14] and capped with avidin as 
described in [13]. In summary, paclitaxel (>99.5%, LC Laboratories, 
Woburn, ON, Canada) was dissolved at a concentration of 10 mg/mL, 
added to 1 mg of MSNs and incubated at 37 ◦C and 1200 rpm for 1.5 h. 
After 1.5 h the paclitaxel-loaded MSNs were centrifuged and capped by 
the addition of 1.5 mg avidin (EMD Millipore, Burlington, MA, USA) for 
30 min. Finally, the capped MSNs were washed twice with water and 
ethanol and redispersed in HBSS (Gibco, ThermoFisher) at a concen
tration of 1 mg/mL. To increase the loading efficiency for in vivo ex
periments the various types of MSNs were loaded in 60 separate batches 
of 1 mg. Successful loading of paclitaxel was confirmed by incubating 
PANC-1 cells in vitro with multiple randomly selected loaded batches of 
ADAM9-MSNs, CAPN2-MSNs and DPP3-MSNs. As all loaded batches 
resulted in approximately 80% cell death (Supplemental Figs. 1 and 2), 
indicating the successful and uniform loading of paclitaxel, we pooled 

Table 1 
Oligonucleotides used for quantitative PCR.  

Oligonucleotide Sequence 

TBP forward primer 5′-atcccaagcggtttgctgc-3′ 
TBP reverse primer 5′-actgttcttcactcttggctc-3′ 
RPLPO forward primer 5′-ggcaccattgaaatcctgagtgatgtg-3′ 
RPLPO reverse primer 5′-ttgcggacaccctccaggaagc-3′ 
CDK4 forward primer 5′-tctatggtcgggccctctg-3′ 
CDK4 reverse primer 5′-tcagatcaagggagaccct-3′  

Table 2 
Overview of protease substrates.  

Peptide Sequence Theoretical 
Mass (Da) 

Measured 
m/z 

Purity 

ADAM9- 
biotin 

Biotin-PRAAAF*TSPKGGG* 1493.74 1492.43 ≥98% 

BACE2- 
biotin 

Biotin-SEVNLDAEFRGGG* 1613,71 1612,20 ≥98% 

CAPN2- 
biotin 

Biotin- 
SGAGLPLFAARPGANSGGG* 

1919,93 1919,05 ≥99% 

DPP3- 
biotin 

Biotin-GGGDRVYIHPFGGG* 1651,76 1650,96 ≥99% 

F* = homophenylalanine; G* = propargylglycine. 
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the samples and assessed the cytotoxicity in vivo. Loaded MSNs were 
centrifuged to measure the UV absorbance of the supernatant to deter
mine the amount of unloaded paclitaxel. The supernatant was dried and 
resolved in 1.75 mL dimethylsulfoxide (DMSO, Sigma-Aldrich, Stein
heim, Germany) and UV absorbance was measured at 263 nm using a 
Cary 300 UV–Vis spectrometer (Agilent Technologies, Santa Clara, CA, 
USA). 

2.8. PDAC cytotoxicity assays 

3500 PANC-1, 7500 Capan-2, or 3000 KP2 cells were seeded in single 
wells of a 96-well plate and left to attach overnight. Next, the cells were 
incubated with different concentrations of free paclitaxel, capped 
paclitaxel-loaded BACE2-MSNs, CAPN2-MSNs or DPP3-MSNs. To test 
MSN stability and integrity, MSNs were incubated for various durations 
while shaking at 800 rpm at 37 ◦C prior to administration. Additionally, 
paclitaxel-loaded MSNs were stored for up to two years at − 20 ◦C prior 
to cell treatment. After three days, the cells were washed, incubated with 
crystal violet (0.5% crystal violet, 3% formaldehyde in dH2O) for 20 min 
at room temperature, followed by aspiration of the crystal violet solu
tion, washing three times with tap water and solubilization of the 
formed crystals by addition of 100 μL DMSO (Merck). After 20 min of 
incubation on a plate shaker at room temperature, the absorbance was 
measured at 600 nm on a Synergy HT plate reader (Biotek Instruments, 
Winooski, VT, USA). 

2.9. Neurotoxicity assay 

SH-SY5Y (1000) cells were seeded in single wells of a 96-well plate 
and left to attach for 48 h. To induce differentiation into a neuronal 
phenotype the cells were incubated with 1 μM all-trans retinoic acid 
(ATRA; #R2625-50 MG, Merck, Rahway, NJ, USA) for 48 h. After 48 h, 
various concentrations of free paclitaxel, capped paclitaxel-loaded 
CAPN2-MSNs, or DPP3-MSNs were administered. After three days, the 
cells were incubated with 20 μL CellTiter-Blue (Promega, Leiden, The 
Netherlands) for 3 h and fluorescence was measured at 590 nm on a 
Synergy HT plate reader. 

2.10. Bone marrow cell toxicity 

To test the toxicity of free paclitaxel and paclitaxel-loaded MSNs on 
bone marrow cells a similar approach as described before [13] was 
employed. To recap, freshly excised C57BL/6 (Charles River Labora
tories, Wilmington, MA, USA) murine hind limbs were washed in 70% 
ethanol, transferred to a Petri dish containing ice-cold sterile PBS and 
subsequently collected in a 50 mL Falcon tube by cutting the femur and 
tibia at both ends with sterile scissors and flushing the bones with 
ice-cold sterile PBS. After dispersing the bone marrow, the red blood 
cells were lysed using erythrocyte lysis buffer (buffer EL; #79217, 
Qiagen, Venlo, The Netherlands) and the remaining bone marrow cells 
were resuspended in ice-cold sterile PBS and counted. Finally, a total of 
90,000 cells were added to 3 mL mouse methylcellulose complete me
dium (#HSC007, R&D Systems, Minneapolis, MN, USA) containing 
multiple concentrations of free paclitaxel, CAPN2-MSNs, or DPP3-MSNs 
before plating 1 mL medium/well in a 12-well plate. After a week of 
incubation at 37 ◦C, the number of colonies was counted. 

