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Abstract 

In advanced breast cancer (BCa) patients, not the primary tumor, but the development of 

distant metastases, which occur mainly in the organ bone, and their adverse health effects 

are responsible for high mortality. Targeted delivery of already known drugs which 

displayed potency, but rather unfavorable pharmacokinetic properties, might be a 

promising approach to overcome the current limitations of metastatic BCa therapy.  

Camptothecin (CPT) is a highly cytotoxic chemotherapeutic compound, yet poorly water-

soluble and non-specific. Here, CPT was loaded into porous silicon nanoparticles (pSiNP) 

displaying the epidermal growth factor receptor (EGFR)-targeting antibody (Ab) cetuximab 

to generate a soluble and targeted nanoscale delivery vehicle for cancer treatment. 

After confirming the cytotoxic effect of targeted CPT-loaded pSiNP in vitro on MDA-MB-

231BO cells, nanoparticles were studied in a humanized BCa bone metastasis mouse 

model. Humanized tissue-engineered bone constructs (hTEBCs) provided a humanized 

microenvironment for BCa bone metastases in female NOD-scid IL2Rgnull (NSG) mice. 

Actively targeted CPT-loaded pSiNP led to a reduction of orthotopic primary tumor growth, 

increased survival rate and significant decrease in hTEBC and murine lung, liver and bone 

metastases. This study demonstrates that targeted delivery via pSiNP is an effective 

approach to employ CPT and other potent anti-cancer compounds with poor 

pharmacokinetic profiles in cancer therapy. 

1. Introduction

Metastatic spread to the bone is the most striking and to date lethal hallmark of breast 

cancer (BCa) [1,2]. Hence, there is an urgent clinical requirement for targeted treatment 

approaches for BCa bone metastasis. 

The lack of specificity of chemotherapeutic drugs and the associated severe adverse 

effects are a problem, indicating a need for different therapeutic approaches to make these 
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agents available for cancer therapy [3]. Camptothecin (CPT) is a highly potent 

chemotherapeutic compound [4], which was shown to exhibit cytotoxic activity against 

several cancer cell types [5–7]. Its molecular target is DNA topoisomerase I, an essential 

enzyme actively involved in removing supercoils during DNA transcription and replication 

and chromosome condensation [8]. Even though CPT is a topoisomerase I inhibitor, it is 

not affected by the typical P-gp/MDR1 resistance mechanism [9], which makes it a 

valuable compound for new combinational chemotherapeutic treatment approaches 

[10,11]. However, CPT is poorly water-soluble and non-specific. It entered phase I and II 

clinical trials, but failed due to severe toxic side effects [12–14]. Thus, in contrast to other 

chemotherapeutic drugs associated with side effects such as Doxorubicin, the extensive 

anti-cancer potential of CPT remains completely unused in the clinic until now. 

The field of targeted drug delivery aims to eliminate such pharmacological drawbacks of 

otherwise promising drugs, make them bioavailable and facilitate their clinical translation. 

Active targeting relies on a defined interplay between the drug carrier and the targeted 

cells, typically ligand-receptor interactions e.g. mediated by antibodies like the epidermal 

growth factor receptor (EGFR)-targeting Ab cetuximab [15]. EGFR is an established cell 

surface target found in triple-negative BCa cells [16]. Targeting this receptor leads to 

specific homing and endocytosis of the drug delivery system by EGFR-expressing cells 

[17], thus reducing or even eliminating harmful side effects. Actively targeted 

nanoparticles-based drug delivery systems have been intensively studied in recent years 

[18]. Despite increasing the circulation time of the drug and its accumulation in tumors, the 

loading capacity and controlled release of most nanotherapeutics is still a bottleneck in the 

field. Biodegradable [19–21], non-toxic [22–24], non-immunogenic [22,23,25] porous 

silicon nanoparticles (pSiNP), offer a platform for the vectorization of hydrophobic drugs in 

high quantities into the pores while allowing the immobilization of targeting antibodies on 

the nanoparticle’s surface [26,27]. As CPT is highly hydrophobic, an encapsulation effect 



4 

 

based on non-covalent bonds is generated within the water-repellent pores of the pSiNP. 

This hydrophobic encapsulation concept enables the efficient delivery of CPT and could 

allow us to tap into its unused cytotoxic potential for anti-cancer therapy.  

Efforts to develop new therapeutic approaches have been hindered by the deficiency of 

conventional animal models to adequately mimic the human microenvironment of bone 

metastasis adequately [28,29], resulting in around 80% of novel therapeutics being 

ineffective once they are tested in humans [30]. Hence, humanized mouse models have 

been developed to recapitulate human-like tissue physiology and are increasingly used in 

preclinical cancer research. These in vivo models provide a human-like microenvironment 

in one or more tissues or organs, thus being capable of recapitulating human-human cell 

interactions relevant for disease course and treatment of bone metastasis and 

circumventing the species-specific limitations of conventional animal models [31–33]. To 

date, no new nanomedicine has been trialed in a bioengineered mouse model for cancer 

bone metastasis. 

In this study, we hypothesized that the inherent pharmacological limitations of CPT can be 

circumvented by active targeting strategies, generating a highly potent and targeted 

pSiNP-CPT anti-cancer treatment, as validated in our humanized mouse model. 

 

2. Materials and methods 

2.1 Fabrication of porous silicon nanoparticles (pSiNP) 

pSiNP were generated as described previously [26]. Briefly, pSiNP were fabricated by 

electrochemical anodization of a p-type boron doped silicon (Si) wafer (0.0055-0.001 Ω cm 

resistivity; Siltronix, France). Wafers were etched in a mixture of 48 % hydrofluoric acid 

(HF; Scharlau Chemie, Chem-Supply Pty. Ltd Australian representation) and ethanol 

(Sigma-Aldrich, USA) at a ratio of 3:1, and in a wet bench (AMMT, Germany). The pSi film 

was electropolished (HF in ethanol 1:1) and further fractured by ultrasonication for 20 h. 
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pSiNP sized 160 nm on average were isolated by several centrifugation steps. pSiNP were 

functionalized with tert-butyl-2 [(allylamino)carbonyl]hydrazine-carboxylate (semicarbazide, 

SC) by thermal hydrosilylation at 95°C and under N2 atmosphere. The tert-

butyloxycarbonyl (BOC) group of the semicarbazide was removed by suspending the 

pSiNP-SC in a solution of dichloromethane and trifluoroacetic acid (3:2). Deprotected (DP) 

pSiNP-SC were loaded with (S)-(+)-camptothecin (CPT) (CAS no. 7689-03-4, Sigma-

Aldrich, USA) by incubating the pSiNP with a 2 mg/ml solution of CPT in 

dimethylformamide overnight at room temperature (RT). Loaded pSiNP were subsequently 

washed with ethanol and monoclonal anti-EGFR antibody (Ab) cetuximab (Erbitux®, Eli 

Lilly, Indianapolis, USA) was immediately attached as described before [27]. The anti-

EGFR Ab was conjugated to the deprotected and CPT-loaded pSiNP through its Fc 

region. The reaction between the aldehyde group at the Fc region and the deprotected 

semicarbazide was achieved through mild oxidation. A 0.5 mg/ml of Ab solution was 

prepared in a buffer solution of sodium acetate (20 mM) and sodium chloride (0.15 M) at 

pH 5 and mixed 1:1 with a sodium periodate solution (20 mM) in the same buffer. After 30 

min under agitation, protected from light and at RT, the oxidation reaction was quenched 

by adding ethylene glycol. The oxidized Ab was washed with 2-(N-

morpholino)ethanesulfonic acid (MES; Sigma-Aldrich) buffer and a centrifugal filter (cut-off 

10 kDa; Amicon) to remove the excess of sodium periodate and other salts. The 

deprotected and loaded pSiNP were incubated with the oxidized Ab in MES buffer for 30 

min under agitation and protected from light. The pSiNP+Ab were washed twice in 2-(N-

morpholino)ethanesulfonic acid (MES) buffer. 

When fluorescent pSiNP were required, the oxidized Ab was labeled with Cyanine (Cy5) 

N-Hydroxysuccinimide (NHS) ester following the protocol from the manufacturer 

(Lumiprobe). Briefly, 100 µl of oxidized anti-EGFR (5 mg/ml) and anti-IgG (Thermo Fisher 

Scientific) solution (5 mg/ml) was washed 2x with 0.1 M NaHCO3 using a centrifugal filter 
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(Amicon®, cut off-of 10 kDa). 5 µl of stock Cy5 (1 mg/ml) solution was added to the 

oxidized Ab solution and left overnight to react at RT protected from light. Afterward, the 

Cy5-labeled antibodies were separated from unbound dye using a centrifugal filter 

following manufacturers protocol (Amicon®, cut-off of 10 kDa). Anti-EGFR-Cy5 and IgG-

Cy5 were incubated with 0.5 mg of pSiNP-SC as previously described. 

