In vitro assessment of potential bladder papillary neoplasm treatment with functionalized polyethyleneimine coated magnetic nanoparticles
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Abstract
 Normal porcine urothelial cells (NPU) have been shown to have a much lower rate of endocytosis than urothelial papillary neoplasm cells (RT4 cell line), which could be used as a mechanism for selective delivery of toxic compounds, such as polyethyleneimine coated nanoparticles (PEI NPs). In order to reduce their non-selective membrane toxicity, we had successfully functionalized PEI NPs with L-glutathione reduced (PEI_GSH NPs) or bovine serum albumin (PEI_BSA NPs), as confirmed with Fourier Transform Infrared Spectroscopy (FTIR), Dynamic Light Scattering (DLS) and Zeta potential measurements. Viability assays showed that BSA coating reduced NPs toxicity immediately after exposure and that PEI_BSA NPs were more toxic to RT4 cells compared to NPU cells at 50 µg/ml NPs concentration. However, 24h after exposure, PEI_BSA NPs had similar effect on viability of both RT4 and NPU cells. PEI_BSA NPs showed some selective toxicity towards urothelial papillary neoplasm cells compared to normal cells after 3h, however this was not confirmed after 24h. In order to achieve selective toxicity further optimizations of the nanoparticle formulation and exposure protocols are necessary. 
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Introduction
Urothelial papillary neoplasms are a group of non-invasive urinary bladder cancers that have a high recurrence rate and can progress to an invasive form of bladder cancer.1,2 The treatment of urothelial papillary neoplasms typically involves transurethral resection followed by intravesical therapy, where chemotherapeutic agents are admitted directly into bladder.3 Despite obvious advantage of local delivery, intravesical therapy has its limitations and it is an important area for further development,4 in which nanoparticles (NPs) proved to be a promising strategy for improvement.5
Polyethyleneimine (PEI) is a cationic polymer with one of the highest cationic charge-density potentials.6 This property allows PEI to form complexes with anionic molecules and to transfer them into the cytosol of the cells (e.g. complexes of PEI and DNA for transfection). PEI can be also used as a coating on magnetic NPs, further improving its efficiency as a delivery agent.7,8 PEI has been already successfully applied as a delivery vehicle on bladder cancer models9,10 and researchers have also used PEI in a clinical study for the treatment of bladder cancer (NCT00595088). However, cationic properties of PEI are also responsible for its toxicity;11–15 either by direct damage to the membranes (i.e. extracellular toxicity) or through endosome and mitochondria damage (i.e. intracellular toxicity).12,13,16,17 
In a separate study we observed enhanced uptake of polyacrylic acid (PAA) coated cobalt ferrite NPs by urothelial papillary neoplasm cell model (RT4) compared to differentiated normal porcine urothelial cell model (NPU).18 The enhanced uptake into RT4 cells was most probably due to lower differentiation stage of RT4 cells compared to NPU cells. Due to a high differentiation stage the NPU cells have very low permeability and endocytotic activity compared to only partially differentiated and loosely interconnected RT4 cells in the in vitro cell models. Such selective uptake was also shown in vitro for cationic chitosan coated poly-ε-caprolactone NPs by mouse bladder carcinoma cells compared to normal mouse urinary bladder cells19 and could probably be achieved also with PEI coated magnetic NPs. However, to achieve selective toxicity of NPs for cancer cells compared to normal cells through the difference in internalization rate, membrane toxicity of PEI NPs has to be reduced or abolished.
With additional coatings of L-glutathione reduced (GSH) and bovine serum albumin (BSA) we wanted to reduce membrane toxicity in parallel to retain toxicity after internalization. Our hypothesis was, that in this way, the toxicity of coated PEI NPs would correlate with their uptake and consequently such NPs would be considerably more toxic towards highly endocytotically active RT4 cells compared to NPU cells. 
Experimental
Nanoparticle synthesis and characterization
PEI coated cobalt ferrite NPs were prepared as described elsewhere.14,19,20 PEI NPs were additionally functionalized with L-glutathione reduced (GSH; Sigma-Aldrich, St. Luis, Missouri, USA) at 0.25 to 1 mass ratio, or with bovine serum albumin (BSA; Sigma-Aldrich) at 0.5 to 1 mass ratio immediately prior to use. NPs were dialyzed against distilled water and sterilized by filtration. IR spectra of dry samples were recorded on a Bruker FTIR (Fourier Transform Infrared Spectroscopy) Alpha Platinum ATR spectrophotometer (Bruker, Billerica, Massachusetts, USA). Dynamic light scattering and zeta potential were measured using Malvern Zetasizer NanoZS (Malvern Industries, Malvern, UK).