2.11. Animals 

Female C57BL/6 (Charles River Laboratories, Wilmington, MA, USA) 
and female NOD-scid IL2rγnull mice (NSG mice, bred at our facility) 
were housed at the Amsterdam University Medical Center’s (AUMC) 
animal facility. All animals had access to water and food ad libitum. All 
animal experiments were approved by the Institutional Animal Care and 
Use Committee of the AUMC according to protocol DIX-19-9064. 

2.12. Antitumor efficacy of paclitaxel-loaded MSNs 

Either 25.000 KP2 or 2 × 106 PANC-1 cells in a 1:1 mixture of DMEM 
and Matrigel were subcutaneously injected in the left flank of C57BL/6 
mice or NSG mice, respectively. One week after tumor cell injection, the 
mice were randomly assigned to receive PBS, 20 mg/kg free paclitaxel, 
30 mg/kg free nab-paclitaxel, or 50 mg/kg paclitaxel-loaded ADAM9- 
MSNs, CAPN2-MSN or DPP3-MSN by intravenous injection in a total 
volume of 100 μL. All KP2 mice were treated twice weekly for 4 weeks, 
with a total of 7 injections. All PANC-1 mice received a total of 5 in
jections over the course of 2.5 weeks. Changes in body weight and tumor 
growth were tracked using a scale and caliper three times a week. Two 
days after receiving the last injection the mice were killed or upon 
reaching humane endpoints specified as tumor size >1.5 cm3, ulcera
tion, acute weight loss >15% within two days, chronic weight loss of 
>15% combined with visual discomfort, or chronic weight loss of >20% 
without any signs of discomfort. Blood collected by heart puncture was 
centrifuged at 3500 rpm for 10 min at 4 ◦C, and plasma was collected 
and stored at − 70 ◦C. Tumors were excised and divided in two, half was 
immediately frozen using liquid nitrogen and stored at − 70 ◦C, the other 
half was fixed using 4% formaldehyde (Klinipath, Duiven, The 
Netherlands) before paraffin-embedding. 

2.13. Quantitative PCR 

Tumors were homogenized in 300 μL lysis buffer (Nucelospin TriPep 
kit; Macherey-Nagel, Duren, Germany) using Tissuelyser LT (Qiagen) at 
50 Hz for 2 min. RNA was isolated using the NucleoSpin TriPep kit ac
cording to the manufacturer’s protocol (Macherey-Nagel). Eluted RNA 
was analyzed spectrophotometrically using the Nanodrop 2000. Next, 
RNA samples were treated with RQ1 RNAse-free DNAse (Promega 
Benelux BV, Leiden, the Netherlands) and reverse transcribed into cDNA 
using M-MLV reverse transcriptase (Promega Benelux BV), random 
hexamers (Promega Benelux BV) and 10 mM dNTP Mix (Thermo Sci
entific, Waltham, MA). Quantitative real-time PCR (qPCR) was per
formed using Sensifast SYBR No-ROX kit (GC Biotech, Waddinxveen, 
The Netherlands) on a Lightcycler 480 II (Roche Molecular systems, Inc., 
Almere, the Netherlands) according to manufacturer’s instructions. 
CDK4 expression levels were normalized to the expression of the refer
ence genes TBP and RPLPO using the primers listed in Table 1. 

2.14. Immunohistochemistry 

Formalin-fixed paraffin-embedded tumors were sectioned to 5 μM 
slices on a Leica RM2245 microtome (Leica Biosystems, Nussloch, Ger
many). Tissue sections were deparaffinized and antigen retrieval was 
performed using 10 mM sodium citrate solution pH (MedChemExpress, 
Monmouth Junction, NJ, USA). Next, slides were stained for H&E or 
incubated with 3% hydrogen peroxide in PBS to block endogenous 
peroxidase activity for cleaved caspase-3 staining. The primary antibody 
anti-cleaved caspase-3 (#9961, Cell Signaling, Danvers, MS, USA) was 
diluted 1:500 in BrightDiluent (Immunologic, Arnhem, The 
Netherlands), applied on tissue sections and incubated overnight at 4 ◦C 
in a humidified chamber. The next day, slides were washed with PBS and 
amplification of signal was achieved by addition of BrightVision post 
antibody block (DPVR-55HRP, Immunologic). After 30 min the post 
antibody block was washed away with PBS and secondary antibody 
Bright-DAB (BS04-999, Immunologic) was added for 3 min at room 
temperature. Finally, slides were washed for 2 min with PBS, counter
stained with 100% haematoxylin (Klinipath) for 2 min, rinsed with 
dH2O for 2 min, dehydrated using ethanol and xylene, and finally 
mounted with Pertex (Klinipath). Stained slides were imaged on a 
IntelliSite Ultra Fast 1.6 slide scanner (Philips, Eindhoven, The 
Netherlands). Quantification of cleaved caspase-3 was performed using 
QuPath (version 0.5.0) [15]. The ‘positive cell detection’ analysis tool 
was used modifying the following parameters: Setup parameters: 
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Detection image – Optical density sum; Nucleus parameters: Background 
radius – 5 μm; Intensity parameters: Threshold – 0.05; Intensity 
threshold parameters: Score compartment – Cell DAB OD max. 