 

2.2 Transmission electron microscopy (TEM) 

pSiNP size and morphology were characterized by TEM (JEM-2100F from JEOL, Japan), 

equipped with a field emission gun. Samples were diluted and deposited on Formvar film 

coated copper grids (ProSciTech, Australia). Images were acquired at 200 kV accelerating 

voltage. Average particle size and pore size were determined using ImageJ. 

 

2.3 BET analysis 

The surface area and pore size of pSiNP were determined by N2 adsorption-desorption 

isotherms using the 3 Flex (Micromeritics, US). The data obtained was analyzed using the 

Braunauer- Emmett-Teller (BET) method. The surface area and average pore diameter of 

pSiNP were calculated using MicroActiveTM data reduction software. 

 

2.4 Infrared spectroscopy (IR) 

The successful surface functionalization of pSiNP was confirmed by infrared spectroscopy 

(IR) using a Frontier IR (PerkinElmer, USA) in attenuated total reflectance mode. The 

spectra were acquired over 64 scans with a resolution of 4 cm-1.  

 

2.5 Determination of Camptothecin (CPT) loading and release kinetics from pSiNP and Ab 

attachment 
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The loading efficiency and release experiments were carried out by measuring the 

absorbance intensity of CPT using a UV-Visible spectrophotometer (Agilent 8453) at 340 

nm. To measure the loading efficiency, a calibration curve was plotted for different 

concentrations of CPT (data not shown). 300 µg of the two groups of pSiNP loaded with 

CPT (pSiNP+CPT and pSiNP+CPT+anti-EGFR) were resuspended in 1 ml 

dimethylformamide (DMF) and sonicated for 30 min to induce the diffusion of CPT from the 

pSiNP pores. Samples were then centrifuged for 10 min at 16,000 rcf to remove the pSiNP 

from the CPT solution. The concentration of CPT in the solution was measured by fitting 

the measured absorbance into the previously obtained calibration curve. The obtained 

concentration was then converted to µg of CPT per mg of pSiNP and was considered the 

total CPT loaded. To determine the release profile, 1 mg of pSiNP+CPT and 

pSiNP+CPT+anti-EGFR were diluted in 1 ml cell culture media (DMEM) and stored at 

37°C for the duration of the experiment. At each time point (0, 0.5, 1, 2, 3, 4, 10, 24, 48 h) 

100 µl of the pSiNP solution were centrifuged for 5 min at 16,000 rcf to remove the pSiNP. 

The CPT content in the obtained supernatant was measured by UV-Vis as indicated 

before. The same was performed for pSiNP+CPT+anti-EGFR in PBS at pH 7.2 and pH 

5.4. 

To ascertain the amount of Ab displayed on the pSiNP, the supernatants after Ab 

immobilization were measured with a UV-Vis spectrophotometer (NanoDrop 2000, Thermo 

Scientific). The amount of Ab present in solution was subtracted from the initial 

concentration of Ab added to the pSiNP and the result was considered the total of Ab 

attached to the pSiNP surface. 

 

2.6 In vitro study 

MDA-MB-231BO cells were kindly provided by T. Yoneda (University of Texas Health 

Science Center, San Antonio, USA). This cell line shows an enhanced ability to spread 
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and grow in bone as it was isolated from bone metastases after intra-cardiac injection of 

MDB-MB-231 cells into mice [34]. Cells were cultured in DMEM (Thermo Fischer 

Scientific, USA) supplemented with 10% FBS, 100 IU/ml penicillin and 100 µg/ml 

streptomycin and 1xGlutamax (all from Life Technologies, USA). After 24 h in culture, cells 

were either subjected to i) a luminescence-based cell viability assay to test the cytotoxicity 

of each type of pSiNP or ii) confocal microscopy to determine the localization and targeting 

specificity of the particles. 

 

2.7 Cell viability analysis 

Bone-metastatic MDA-MB-231BO BCa cells (2x104 cells per well in a 96 well plate in 

triplicates) were exposed to four different pSiNP types at a concentration of 50 µg/ml in cell 

culture medium: pSiNP only, anti-EGFR Ab-displaying pSiNP (pSiNP+Ab), CPT-loaded 

pSiNP (pSiNP+CPT) and pSiNP loaded with CPT and displaying anti-EGFR Ab 

(pSiNP+CPT+Ab). After 1 h of incubation, the cells were washed with phosphate-buffered 

saline (PBS) twice to remove unbound particles and then cultured in fresh media for 60 h. 

The same procedure was done for the positive (media only) control and cells incubated 

with free CPT (6.6 µg/ml in cell culture medium; equivalent to the amount added in solution 

when non-targeted pSiNP were used as a carrier). After 60 h the viability of the cells after 

each treatment was assessed with a luminescence-based assay. Cells were washed with 

PBS once, 100 µl of CellTiter-Glo® (Promega, USA) were added to each well and 

incubated for 10 min on an orbital shaker protected from light. Finally, luminescence was 

recorded with an EnSpire Multimode Plate Reader (PerkinElmer, USA). 

 

2.8 Competition and internalization assays by confocal microscopy  

MD-MB-231BO cells were seeded in an eight chamber slide (Thermo Fisher Scientific) at 

2x105 cells per well and allowed to attach overnight. The cells were then washed 2x with 
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PBS before subsequent nanoparticle treatment. For the competition group, 50 µl of anti-

EGFR (1 mg/ml) was added into each well to block the EGFR receptor for 1 h. The wells 

were then washed 2x with PBS to remove free anti-EGFR. Afterward, Cy5-labelled 

pSiNP+anti-EGFR or pSiNP+IgG were added to the cells and incubated for 30 min for both 

competing and non-competing groups. The nanoparticle concentration was kept constant 

at 50 µg/ml for all treatments. After incubation, the chamber slides were washed 2x with 

PBS and then fixed in 4 % paraformaldehyde (PFA) for 15 min at RT. The chambers were 

then washed 3x in PBS and permeabilized with 0.1 % Triton X-100 in PBS for 5 min at RT. 

The chambers were then washed 3x in PBS and stained with Hoechst 33342 (1:5000, 

Thermo Fisher Scientific) and phalloidin-TRITC (1:500, Thermo Fisher Scientific) for 30 

min at RT. Finally, the slides were washed 3x with PBS and mounted onto glass slides 

with Prolong™ Diamond Antifade Mountant (Thermo Fisher Scientific). Images were 

acquired with a confocal laser scanning microscope (Leica TCS SP8, Leica 

Microsystems). Quantification of the fluorescence intensity of the pSiNP for the different 

groups and time points (n=3 each) was performed with ImageJ. 

The same seeding, staining and imaging protocol was carried out for 3T3 cells. After 30 

min or 24 h, the internalization rate of pSiNP+anti-EGFR on this mouse cell line was 

assessed. 

 

2.9 The humanized tissue-engineered bone construct (hTEBC) 

A comprehensive description of the manufacturing and characterization of the hTEBC has 

been previously published [35]. Briefly, tubular medical-grade polycaprolactone (mPCL) 

scaffolds (5 mm diameter, 8 mm length) consisting of 600 fiber pairs were produced by 

melt-electrowriting [36] and coated with calcium phosphate (CaP) [37]. After informed 

consent, human osteoblasts were obtained during hip arthroplasty in human donors 

(approved by the human ethics committee of the Queensland University of Technology - 
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#1400001024) and isolated and cultured according to previously described protocols [38]. 

The sterile mPCL-CaP scaffolds were seeded with 1.3x105 primary human osteoblasts 

and cultured on a plate shaker for 2h per day. After three weeks in vitro culture, osteogenic 

culture conditions (α-MEM supplemented with 10 mM β-glycerophosphate, 50 µg/ml 

ascorbic acid, 100 mM dexamethasone (all from Sigma-Aldrich, USA), 100 IU/ml penicillin 

and 100 µg/ml streptomycin and 10% FBS) were introduced to induce osteogenic 

differentiation and scaffolds were cultured for another three weeks. 

