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An organotypic model of high-grade serous ovarian cancer to test 
the anti-metastatic potential of ROR2 targeted Polyion complex 
nanoparticles. 

Nidhi Joshi1‡, Dongli Liu2‡, Kristie-Ann Dickson3, Deborah J. Marsh3,4, Caroline E. Ford 2 *, 

Martina Stenzel1 * 

High-grade serous ovarian cancer (HGSOC) is the most lethal gynaecological malignancy. Most patients are diagnosed at late 

stages when the tumour has metastasised throughout the peritoneal cavity. The Wnt receptor ROR2 has been identified as 

a promising therapeutic target in HGSOC, with limited targeting therapeutic options currently available. Small interfering 

RNA (siRNA)-based therapeutics hold great potential for inhibiting the function of specific biomarkers, however major 

challenges remain in efficient delivery and stability. The aim of this study was to investigate the ability of nanopartic les to 

deliver ROR2 siRNA into HGSOC cells, including platinum resistant models, and estimate the anti -metastatic effect via a 3D 

organotypic model for ovarian cancer. The nanoparticles were generated by conjugating poly[2-(dimethylamino) ethyl 

methacrylate] (PDMAEMA) of various chain length to bovine serum albumin (BSA), followed by the condensation of ROR2 

siRNA into polyplexes, also termed polyion complex (PIC) nanoparticles. The toxicity and uptake of ROR2 siRNA PIC 

nanoparticles in two HGSOC cell lines, CaOV3 as well as its cisplatin resistant pair (CaOV3CisR), in addition to primary cells 

used for the 3D organotypic model were investigated. ROR2 knockdown at both transcriptional and translational levels were 

evaluated via real-time PCR and Western blot analysis, respectively. Following 24h incubation with the nanoparticles, 

functional assays were performed including proliferation (IncuCyte S3), transwell migration and 3D co-cultured transwell 

invasion assays. The PICs nanoparticles exhibited negligible toxicity in the paired CaOV3 cell lines or primary cells. Treating 

CaOV3 and CaOV3CisR cells with ROR2 siRNA containing PICs nanoparticles significantly inhibited migration and invasion 

ability. The biocompatible ROR2 siRNA conjugated PICs nanoparticles provide an innovative therapeutic option. ROR2 

targeting therapy shows potential in treating HGSOC including platinum resistant forms.  

 

INTRODUCTION 

High-grade serous ovarian cancer (HGSOC) is the most lethal 

gynaecological malignancy with a 5-year survival rate of just 

31%.1 This is largely due to the lack of robust early detection 

means and effective treatment at advanced stage.2,3 The 

majority of the HGSOC cases are diagnosed at an advanced 

stage (stage III and IV) when tumours have metastasised 

throughout the peritoneal cavity.4  

The principal treatment for primary ovarian cancer is debulking 

surgery, with as much tumour as possible removed. As HGSOC 

tumours often respond well to DNA damaging agents, platinum-

based chemotherapy is generally applied following the surgery 

or for neoadjuvant chemotherapy.5 The combination of 

carboplatin and paclitaxel has become the standard treatment 

due to its better tolerability and prognostic outcome compared 

to the cisplatin-paclitaxel therapy.6,7 Despite the improved 

clinical response observed in the carboplatin-paclitaxel 

combination chemotherapy, 25% of patients with early stage 

and more than 80% patients with advanced stage ovarian 

cancer suffer relapse.8 Recurrence occurs in most of the 

advanced patients within 2 years of the initial chemotherapy 

treatment.9  

Chemoresistance remains a significant challenge in advanced 

ovarian cancer patients, and novel therapies to overcome t his 

resistance are required. The evolutionarily conserved Wnt  

signalling receptor ROR1 and ROR2 are abnormally expressed in 

several malignancies including ovarian cancer.10,11 Silencing 

ROR1 and ROR2 significantly inhibited metastatic features of 

OVCAR4 in vitro.12 The upregulation of ROR2 was also 

correlated with platinum resistant cell line models of ovarian 

cancer.13 While there are numerous ROR1 targeting therapies in 
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development and clinical trials, ROR2 targeting therapies 

remain limited.14,15 

Targeting ROR2 in ovarian cancer has potential as a powerful 

strategy to overcome one of the major treatment hurdles.16–19 

In that regard, gene delivery, which is the successful tool to 

transfer therapeutic nucleic acids i.e. DNA, siRNA, and 

oligonucleotides to the target specific site can be explored to 

assess the therapeutic benefits.20–22 More precisely, siRNA-

based therapeutics have been reported to have huge potential 

due to their ability to suppress the activity of an abnormal gene 

in a sequence specific manner.23  

However, the effectiveness of siRNA therapeutics is 

compromised as the unprotected drug cannot penetrate the 

cell membrane alone and is highly susceptible to RNase 

degradation.24 Therefore, an essential part of siRNA-based 

therapeutic development is to generate an effective and safe 

delivery vector to maintain their efficiency and integrity within 

the bio-environment. An effective and safe delivery vector 

needs to be constructed in a way that it not only overcomes the 

body’s internal defensive mechanism towards foreign 

components but also approaches the targeted site without 

displaying toxic side effects.20,25,26 The efficiency and the 

integrity of siRNA therapeutics have been reported to be 

improved when complexed with a delivery vector.26–29 

Poly(ethylenimine) (PEI), a versatile and robust gene vector, i s 

considered the gold standard to condense siRNA into polyplexes 

with high transfection efficiency.30–32 However, the major 

shortcoming of PEI is its high toxicity. In contrast, the cationic 

polymer poly[2-(dimethylamino)ethyl methacrylate] 

(PDMAEMA) presents an attractive alternative to PEI as it can 

condense siRNA efficiently into polyplexes with negligible 

toxicity and comparable transfection efficiency.33–35 To further 

enhance the delivery efficiency, our group previously employed 

PDMAEMA-albumin conjugates to generate albumin coated 

nanoparticles, with high efficiency for the delivery of nucleic 

acid-based therapeutics in cancer treatment.33,36,37 also termed 

polyion complex (PIC) nanoparticles.  Albumin, being a naturally 

occurring serum protein, possesses an ability to interact with 

endothelial cell surfaces in a receptor-ligand manner. Among 

other endothelial receptors, gp60, also known as albondin, and 

SPARC (secreted protein acidic and rich in cysteine) are albumin 

binding receptors that are overexpressed in cancer tissues.38–40  

The main shortcoming when exploring suitable drug delivery 

carriers for siRNA, such as the ROR2 silencing siRNA to treat 

ovarian cancer, is the absence of suitable biological in vitro 

models that capture the uniqueness of the disease. Modern 

synthesis techniques make it possible to generate a large library 

of nanoparticles. However, most nanoparticle -based 

therapeutic strategies are investigated using a 2D in vitro 

monoculture cell line model which lacks the relevant 

physiological characteristics and information compared to in 

vivo cancer. Many animal models on the other hand are not able 

to measure the ability of nanoparticles to inhibit metastasis, 

which in the case of many cancers such as ovarian cancers are 

more devastating than the primary tumour. Distinct from the 

hematogenous metastasis observed in most other cancers, 

ovarian cancer presented a unique metastatic mechanism. In 

the case of ovarian cancer,  cancer cells detach from the primary  

tumour and disseminate by the physiological movement of 

peritoneal fluid as single cells or spheroids and spread onto the 

peritoneum and omentum.3 Then, the cancer cells invade 

through the mesothelial layer of the omentum and further 

invade through the extracellular matrix. The interaction 

between cancer cells and the protective mesothelial layer 

stands as an essential step for early metastasis and needs to be 

taken into consideration in pre-clinical models and drug testing.  