2.15. Biochemical analysis 

Plasma glucose, creatinine, urea, aspartate aminotransferase (ASAT), 
alanine aminotransferase (ALAT), and lactate dehydrogenase (LDH) 
levels were measured at the clinical diagnostics laboratory of the AUMC. 

2.16. Peptide cleavage assay 

Dabcyl- and FAM-modified linker peptides containing ADAM9 
(PRAAAF*TSPK), BACE2 (SEVNLDAEFR), CAPN2 (SGAGLPLFAARP
GANS) or DPP3 (DRVYIHPF) cleavage sites were purchased from GL 
Biochem (Shanghai, China). 1 μM peptide was incubated with 100 μL 
PBS or PANC-1 cell lysate (1 × 106 cells/mL). Fluorescence was 
measured every 15 min at Ex/Em 484/530 nm wavelengths using a 
Biotek Synergy HT plate reader (Biotek Instruments, Winooski, VT, 
USA). 

2.17. Statistical analyses 

Statistical analyses were performed using GraphPad Prism 6.0 
(GraphPad Software Inc., La Jolla, CA, USA). For in vitro experiments, 
two-tailed p-values were calculated by unpaired t-test and One-way 
ANOVA. Two-way ANOVA was used to compare tumor growth curves. 
Significance was set at p < 0.05. 

3. Results 

3.1. ADAM9-MSNs are efficiently internalized by PDAC cells 

We have previously reported the development of optimized ADAM9- 
responsive MSNs (here referred to as ADAM9-MSNs) specifically tar
geting PDAC cells [13]. Although these ADAM9-MSNs very efficiently 
induced PDAC cell death with limited bone marrow- and neurotoxicity 
in vitro, anti-tumor efficacy in vivo was lacking. Considering that ADAM9 
tends to be localized in the extracellular matrix [16], we hypothesized 
that internalization of ADAM9-MSNs might be responsible for the 
observed lack of tumor response in vivo. To test this hypothesis, we 
capped empty ADAM9-MSNs with Alexa Fluor 488-conjugated avidin 
(FITC-MSNs) and incubated PANC-1, MIA PaCa-2 and BxPC-3 PDAC 
cells with various amounts for several periods of time. After removing 
the MSNs, the presence of FITC-MSNs in the cells was assessed using 
Flow Cytometry. In these experiments, we observed a dose-dependent 
increase in the proportion of FITC-positive cells over time (Fig. 1A and 
B). To validate that FITC positivity was indeed due to cellular uptake, 
confocal microscopy was employed which revealed the internalization 
of FITC-MSNs across all tested cell lines (Fig. 1C). Treatment of PANC-1 
cells with fluorescein-loaded MSNs capped with normal avidin also 
resulted in efficient cellular uptake, indicating that the FITC-moiety on 
the periphery of FITC-MSNs did not influence uptake mechanisms 
(Supplemental Fig. 3). It is thus very likely that the cellular uptake of 
ADAM9-MSNs might have hampered anti-tumor efficacy in vivo by 
limiting the exposure of these MSNs to the extracellular ADAM9 with 
consequent limited drug release. In an effort to improve the exposure of 
ADAM9-MSNs to ADAM9, we explored strategies to impede the inter
nalization of our MSNs. Unfortunately, the introduction of PEG-2000 to 
the MSN, aimed to increase systemic circulation time, did not decrease 
the internalization of the MSNs (Supplemental Fig. 4). In addition, the 

Fig. 1. FITC-avidin-capped ADAM9-MSNs are efficiently taken up by PDAC cells. Cellular uptake of FITC-MSNs by PDAC cells after various incubation periods (A) 
and concentrations (B). Data are shown as the mean of three representative experiments with n = 3. Results are normalized to untreated controls. Scale bars = 25 μM. 
Two-way ANOVA was used to compare MSN uptake. Levels of significance: *p < 0.05, ****p > 0.0001. (C) Confocal Images showing cellular uptake of FITC-MSNs. 
Blue; DAPI, Red; LysoBrite (lysosomal staining), Green; FITC-MSN. 
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pre-treatment of cells with well-known compounds that target cellular 
uptake mechanisms like dyngo-4a, sucrose and chloroquine did also not 
reduce cellular uptake (Supplemental Figs. 5A–C). 