The detailed preparation of cell-laden gelatin methacryloyl (GelMA) hydrogels for in vitro 

and in vivo applications has been already described by our group [39]. Briefly, after 

dissolving GelMA with a low degree of functionalization in PBS, 1.5 mg/ml lithium phenyl-

2,4,6-trimethylbenzoylphosphinate (LAP) photo-initiator was added to obtain the precursor 

solution with a final concentration of 5% GelMA. Human umbilical vein endothelial cells 

(HUVECs) transduced with mCherry were cultured in ECGM-2 (from PromoCell, Germany) 

supplemented with 100 IU/ml penicillin and 100 µg/ml streptomycin) and multipotent 

mesenchymal stromal cells (MSCs) transduced with GFP were cultured in DMEM (with 

16.5% FBS and 100 IU/ml penicillin and 100 µg/ml streptomycin). The cells were added to 

the precursor solution in a 10:1 ratio (6x106 HUVECs per ml and 6x105 MSCs per ml) and 

uncoated tubular mPCL scaffolds (3 mm diameter, 6 mm length, 250 layers) were placed 

upright in a custom-made Teflon cast. The GelMA-cell solution was pipetted into the 

scaffolds and the casting mold was covered with a glass slide. The gels were cross-linked 

for 40 s at 405 nm. Finally, the gels were washed in PBS and then cultured for several 

days in ECGM-2 (PromoCell) containing 100 IU/ml penicillin and 100 µg/ml streptomycin 

(LifeTechnologies) and 125 ng/ml SDF-1α, VEGF and FGF2 (all from Miltenyi Biotec) 

each. 

 

2.10 In vivo pSiNP treatment study 
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The animal study was approved by the University of Queensland Animal Ethics Committee 

(QUT/TRI/034/15/NHMRC) and the Queensland University of Technology Animal Ethics 

Committee (1500000286) and conducted in accordance with the Australian Code of 

Practice for the Care and Use of Animals for Scientific Purposes. Female NSG mice, 4 

weeks of age, were purchased from the Animal Resources Centre (Canning Vale, 

Australia). The animals were held under specific pathogen-free, temperature-controlled 

conditions and supplied with sterilized food and water at the Biological Resources facility 

at the Translational Research Institute (Brisbane, Australia). The animals were 

acclimatized for one week prior to subcutaneous (s.c) implantation of the hTEBCs. Two 

incisions were made longitudinally on each side of the back of the mouse and 

appropriately sized subcutaneous pockets were developed with blunt-ended scissors. 

Before implantation, the hydrogel scaffolds were placed inside the human osteoblast 

scaffolds and the interspace was filled with 30 µl fibrin glue (TISSEEL Fibrin Sealant, 

Baxter Healthcare International) and 20 µl rhBMP-2 (1.5 µg/ml, Medtronic, Minneapolis, 

USA). After implantation of hTEBCs and subsequent wound closure, animals were kept for 

15 weeks to allow bone tissue formation. In week 15, all mice were injected with 5x105 

MDB-MB-231BO-Luc cells (MDA-MB-231BO cells transduced with a lentivirus to express 

luciferase), into the right mammary fat pad of the fourth mammary gland. Primary tumor 

growth and metastasis of the inoculated human BCa cells were monitored weekly via 

bioluminescence imaging (BLI). During week 17 to 20 mice were treated with different 

types of pSiNP. Animals received intraperitoneal injection of 50 mg/kg pSiNP, 

pSiNP+CPT, pSiNP+CPT+Ab or pSiNP+Ab. Nanoparticles loaded with CPT held 132 µg 

drug per mg pSiNP+CPT and 76 µg drug per mg pSiNP+CPT+Ab. After four weeks of 

pSiNP treatment once per week, mice were euthanized by CO2 asphyxiation. The 

hTEBCs, primary tumors, mouse bones and organs were explanted and ex vivo BLI 
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imaging was performed. Specimens were fixed in 4% PFA for 24 h at 4°C and transferred 

into 80% ethanol for further analysis. 

 

2.11 Monitoring of mineralized tissue formation 

Mice were imaged on an UltraFocus 100 X-Ray system (Faxitron, Tucson, USA) to 

document bone formation over time. 

Additionally, mineralized tissue formation was monitored fortnightly by in vivo CT using the 

Inveon Micro-CT/PET Image Station (Siemens, Munich, Germany). The CT settings were 

as follows: 80 kV at 500 µA with a 0.5 mm aluminum filter, binning factor 2, 1100 ms 

exposure time per projection, 180 projections at 360° rotation and medium system 

magnification (source-to-center = 184.24 mm; source-to-detector = 345.34 mm). For image 

reconstruction the standard Feldkamp algorithm for cone beam CT reconstruction was 

used. A Shepp-Logan filter, as well as noise and ring artefact reduction, were applied, 

resulting in an image matrix of 1024x1024x1536 with an isotropic voxel size of 35.84 µm. 

Scans were analyzed using ImageJ at a lower grayscale value threshold of 400. 

Ex vivo CT analysis was performed to quantify the mineralized tissue volume in all 

hTEBCs and to look for any metastatic lesions in the scaffolds and mouse bones. The 

samples were scanned with a Scanco Medical µCT 40 scanner (Scanco, Bruettisellen, 

Switzerland) at a voxel size of 16 µm, intensity of 145 µA and voltage of 55 kV. 

Reconstructions were evaluated at a threshold of 255 HU and volume and density of the 

formed mineralized tissue were quantified. 

 

2.12 Bioluminescence imaging (BLI) 

During the study, mice were imaged weekly with the IVIS Spectrum 200 (PerkinElmer, 

Waltham, USA) to monitor local tumor growth and/or metastatic spread of MDA-MB-

231BO-Luc cells. Therefore, mice were injected with 200 µl of a 7.5 mg/ml solution of D-
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luciferin potassium salt (1.5 mg total) intraperitoneal and anaesthetized (2% Isoflurane, 

1l/min 100% O2). At the experimental endpoint ex vivo BLI of all inner organs, primary 

tumor, hTEBCs and the mouse skeleton was conducted post mortem. All scans were 

visualized and quantified using LivingImage software (Version 4.5, PerkinElmer). 

 

2.13 Spinning disc confocal imaging of Camptothecin (CPT) on tumor tissue sections 

5 µm paraffin sections of tumor tissue were used to localize CPT within the tissue via its 

intrinsic fluorescence. Images were captured using a Nikon Plan Apochromat 20x/0.75 NA 

air objective on a spinning disk confocal microscope (Diskovery; Andor Technology, UK) 

built around a Nikon Ti-E body (Nikon Corporation, Japan) and equipped with two Zyla 4.2 

sCMOS cameras (Andor Technology) and controlled by Nikon NIS-Elements AR software. 

Images were scanned as 4 by 4 stitched tiles with 10% overlap, and 5 Z-steps spaced by 

0.9 µm. Camptothecin was excited using a 405 nm laser at 0.49 mW power, with 200 ms 

exposure time, and pinhole size set at 50 µm. Brightfield images captured with 400 ms 

exposure time were overlaid. Images were processed using ImageJ. 

 

2.14 Histology and immunohistochemistry (IHC) 

After µCT analysis, mouse bones and hTEBCs were decalcified in a solution of 10% EDTA 

pH 7.4 at 37˚C. After dehydration in an automated Excelsior ES tissue processor (Thermo 

Fisher Scientific, Waltham, USA), samples were embedded in paraffin. Tissue sections 

were used for H&E staining, to evaluate general tissue structure and morphology, and IHC 

analysis of the expression of human LaminAC (1:300, ab108595, Abcam) and Ki67 (1:100, 

M7240, Dako).  

For each analyzed tissue sample, 20 representative serial sections were collected and the 

1st, 10th and 20th section of each specimen (3 slides total) was histologically analyzed 
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using H&E. Guided by the H&E sections, representative sections were chosen from the 

remaining slides for each IHC staining. 

Paraffin sections were deparaffinized in xylene and rehydrated in an ethanol series for 

IHC. Antigen retrieval was conducted using either heat mediated epitope retrieval with 

sodium citrate (pH 6) or EDTA (pH 9) buffer or enzymatic antigen retrieval using 

Proteinase K (Dako). Endogenous peroxidase activity was blocked with 3% H2O2 (Sigma-

Aldrich) and for intracellular target proteins an additional permeabilization step with 0.1% 

Triton X-100/PBS (Merck) was performed. Then tissue sections were blocked with 2% 

BSA/PBS (Sigma-Aldrich) and subsequently incubated with the primary Ab for 1 h at RT or 

O/N at 4°C. Signal detection and development were p erformed with the Envision+ Dual 

Link secondary HRP system (Dako) and 3,3'-diaminobenzidine (DAB) chromogen 

substrate (Dako) before counterstaining with Mayer’s hematoxylin (Sigma-Aldrich). 