Therefore, for cancer research, 3D organotypic models present 

an excellent platform to reconstruct the organ-specific cellular 

microenvironment which could help to understand the 

influence of tumour microenvironment on metastatic 

features.41 Furthermore, 3D organotypic models provide an 

excellent opportunity to investigate new therapeutics and their 

response during the multiple stages of cancer progression. An 

organotypic model based on human omentum derived 

mesothelial cells and fibroblasts was developed to mimic the 

microenvironment of ovarian cancer metastasis42–44,12,45 and 

has been applied to evaluate nanoparticles previously.45 In 

short, cancer cells were grown on a layer of human peritoneal 

mesothelial cells (HPMC) and normal omentum fibroblasts 

(NOF) that were obtained from fresh omentum samples 

collected from women with benign or non-metastatic 

conditions. (Figure 1).  In this work, the HGSOC cell line CaOV3 

and its platinum resistant pair CaOV3CisR were incorporated in 

the model to evaluate the ability of PDMAEMA-albumin 

conjugates to cargo siRNA into cells and suppress ROR2 

expression in HGSOC. The key feature of this  study is to 

investigate the anti-metastatic potential of ROR2 siRNA 

enclosed in BSA decorated PICs via a patient derived co-cultured 

3D organotypic cancer model as depicted by schematic 

representation in Figure 1.  

Figure 1. Schematic representation of the synthesis of BSA-PDMAEMA conjugates 
(1), followed by PICs nanopart icle formation with ROR2 siRNA in HEPES buffer (2). 
The anti-metastat ic ability of PICs nanoparticles was evaluated in 3D co-cultured 
organotypic cancer model, constructed with primary cells (HPMC and NOF) and 
GFP labelled high grade serous ovarian cancer (HGSOC) cells (3).  
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Materials and Methods  

Materials  

All chemicals were of reagent grade and used as received, 

unless otherwise specified. Cyano-4- [(phenyl carbonothioyl) 

thiol]-pentatonic acid (CPADB, RAFT agent) was synthesized as 

described46. Bovine serum albumin (BSA, Sigma Aldrich, >96%), 

4’,4- azobisisobutyronitrile (AIBN), toluene, cyclohexane, N,N-

dimethyl amino ethyl methacrylate (DMAEMA, Sigma  Aldrich 

98%), dimethyl sulphoxide, chloroform, 4-

(dimethylamino)pyridine (DMAP, Sigma Aldrich, >99%), ethyl 

acetate (Ajax, 99%), furan (Aldrich, >99%), hydrochloric acid 

(Ajax, 31.5% w/w), maleic anhydride (Fluka, >99%), n-hexane  

(Ajax, >95%), N,N-dimethylformamide (DMF, Ajax, 99.8%), 

ethanolamine (Ajax, 97%), Silica gel (Sigma-Aldrich, 60 Å,70-230 

mesh), deuterated NMR solvents such as CDCl 3 and  DMSO, 

were purchased from Sigma Aldrich. ROR2 siRNA (#s9758) and 

non-targeting siRNA (#4390844) were purchased from Life 

Technologies, USA. The synthesis of the protected-maleimide 

modified RAFT agent (MCPADB) is described elsewhere.33 

 

Synthesis and Nanoparticle formation 

Synthesis of PDMAEMA using MCPADB. 

The monomer DMAEMA was deinhibited by passing it through 

a column filled with basic alumina oxide. MCPADB RAFT agent 

(1.06 x 10-4 mol, 0.5 g), AIBN (1.06 x 10-5 mol, 1.7 mg) and 

DMAEMA (5.94 x 10-3 mol; 2.5 g) were dissolved in toluene at a 

monomer concentration of 1 M. The reaction mixture was  

degassed by 5 cycles of freeze pump thaw and allowed to 

polymerise at 65o C for 16 h. Polymerisation was stopped by 

placing the samples in an ice bath and introducing air to the 

solution. The polymer was purified by precipitating 5 times in n-

hexane. A red oily polymer was collected and dried under 

vacuum. 

Deprotection of furan protected polymer PDMAEMA.  

To a dry 100 ml round bottom flask 1.3 g polymer was dissolved 

in 50 mL toluene. To this solution few crystals of butylated 

hydroxy toluene were added, and the solution was stirred for 5 

mins. This solution was degassed with nitrogen for 45 mins and 

brought to reflux at 110°C for 7 h under nitrogen purging. The 

solvent was evaporated by rotary evaporation and the product  

was dried under vacuum to afford the maleimide modified 

PDMAEMA. The presence of maleimide group was confirmed by 
1H NMR by the appearance of proton peak at near 6.76 ppm 

(ESI, Figure S1). 

Bovine Serum Albumin (BSA) conjugation of PDMAEMA (BSA-

PDMAEMA).  

BSA-PDMAEMA conjugates solution of 4 different polymers 

varying their molecular weight were obtained by method 

previously reported.47 Briefly, deprotected polymers and BSA 

were dissolved in PBS (10 mM, pH 7.2) as represented in ESI, 

Table S1 The two solutions were mixed (the molar ratio of 

polymer to BSA was kept 1:1) and stirred for 48 hours, and 

subsequently dialyzed against PBS buffer (10 mM, pH 5) to 

obtain the BSA conjugated PDMAEMA at pH 5 (isoelectric point 

of BSA). The BSA conjugated polymer was purified by filtering 

through a 0.45 µm filter to remove aggregates. Afterwards, BSA-

PDMAEMA conjugates were (both filtered and non-filtered) 

collected and analysed by SDS PAGE and dynamic light 

scattering (DLS) measurements. 

 

Synthesis of FITC labelled BSA.  

A stock solution of BSA (100 mg) in 50 mL 0.1 M NaCO3 buffer 

was prepared. FITC was dissolved at a concentration of 1 mg mL-

1 in DMSO and added dropwise to the BSA solution. The mixture 

was stirred for 24 h at room temperature. The solution was  

purified to remove organic solvent and free FITC by dialysing 

against PBS (10 mM, pH 7.2) for two days to obtain FITC 

conjugated BSA. The Cut-off molecular weight of the dialysis 

membrane used was 3.5kDa. 

Cy3-labelling of ROR2 siRNA. 