3.2. Identification of PDAC-enriched intracellular proteases 

As we were unable to inhibit the cellular uptake of ADAM9-MSNs, we 
envisioned that modifying the MSNs with a peptide linker responsive to 
intracellular proteases could increase the cytotoxic potential. To this end, 
we first queried the subcellular localization of all 571 proteases 
expressed by the human genome [17], resulting in the identification of 
282 intracellularly expressed proteases (Fig. 2A). Subsequent analysis 
aimed to identify proteases that were overexpressed in at least two out of 
three comprehensive PDAC cell line datasets, hereto we examined the 
expression patterns among the aforementioned 282 proteases in three 
datasets, encompassing a combined total of 101 samples derived from 
51 distinct PDAC cell lines, and identified a total of 156 proteases that 
were overexpressed (Fig. 2B). To streamline the number of candidates 
we proceeded to evaluate the gene expression levels in PDAC tissues 
obtained from patients. Of the 156 proteases assessed in the cohort, 141 
exhibited increased expression levels compared to the average expres
sion of all proteases in PDAC in five out of six databases. Importantly, 15 
candidates showed an average 1.5-fold higher expression in PDAC 
relative to adjacent non-tumor tissue (Fig. 2C). A literature search into 
all the remaining candidates led us to exclude Abhydrolase Domain 
Containing 17C, Depalmitoylase (ABHD17C) from further analysis, as 
ABHD17C is a palmitoylase involved in post-translational attachment of 
palmitate to cysteine residues and therefore not involved in cleaving 
peptide substrates [18]. To obtain PDAC-specificity we analyzed the 
expression levels of the 14 remaining candidate proteases in multiple 
hematopoietic subsets, resulting in the exclusion of 8 proteases that 
were found to be expressed in multiple cellular constituents of the blood 
compartment (Fig. 2D). Finally, the expression levels of the remaining 6 
intracellular proteases were assessed in healthy tissue. Five of the six 
candidates generally showed limited expression in healthy organs and 
only one protease, HtrA Serine Peptidase 1 (HTRA1), was expressed 
abundantly across several organs (Fig. 2E–J), resulting in its exclusion. 
This selection process yielded five potential candidates, namely 
Beta-Secretase 2 (BACE2), Calpain 2 (CAPN2), Dipeptidyl Peptidase 3 
(DPP3), Serine Protease 23 (PRSS23) and STAM Binding Protein Like 1 
(STAMBPL1). For three of the 5 identified PDAC-enriched intracellular 
proteases, protease substrates have been described in literature (i.e. 
BACE2 [19], CAPN2 [20] and DPP3 [21]; Table 2) based upon which we 
decided to synthesize BACE2-, CAPN2- and DPP3-responsive MSNs. 
Successful synthesis was confirmed by dynamic light scattering, zeta 
potential measurements, and Fourier-transform infrared spectroscopy 
(Table 3, Supplemental Fig. 6). Functionalization with the 
biotin-conjugated CAPN2- and DPP3-peptide linker resulted in an in
crease of ZP to 25.47 +- 0.76 mV, and 22.9 +- 1.65 mV, respectively, 
whereas biotin-conjugated BACE2-peptide linker led to a decrease of ZP 
to − 26.9 +- 0.24, caused by the majority of anionic amino acids in this 
peptide. As expected, the particle size does not change significantly after 
the functionalization (Table 3). 

3.3. Paclitaxel-loaded CAPN2- and DPP3-MSNs show high anti-cancer 
efficacy while reducing potential side effects in vitro 

Essential to the successful generation of protease-responsive MSNs is 
the release of loaded chemotherapeutics by PDAC cells. To test this, we 
loaded the MSNs with paclitaxel (Supplemental Table 1), a first-line 
treatment against PDAC, and treated PANC-1, Capan-1 and HPAF-II 
cells with increasing amounts of MSNs. As expected, CAPN2- and 
DPP3-responsive MSNs induced cell death in a dose-dependent manner 
in all cell lines tested (Fig. 3A–C, 3E-G). Of note, even at 16-fold higher 
concentrations, BACE2-MSNs failed to induce significant cell death in 
HPAF-II or PANC-1, indicating that neither cell line is capable of 

efficiently cleaving the peptide linker and releasing the loaded paclitaxel 
(Fig. 3I and J). Critical to the success of targeted therapy is the stability 
of MSNs. We employed Transmission Electron Microscopy two years 
after synthesis/− 70C storage and confirmed morphological stability of 
CAPN2- and DPP3-MSNs (Supplemental Figs. 7A and D). Subsequent 
treatment of PANC-1 cells with similar amounts of CAPN2- and DPP3- 
MSNs two years after the original experiments show similar dose- 
dependent cell killing (Supplemental Figs. 7B and E), indicating 
biochemical integrity of the gatekeeper system. To assess MSN stability 
at physiological temperatures and to mimic conditions of in vivo ex
periments, MSNs were incubated at 37 ◦C for up to 48 h before admin
istration to PANC-1 cells. Of note, MSN-induced cell death was similar in 
all conditions, implying stability at body temperature for at least two 
days (Supplemental Figs. 7C and F). 

Neurotoxicity and leukopenia are two common side effects of 
paclitaxel. Given that the overarching objective of targeted drug de
livery is to mitigate such side effects, we proceeded to evaluate the 
toxicity of the generated MSNs towards neuronal cells and leukocytes. 
First, we treated the neuronal cell line SH-SY5Y with amounts of MSNs 
that robustly induced cell death in PDAC cell lines. Encouragingly, even 
at the highest doses administered no cell death of SH-SY5Y cells was 
observed when treated with DPP3-MSNs (Fig. 3H). While some degree of 
toxicity was apparent from CAPN2-MSNs (Fig. 3D), this was much lower 
than the effects on PANC-1 and Capan-1 cells (Fig. 3B and C). Of note, 
previous results found that SH-SY5Y cells were more sensitive to pacli
taxel than PDAC cells, further strengthening the observed results [5]. No 
difference in toxicity could be observed between SH-SY5Y and PANC-1 
or HPAF-II cell lines when treated with BACE2-MSNs (Fig. 3I–K). The 
lack of specificity and efficacy of BACE2-MSNs led us to pursue it no 
further. As the results of CAPN2- and DPP3-MSNs were promising out
comes, we next assessed their impact on bone marrow-derived leuko
cytes (BMDL) at concentrations that induced 80% cell death in PANC-1 
cells. No reduction in colony count was evident following 7 days of 
treatment with either CAPN2- or DPP3-MSNs (Fig. 3L). In stark contrast, 
20 nM of free paclitaxel led to nearly a 40% reduction in colony 
numbers. In summary, CAPN2- and DPP3-MSNs induce efficient PDAC 
cytotoxicity while simultaneously reducing neurotoxicity and leuko
penia in vitro. 