Semi-automated quantification of IHC staining was performed with Visiopharm 2017.2 

software (Visiopharm, Denmark). 

 

2.15 Statistical analysis 

Statistical analysis was performed using IBM SPSS Statistics software Version 25 (IBM, 

USA). The UNIANOVA model was applied for analysis of regression and variance for one 

dependent variable by one or more variables [40]. Bootstrapping was included to improve 

the robustness of the estimates of confidence intervals. For descriptive statistics, values 

were reported as the mean±SEM or boxplots. The level of significance was set at p≤0.05. 

 

3. Results and Discussion 

3.1 Targeted CPT-loaded pSiNP are taken up into MBA-MB-231BO cells and reduce 

viability 
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Targeted and non-targeted CPT-loaded pSiNP were fabricated and characterized as 

described previously (Figure 1A ) [26]. Importantly, the surface functionalization of our 

approach allows the attachment of antibodies in an oriented way - through its fragment 

crystallizable (Fc) region - facilitating the interaction of their active site with the cell-surface 

receptor of interest [27]. Transmission electron microscopy (TEM) images (Figure 1B) 

showed pSiNP with a size of 165 ± 15 nm in diameter, 80 ± 10 nm in thickness and 12 ± 6 

nm in pore size. BET (Brunauer-Emmett-Teller) analysis was performed to evaluate the 

surface area and porosity of pSiNP. N2 adsorption-desorption isotherm of pSiNP showed 

an average pore size of 18.6 nm and total surface area of 489.17 m2/g (Figure S1A ). 

Surface functionalization was confirmed by means of IR spectroscopy (Figure 1C ). 

Dynamic light scattering (DLS) showed that particles coated with anti-EGFR Ab increased 

to ~245 nm in size, retaining particle morphology (Figure 1D ) and stability over time and at 

RT, 4°C and 37°C (Figure 1E ). 
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Figure 1: Fabrication and functionalization of poro us silicon nanoparticles (pSiNP).  

(A) Schematic of the surface functionalization process after electrochemical etching of 

crystalline Si that produced a porous film, which was further electropolished and fractured 

into particles. Freshly etched pSiNP (a) were subjected to thermal hydrosilylation (i) to 

attach the semicarbazide (SC) linker (b) and lead to functionalized pSiNP-SC (c). pSiNP-

SC was further deprotected (ii) resulting in pSiNP-DP (d) without Boc protecting group. 

pSiNP are then reactive towards oxidized Ab (iii) achieving it immobilization in an oriented 

way (e). (B) TEM images showed the monodispersed solution of pSiNP obtained with a 

size of 80 ± 10 nm in thickness and 165 ± 15 nm in diameter. The zoom-in evidenced the 
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pore structure of the particles with a pore size of 12 ± 6 nm. (C) Each functionalization step 

was characterized by FTIR. Marked in grey are the main peaks. Si-H stretching vibrations 

at 2100 cm-1 were predominant in as-prepared samples, but were attenuated after thermal 

hydrosilylation with the semicarbazide (SC) linker and subsequent deprotection. This 

reaction is typically incomplete and the remaining Si-H is important for pSiNP degradation. 

Peaks at around 1700 and 1650 cm-1 present in the particles after thermal hydrosilylation 

confirm successful immobilization of the SC linker, as they correspond to C=O stretches 

from the carbamate and urea groups, respectively. Removal of the Boc protecting group in 

the deprotected pSiNP (pSiNP-DC) was confirmed by the disappearance of the carbamate 

peak. C-H stretching vibrations from the aliphatic chains at 2850-2970 cm-1 were also 

observed in pSiNP-SC and pSiNP-DC. (D) TEM images of pSiNP+anti-EGFR do not 

evidence any change in morphology of the pSiNP structure. (E) DLS measurements of 

nanoparticles after antibody conjugation (pSiNP+anti-EGFR) showed an average 

hydrodynamic diameter of 245 ± 5 nm, which was stable over a period of 5 days at 4°C, 

22°C and 37°C. 

 

The CPT-loading was calculated to be 150 ± 10 µg of CPT per mg of pSiNP for both non-

targeted and Ab-conjugated particles, which corresponds to a ratio of drug to pSiNP of 15 

wt.%. Unloaded pSiNP and pSiNP+anti-EGFR were also prepared as controls. The Ab 

attachment for unloaded pSiNP+anti-EGFR was 50 ± 3 µg Ab per mg of pSiNP and 47 ± 1 

µg Ab per mg of pSiNP for pSiNP+CPT+anti-EGFR. Release kinetics in cell culture media 

at 37°C showed that 64 ± 1% and 76 ± 2% of CPT was released after 24 h and 91 ± 3% 

and 78 ± 2% after 48 h from targeted and non-targeted pSiNP, respectively (Figure 2A ). 

At pH 5.4 (Figure 2B ), the release kinetics of pSiNP+CPT+anti-EGFR was significantly 

faster after 2 h (21 ± 3% released) when compared to the release at pH 7.2 (2 ± 3% 

released). This tendency is constant for the 48 h incubation time, suggesting that once the 
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particles are internalized and exposed to the acidic intracellular environment, CPT will be 

released faster. 

In a luminescence-based cell viability assay pSiNP and pSiNP+anti-EGFR, incubated with 

the cells for 30 min, exhibited no apparent toxicity after 60 h (Figure 2C ). Free CPT had 

minimal effect on MDA-MB-231BO cells under the same conditions, reducing viability to 84 

± 3% (Figure 2C ). Only when left in contact with the cells for 60 h free CPT reduced cell 

viability to less than 50% (Figure S1B ). In contrast, CPT delivered via pSiNP+CPT 

decreased cell viability to 34 ± 7% after 30 min incubation and further 60 h of in vitro 

culture (Figure 2C ). Indicating the therapeutic superiority of targeted therapy, 

pSiNP+CPT+anti-EGFR treatment resulted in the lowest viability with only 13 ± 3% of the 

cells remaining alive (Figure 2C ). The difference between targeted and non-targeted 

particles was significant when cell viability was measured after 24 or 48 h post-incubation, 

however not to the level that was observed at 60 h (Figure S1B ). From a translational 

point of view, the significance of the in vitro data sets warrants further study in clinically-

relevant in vivo models to better understand and predict tumor receptor-mediated targeting 

using nanoparticles. 

Targeted cellular internalization using an anti-EGFR Ab has been described by Liao et al. 

[17]. The study demonstrated that cetuximab-immunomicelles can be used to deliver 

doxorubicin and superparamagnetic iron oxide into A431 human epidermoid carcinoma 

cells, thus serving as a targeted drug delivery vehicle that can be used for tumor imaging 

concurrently [17]. Tseng et al. applied cetuximab in a similar theranostic approach. By 

delivering cetuximab-conjugated, dextran-coated superparamagnetic iron oxide 

nanoparticles into cells they could show the pro-apoptotic effect of the Ab itself as well as 

the ability to image EGFR-expressing tumors with this nanoparticle compound [41]. We 

confirmed the specific binding of pSiNP+anti-EGFR to EGFR-overexpressing cells in an in 

vitro competition assay (Figure 2D ). MDA-MB-231BO cells were incubated with Cy5-
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labelled pSiNP+anti-EGFR and pSiNP+IgG in the presence of excess free anti-EGFR. The 

free Ab would have competed for the EGFR binding sites and prevented pSiNP+anti-

EGFR from binding. pSiNP+IgG was used as a control to demonstrate that preferential cell 

attachment was Ab-specific and favoured active targeting. Confocal fluorescence 

microscopy images revealed that an increased amount of interaction between pSiNP+anti-

EGFR and cells is observed compared to pSiNP+IgG in the absence of free Ab (Figure 

2D). When in competition, minimal fluorescence can be observed, as the EGFR sites are 

occupied with unlabelled free anti-EGFR. pSiNP+IgG showed minimal fluorescence for 

both competing and non-competing images due to the non-specificity of the attached Ab 

(Figure 2D ). Particle internalization of pSiNP+anti-EGFR into MDA-MB-231BO cells, 

particles (red) and cells (cytoskeleton in yellow, nucleus in blue), was confirmed through 

analysis of individual z planes (red and green lines) within the plane of the cell layer 

(Figure 2E , left panel). After 30 min pSiNP were attached to the cells but remained outside 

of the cell plane. After 24 h the pSiNP signal aligned with the cell plane confirming 

internalization into the cytoplasm (Figure 2E , left panel). The same experiment was 

performed with the non-targeting formulation pSiNP+IgG showing minimal internalization 

of pSiNP (Figure 2E , right panel). The fluorescence signal of the pSiNP was quantified 

using ImageJ (Figure S1C ) for both targeted and non-targeted pSiNP, after 30 min and 24 

h incubation. After 30 min of incubation, the fluorescence intensity observed in 

pSiNP+anti-EGFR was 10 times higher than for pSiNP+IgG, indicating the stronger affinity 

of anti-EGFR Ab to MDA-MB-231BO cells even at short incubation times. After 24 h, the 

targeted system (pSiNP+anti-EGFR) had 20 times more internalized nanoparticles than 

the non-targeted one (pSiNP+IgG). 