Attachment of the fluorescent dye Cy3 to ROR2 siRNA was  

achieved by Silencer® siRNA Labelling Kit as per manufacturer 

guidelines. Briefly, 19.2 µL of ROR2 siRNA was mixed with 

Nuclease-free Water, 10X Labelling Buffer and 7.5 µL Cy®3 

Labelling Reagent. The mixture was incubated at 37 oC for 1 hour 

in the dark followed by ethanol precipitation at -20oC. The pellet 

containing Cy3 labelled ROR2 siRNA was redispersed in nuclease 

free water and stored at -20oC. 

Formation of siRNA loaded PIC nanoparticles from polycation and 

ROR2 siRNA. 

The PIC nanoparticles from BSA conjugated polycation (BSA-

PDMAEMA) and siRNA (20 µM ROR2 siRNA or non-targeting 

siRNA respectively) was formed at a N/P ratio of 10 (N/P ratio = 

molar ratio of amino group of PDMAEMA to phosphate group 

of siRNAs) in HEPES buffer. A solution of BSA-PDMAEMA 

conjugates were prepared by mixing 1:1 molar ratio of BSA and 

PDMAEMA of various chain lengths. An aliquot of BSA-PDAEMA 

conjugate solution (equivalent of 1 mgmL -1) was prepared in 

PBS (10 mM, pH 5). 20 µL of 20 µM siRNA was dropwise added 

to the calculated volume of BSA-PDMAEMA solution as 

represented in ESI, Table S2. The solution was incubated for 40 

mins to facilitate the condensation of siRNA into nanoparticles. 

HEPES (10 mM, pH 7) was added to PICs solution to make the 

final volume of 80 µL (5µM siRNA).  

Characterization of siRNA loaded PIC nanoparticles  

The characterisation and the morphology of siRNA loaded PIC 

nanoparticles were evaluated by Dynamic Light Scattering and 

Transmission electron microscopy (TEM) (Figure2). Table G in 

Figure2 describes the hydrodynamic diameter (Dh), 

polydispersity index (PDI) and zeta potential of siRNA loaded PIC 

nanoparticles. 

Agarose gel retardation assay  

Agarose gel electrophoresis was performed to evaluate the 

encapsulation of siRNA to BSA conjugated PDMAEMA into 

polyion complex nanoparticles form. The PICs nanoparticles 
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were prepared between BSA-PDMAEMA conjugates and siRNA 

at N/P ratio of 10 and loaded with 6X loading buffer (1 µL (10 

mL) in agarose gel (1wt% agarose gel;1 X TAE buffer). The gel 

was run for 30 min at 100 V. After 30 mins the gel was stained 

with ethidium bromide and visualised by an ultraviolet (UV) 

imaging system (Biored). 

Cell culture 

CaOV3 cells were from the American Type Culture Collection 

(ATCC, Virginia, USA) and cultured in RPMI 1640 (cat. 

#42402016, Thermo Fisher Scientific, Mulgrave, VIC, Australia) 

supplemented with 10% FBS (AusGeneX, Molendinar, QLD, 

Australia). The CaOV3CisR cell line was generated by exposing 

CaOV3 cells to 75% of the maximal inhibitory concentration 

(IC75) of cisplatin (cat. #P4394, Sigma-Aldrich, Sydney, NSW, 

Australia) for 3 days, then allowing cells to recover. Cisplatin 

concentrations were gradually increased (IC80, IC85, IC90, then 

IC95), allowing cells to recover each time over an approximately 

6-month period. CaOV3CisR cells were then cultured in cisplatin 

free media for 5 weeks to ensure complete wash out of any 

residual drug. CaOV3 and CaOV3CisR cells were treated with 

increasing concentration of cisplatin and the cell viability was  

determined by CellTiter 96 Aqueous One Solution Cell 

Proliferation Assay (cat. #G3581, Promega, Madison, USA) (ESI, 

Figure S2). Each experiment was performed in triplicate and 

repeated three times, with data reported as the mean ± SEM. 

As shown in ESI, Figure S2, the IC50 values of Cisplatin for 

CaOV3 and CaOV3CisR were determined as 1.086 and 5.922 µM 

respectively. The experimentally observed data suggest 5.45-

fold increase in cisplatin resistance of CaOV3CisR cells. Cell line 

authentication was performed by the Australian Genome 

Research Facility (AGRF; Melbourne, Victoria, Australia).   

NOF and HPMC were isolated from fresh omentum samples 

collected from women with benign or non-metastatic 

conditions as described in.45,48 Ethics approval was obtained 

from the South Eastern Sydney Local Health District Human 

Research Ethics Committee (SESLHD HREC approval #16/108) to 

collect omentum samples from patients at the Royal Hospital 

for Women and Prince of Wales private Hospital (site specific 

approval ethics # LNR/16/POWH/236). All the experiments 

were performed in compliance with the relevant laws and 

institutional guidelines. Primary cells were maintained in DMEM 

supplemented with 10% foetal bovine serum (FBS), 1% 

GlutaMAX and 1% penicillin/streptomycin. All cells were 

cultured in 5% CO2 at 37oC and subjected to regular 

mycoplasma testing.  

Cell viability assay  

The cell viability of CaOV3 and CaOV3CisR as  well as the primary  

fibroblast cells NOF and mesothelial cells (HPMC) treated with 

non-targeting siRNA (Ctrl siRNA) loaded PICs  nanoparticles 

(PIC1 and PIC2) were measured by the WST-1 assay. Briefly, 

non-targeting siRNA conjugated PICs nanoparticles PICs1 and 

PICs2 were prepared in the biosafety cabinet and sterilized by 

filtering through a 0.22 M syringe filters. Cancer cells (CaOV3 

and CaOV3CisR) and primary cells (NOF and HPMC) were 

treated with the PICs nanoparticles (final siRNA = 200 nM) for 

24 h before replaced with fresh complete medium. After 48 h of 

incubation, the WST-1 assay was performed. The absorbance  

was read at 450 nm with a reference wavelength of 655 nm (Bio-

Rad BenchMark).  

Flow cytometry analysis 

Flow cytometry analysis was performed to quantify the 

internalisation of PICs nanoparticles on CaOV3, CaOV3CisR, as 

well as on primary cells NOF and HPMC. The cells were seeded 

into 6 well plates at the concentration of 3 X 105 cells and 

incubated with fluorescent labelled ROR2 siRNA and PICs 

nanoparticles (cy3 labelled siRNA and FITC labelled BSA-

PDMAEMA) for 4 h at a final concentration of 266 nM siRNA. 

The transfection was stopped by washing cells three times with 

cold PBS and collected by trypsinisation. The cell pellet was  

redispersed in 1 mL HBSS and analysed by measuring the 

fluorescence intensity of 10,000 events/well using BD FACS-

Canto TM II Analyser). The data was presented as an average of 

median fluorescence intensity (MFI) using Flow Jo Software  

(FlowJO 7.6.1). 