3.4. CAPN2-MSNs show promising anti-tumor efficacy without adverse 
effects in vivo 

Since both CAPN2- and DPP3-responsive MSNs showed in vitro effi
cacy and specificity we next tested their applicability in vivo. As we have 
previously confirmed the delivery of MSNs to subcutaneous tumors and 
determined the optimal dosage and treatment schedule [13], we decided 
to use a similar experimental design. Prior to the in vivo experiment, we 
ensured that the injected KP2 cells were capable of opening and 
releasing the paclitaxel from the CAPN2- and DPP3-MSNs in vitro. 
Indeed, this was found to be the case, albeit less extensive than in 
PANC-1 and Capan-1 cells (Fig. 4A and B). Similar to [13], the evalua
tion of in vivo antitumor efficacy and mitigation of side effects involved 
subjecting mice to a regimen of seven intravenous administrations in the 
tail with paclitaxel-loaded CAPN2- or DPP3-MSNs (50 mg/kg), distrib
uted over three weeks. Control mice were treated with either PBS or free 
paclitaxel at a dose of 20 mg/kg, as established in [32]. All mice were 
treated exactly one week after subcutaneous tumor grafting. Throughout 
the experiment, body weight and tumor volumes were monitored. 
Notably, among the mice treated with free paclitaxel, a considerable 
majority of two out of three exhibited severe adverse effects, leading to 
discernible weight reduction (Fig. 4C), necessitating their removal from 
the experiment. The antitumor efficacy of CAPN2-MSN and free PTX 
were found to be comparable, while DPP3-MSN-treated mice displayed 
no reduction in tumor volume (Fig. 4D). Notably, administration of free 
PTX delayed tumor growth, but in time tumor growth recommenced. 
This phenomenon mirrors the frequently observed initial positive 
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responses in patients, followed by therapy-resistant tumor growth. 
In blood samples collected during the experiment, we were able to 

address whether the targeted delivery of paclitaxel through CAPN2- and 
DPP3-MSNs reduced levels of circulating markers for toxicity compared 

to free PTX. Compared to the control treatment, a decrease in leukocyte 
viability was observed, however compared to free PTX both CAPN2- and 
DPP3-MSNs treatment resulted in less leukopenia (Fig. 4E). Addition
ally, blood plasma levels of lactate dehydrogenase (LDH), and alanine 
aminotransferase (ALAT) were markedly increased in free PTX-treated 
mice, indicating that general organ damage was prevented by encap
sulation of PTX (Fig. 4F and G). Plasma creatinine levels remained 
consistent in all treatment groups, indicating that no kidney damage was 
induced by either free PTX or MSNs (Fig. 4H). These results show that 
CAPN2-MSNs exhibit similar antitumor efficacy as free PTX but with 
much less toxicity. DPP3-MSNs showed similar patterns of reduced side 
effects, however, no antitumor effect could be observed. 

It is crucial to highlight that among the total of 26 mice enrolled, 16 
reached predefined humane endpoints (including ulceration and tumor 
sizes exceeding 1.5 cm3) and had to be taken out of the experiment. The 
necessity of culling these animals impacted the analysis. To validate the 
promising efficacy of CAPN2-MSNs, an additional in vivo experiment 

Fig. 2. Identification of PDAC-enriched intracellular proteases through bioinformatics analysis. (A) Overview of all proteases in the human genome and the number of 
intracellular proteases included in the analysis. (B) Venn diagram illustrating proteases with above-average expression in all PDAC cell lines from Sanger (E-MTAB- 
783 [22]), Wappet (GSE57083), and Broad (GSE36133 [23]) datasets. (C) Fold-change in expression levels of candidate proteases in patient-derived tumor biopsies 
compared to healthy adjacent pancreas sections from four datasets (GSE15471 [24], GSE62452 [25], GSE16515 [26] and GSE32676 [27]). The cutoff is set at a 
1.5-fold increase, indicated as a dotted line. (D) Expression levels of selected candidate proteases in healthy blood components relative to their expression levels in 
PDAC, including hematopoietic subtypes (GSE24759 [28]), leukocytes (GSE22886 [29]), lymphocytes (GSE46510 [30]), macrophages (GSE2125 [31]), monocytes 
(GSE7158), and whole blood (GTEx v4) datasets. (E-J) Expression levels of remaining candidate proteases in healthy organs (GTEx v4) relative to their expression 
level in PDAC, represented by a dotted line set at 1. 

Table 3 
Characterization of generated MSNs. Hydrodynamic size, polydispersity 
index (PDI), and zeta potential of MSNs, MSN-NH2, MSN-PEG4-N3, and peptide 
linker functionalized MSNs in water measured by dynamic light scattering.  

Sample Size ± st.dev. (d.nm) PDI ZP ± st.dev. (mV) 

MSNs 223.6 ± 62.1 0.36 − 18.9 ± 0.1 [13] 
MSN-NH2 191.5 ± 42.2 0.69 19.1 ± 0.7 [13] 
MSN-PEG4-N3 233 ± 59.4 0.38 0.6 ± 4.3 [13] 
ADAM9-MSN 210.6 ± 60.8 0.14 30.5 ± 1.2 [13] 
BACE2-MSN 240.6 ± 72.4 0.35 − 26.9 ± 0.2 
CAPN2-MSN 235.1 ± 79.2 0.29 25.5 ± 0.8 
DPP3-MSN 285.2 ± 99.7 0.47 22.9 ± 1.7  