We also assessed the targeting efficiency of pSiNP+anti-EGFR on NIH 3T3 mouse 

fibroblasts, which do not express EGFR [42]. NIH 3T3 fibroblasts showed no binding of 

pSiNP+anti-EGFR or pSiNP+IgG after 24 h of incubation (Figure S1C ). These results 
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confirmed that the expression of EGFR is critical for the binding and internalization of 

actively targeted pSiNP.  

 

 

Figure 2: Effect and targeting ability of different ly functionalized porous silicon 

nanoparticles (pSiNP) on MDA-MB-231BO cells in vitro.  

(A) Release kinetics of pSiNP+CPT and pSiNP+CPT+Ab evaluated in cell culture media at 

37°C (n=3; #,***p≤0.005, **p≤0.01, *p≤0.05). (B) Release kinetics of pSiNP+CPT+Ab at pH 

7.2 and pH 5.4 at 37°C (n=3; **p≤0.01, *p≤0.05). (C) Cell viability of MDA-MB-231BO cells 

incubated with differently functionalized pSiNP after 60 h. The luminescence cell viability 

assay showed a significant reduction in viability of MDA-MB-231BO cells when incubated 

with pSiNP+CPT, compared to free CPT (n=3; ***p≤0.005). Viability was significantly lower 

after treatment with pSiNP+CPT+anti-EGFR as compared to pSiNP+CPT (n=3; **p≤0.01). 
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(C) Confocal images of cells incubated with either pSiNP+anti-EGFR (targeting) or 

pSiNP+IgG (non-targeting) after competition assay with free anti-EGFR confirmed 

selective targeting. When cells were first incubated with an excess of free anti-EGFR to 

block all EGFR on the cell surface (competition, right row), neither pSiNP+anti-EGFR nor 

pSiNP+IgG were bound. When fluorescent pSiNP+anti-EGFR were added to cells with no 

competition (no free anti-EGFR, (left panel) particles were associated with the cell (white 

arrows). For non-targeted particles (pSiNP+IgG), minor association was observed. 

Nucleus=blue, cytoskeleton=yellow, pSiNP+anti-EGFR=red. (D) Internalization of 

pSiNP+anti-EGFR and pSiNP+IgG was assessed by confocal microscopy. After 30 min 

(top image), nanoparticles were observed mainly on the surface of the cell in the z plane 

image (red and green line). After 24 h, particles were internalized into the cell body when 

targeted (pSiNP+anti-EGFR).  

 

3.2 CPT-loaded pSiNP reduce the growth of MDA-MB-231BO-Luc orthotopic tumors and 

increase survival 

After the proof of concept that pSiNP+CPT+anti-EGFR (from here on referred to as 

pSiNP+CPT+Ab for means of simplicity) are capable of killing triple-negative BCa cells in 

vitro, an in vivo study in an established humanized mouse model was conducted. 

Humanized tissue-engineered bone constructs (hTEBCs) were manufactured, cultured in 

vitro, characterized (Figure S2 ) and subcutaneously implanted into female NSG mice, to 

provide a humanized microenvironment for BCa bone metastases. After 15 weeks of in 

vivo bone formation, MDA-MB-231BO-Luc cells were injected into the murine mammary 

fat pad and led to the development of a palpable primary tumor within 2 weeks. 

Reduced tumor growth and metastatic spread were observed in the CPT-containing 

treatment groups (pSiNP+CPT, pSiNP+CPT+Ab) compared to the CPT-free groups 

(pSiNP+Ab, pSiNP) as indicated by in vivo BLI imaging (Figure 3A ). Localized spread of 
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the MDA-MB-231BO-Luc cells over the abdominal wall was most pronounced at weeks 18 

and 19 in the CPT-free groups. When the pSiNP contained CPT, however, local or 

metastatic spread of cancer cells was not detectable using BLI until the endpoint of the 

study. 

Furthermore, the growth rate of tumors treated with pSiNP+CPT+Ab and pSiNP+CPT was 

reduced in comparison to the pSiNP and pSiNP+Ab groups (Figure 3B ). This became 

more obvious from week 17 onwards and was most prominent at week 19, where the 

pSiNP+CPT+Ab group (n=5) showed a mean increase of the total flux of only 140-fold and 

the pSiNP+CPT group (n=5) of 200-fold. In comparison, the pSiNP+Ab group (n=5) and 

the pSiNP group (n=6) showed a greater increase in total flux values from week 15 to 

week 19 (with an average 2275-fold and 3782-fold increase, respectively), although this 

was not statistically significant. 

Furthermore, by week 5 after MDA-MB-231BO-Luc cell injection, animals treated with 

pSiNP+CPT+Ab and pSiNP+CPT showed higher survival rates (100% and 80%, 

respectively) than mice receiving pSiNP+Ab or pSiNP (both 65%) with no significant 

difference among groups, indicating that actively targeted CPT-therapy is contributing to 

the highest survival rate (Figure 3C ).  

Ex vivo BLI of the primary tumors (Figure 3D ) revealed the highest total flux in the 

pSiNP+Ab group (2.63x109 p/s ± 7.37x108 p/s; mean±SEM), which was significantly higher 

than for the pSiNP+CPT group (5.46x108 p/s ± 4.04x108 p/s; mean±SEM) (n=5; P=0.01). 

The pSiNP+CPT+Ab showed a total flux of 1.14x109 p/s ± 8.52x108 p/s (mean±SEM), 

which was not significantly different from the other treatment groups. 

Overall, orthotopic primary MDA-MB-231BO-Luc tumors showed a moderate reduction of 

growth in response to treatment with CPT-loaded pSiNP. We applied a dose of 7.5 mg/kg 

CPT delivered within targeted and non-targeted nanoparticles, once weekly for 4 weeks 

and did not include an experimental group receiving free CPT due to its poor solubility and 
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toxic side effects [43]. CPT-containing pSiNP were delivered intraperitoneally as this route 

of administration is reported to be less toxic and more efficient compared to intravenous 

injection for CPT derivatives with and without nanoparticles [44–46]. Lu et al. applied CPT-

loaded nanoparticles twice weekly by intraperitoneal injection for the treatment of 

subcutaneous MCF-7 primary tumors at a dose of 40 mg/kg without any side effects [47], 

which is more than four times the dose we used in the current study. Since we also did not 

observe any side effects and considering that the systemic toxicity of CPT is reduced due 

to active and passive targeting strategies, higher CPT treatment doses could be applied in 

order to determine if pSiNP-delivered CPT is also effective against already established 

primary tumors. In the current study, we observed no differences in proliferation rate 

according to Ki67 staining of primary tumor sections (Figure S3A ) between treatment 

groups. Moreover, no alterations in blood vessel formation, assessed by von Willebrand 

factor (vWF) staining (Figure S3B ), or CD44-associated extracellular matrix (ECM) 

crosstalk (Figure S3C ) were apparent after CPT-containing pSiNP treatment. Also, 

necrosis within the primary tumor (data not shown) was not significantly different between 

the four pSiNP treatments. However, IHC of the epithelial markers cytokeratin 8 (CK8) and 

Pan-cytokeratin (PanCK) and the mesenchymal cell marker vimentin indicated that primary 

MDA-MB-231BO-Luc tumors had begun to lose epithelial markers and started expressing 

mesenchymal markers. MDA-MB-231BO-Luc lung metastases no longer expressed 

epithelial markers, but displayed a mesenchymal cell-like phenotype (Figure S4 ). This 

highlights the aggressive phenotype of this bone-seeking BCa cell line and indicates that 

an established MDA-MB-231BO-Luc primary tumor might require a higher CPT-dose, an 

increased frequency of CPT-treatment delivered via pSiNP or a multi-drug delivery 

approach to maximize the effect. 