Confocal Laser Scanning Microscopy (CLSM).  

A Confocal Laser Scanning Microscopy (CLSM) was used to 

observe the qualitative distribution of siRNA loaded PICs 

nanoparticles in both CaOV3 and CaOV3CisR cells. Cells were 

seeded in glass-based 33 mm Fluorodish (2,000 cells mL-1) and 

incubated for 24 h before treatment with fluorescent labelled 

ROR2-siRNA loaded PICs nanoparticles (cy3 labelled ROR2 siRNA 

and FITC labelled BSA-PDMAEMA for 4 h. The cells were stained 

with nucleus stain Hoechst 33342 before visualising with the 

Zeiss LSM 800 instrument. The ZEN blue imaging software  

(ZEISS) was used for image acquisition and processing. 

Quantitative Reverse Transcription Polymerase Chain 

Reaction (qRT-PCR) 

Total RNA was extracted from the cells using RNeasy Mini kit 

(Qiagen, USA). Up to 1 µg RNA was reverse transcribed with the 

QuantiTect cDNA synthesis kit (Qiagen, USA) following DNase 

treatment (Life Technologies, USA). Real time PCR was  

performed using QuantiNova SYBR Green PCR kit (Qiagen, USA) 

and was conducted on the AriaMx Real-Time PCR machine 

(Agilent Technologies, USA). Each sample was repeated in 

triplicates with non-reverse transcribed RNA samples included 

as negative controls. The relative expression level of ROR2 was  

calculated using 2–∆∆Ct method and normalised against the 

mean of three house-keeping genes (HSPCB, SDHA, RPL13A). 

Primer sequences were provided in a previous study10. 

Western blot 

Total protein was extracted from the cells using cell lysis buffer 

(Cell Signalling Technology, USA) with protease inhibitor (Sigma-

Aldrich, USA). Western blot analysis was performed as 

previously described 10. Primary antibodies used in this study 

were anti-ROR2 (#34045, QED Bioscience, USA) and anti-α-

Tubulin (#3873, Cell Signalling, USA).   

Proliferation assay 

The effect of ROR2-siRNA in PICs nanoparticles on cell 

proliferation was quantified using the IncuCyte S3 Live Cell 

Analysis system. Briefly, CaOV3 and CaOV3CisR cells were 

seeded in 6-well plates and incubated with either ROR2-siRNA 

or non-targeting siRNA loaded PICs nanoparticles for 24 h prior 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx  J. Name ., 2013, 00, 1-3 | 5 

Please do not adjust margins 

Please do not adjust margins 

to being placed in the IncuCyte. Phase contrast cell images (9 

images per well) were obtained using a 10 x objective lens 

within the instrument every 3 h for 72 h in total. The average 

confluence of each well was calculated and normalised against 

the baseline (Time 0).  

 

Transwell Migration assay  

The migration ability of CaOV3 and CaOV3CisR were measured 

using the Corning transwell inserts according to manufacturer’s 

protocol (Corning Life Sciences, USA). The cells were seeded in 

6 well plates (5 x 105 per well) and incubated with ROR2-siRNA 

or non-targeting siRNA loaded PICs nanoparticles for 24 h. The 

cells were then trypsinised and plated in the upper chamber of 

the insert (2×105 cells per insert) and incubated for 24 h 

(CaOV3) or 48 h (CaOV3CisR) before being fixed with methanol  

and stained with 1% Crystal violet. The membranes were 

removed from each transwell and mounted onto glass slides for 

imaging.  

 3D organotypic model: Invasion assay  

To gain better insight on the impact of siRNA loaded PICs 

nanoparticles into anti-invasive ability of HGSOC cancer, 3D 

organotypic model were constructed. HGSOC cells (CaOV3 and 

CaOV3CisR) were labelled with GFP with pLKO.1-Neo-CMV-tGFP 

vector (Sigma-Aldrich, USA) and transfected with siRNA loaded 

PICs nanoparticles and incubated for 24 h prior to being plated 

on the 3D model. The patient derived organotypic 3D co-culture 

model of  HGSOC was prepared and plated in the Corning 

transwell inserts as described previously.45 Briefly, 24-well 

culture plate with transwell inserts (pore size 8 µm) was  

incubated with 7.5 µg of rat-tail collagen I in PBS (200 µL) 

overnight then plated with NOF/collagen (4x10 4 mL-1) mixture 

for 4 h and topped with HPMC cells (4x105 mL-1). The co-culture 

plates were incubated overnight before subsequent analysis. 

Nanoparticle treated cancer cells were trypsinised, 

resuspended in low serum RPMI medium (2x10 5 cells), and 

plated onto the pre-co-cultured inserts. The inserts were placed 

onto the well filled with high serum media. The co-cultured 3D 

model was incubated under 37°C in 5% CO2 for 24 h 

(CaOV3CisR) and 48 h (CaOV3) respectively. The inserts were 

washed with PBS followed by 4% paraformaldehyde fixation for 

20 mins. The membrane was removed from the inserts and 

mounted on the glass slide with DAPI mounting. The invaded 

cells were visualised and counted by Zeiss LSM 800 (ZEISS 

software) and processed with ZEN blue imaging software (ZEISS) 

Statistical Analysis 

At least three sets of PICs were prepared and characterised. 

Results were presented as mean ± standard deviation (SD). For 

the in-vitro assays, all experiments were repeated three times 

independently. Paired t-test was performed to analyse the 

significance. t-test values below p < 0.05 were considered 

statistically significant. Correlation between ROR2 knockdown 

level at transcriptional level and difference in 3D invasion cell 

amount was performed using nonparametric Spearman 

correlation coefficient. Statistical significance was defined at 

p<0.05. All the analysis and figures were provided with 

GraphPad Prism (7.04). 

Results and discussion   

Synthesis and characterisation of siRNA loaded 
PDMAEMA-BSA PIC nanoparticles  

To construct the biocompatible polymeric vector to encapsulate 

and deliver ROR2 targeting siRNA, the cationic polymer 

PDMAEMA bearing the protected maleimide end group was  

first synthesized via RAFT polymerisation using procedures 

reported earlier.36,37 Here, bovine serum albumin (BSA) was  

used as protein, which has similar properties to human serum 

albumin (HSA).49 Briefly, we first synthesised the RAFT agent 

MCPADB carrying the furan protected maleimide group, 

followed by RAFT polymerisation to synthesise PDMAEMA 

(Figure 2A).  PDMAEMA with furan protected maleimide group 

was purified  and subsequently deprotected to achieve the free 

maleimide end group to enable BSA conjugation.33 The 

deprotection of furan group was confirmed by 1H NMR, 

evidenced by the maleimide peak at 6.89 ppm (ESI, Figure S1). 