Fig. 3. CAPN2- and DPP3-responsive MSNs efficiently kill PDAC cells and reduce side effects in vitro. Cytotoxicity of paclitaxel-loaded CAPN2-MSNs in HPAF ii ((A), 
n = 6), PANC-1 ((B), n = 12), Capan-2 ((C), n = 12) and SH-SY5Y cells ((D), n = 12) after 72 h. Cytotoxicity of paclitaxel-loaded DPP3-MSNs in HPAF ii ((E), n = 6), 
PANC-1 ((F), n = 12), Capan-2 ((G), n = 12) and SH-SY5Y cells ((H), n = 12) after 72 h. Cytotoxicity of paclitaxel-loaded BACE2-MSNs in HPAF ii ((I), n = 6), PANC-1 
((J), n = 12) and SH-SY5Y cells ((K), n = 6) after 72 h. (L) Cytotoxicity of paclitaxel-loaded CAPN2- and DPP3-MSNs in bone marrow cells (n = 6) after 7 days. Data 
are normalized to untreated controls. Significance was determined by One-way ANOVA. Levels of significance: ns = not significant, **p < 0.01. BMDL: Bone Marrow- 
Derived Leukocytes. 
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was planned using human PANC-1 cells instead of murine KP2 cells. 
Hereto, 2x10^6 PANC-1 cells were injected into the left flank of immune- 
deficient NSG mice. One week after tumor cell grafting a total of six 
injections were administered over the course of 2.5 weeks. Although 
ADAM9-and DPP3-MSNs demonstrated negligible antitumor efficacy we 
opted to include both MSNs as negative controls (at a dosage of 50 mg/ 
kg). Additionally, we changed from unmodified free PTX to nab- 
paclitaxel (at 25 mg/kg) to mimic the human clinical setting more 
accurately. No treatment affected general well-being, as reflected in the 
absence of weight loss during the experiment, a trend consistent across 
other treatment groups (Fig. 5A). At the end of the experiment, a 
remarkable 68% reduction in tumor volume was observed in the CAPN2- 
MSN group compared to the PBS-treated group, which was twice the 
effect of the free nab-PTX-treated mice (33%; Fig. 5B). The decrease in 
tumor volume caused by free nab-PTX and CAPN2-MSNs becomes more 
pronounced when individual mice are considered (Fig. 5C–G). As 
anticipated, and confirming previous outcomes, neither ADAM9-or 
DPP3-MSNs showed substantial antitumor efficacy nor toxicity. In line 
with reduced tumor growth, cyclin-dependent kinase 4 (CDK4) mRNA 
levels were significantly reduced in CAPN2-MSN-treated mice compared 
to PBS and PTX treated mice (Fig. 5H). In addition, levels of cleaved 
caspase-3, a commonly used apoptotic marker, were increased in tumors 
of CAPN2-MSN-treated mice as compared to tumors of PBS treated mice 
(Fig. 5I). Quantification of the percentage cleaved caspase-3-positive 
cells showed a significant increase in CAPN2-MSN-treated tumors 
compared to control PBS (Fig. 5J). Together, the reduced cell prolifer
ation and increased apoptosis observed after CAPN2-MSNs treatment 
most likely explains the decreased tumor size. 

Analysis of plasma markers for pancreatic (glucose), kidney (urea 
and creatinine), liver (alanine aminotransferase; ALAT and aspartate 
aminotransferase; ASAT) and general organ (lactate dehydrogenase; 
LDH) damage revealed no off-target toxicity, corroborating the results 
from the KP2 in vivo experiment (Fig. 6A–F). In line, no histopatholog
ical signs of organ damage were evident on H&E stained pancreatic and 
colon sections (Fig. 6G). Collectively, these results underscore the 
benefit of systemic MSN administration, and more importantly, validate 

the promising potential of CAPN2-MSNs in terms of both antitumor ef
ficacy and the reduction of paclitaxel-induced side effects. 

4. Discussion 

The effectiveness of existing therapies in patients diagnosed with 
PDAC is hampered by unfavorable cytotoxicity profiles. The selective 
targeting of tumor cells without affecting healthy cells holds potential to 
decrease instances of treatment discontinuation and dose adjustments, 
thereby resulting in enhanced treatment efficacy. This would diminish 
PDAC-related mortality and morbidity, and the associated healthcare 
expenses. We have previously reported a novel MSN susceptible to the 
proteolytic activity of ADAM9 [11], however, despite optimization of 
the ADAM9-MSN in vivo administration did not result in antitumor ef
ficacy [13]. In this paper, we show that the cellular uptake of 
ADAM9-MSNs is efficient, leading us to propose that their efficacy might 
be hampered by the inability of the particles to remain in the vicinity of 
the extracellularly deposited ADAM9. Next, we wondered if taking 
advantage of the cellular uptake and the design of MSNs responsive to 
intracellular proteases would improve the anti-tumor potential. We 
identified three promising candidate proteases, BACE2, CAPN2 and 
DPP3, of which peptide substrates were reported in literature. Subse
quent assessment of anti-tumor efficacy and side effects in vitro and in 
vivo identified CAPN2-responsive MSNs as a promising candidate for the 
treatment of PDAC. 