Interestingly, CPT-pSiNP mediated tumor growth reduction was not enhanced by actively 

targeting the nanoparticles to EGFR-expressing tumor cells with cetuximab. We 
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hypothesized to detect an increased therapeutic effect of the actively targeted 

(pSiNP+CPT+Ab) compared to the non-targeted pSiNP (pSiNP+CPT). This has also been 

described previously for the in vivo generation of regulatory T-cells with actively targeted 

pSiNP [23] and for the Ab-targeted delivery of siRNA in glioblastoma [22]. In the current 

study, however, the anti-EGFR targeting Ab did not provide an advantage in facilitating the 

internalization of pSiNP into cancer cells compared to non-targeted pSiNP. This finding 

stands in contrast to our in vitro data and might be due to the biological barriers present in 

the in vivo tumor microenvironment [48], resulting in similar penetration and internalization 

rates of targeted and non-targeted pSiNP. Furthermore, there is evidence that the 

antitumor activity of CPT is rather dependent on the timing and the maintenance of the 

plasma concentration and not so much on the individual dose [49]. Together, this indicates 

that the effect of intravenous versus intraperitoneal injection on the efficacy of targeted and 

non-targeted CPT-loaded pSiNP on triple-negative BCa primary tumors should be 

considered in future studies. 
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Figure 3: Effect of Camptothecin (CPT)-loaded porou s silicon nanoparticles (pSiNP) 

on the growth of MDA-MB-231BO-Luc primary mammary f at pad tumors in vivo.  

(A) Representative in vivo bioluminescence imaging (BLI) time courses for each treatment 

group showed reduced tumor growth and metastatic spread due to treatment with CPT-

loaded pSiNP. (B) In vivo BLI average fold change of the total flux for each treatment 

group was plotted over time and showed reduced tumor growth after treatment with CPT-

loaded pSiNP, both actively and passively targeted. Values are shown as mean±SEM; 

*p≤0.05 with pSiNP as reference. (C) The Kaplan-Meier survival plot confirmed reduced 

mortality after treatment with CPT-loaded pSiNP. (D) Ex vivo BLI of tumors revealed an 
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inhibiting effect on primary tumor growth of pSiNP+CPT treatment. Corresponding BLI 

images of the tumors are shown next to the graph. (**p≤0.01) 

 

Spinning disc confocal imaging of fixed and paraffin-embedded tumor tissue sections 

confirmed the presence of CPT in primary MDA-MB-231BO tumors (Figure 4 ). In both 

drug-containing treatment groups (pSiNP+CPT+Ab and pSiNP+CPT) a strong CPT-signal 

(top panel, blue overlaid with brightfield) was observed in cavities filled with red blood cells 

(arrowheads, Figure 4A and B ). In the case of pSiNP+CPT, the CPT filled vessels were 

found near apoptotic tumor areas (N, Figure 4A ). This clearly indicates that CPT, and thus 

the pSiNP, reached the primary tumor via the bloodstream, enabling a cytotoxic effect of 

CPT on the tumor tissue. 
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Figure 4:  Camptothecin (CPT)-loaded porous silicon nanopartic les (pSiNP) reach 

MDA-MB-231BO-Luc primary mammary fat pad tumors in vivo via the bloodstream. 

(A) Representative spinning disc confocal images of fixed and paraffin-embedded primary 

tumor tissue sections overlaid with brightfield (top panel) of the pSiNP+CPT group, confirm 

the presence of CPT (blue) in cavities filled with red blood cells (top panel, white 

arrowheads; bottom panel, black arrowheads on HE). CPT-positive vessels were located 

near necrotic tumor areas (N). (B) The presence of CPT was also confirmed in 
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pSiNP+CPT+Ab tumor sections. (C) Representative images of tumor tissue sections after 

pSiNP treatment do not show any CPT signal.  

 

3.3 CPT-loaded pSiNP reduce MDA-MB-231BO-Luc hTEBC metastases  

The tissue-engineering of a physiological relevant humanized bone compartment within 

the mouse would make models for cancer bone metastasis more accessible and 

reproducible [50]. However, most published studies in this field could not confirm the 

presence of the organ bone due to lack of bone marrow (BM), an organized mineralized 

tissue structure and/or human cells [33,51]. In contrast, our hTEBC not only recapitulates 

the anatomy and physiology of the organ bone, but also shows a high degree of 

humanization [52]. Recently we demonstrated the capability of the hTEBC approach to 

study species-specific interactions of BCa cells in a humanized hematochimeric model of 

BCa metastasis [53]. 

Immediately after subcutaneous implantation of the hTEBCs into the flanks of female NSG 

mice (week 0), as well as directly before the mammary fat pad injection of BCa cells (week 

15), x-ray imaging was performed to monitor the formation of mineralized tissue at the 

implantation site (Figure 5A ). On the day of implantation, the hTEBCs were visible as 

white shadows (red arrows), with no detectable calcification at the implantation site. After 

15 weeks, notable mineralized tissue formations were observed. Additionally, in vivo CT 

analysis was conducted on a small cohort of animals (n=2 for CPT-containing treatment 

groups; n=1 for CPT-free treatment groups). Comparison of the bone volume shortly 

before BCa cell injection (week 14) and at the endpoint (week 19) confirmed the 

development of a stable calcified tissue volume at the implantation site of the hTEBCs 

even after BCa cell injection for all treatment groups (pSiNP stable, pSiNP+CPT+Ab 8 % 

and pSiNP+CPT 11 % increase) except for pSiNP+Ab (6 % decrease; Figure S5A ). 
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A significant reduction of the metastatic BCa cell load in hTEBCs for animals treated with 

CPT-containing pSiNP was detected by ex vivo BLI (Figure 5B ). Independent of the 

presence of the targeting Ab, both treatments showed a significant reduction of BCa cells 

in the hTEBCs with a total flux of only 1.15x105 p/s ± 3.77x104 (mean±SEM) for 

pSiNP+CPT+Ab (n=10; P=0.05 with pSiNP and P=0.02 with pSiNP+Ab) and 1.95x105 p/s 

± 1.35x105 (mean±SEM) for pSiNP+CPT (n=10; P=0.01 with pSiNP+Ab), compared to 

animals that received CPT-free pSiNP treatment (pSiNP+Ab 1.47x107 p/s ± 6.82x106, 

n=10; pSiNP 4.63x107 p/s ± 2.89x107, n=12; both mean±SEM).  

Ex vivo µCT (Figure S5B ), histology (H&E, Figure S5C ) and IHC (Figure S5D-F ) 

confirmed that the hTEBC recapitulates the basic physiological structure of the human 

organ bone, such as a cortex-like outer structure surrounding a trabecular network, a BM 

compartment as well as blood vessels. Thus, it provides a humanized bone 

microenvironment, which serves as a suitable metastatic niche for human BCa cells as we 

could show with H&E (Figure 5C , black dashed line), where holes in the tissue (black 

asterisks) remained from former mPCL scaffold fibers. Metastatic spread of human cancer 

cells to the hTEBC was confirmed by IHC. Human-specific staining for LaminAC (black 

inlet) confirmed the human origin of the invading cell mass. Ki67, a frequently used 

proliferation marker for cancer cells [54], indicated the proliferative character of these cells. 

Together these findings confirmed metastatic spread of human BCa cells (black arrow) 

within the humanized bone niche of the hTEBC (Figure 5C ). Like the primary tumors, no 

differences in vWF (Figure S6A ) or CD44 (Figure S6B ) expression were observed in the 

hTEBCs after BCa cell metastasis, as validated by IHC. 

Altogether, we could show that the hTEBC provides a suitable humanized bone 

microenvironment for metastases from human BCa cells and that CPT-containing pSiNP 

can inhibit the metastatic spread from an orthotopic tumor of the triple-negative BCa 

subtype with an aggressive mesenchymal-like phenotype. Other groups showed promising 
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therapy concepts as well, yet only in experimental metastasis models and without a 

humanized bone compartment [55,56]. Rucci et al. successfully targeted α2β1 integrin to 

reduce primary tumor growth as well as BCa bone metastasis [55]. Cyclic chondroadherin, 

showed synergistic effects on survival when administered together with doxorubicin, yet 

those results were generated in an experimental metastasis model where MDA-MB-231 

cells were injected intracardially, forming human bone metastases in mouse bone [55]. 