Thereafter, BSA conjugation to PDMAEMA was achieved by 

Michael addition reaction between the maleimide end group of 

PDMAEMA and the free thiol group on BSA (Cys34 domain). The  

quantitative conversion of PDMAEMA and the presence of 

maleimide group was confirmed by 1H NMR and size exclusion 

chromatography (SEC) (ESI, Figure S1 and S3). PDMAEMAX with 

repeating units X ranging from 72, 87, 150 and 220 and 

molecular weights of 12kDa,14kDa,28kDa and 36kDa, 

respectively, were conjugated to BSA (polymer to BSA ratio was  

1:1 molar ratio) as represented in ESI, Table S3 and then tested 

using SDS PAGE (ESI, Figure S4).  The reader can find in-depth 

discussions on the conjugation efficiency in earlier work.33,49. 

The purpose of generating the library of BSA modified polymers 

differing in cationic block length is to evaluate their binding 

efficiency with negative siRNA to form PICs complex, and 

thereafter to investigate the best performing PICs nanoparticles 

system in terms of their biocompatibility and antimetastatic 

ability in HGSOC cells. 

PICs nanoparticles were generated between the cationic 

PDMAEMAX (x = 72, 87, 150 and 220) and the negative charged 

ROR2 targeting siRNA in HEPES buffer (10mM, PH 7.2) using a 

previously reported procedure with oligonucleotides.37,49 The 

calculated amount of ROR2-siRNA (siRNA concentration 20 µM) 

was dropwise added to the required amount PDMAEMA- BSA at  

a N/P ratio of 10, followed by 40 mins incubation. The N/P ratio, 

which is the stoichiometric ratio between amino group of 

PDMAEMA and phosphate entities of siRNA were chosen to be 

10 (N/P = 10). A range of optimization studies (not shown here) 

revealed this to be the ideal ratio for the generation of PIC 

nanoparticles with narrow particle size distribution. The 

formation of ROR2-PICs nanoparticles was confirmed by 

dynamic light scattering (DLS) analysis (Figure 2C) , transmission 

electron microscopy (TEM) (Figure 2D-E) , and agarose gel 

electrophoresis (Figure 2F).  The hydrodynamic diameter of the 

ROR2-PICs nanoparticles ranged between 20 nm to 50 nm with 

a polydispersity index, PDI < 0.4. There is a very small fraction 

of aggregated nanoparticles but considering that the intensity 
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distribution is shown this fraction can be neglected. DLS 

measurements did not show any significant differences in size 

between the PICs nanoparticles formed from PDMAEMA X with 

different chain lengths (X = 72, 87, 150 and 220). TEM images of 

ROR2-PICs nanoparticles (PICs3 and PICs4, ESI, Figure S5)  

revealed the spherical shape und sizes that are slightly smaller 

than the ones observed from DLS. Independent from the length 

of PDMAEMA, all PIC nanoparticles had a positive surface 

charge (PICs1=11.2 mV, PICs2=12.5 mV, PICs3=15.2 mV and PICs 

4=15.4 mV). This confirms the successful encapsulation of 

siRNA, but also the formation of undefined solid nanoparticles 

with some PDMAEMA located on the surface as this would 

explain the slightly positive surface charge (Figure 2G). Agarose 

gel electrophoresis analysis further validated the formation of 

PIC nanoparticles by the disappearance of free siRNA band in 

agarose gel run for 30 mins in 100 mV (siRNA final concentration 

= 50 nM). ROR2-PIC nanoparticles (PICs1 to PICs4) did not show 

any band for free ROR2 siRNA (Figure 2F). 

Ability of siRNA loaded nanoparticle to inhibit 
migration and invasion 

Prior to the analysis of the biological activity, we would like to 

introduce the organotypic models used in the system. As 

discussed above, the challenge with ovarian cancer is the ability 

of the cells to metastasize and invade to the other areas in the 

body. The migration assay model tests the ability of the ovarian 

cancer cells, CaOV3 and their cisplatin-resistant cell line 

CaOV3CisR to penetrate through a porous mem brane into fresh 

FBS supplemented media. Drugs that are successful in inhibiting 

migration will prevent that transfer through the semi-

permeable membrane of the transwell plates into the 

basolateral chamber (Figure 3A). This model can provide initial 

results on the ability of cells to translocate, but it does not 

closely simulate the environment in ovarian cancer. The 3D 

invasion model (Figure 3B) considers that for cancer cells to 

metastasize, they need to be able to invade through the 

omentum layer in the peritoneal cavity. The cancer cells, which 

are incubated with drug loaded nanoparticles, are therefore 

placed on top of a layer of patient derived HPMC. HPMC cells 

function as a protective layer of omentum and play an 

important role in the dissemination of ovarian cancer cells such 

as those responsible for ovarian cancers .50 The HPMC layer is 

positioned on a layer of patient derived NOF to mimic the 

omentum barrier. Epithelial ovarian cancer is prone to 

omentum metastasis as the cancer cells activate the NOFs to 

contribute to the invasion and adhesion of the cancer cells.51 

Again, the absence of cancerous cells in the basolateral 

chamber is evidence for the successful inhibition of invasion. In 

both models, good uptake of nanoparticles by the cancerous 

cells and release of the active payload are prerequisites.  

 

 

 

 

 

 

 
Figure 2. (A) Synthesis of PDMAEMA via RAFT polymerization using the maleimide 
modified RAFT agent MCPADB. ( B) Schematic representation of formation of 
ROR2 targeting polyion complex nanopart icles (PICs) using BSA conjugated 
PDMAEMA and ROR2 siRNA in HEPES buffer (10 mM, pH 7). (C)  Hydrodynamic size 
of ROR2 siRNA loaded PICs nanopart icles formed by BSA conjugated polymer with 
variable chain length at  N/P = 10 using Dynamic Light Scattering (DLS). (D-E) TEM 
images of ROR2 targeting PICs nanoparticles (PICs1; PDMAEMA72 and PICs2; 
PDMAEMA87) (scale bar 500 nm and 1 m). (F) Agarose gel electrophoresis of 
ROR2 siRNA containing PICs nanoparticles (PICs1 to PICs4) with free ROR2 siRNA 
in lane 1 suggest ing that no free siRNA is remaining after entrapment into the 
nanoparticles (G)  Table summarising hydrodynamic size, zeta potential (ζ) and size 
distribution (PDI) of ROR2 siRNA loaded PICs nanoparticles formed at N/P ratio 10 
(mean ±SD, n = 3). 
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Figure 3. Schematic representation of migration and invasion assay model for 
HGSOC cells (CaOV3 and CaOV3CisR). (A) Transwell migrat ion of HGSOC treated 
with ROR2-PICs and Ctrl (control, inactive siRNA) PICs, respectively. Cells migrat ing 
through the membrane pores were stained with crystal violet  and visualised by 
CLSM. ( B) Invasion assay performed in the 3D organotypic model formed by 
HGSOC and primary cells. The cells were treated with Ctrl PICs and ROR2 siRNA 
loaded PICs. The anti-invasive effect was examined by visualising the membrane 
by CLSM as represented. 