Here, we addressed challenges in the antitumor effectiveness of 
ADAM9-MSNs, considering the potential impediments posed by PDAC’s 
desmoplastic reaction. We tested the hypothesis that cellular uptake 
might deplete MSNs from the tumor’s extracellular matrix and hinder 
their interaction with ADAM9, finding that within 30 min, a majority of 
cells exhibited efficient MSN cellular uptake, confirmed through FACS 
and confocal images. It is however important to note that in vitro ex
periments happen under static conditions, increasing the exposure time 
of the MSNs to the cells as compared to in vivo experiments involving a 
blood flow and complex 3D architecture. It is therefore imaginable that 
the in vitro uptake is an overestimation, however, it is obvious that the 

Fig. 4. Paclitaxel-loaded CAPN2-MSNs inhibit tumor growth and reduce neutropenia and organ damage in KP-2 tumor-bearing mice. In vitro cytotoxicity of 
paclitaxel-loaded CAPN2-MSNs (A) and DPP3-MSNs (B) on KP-2 cells 72 h after administration (n = 12). (C) Weight of mice plotted over time. (D) Tumor volume 
(mm3) during the experiment. (E) Blood leukocyte counts at culling. Plasma ALAT (F), LDH (G) and creatinine (H) levels in mice treated with for PBS (n = 6), nab- 
PTX (n = 3), CAPN2-MSN (n = 7) and DPP3-MSN (n = 6) as measured by HPLC following standardized clinical guidelines of the AUMC. Two-tailed p-values for 
leukocyte counts, plasma ALAT and LDH were calculated by unpaired t-test. Two-way ANOVA was used to compare tumor growth curves. Levels of significance: ns =
not significant, *p < 0.05, **p < 0.01, ****p > 0.0001. Data representing PBS- and free PTX groups have been reused from a previous publication [13]. Data analysis 
is similarly complicated as described in the legend of Fig. 4. 
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Fig. 5. Paclitaxel-loaded CAPN2-MSNs greatly reduce human PDAC cell growth in vivo. (A) Weight of mice during the experiment. (B) Tumor volume (mm3) plotted 
over time. Tumor growth of individual mice treated with (C) PBS, (D) free nab-paclitaxel, (E) ADAM9-MSNs, (F) CAPN2-MSNs or (G) DPP3-MSNs. (H) CDK4 
expression levels normalized to housekeeping genes TBP and RPLPO in tumors from PBS (n = 7), nab-PTX (n = 5), ADAM9-MSN (n = 5), CAPN2-MSN (n = 6) and 
DPP3-MSN (n = 6) treated mice. (I) Representative images of cleaved capase-3 stained tissue sections. Scale bar = 100 μM. (J) Quantification of cleaved caspase-3 
positive cells in tumors treated with either PBS (n = 5), PTX (n = 4) or CAPN2-MSN (n = 4). Two-tailed p-values for CDK4 and cleaved caspase-3 were calculated by 
unpaired t-test. Two-way ANOVA was used to compare tumor growth curves. Levels of significance: ns = not significant, *p < 0.05, ****p < 0.0001. 
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cells are efficient in taking up the ADAM9-MSNs. Another explanation 
for the lack of antitumor efficacy could be that extracellularly deposited 
ADAM9 does not reach sufficient levels to cleave the ADAM9-MSNs in 
the abundance needed for the released paclitaxel to have a cytotoxic 
effect. A bioinformatic analysis revealed several promising intracellular 
candidates that exhibit heightened expression levels in PDAC relative to 
healthy pancreatic cells, with minimal expression in diverse healthy 

blood cell populations and solid organs. Among these candidates, 
BACE2, CAPN2 and DPP3 stood out due to their reported peptide sub
strates in the existing literature [19–21]. BACE2 lacks organ-specific 
expression [33] and is involved in pigmentation [34], glucose homeo
stasis [35] and Alzheimer’s disease [36]. More recently, BACE2 has been 
shown to be upregulated in a wide variety of cancer tissues and 
increased expression correlates with poor survival [37]. CAPN2 is a 

Fig. 6. Plasma ALAT (A), ALAT (B) and creatinine (C), glucose (D), LDH (E) and urea (F) levels in mice treated with for PBS (n = 7), nab-PTX (n = 7), ADAM9-MSN 
(n = 4), CAPN2-MSN (n = 6) and DPP3-MSN (n = 3) as measured by HPLC following standardized clinical guidelines of the AUMC. (G) H&E stained slides of the 
pancreas and colon of PBS, free nab-PTX and CAPN2-MSN treated mice. 
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Ca2+-dependent cysteine protease and is involved in a wide variety of 
cellular processes and therefore plays a multifaceted role in human 
health [38]. The involvement of CAPN2 in many types of cancer has 
been long reported [39], and functional roles are reported in cell 
migration, invasion and chemosensitivity [40–42]. Therefore CAPN2 
has been posed as an interesting therapeutic target [38]. DPP3 is an 
aminopeptidase involved in peptide degradation, including angiotensin 
II and enkephalins [43], and is therefore important for the regulation of 
blood pressure [44]. Other DPP3-mediated processes include inflam
mation, pain signaling and oxidative stress [44]. Aberrant DPP3 
expression has been reported in a wide variety of cancers and is linked to 
poor survival [45]. The fact that all three candidates are well-known 
cancer-associated proteases validates the bioinformatic analysis and 
poses all three proteases as interesting candidates for the targeted de
livery of chemotherapeutics. 

Unexpectedly, treating PDAC cells with paclitaxel-loaded BACE2- 
MSNs did not mirror the toxicity profiles exhibited by CAPN2- and 
DPP3-MSNs. Only by increasing the concentration 4-fold an increase in 
cytotoxicity was observed, remarkably, however, increasing the con
centration to 16-fold did not cause any additional toxicity. As negative 
surface charge may influence cellular uptake [46,47], the negative 
surface charge of BACE2-MSNs (Table 3) may have hampered cellular 
uptake with subsequent reduced cytotoxic activity. However, the 
limited toxicity can more likely be explained by the fact that BACE2 
shows low levels of cleavage kinetics for multiple substrates [19,48], 
which includes the peptide linker employed in BACE2-MSN. Indeed, 
FRET-peptide cleavage experiments revealed poor cleavage kinetics of 
BACE2-substrate by PANC-1 cells (Supplemental Fig. 8). The lack of 
toxicity by BACE2-MSNs further reinforces our notion that PDAC cell 
death is caused by specific protease-mediated drug release. We have 
previously shown that slight alterations of the ADAM9-MSNs linker into 
an uncleavable-ADAM9-MSN did not result in cell death [13], with 
BACE2-MSN we demonstrate that not any type of linker can be 
employed and that drug release is linker and protease specific. 