Likewise, Schem et al. demonstrated significant effects on bone metastases with a new 

class of drugs, where an antimetabolite is conjugated with a bisphosphonate, but only in 

an experimental MDA-MB-231 metastasis model using intracardiac injection of human 

cancer cells [56]. Thus, these studies might not mimic the human disease situation and the 

therapeutic outcomes as close as our model, as those models lack the early steps of the 

metastatic cascade and are more likely to represent human-mouse instead of the relevant 

human-human cell interactions regarding metastatic bone disease.  
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Figure 5: Camptothecin (CPT)-loaded porous silicon nanoparticles (pSiNP) reduce 

MDA-MB-231BO-Luc metastases in humanized tissue-eng ineered bone constructs 

(hTEBCs) in vivo.  

(A) Monitoring of mineralized tissue formation by X-ray directly after implantation of the 

hTEBC and after 15 weeks of in vivo bone formation. (B) Ex vivo BLI of hTEBCs revealed 

a statistically significant reduction of the metastatic load after treatment with pSiNP+CPT 

and pSiNP+CPT+Ab. Macroscopic ex vivo BLI images of the hTEBCs are shown next to 

the graph. (*p≤0.05, **p≤0.01) (C) Histology (H&E) confirmed that the hTEBC serves as a 

metastatic niche for human BCa cells (black dashed line). IHC staining for human 

LaminAC and Ki67 showed human origin and proliferative character of metastases found 
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in hTEBCs treated with pSiNP without CPT, confirming metastatic invasion of human BCa 

cells into the hTEBC (black arrow). 

 

3.4 CPT-loaded pSiNP reduce MDA-MB-231BO-Luc metastasis to lung, liver and murine 

bone  

Metastatic spread of BCa cells to the mouse organs including lungs, liver and mouse bone 

following pSiNP treatment was determined with ex vivo BLI. Mouse lung tissue showed a 

significantly lower metastatic burden after pSiNP+CPT treatment (3.21x106 p/s ± 1.52x106; 

mean±SEM) when compared to pSiNP+Ab (1.51x108 p/s ± 1.16x108; mean±SEM; P=0.02) 

and pSiNP (2.89x107 p/s ± 1.44x107 (mean±SEM); P=0.02) (Figure 6A ). Treatment with 

pSiNP+CPT+Ab reduced the pulmonary metastatic load slightly to a total flux mean of 

1.51x107 p/s ± 7.86x106 (mean±SEM), but was not statistically significant when compared 

to groups without CPT. Interestingly, pSiNP+Ab treatment showed the highest metastatic 

load in the lungs of all four groups. Active targeting of the CPT-loaded pSiNP via 

cetuximab was not superior to non-targeted CPT-loaded pSiNP in this setting. Overall, the 

pSiNP groups without the targeting Ab reduce the metastatic load further than the 

respective groups displaying cetuximab (pSiNP+CPT+Ab versus pSiNP+CPT and 

pSiNP+Ab versus pSiNP). In general, cetuximab is supposed to lead to increased 

apoptosis after EGFR uptake into the cell [15], which we could not observe in this setting. 

We hypothesize that this could be due to changes in the physicochemical properties after 

the functionalization of pSiNP with cetuximab, which lead to different circulation times and 

biodistribution patterns at different tissue sites [57]. Furthermore, Bhattacharyya et al. 

showed that a nano conjugation does not only influence the physicochemical appearance 

of nanoparticles, but can also alter cellular processes on a molecular level when Ab-

induced receptor endocytosis is involved [58]. This requires further experiments in order to 

elucidate the ideal application of each delivery system based on its cellular effects as well 
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as to tailor the properties of the pSiNP for more specific applications and to predict which 

type of pSiNP will be suitable for which type of metastases. 

The BLI results were confirmed by IHC staining of LaminAC and Ki67 (Figure 6B and C ). 

When the DAB-positive area for LaminAC staining was normalized on the total tissue area 

pSiNP+CPT treatment showed the lowest mean ratio of positive cells with only 1.35%, 

which was significantly different to the mean ratio obtained from the non-functionalized 

pSiNP group with a mean of 3.21% (P=0.05) (Figure 6B ). Lung tissue of animals treated 

with pSiNP+Ab had a mean ratio of 2.69%. pSiNP+CPT+Ab treatment reduced the 

metastatic burden in the lungs (mean area ratio of 1.89%), however without significance. 

Additionally, Ki67 IHC was performed and revealed the same effects of the four treatment 

groups with the following mean area ratios: pSiNP+CPT+Ab 3.59%, pSiNP+CPT 1.58%, 

pSiNP+Ab 5.13%, pSiNP 5.94% (P=0.04) (Figure 6C ). 

Furthermore, treatment with the two CPT-loaded pSiNP groups led to a lower metastatic 

burden in liver, spine and the left leg, chosen as a representative site for a murine long 

bone (Figure 6D ). The right leg was excluded from the analysis of metastases, due to its 

proximity to the primary tumor in the right mammary fat pad. For all three tissue sites we 

found that pSiNP+CPT+Ab (liver 8.63x107 p/s ± 8.52x107, P=0.04; spine 1.48x108 p/s ± 

1.41x108, P=0.02; leg 1.55x106 p/s ± 1.05x106, P=0.02; all mean±SEM) as well as 

pSiNP+CPT treatment (liver 6.52x106 p/s ± 3.54x106, P=0.05; spine 1.03x107 p/s ± 

5.72x106, P=0.007; leg 9.58x105 p/s ± 4.14x105, P=0.02; all mean±SEM) reduced the 

metastatic burden statistically significant when compared to the pSiNP+Ab group (liver 

1.50x108 p/s ± 9.14x107, spine 8.24x108 p/s ± 4.47x108, leg 5.16x107 p/s ± 3.81x107; all 

mean±SEM). Also, for all three tissues animals of the pSiNP group showed more 

metastases than animals that received CPT-containing pSiNP (liver 6.12x107 p/s ± 

4.68x107, spine 2.57x108 p/s ± 2.12x108, leg 7.72x106 p/s ± 6.39x106; all mean±SEM), but 

not always with statistical significance. 



34 

 

These findings indicate that CPT-containing pSiNP reduce metastatic growth in all organs 

relevant to BCa (murine lungs, liver and bone; and most importantly, humanized bone). 

Other current studies lack consideration of a comprehensive anti-metastatic treatment 

effect as they typically focus on only one metastatic organ. For example, Tonsing-Carter et 

al. developed an orthotopic breast-to-lung metastatic model and showed great effects of a 

combinational treatment of carboplatin and nutilin-3a on primary tumor growth and lung 

metastasis [59]. However, bone metastases as a primary target site of metastatic BCa 

were not considered in murine nor human bone. Moreover, liver metastases are frequently 

observed in BCa patients [60]. Available treatments for human patients, however, are 

limited and only palliative [61]. In this study, BCa-related liver metastases were 

recapitulated and significantly reduced by the CPT-containing pSiNP treatment. Overall, 

we found a reduced metastatic load in all tissues relevant in human BCa and did not 

detect any indications for general toxicity like weight loss of the animals [62,63] or 

hepatotoxicity of the pSiNP treatment by H&E staining (data not shown). 
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Figure 6: Camptothecin (CPT)-loaded porous silicon nanoparticles (pSiNP) reduce 

MDA-MB-231BO-Luc metastases in lung, liver and mous e bone.  

(A) Ex vivo BLI of lungs revealed lower metastatic load after treatment with CPT-loaded 

pSiNP. (B) IHC staining for human LaminAC confirmed human origin of lung metastases. 

Representative images of LaminAC stained tissue sections are shown. Reduced number 

of lung metastases due to treatment with pSiNP containing CPT was confirmed by 

normalizing the 3,3'-diaminobenzidine (DAB)-positive area on the total tissue area. (C) IHC 

staining for Ki67 confirmed the proliferative phenotype of metastatic lung lesions and was 

quantified by normalizing the DAB-positive area on the total tissue area. (D) Ex vivo BLI of 
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liver, spine and left leg as a representative site for mouse bone, showed reduced 

metastatic load also in those organs after treatment with pSiNP+CPT and 

pSiNP+CPT+Ab. (*p≤0.05, **p≤0.01, ***p≤0.005) 

 

4. Conclusions 

In this study, we made use of a humanized mouse model for BCa - which has already 

been validated to study the interaction of human BCa cells within a humanized bone 

microenvironment - to evaluate the potency of targeted pSiNP treatment against 

metastatic triple-negative BCa. We demonstrated that targeted delivery of CPT via pSiNP 

is an effective approach to make this potent, but per se poorly water-soluble and toxic, 

anti-cancer drug available for cancer therapy. Despite its moderate effect on primary tumor 

growth reduction, the presented CPT delivery system significantly impaired the metastatic 

burden in humanized bone as well as other organs relevant for human metastatic BCa, 

such as lung and liver.  