 

Cellular uptake and intracellular distribution of siRNA-
PICs micelles to HGSOC cells  

Prior to in-depth testing using our organotypic models, we  

initially investigated the effect of all four PIC nanoparticles  

summarised in Figure 2G and Table S2 regarding the ability to 

reduce the expression of ROR2 when loaded with siRNA. 

Prerequisite is the non-toxicity of the polymers and the fast 

uptake of the nanoparticles by the tested cells. The PIC 

nanoparticles were incubated with CaOV3 and CaOV3CisR for 4 

h and the cellular uptake was monitored by confocal laser 

scanning microscopy and the cell association was studied by 

flow cytometry (Figure 4B, Figure 4 (C-F) , ESI, Figure S6 and S7). 

All nanoparticles were efficiently taken up by cells, but after 

incubation for 48 to 72 h, PICs3 and PICs4 showed clear signs of 

toxicity to both CaOV3 and CaOV3CisR cells (ESI, Figure S8) and 

are therefore omitted from further studies . In contrast, the 

cytotoxic activity of PICs1 and PICs2 nanoparticles, loaded with 

scrambled siRNA (Ctrl-PICs1 and Ctrl-PICs2 final concentration 

266 nM) as non-toxic drug, were observed to be non-toxic 

towards cancer cells (CaOV3 and CaOV3CisR) as well as primary  

mesothelial and fibroblast cells (HPMC and NOF) (Figure 4A) 

after 48 h of transfection (Figure 4A). This chain length-

dependent toxicity is well known and shorter polymers are 

usually less toxic.52  

The cellular uptake efficiency of PICs, now loaded with cy3 

labelled ROR2 siRNA, by cancer cells (CaOV3 and CaOV3CisR) as 

well as primary cells (HPMC and NOF) were evaluated by both 

flow cytometry and confocal laser scanning measurements. The 

quantitative flow data suggested that HGSOC cells (both CaOV3 

and CaOV3CisR) and primary cells (HPMC and NOF) treated with 

ROR2-PICs2 (siRNA) demonstrated higher fluorescence 

intensity than ROR2-PICs1 (FITC labelled BSA conjugates) 

(CaOV3, p =0.0152) (Figure 4B), proposing that ROR2-PICs2 

nanoparticles were more efficiently internalised by cells 

compared to ROR2-PICs1 nanoparticles. It was observed that 

the uptake of ROR2-PICs2 was significantly higher in both 

primary cells (HPMC, p =<0.0026 and NOF, p = 0.0255) (Figure 

4B) . As BSA is known to be an important drug carrier and can 

identify many ligands and receptors present in various tissue or 

cell types including healthy primary cells such as fibroblasts, 

which show higher affinity to serum albumin.53 Additionally, 

confocal microscopic observations confirmed the 

internalisation of ROR2-PICs1 and ROR2-PICs2 (Figure 4C and 

4D) in both CaOV3 and CaOV3CisR cells after transfection with 

the ROR2-PICs for 4 h. The orange and green pixels which 

correspond to cy3 labelled siRNA (ROR2) and FITC labelled BSA-

PDMAEMA conjugates, respectively, were observed to be in the 

cells. It appears that siRNA and drug carrier are co-localized in 

CaOV3 cells, but drug and drug carriers can be found in parts in 

different areas in CaOV3CisR, suggesting disassembly after 4 h. 

The confocal microscopy images confirmed that the cells 

treated with ROR2-PICs2 displayed higher fluorescence signal 

for both cy3 labelled siRNA and FITC labelled BSA conjugates 

compared to ROR2-PICs1. These observations were consistent 

with the data acquired by flow cytometric analysis (Figure 4D-

F). It is not immediately clear why PICs2 has a higher cellular 

uptake across all cell lines. Both particles have similar sizes and 

similar zeta potential, which would suggest a similar degree of 

translocation into cells. However, analysis of the fluorescence 

spectra (ESI, Figure S9) shows that despite the same 

fluorescence intensity of the free PDMAEMA polymer that 

make up PICs1 and PICs2 (Figure 2G and Table S2), the 

fluorescence in PICs2 is quenched to a greater extend that in 

PICs1. The reduction in fluoresce intensity can usually be 

correlated directly to tighter packing of the polymers, which will 

contribute to hardness of the particles and better cellular 

uptake.54 The fluorescence analysis of PICs3 and PICs4 display 

the similar trend as represented by ESI, Figure S10. 
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Figure 4. Cell viability and in vitro cellular uptake (A) Cytotoxicity of PICs 
nanoparticles, PICs1 and PICs2 containing Ctrl siRNA (266 nM) on CaOV3, 
CaOV3CisR, HPMC and NOF cells. Error bars indicate the standard deviation of 
quadruplicate wells, n=1 (B) Flow cytometry analysis on cellular uptake of cy3-
labelled ROR2 siRNA alone and ROR2 siRNA enclosed in PICs1 and PICs2 (FITC 
labelled BSA conjugates) after 4 h of transfect ion with cancer cells (CaOV3, 
CaOV3CisR cells) and primary cells (HPMC and NOF) flow cytometry data 
presented in bar graph (n = 3, mean ± SD);  * p = 0.0152 and **p = 0.0026 (paired 
t-test  analysis, p < 0.05) (C-E)  Confocal laser scanning microscope visualizat ion of 
siRNA localizat ion in CaOV3 and CaOV3CisR cells after 4 h of incubation with PICs1 
and PICs2 (scale bar, 20 m; nuclei, blue; nanopart icles, PICs1 & PICs2; FITC-BSA 
green/cy3- ROR2 siRNA orange) (D-F)  Flow cytometry data histogram to represent 
cellular internalisation of PICs (red: cy3 labelled ROR2 siRNA alone, purple and 
blue represents ROR2 siRNA enclosed in PICs1 and PICs2.  