Cell culturing
Cells were maintained at 37 °C in a humidified 5 % CO2 atmosphere. Human bladder papillary neoplasm (RT4) cells were grown in A-DMEM/F12 (Gibco, Gaithersburg, Maryland, USA), 5% fetal bovine serum (FBS; Gibco), 4 mM glutamax (Gibco), 100 U/ml penicillin, and 100 μg/ml streptomycin. Cultures of normal porcine urothelial cells (NPU) were established from porcine urinary bladder as described previously.21 For the establishment of highly differentiated urothelium (NPU), which resembles normoplastic biomimetic in vivo model for urothelium, cells were grown in UroM medium without FBS and with physiological calcium concentration of 2.5 mM for 3 weeks before experiments.
The experiments with urothelial cells were approved by the Veterinary Administration of the Slovenian Ministry of Agriculture and Forestry in compliance with the Animal Health Protection Act and the Instructions for Granting Permits for Animal Experimentation for Scientific Purposes. 

Viability testing
Trypan blue viability assay was used to determine the viability of urothelial cells after NPs exposure. Cells were incubated with PEI, PEI_GSH or PEI_BSA NPs (50, 100, 150 µg/ml) for 3 h in A-DMEM cell culture medium without FBS. Cells were trypsinized immediately after the incubation or after additional 24 h of incubation in complete medium without NPs. Cells were stained with Trypan Blue stain (Life Technologies, Eugene, Oregon, USA), which enters only in dead cells, and counted using CountessTM Automated Cell Counter (Invitrogen, Carlsbad, California, USA). The number of dead cells was subtracted from the total number of cells to obtain the number of viable cells. The percentage of viable cells (Viability) in a given sample was determined as the ratio between the number of viable cells in each sample (Ns) and the number of all cells in the control sample (N0):
.								(1)
Transmission Electron Microscopy
Transmission electron microscopy was performed as described in Bregar et al.21 PEI and PEI_BSA NPs at concentrations 50 µg/ml were used, incubation time was 3 h. 
Data analysis
Data analysis was performed in R software environment (version 3.2.2.) Results are shown as mean and standard error for three independent experiments.
Results and Discussion
In this study, we have successfully modified cationic PEI NPs with negatively charged molecules of GSH or BSA as confirmed with physico-chemical characterization. GSH was chosen for its antioxidant properties while BSA was used as a protein pre-coating, a strategy described in Mirshafie et al.22 FTIR spectra showed differences in chemical composition of NPs formulations (Figure 1), confirming the presence of the additional coating. DLS measurements showed that functionalization with GSH reduced the hydrodynamic diameter of PEI NPs (122 ± 19 nm) to 93 ± 32 nm, indicating additional stabilization of NPs by GSH in distilled water (Figure 2), most probably due to steric repulsion of GSH molecules on PEI NP surface, which impeded the formation of NP aggregates.23 On the contrary, BSA coating increased the hydrodynamic diameter to 179 ± 6 nm. Upon additional functionalization, the highly positive surface charge of PEI NPs (56 ± 1 mV) was reduced to 44 ± 5 mV and 50 ± 4 mV for GSH and BSA, respectively. This was due to interaction of anionic GSH or BSA molecules with cationic PEI NPs, which neutralized some of the functional groups on the surface of PEI NPs.
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Figure 1a: FTIR spectra of PEI NPs.
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Figure 1b: FTIR spectra of PEI_GSH NPs.
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Figure 1c: FTIR spectra of PEI_BSA NPs.
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Figure 2a: Physical characterization of NPs. Hydrodynamic diameter of PEI, PEI_GSH and PEI_BSA NPs dispersed in water. Means with standard errors of the mean from three independent replicas are shown.
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Figure 2b: Physical characterization of NPs. Zeta potential of PEI, PEI_GSH and PEI_BSA NPs dispersed in water. Means with standard errors of the mean from three independent replicas are shown.

In our previous study, we showed that the uptake of PAA coated NPs is higher in urothelial tumour cell models (RT4, T24) compared to NPU cells due to lower endocytic activity of healthy urothelial cells.18 Due to cell-type dependent nature of such selective uptake, this principle could be applied also to other NP types, including PEI NPs. PEI NPs have so far been used for delivery of other toxic molecules,9,10 however PEI itself can also cause toxicity through membrane damage, ROS induction and lysosomal damage.24 In order to limit PEI toxicity to endocytotically highly active cells, PEI’s ability to damage outer cell membranes (non-selective toxicity) has to be reduced. Functionalization of PEI NPs with GSH or BSA reduced the highly positive surface charge of PEI NPs and thus decreased their binding to the membranes that causes membrane damage. Moreover, the exposure to acidic pH and proteolytic enzymes in the lysosomes would damage the GSH and BSA layers, thus exposing again the highly cationic surface of PEI NPs and enabling intracellular cytotoxic action of PEI.