The modularity of this pSiNP system makes it easily applicable for the targeted delivery of 

other potent anti-cancer compounds, alone or in combination, with poor or moderate 

pharmacokinetic profiles and/or lack of specificity. 
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Supporting Information 

 

 

Figure S1: Additional data on porous silicon nanopa rticle (pSiNP) behavior with 
cells in vitro.  

(A) N2 adsorption-desorption isotherm of pSiNP showing an isotherm of type IV. (B) 

Viability of MDA-MB-231BO cells upon incubation with different pSiNP-based treatments. 

Cells were incubated with either pSiNP, pSiNP+anti-EGFR, pSiNP+CPT, 

pSiNP+CPT+anti-EGFR and free CPT. Cells containing pSiNP were washed after 30 min 

and left for further incubation at different time points (24 h, 48 h and 60 h). Free CPT was 

not washed from the cells and left until cell viability assay was performed. Luminescence 

cell viability assay was measured after 24, 48 and 60 h, showing that the 

pSiNP+CPT+anti-EGFR was more efficient than pSiNP+CPT at each measured time point 

and that free CPT only caused a viability reduction of more than 50% after 60 h of 

incubation. (n=3; *p≤0.05, **p≤0.01, ***p≤0.005, ****p≤0.001) (C) Fluorescence signal 

quantification from the confocal images taken after cells were incubated with either 

pSiNP+Anti-EGFR or pSiNP+IgG for 30 min or 24 h (n=3; *p≤0.05, **p≤0.01). (D) Confocal 

images of NIH 3T3 fibroblast cells incubated with pSiNP+anti-EGFR (left) and pSiNP+IgG 

(right) to confirm selective targeting of pSiNP+anti-EGFR to EGFR. Since NIH 3T3 cells do 
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not show overexpression of EGFR,[42] no fluorescently labeled pSiNP were attached to 

cells.  
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Figure S2: In vitro characterization of the medical-grade polycaprolact one (mPCL) 

scaffold before and after seeding with human osteob lasts (hOBs). 

(A) Stereomicroscopic images of the untreated mPCL scaffold. (B) and (C) SEM images of 

the untreated mPCL scaffold at different magnifications using a Tescan MIRA3 (Tescan, 

Czech Republic). (D) and (E) SEM images of the calcium phosphate-coated mPCL 

scaffold at different magnifications. (F) and (G) SEM images of an mPCL scaffold seeded 

with human osteoblasts (hOBs) after 6 weeks in vitro culture (3 weeks osteogenic). (H) 

Maximum projection confocal image of live-dead staining (10 µg/ml fluoresceindiacetate 

and 5 µg/ml propidium iodide; both from Life Technologies) of seeded mPCL scaffold after 

6 weeks in vitro culture. (I) Maximum projection confocal image of fibronectin 

immunofluorescence staining (1:200, HFN 7.1, DSHB) of seeded mPCL scaffold after 6 

weeks in vitro culture. Fibronectin=green, actin=red, nuclei=blue. (J) Maximum projection 
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confocal mage of osteocalcin immunofluorescence staining (1:400, ab13418, Abcam) of 

seeded mPCL scaffold after 6 weeks in vitro culture. Osteocalcin=green, actin=red, 

nuclei=blue. (K) Maximum projection confocal image of osteonectin immunofluorescence 

staining (1:100, AON-1, DSHB) of seeded mPCL scaffold after 6 weeks in vitro culture. 

Osteonectin=green, actin=red, nuclei=blue. 
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Figure S3: Ex vivo characterization of MDA-MB-231BO-Luc primary mammar y fat 

pad tumors after porous silicon nanoparticle (pSiNP ) treatment.  

Representative immunohistochemistry (IHC) staining of primary tumor sections for (A) 

Ki67, (B) von Willebrand factor (vWF) and (C) CD44 showed no significant differences in 

proliferation rate, blood vessel formation or extracellular matrix (ECM) interaction after 

treatment with different types of pSiNP when the 3,3'-diaminobenzidine (DAB) positive 

area was normalized on the total tissue area. 
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Figure S4: Epithelial to mesenchymal-transition ( EMT) of MDA-MB-231BO-Luc cells 

during metastatic dissemination. 

Representative LaminAC, CK8 (1:500, MAB3165, R&D), PanCK (1:400, ab215838, 

Abcam) and vimentin (1:800, RM-9120-S1, Thermo Fischer Scientific) 

immunohistochemistry (IHC) of primary tumor and lung metastasis. Human origin of 

primary tumors and lung metastases was confirmed by human-specific LaminAC staining. 

Primary MDA-MB-231BO-Luc tumors partially lost the epithelial marker profile (CK8 and 

PanCK), but showed a mesenchymal-like marker expression (vimentin), indicating an 

aggressive phenotype of this cell line already in the localized disease stage. 

Representative IHC of lung tissue revealed a complete epithelial-mesenchymal transition 

of MDA-MB-231BO-Luc cells within metastatic lesions.  
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Figure S5: In vivo and  ex vivo characterization of the humanized tissue-engineered  

bone construct (hTEBC) as physiological relevant bo ne microenvironment. 

(A) Representative in vivo CT analysis of humanized tissue-engineered bone construct 

(hTEBC) bone volume on a small cohort of animals over time showed slightly increasing 

bone volume for animals receiving pSiNP+CPT and pSiNP+CPT+Ab also after injection of 

osteolytic BCa cells in week 15. Mineralized tissue in the pSiNP group remained constant. 

Only for the pSiNP+Ab group, a decrease in bone volume was detectable, which might 

indicate enhanced osteolytic activity of BCa cells compared to the other groups. Values 

are reported as the mean±SEM. (B) Ex vivo µCT analysis of hTEBCs showed a cortex-like 

outer structure, which surrounded a network of trabeculae, confirming the morphological 

similarity to the physiology of the hTEBC to human bone. (C) Histology (H&E) showed a 
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cortex-like outer structure (black arrows) consisting mostly of mature bone matrix and 

enclosing a trabeculae network. Bone marrow (BM) spaces comprised cellular 

components of proliferative hematopoietic marrow and well-expanded vessels filled with 

red blood cells (asterisk). (D) Mesenchymal cells distributed within the bone matrix and the 

fibrous tissue were both of murine (blue) and human (brown, white arrows) origin as 

shown by IHC staining for human nuclear mitotic apparatus protein 1 (NuMA; 1:200, 

ab97585, Abcam). (E) Immunohistochemistry (IHC) staining for human osteocalcin (1:200, 

ab13418, Abcam) revealed areas of osteoblastic bone formation in the hTEBC. (F) IHC 

staining for human collagen type-I (1:100, ab23446, Abcam) verified that the bone organ 

was a chimera of human (brown, black arrow) as well as murine (blue, white arrow) 

extracellular matrix proteins. 
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Figure S6: Ex vivo characterization of humanized tissue-engineered bon e 

constructs (hTEBCs) after MDA-MB-231BO-Luc primary mammary fat pad tumor 

growth and porous silicon nanoparticle (pSiNP) trea tment. 

Representative immunohistochemistry (IHC) staining of primary tumor sections for (A) von 

Willebrand factor (vWF) and (B) CD44 showed no significant differences in blood vessel 

formation or extracellular matrix (ECM) interaction after treatment with different types of 

pSiNP when the 3,3'-diaminobenzidine positive area was normalized on the total tissue 

area. 

 

 



Highlights 

• Breast cancer (BCa) bone metastases are incurable with current treatment 

options. 

• The humanized tissue-engineered bone construct (hTEBC) mouse model can 

be used to test treatments against BCa bone metastases in vivo. 

• CPT-loaded porous silicon nanoparticles (pSiNP) showed significant 

therapeutic effect on BCa metastases in vivo. 

• The modularity of the pSiNP nanomedicine allows for numerous future 

applications. 
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