Both PIC nanoparticles are efficiently taken up by the cells 

ensuring high delivery of siRNA into the cells. In the subsequent 

step, the nanoparticles need to escape the endosomes and 

unload the siRNA to reach into the cytoplasm. The success of 

these steps can be observed when measuring the ability of 

siRNA loaded PICs nanoparticles (PICs1 and PICs2) in reducing 

the ROR2 expression level (Figure 5A-B) and (Figure 6A-B). The 

upregulation of ROR1 and ROR2 has been linked to metastatic 

features of ovarian cancer.15,55 As previously shown, targeting 

these receptors can significantly suppress proliferation and 

invasion of ovarian cancer cells  in vitro.10,56 From the cellular 

uptake studies, it was observed that PICs2 cargos more siRNA 

into the cells, so it was expected that PICs2 would display higher 

knockdown efficiency. However, PICs1 showed a slightly better 

knockdown efficiency of ROR2 expression level at both 

transcriptional and translational levels in CaOV3 cells (Figure 

5A-B). This behaviour could be the result of a reduced 

endosomal escape or reduced release of ROR2-siRNA from the 

drug carrier, which could have limited their knockdown ability 

of ROR2 expression. The knockdown assay is usually an 

endpoint assay, but it cannot provide information on each step 

in the process such as the cellular uptake, the escape of the 

nanoparticles from the endosomes and the release of siRNA 

from the drug carrier.57 PDMAEMA has widely been explored as 

transfection agent. In homopolymers it was found that longer 

polymers are more efficient, but this was assigned to the 

inability of PDMAEMA with short chains to condense the DNA 

effectively, resulting in large ill-defined particles.52,58–60 In some 

cases an increased transfection efficiency was observed with 

longer polymers when the longer polymers are able to provide 

better protection, they are able to destabilise the cell 

membrane, or they serve as microenvironmental buffer .52,59,60 

At the same time, other systems reported a reduced 

transfection efficiency with increasing length of the cationic 

polymer block.61 Reason may be the slow release of the cargo 

as longer polymers may form stronger electrostatic 

interactions. It is therefore likely here that despite cellular 

uptake of the nanoparticles, the longer PDMAEMA does not 

allow the timely release of siRNA. PICs2 loaded with ROR2 -

siRNA significantly inhibited proliferation of CaOV3 at 72 h 

(p<0.0001, Figure 5C ) while PICs1 did not have any significant 

effect. The control with scrambled inactive siRNA revealed that 

the reduced proliferation is indeed the result of the presence of 

siRNA and not that of the polymer. These standard 2D 

experiments were only able to reveal the transfection efficiency 

but cannot confirm if the nanoparticles are indeed able to 

reduce the ability of these cancerous cells to migrate. 

ROR2 siRNA conjugated PICs significantly inhibited 
the migration and invasion ability of CaOV3 

At this point, the models depicted in Figure 3 can provide 

additional information. Initially, transwell -based migration 

assay was used to evaluate if ROR2-siRNA can limit the 

migration of the cells into the basolateral chamber. The 

transwell inserts were equipped with a semipermeable 

membrane which permits the migration of cells through them 

as represented by Figure 3A. CaOV3 cells were transfected with 

PICs nanoparticles containing ROR2-siRNA (PICs1 and PICs2) 

and their respective controls containing inactive siRNA (Ctrl 

PICs1 and Ctrl PICs2) were seeded onto transwell inserts 

containing serum free medium and placed on the chamber with 

medium (RPMI) containing 20% FBS. The CaOV3 cells treated 

with ROR2 siRNA loaded PICs (PICs1 and PICs2) have shown 

significant reduction in the number of migrating cells as 

observed (Figure 7A). Analysis of the transwell membrane  

stained with crystal violet confirmed a significantly reduced 

number of CaOV3 cells, confirming that the nanoparticle 

delivered siRNA is indeed able to limit movement (Figure 7B).  In 

contrast to earlier preliminary experiments that show better 

uptake and better proliferation inhibition of PICs2 

nanoparticles, there is no difference between both 

nanoparticles. Both nanoparticles were able to deliver siRNA, 

which then reduces the expression of ROR2. This translates into 

reduced CaOV3 migration, a sign of potentially reduced 

metastasis.  
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Figure 5. The mRNA and protein expression level of ROR2 in CaOV3 cancer cells. 
(A-B) mRNA expression of ROR2 and western blot analysis of protein expression in 
CaOV3 cancer cells after treatment with PICs1 and PICs2. PICs1 performed better 
than PICs2 in terms of suppressing ROR2 expression level at  transcript ional and   
translat ional levels (n=3) (C) ROR2-PICs2 significantly reduced the cell proliferation 
of CaOV3 at  72 h (p<0.0001, n= 3). 

The nanoparticles were subsequently tested using the 

organotypic model that captures traits of ovarian cancer  

Figure3 (A-B) . In this 3D invasion assay, the cancerous CaOV3 

cells need to migrate through the layers of patient derived NOFs  

and HPMCs. Effective treatment should be able to limit the 

invasion. The CaOV3 cells were transfected with PICs 

nanoparticles containing ROR2-siRNA (PICs1 and PICs2) or their 

respective controls containing inactive siRNA (Ctrl PICs1 and Ctrl 

PICs2). The cells were then mounted onto the pre implanted 

inserts with co-cultured 3D model as described earlier. 

Compared to the control samples, the 3D invasion ability of 

CaOV3 was significantly inhibited after treatment with PICs1 

and PICs2 containing ROR2 siRNA, (Figure 8A-B). ROR2 siRNA 

was reported to inhibit migration of OVCAR3 cells in our 

previous study.10 ROR2 knockdown prevented the Wnt5a-

induced activation of RhoA, which led to reduced migration of 

the osteosarcoma cells.62 It is therefore well known that ROR2 

siRNA can inhibit migration in ovarian cancer, but the 

organotypic 3D invasion assay used here confirmed now that 

the ability of ovarian cancer cells to penetrate through the 

omentum to progress could also be suppressed by ROR2 siRNA. 

This 3D invasion assay revealed that despite differences in cell 

uptake and cell proliferation, the ability to invade patient -

derived NOFs and HPMCs of both PICs is similar. The correlation 

analysis showed that inhibition in 3D invasion ability appears 

not to be correlated with ROR2 knockdown level (Spearman r= -

0.257, p=0.6583). 

 

 

 

 

 

Figure 6. The mRNA and protein expression level of ROR2 in CaOV3CisR cancer cells. (A-
B) mRNA expression of ROR2 and western blot analysis of protein expression in 
CaOV3CisR cancer cells after treatment with PICs1 and PICs2. PICs1 performed better 
than PICs2 in terms of suppressing ROR2 expression level at transcriptional and 
translational levels. (C). ROR2 conjugated PICs did not affect cell proliferation of 
CaOV3CisR at 72h. 

ROR2 siRNA conjugated PICs1 significantly reduced 
the migration potential of CaOV3CisR 