Next, we explored the degree of off-target cap removal and subse
quent drug release by incubating neuronal and bone marrow-derived 
leukocytes with CAPN2- and DPP3-MSNs. No toxicity was observed 
except in neuronal cells upon incubation with the highest concentration 
of CAPN2-MSNs. The neuroblastoma origin of SH-SY5Y cells, widely 
used for studying neuronal function and differentiation [49], could ac
count for this observed toxicity as CAPN2 overexpression is reported in a 
wide range of cancers [50–54]. This hypothesis is strengthened by the 
implication that CAPN2 is also involved in promoting malignant phe
notypes in neuroblastoma [55]. 

Although both CAPN2- and DPP3-MSNs showed a reduction of side 
effects, a difference in antitumor effect could be observed in a subcu
taneous KP2 PDAC model. It is challenging to explain the absence of 
antitumor efficacy by DPP3-MSNs, however, as the effect of free pacli
taxel was already limited, we hypothesize that the amount of paclitaxel 
released from the DPP3-MSNs might have been insufficient to induce 
cell death. This explanation is supported by the observation that CAPN2- 
MSNs did cause cell death and that CAPN2 gene expression (Supple
mental Fig. 9) and protein levels (Supplemental Fig. 10) are significantly 
higher in PDAC tissue compared to DPP3 expression. Next to differences 
in gene and protein expression levels, protease cleavage kinetics of the 
substrate (i.e. peptide linker) is an important factor driving drug release 
and subsequent cytotoxicity. Assessment of protease cleavage kinetics 
using FRET-peptides showed that CAPN2 cleavage kinetics were supe
rior over DPP3 (Supplemental Fig. 8) further suggesting that in vivo drug 
release is more efficient from CAPN2-MSNS than form DPP3-MSNs 
explaining the superior anti-tumor activity of CAPN2-MSNs in vivo. 
Furthermore, as the DPP3-responsive linker is developed around the 
renin-angiotensin system [21] and implicated in kidney function [56, 
57], the absence of kidney damage, as shown by unchanged creatinine 
and urea levels in the blood plasma, might indicate the general inability 
of cap removal of DPP3-MSNs under dynamic conditions. Additionally, 

recent work showed the presence of DPP3 in extracellular fluids [43,58] 
and cell culture medium [59], possibly lowering the intracellular con
centration of DPP3. Together, we thus hypothesize that all these factors 
might have hampered the efficacy of DPP3-MSNs in vivo. Importantly 
however, we cannot formally exclude that differences in bio-distribution 
between CAPN2- and DPP3-MSNs may –at least in part-explain the 
observed differences in anti-tumor activity. Irrespective the explanation 
for the observed differences in anti-tumor effects between CAPN2-MSNs 
and DPP3-MSNs in vivo, we did identify CAPN2-MSNs as an efficient and 
safe alternative to free drug delivery. 

Replication of the subcutaneous model with PANC-1 cells in a NOD- 
scid IL2rγnull (NSG) mouse model yielded similar results. Promisingly, 
however, the antitumor efficacy of CAPN2-MSNs was even more pro
nounced. The increased clinical relevance can be explained by the 
heightened sensitivity of PANC-1 cells to CAPN2-MSNs compared to KP2 
cells (Fig. 3B and 4A). This might not be so surprising as the identifi
cation of PDAC-enriched proteases was performed on human tissue and 
KP2 cells are of murine origin. No treatment group resulted in organ 
damage as demonstrated by analysis of blood plasma markers, con
firming the safety of CAPN2-MSNs. The aforementioned overexpression 
of CAPN2 in a wide variety of cancers implies the broader applicability 
of the nano platform presented here. 

While this study provides a promising alternative for the treatment of 
PDAC, it is important to acknowledge its limitations and potential 
drawbacks to ensure a comprehensive understanding of the research 
findings. The absence of in vitro (BACE2-MSN) and in vivo (DPP3-MSN) 
efficacy underscores the importance of the sensitivity and specificity of 
linker peptides incorporated onto the MSNs. The identification of pro
tease substrates with increased sensitivity and specificity might improve 
preclinical efficacy and improve the chance of success of clinical 
implementation. One advantage of MSNs is the possibility of inner core 
and outer surface modifications. In this paper, we report rather ‘basic’ 
MSNs, lacking moieties that improve the targeted delivery, tumor 
penetration and cellular uptake. Equipping CAPN2-MSNs with such re
finements might further improve clinical efficacy. 

5. Conclusion 

We present CAPN2-responsive MSNs as a promising therapeutic 
strategy for the treatment of PDAC. To harbor the efficient cellular up
take of MSNs by PDAC cells, as presented in this work, we identified 
several PDAC-enriched intracellular proteases and developed corre
sponding MSNs. Treatment of PDAC cells with paclitaxel-loaded MSNs 
responsive to CAPN2 and DPP3 resulted in efficient cell death. Two 
clinically relevant in vitro models showed a reduction of common 
paclitaxel-induced side effects upon MSNs administration as compared 
to free paclitaxel, confirming PDAC-specificity. Finally, we show that 
treatment with CAPN2-responsive MSNs has superior antitumor efficacy 
as compared to systemic paclitaxel administration in vivo, without 
resulting in severe adverse effects. 
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