To simulate potential intravesical therapy, normal (NPU) and papillary neoplasm (RT4) urothelial cell models were exposed to increasing concentrations of all three types of NPs for 3h and viability was determined to evaluate toxic effects of NPs (Figure 3). Immediately after incubation, a significant proportion of dead cells was observed in all samples, but BSA coating (PEI_BSA NPs) showed the highest reduction of PEI NPs toxicity, resulting in increased NPU cell viability at concentrations 50 and 100 µg/ml (Figure 3a). The highest selective toxicity against urothelial cancer cells compared to normal urothelial cells was observed between 50 µg/ml concentration of PEI_BSA NPs, where viability of NPU cells was 90% and of RT4 cell 75%.
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Figure 3a: Viability of NPU cells immediately after 3h exposure to increasing concentrations of PEI, PEI_BSA and PEI_GSH NPs. Viability was determined by Trypan Blue exclusion test. Means with standard errors of the mean from three independent experiments are shown.
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Figure 3b: Viability of RT4 cells immediately after 3h exposure to increasing concentrations of PEI, PEI_BSA and PEI_GSH NPs. Viability was determined by Trypan Blue exclusion test. Means with standard errors of the mean from three independent experiments are shown.

On the other hand, PEI and PEI_GSH NPs induced no selective toxicity to RT4 compared to NPU cells as it can be seen from similar values for all concentrations (Figure 3). No concentrations dependence in the analyzed range can be explained by short exposure time, which limited sedimentation and internalization of NPs. Moreover, cells in these cell models grow in confluent layers, thus limiting the exposure to NPs only to the uppermost layer. All used NP concentrations were enough to damage the first layer and the remaining debris protected the lower laying cells. Morphology of RT4 and NPU cells was observed with TEM. Internalized NPs were observed only in papillary neoplasm RT4 cells, confirming the selective uptake of both PEI and PEI_BSA NPs (Figure 4).
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Figure 4: TEM micrographs of NPU and RT4 cells without NPs (control), with PEI NPs and PEI_BSA NPs at concentration 50 µg/ml after 3h of incubation. Arrows denote NPs.
To further evaluate cytotoxic effects of the internalized NPs 24h after initial exposure due to potential delayed effect, cells incubated with PEI or PEI_BSA NPs were washed after 3h incubation and left to grow in media without NPs for additional 24h (Figure 5). As expected, internalized PEI NPs caused additional cytotoxicity to RT4 cells after 24h compared to cytotoxicity determined immediately after 3h exposure. But, surprisingly reduced viability was observed also on NPU cells for both PEI and PEI_BSA NPs. This could be explained with NPs that remained on the surface of NPU cells after the washing step and were most likely responsible for additional cytotoxicity after 24h compared to cytotoxicity determined immediately after 3h of exposure to NPs. The differences in extracellular toxicity, e.g. membrane damage, can be explained also by different molecular composition of cell membrane in RT4 and NPU cells.25 Again, PEI_BSA NPs proved to be less toxic to NPU and RT4 cells compared to PEI NPs at equal concentrations. Also, only a negligible number of dead cells were observed (results not shown), indicating that the damaged cells were washed away, and leaving only healthy cells to regenerate the urothelium. Thus, analysis after 24h showed that developed NPs formulations exhibit no differential toxicity to cancer RT4 cells. 
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Figure 5a: Viability of NPU cells 24h after the 3h exposure to increasing concentrations of PEI and PEI_BSA NPs. Viability was determined 24h after the removal of NPs, by Trypan Blue exclusion test. Means with standard errors of the mean from three independent replicas are shown.
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Figure 5a: Viability of RT4 cells 24h after the 3h exposure to increasing concentrations of PEI and PEI_BSA NPs. Viability was determined 24h after the removal of NPs, by Trypan Blue exclusion test. Means with standard errors of the mean from three independent replicas are shown.
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Conclusions
PEI NPs were successfully coated with GSH or BSA. The functionalization of NPs was confirmed using FTIR, DLS and Zeta potential measurements. Reduced extracellular toxicity of PEI NPs with additional functionalization proved to be promising method for achieving selective toxicity to urothelial cells after 3h exposure, since reduced cytotoxicity of BSA modified PEI NPs towards NPU cells was obtained. However, viability experiments performed 24h after the initial exposure to NPs indicated that further optimisation is needed in order to decrease nonspecific membrane toxicity of NPs and thus obtain therapeutic window with specific cytotoxicity to RT4 cancer cells.
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