The standard care for ovarian cancer involves, next to surgery, 

the treatment with chemotherapeutic agents, in particular 

platinum drugs. Patients with resistance to platinum-based 

drugs, a common form of relapse, have often a poorer cancer 

prognosis.63 The cisplatin resistant ovarian cancer cell line 

CaOV3CisR can therefore serve as a model for this scenario.64–

69 As observed in the case of CaOV3 cells (Figure 5A-B), both 

PICs nanoparticles loaded with ROR2-siRNA were able to 

suppress ROR2 expression level at both transcriptional and 

translational levels in CaOV3CisR (Figure 6A-B). However, no 

significant effects on proliferation of CaOV3CisR was observed 

for either of the PICs (Figure 6C). Still, PICs1 and PICs2 were both 

able to reduce migration, yet only PICs1 reduced the migration 

ability of CaOV3CisR significantly (p = 0.042, Figure 7C) while 

PICs2 showed only a reduced migration trend (p = 0.102, Figure 

7C). PICs1 or PICs2 containing ROR2-siRNA, both led to a 

decrease in the 3D invasion ability of CaOV3CisR (Figure 8C), but 

this was not statistically significant (p = 0.273 and 0.417, 

respectively. Compared to CaOV3, the effect of PICs 

nanoparticles loaded ROR2 siRNA on the cisplatin resistant cell 

line CaOV3CisR seems to be overall reduced, highlighting the 

challenges when dealing with more aggressive cancer cells. 
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Figure 7. Polyion complex nanoparticles (PICs) loaded with ROR2 siRNA 
significantly inhibited the migration ability of HGSOC cells. (A). Both PICs1 and 
PICs2 loaded with ROR2 siRNA significantly decreased the migration ability of 
CaOV3 (p = 0.0001 and 0.005 respectively). (B). Representative images of transwell 
membranes stained with crystal violet showed less CaOV3 cells migrated after 
incubated with PICs1 or PICs2 loaded with ROR2 siRNA (n=3 ). (C). ROR2 siRNA 
loaded PICs1 significantly decreased the migration ability of CaOV3CisR (p = 0.042, 
n=3). (D). Representative images of transwell membranes stained with crystal 
violet showed less CaOV3CisR cells migrated after incubated with PICs1 or PICs2 
loaded with ROR2 siRNA (n=3).  

 
Figure 8. Polyion complex nanopart icles loaded with ROR2 siRNA significantly 
inhibited the invasion ability of HGSOC cells. (A). Both PICs1 and PICs2 loaded with 
ROR2 siRNA significantly decreased the 3D invasion ability of CaOV3 ( p = 0.003 and 
0.001 respectively, n=3). (B). Representative fluorescent images of 3D invasion 
transwell membranes showed less CaOV3 cells (GFP labelled) invaded through the 
membrane after incubated with ROR2 siRNA loaded PICs1 or PICs2 (n=3). 
*Significant at  p<0.05 level. **Significant at p<0.01 level. ***Significant at  p<0.001 

level, n=3. (C). Neither of the PICs (ROR2-PICs1 or ROR2-PICs2) loaded with ROR2 
siRNA significantly changed the 3D invasion ability of CaOV3CisR (n=3). (D). 
Representative fluorescent images of 3D invasion transwell membranes showed 
less CaOV3CisR cells invaded through the membrane after incubated with PICs1 
or PICs2 loaded with ROR2 siRNA. *Significant at  p<0.05 level n=3.  
 

It can be concluded that ROR2 targeting siRNA, when delivered 

in nanoparticles, can inhibit the invasion ability of HGSOC. This 

3D organotypic model can therefore serve as a link between in 

vitro and in vivo models and can provide us with valuable 

information on the anti-metastatic evaluation prior to animal 

models. In fact, there are currently limited preclinical animal  

models available that can fully capture metastasis in cancer 

patients, highlighting the need for new organotypic models that 

can help to extract additional information.70 These 3D models 

can help to evaluate novel therapy for intraperitoneal 

metastatic events in ovarian cancer. It was recently shown that 

ROR2 could be downregulated via siRNA, which further reduced 

migration and invasion of ovarian cancer cells.10 However, 

siRNA alone has no measurable cellular uptake and was  

generally delivered via the lipofectamine system, which is 

known to be highly toxic. Despite this, we have used 

lipofectamine as a control here to show the activity of an 

efficient transfection agent that however rapidly results in cell 

death (Figure S11). Nanoparticles made from BSA modified 

cationic polymers offer a non-toxic alternative to cargo nucleic 

acid based therapeutics owing to their biocompatibility, 

negligible toxicity and high circulation time.36 Despite lower 

initial transfection efficiency of the BSA based nanoparticles, 

the low toxicity makes this carrier ideal to study the potential of 

ROR2 siRNA as an antimetastatic agent in HGSOC cells. The 

ROR2 siRNA loaded PICs nanoparticles were constructed with 

the series of BSA modified PDMAEMA varying in cationic block 

length (molecular weight; 12kDa to 36kDa). Preliminary studies 

revealed that very long polymers led to toxic side effects, most 

likely due to the length of the cationic polymer, and they were 

therefore omitted. Only the PIC nanoparticles based on shorter 

polymers were studied using the 3D invasion model. The model 

depicted in Figure 3 can be applied with various ovarian cancer 

cell lines, but in this case CaOV3 and the cisplatin resistant cell 

line CaOV3CisR were used to model HGSOC and cisplatin 

resistant context. Overall, it can be observed that the ROR2 -

PICs1 nanoparticle performed slightly better. Although PICs2 

had a noticeable higher cellular uptake (Figure 4B-F), the anti-

metastatic potential of ROR2-PICs1 was observed to be superior 

in terms of suppressing ROR2 expression level as well as 

inhibiting metastatic ability of both CaOV3 and CaOV3CisR 

compared to ROR2-PICs2.  

The anti-metastatic abilities of PICs nanoparticles (ROR2-PICs2) 

formed with higher cationic block could be contributed to by 

the enhanced binding capabilities of PICs2 to siRNA to form 

more compact PICs assembly. This could restrain the release of 

siRNA trapped within the polymeric chain hence  influence the 

anti-tumour activity of ROR2-PICs2 compared to ROR2-PICs1. 

The reduction in mRNA expression is modest in CaOV3CisR cells, 

which translates to undetectable changes in proliferation. 

However, thanks to the models used here, the ability of thes e 

nanoparticles to inhibit migration and invasion was evident. 

Even the CaOV3CisR cells displayed reduced invasion (although 

not significant in statistical analysis), highlighting the advantage  

of this 3D invasion assay as it can provide us with information 

that is otherwise not accessible.  Although the number of cells 

counted in the basolateral chamber appears similar for both cell 
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lines, only PICs1 nanoparticles led to statistically significant 

reductions in cell numbers compared to the nanoparticles 

loaded with inactive scampered siRNA.  

In summary, the model used here provided us with information 

on the suitability of the prepared siRNA nanoparticle as 

nanomedicine against ovarian cancer metastasis. From the 

originally four formulations, two were found to be suitable for 

further investigations. However, it should be noted that the 

structural modification to enhance the stability of BSA 

decorated PICs nanoparticles carrying the siRNA could be 

explored further to ensure the maximum release of trapped 

siRNA from polymeric core network hence enhance the 

therapeutic ability.  

Conclusions 

Here, we have studied ROR2 siRNA enclosed BSA modified PICs 

and investigated their therapeutic potential in HGSOC cells 

including platinum resistant models via a co-cultured 3D 

organotypic model. This study highlights the effectiveness of 

ROR2 siRNA when condensed into BSA decorated micellar 

formulation in inhibiting the metastatic potential of HGSOC 

cells. The ROR2 siRNA loaded PICs nanoparticles showed a 

promising outcome in terms of inhibiting the migration and 

invasion ability of CaOV3, with a less effect on its cisplatin 

resistant pair. This biocompatible PICs system provides a 

platform to deliver siRNA into cells with a potential to inhibit 

gene of interest, with negligible cytotoxic effect. This is of 

relevance to those biomarkers which have no targeting 

therapies available.  
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