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Abstract

Normal porcine urothelial cells have been shown to have a much lower rate of endocytosis than urothelial papillary neo-
plasm cells. This could be used as a mechanism for selective delivery of toxic compounds, such as polyethyleneimine
coated nanoparticles (NPs). However, these NPs induce nonselective toxicity through direct membrane disruption. This
toxicity can be reduced by functionalization of NPs with L-glutathione reduced or bovine serum albumin by reducing
their surface charge. Functionalization was confirmed with Fourier Transform Infrared Spectroscopy, Dynamic Light
Scattering and zeta potential measurements. Viability assays showed that bovine serum albumin coating reduced NPs
cytotoxicity immediately after 3 h exposure and that such NPs were more toxic to urothelial papillary neoplasm cells
compared to normal porcine urothelial cells at 50 ug/ml NPs concentration. However, 24 h after exposure, bovine serum
albumin functionalized NPs had similar effect on viability of both cell lines. NPs showed some selective toxicity to-
wards urothelial papillary neoplasm cells compared to normal cells after 3 h, however this was not confirmed after 24 h.

Keywords: polyethyleneimine, urothelial cell models, magnetic nanoparticles, toxicity, urothelial papillary neoplasm

1. Introduction

Urothelial papillary neoplasms are a group of non-
invasive urinary bladder cancers that have a high recurren-
ce rate and can progress to an invasive form of bladder
cancer.? The treatment typically involves transurethral
resection followed by intravesical therapy, where chemot-
herapeutic agents are administered directly into the blad-
der. Despite obvious advantages of local delivery, intra-
vesical therapy has its limitations and is thus an important
area for further development,* in which nanoparticles
(NPs) proved to be a promising strategy for improve-
ment.’

Several different types of NPs have already been de-
signed for treatment of bladder cancer, mostly to deliver
chemotherapeutic drugs and other therapeutic and ima-
ging molecules.®!'! For targeted delivery to bladder cancer
cells, different ligands have been used, such as lectins'*!?
or transferrin.'* Also, magnetic targeting has been applied
for delivery of magnetic NPs with encapsulated doxorubi-
cin.’® In vivo studies demonstrated that complexation or
encapsulation of cytotoxic agents into different NPs (lipo-
somes, polymeric NPs) can improve the efficiency of in-
travesical therapy.>'"1 Moreover, some NP formulations
are already in preclinical and clinical studies.'’

Furthermore, in a recent study we have shown en-
hanced uptake of anionic polyacrylic acid (PAA) coated
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cobalt ferrite NPs by urothelial papillary neoplasm cell
model (RT4) compared to differentiated normal porcine
urothelial cell model (NPU). Similar selective uptake was
also shown for cationic chitosan coated poly-g-caprolac-
tone NPs by mouse bladder carcinoma cells compared to
normal mouse urinary bladder cells.'® The highly locali-
zed intravesical treatment in combination with the signifi-
cant difference in endocytic activity between normal and
cancerous cells thus represents a unique opportunity for
selective delivery of anti-cancer therapeutics, such as NPs.

In this paper we analyse potential applicability of
polyethyleneimine (PEI) coated NPs for selective treat-
ment of urothelial papillary cells. PEI is a cationic poly-
mer with one of the highest cationic charge-density poten-
tials,' that is mostly used as a transfection agent.”**' PEI
has been already successfully applied as a delivery vehic-
le on bladder cancer models*** 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**® either through
direct membrane damage (i.e. extracellular toxicity) or
through damage to the endosomes, lysosomes and mitoc-
hondria (i.e. intracellular toxicity).”***** So to achieve
selective cytotoxicity of NPs for cancer cells compared to
normal cells based on the selective NPs uptake into cancer
cells, the extracellular toxicity of PEI NPs had to be redu-
ced first.

The aim of the study was to design modified PEI
NPs coated with the additional layer in order to obtain se-
lective toxicity against cancer cells, and to test their ef-
fectiveness. We tested two coatings: L-glutathione redu-
ced (GSH)*' and bovine serum albumin (BSA)*>** for
which we hypothesized that would reduce extracellular
toxicity (membrane toxicity) while retaining intracellular
toxicity.

2. Experimental

2. 1. Nanoparticle Synthesis and
Characterization

PEI coated cobalt ferrite (CoFe,O,) NPs were pre-
pared as described previously.”**!** PEI NPs were addi-
tionally functionalized with L-glutathione reduced (GSH;
Sigma-Aldrich, St. Luis, Missouri, USA) at 0.25 to 1
mass ratio (PEI_GSH NPs), or with bovine serum albu-
min (BSA; Sigma-Aldrich) at 0.5 to 1 mass ratio
(PEI_BSA NPs) 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, Mas-
sachusetts, USA). Dynamic light scattering and zeta po-
tential were measured using Malvern Zetasizer NanoZS
(Malvern Industries, Malvern, UK).

2. 2. Cell Culturing

Cells were maintained at 37 °C in a humidified 5%
CO, atmosphere. Human bladder papillary neoplasm
(RT4) cells were grown in A-DMEM/F12 (Gibco, Gait-
hersburg, Maryland, USA), 5% fetal bovine serum (FBS;
Gibco), 4 mM glutamax (Gibco), 100 U/ml penicillin, and
100 pg/ml streptomycin. Cultures of primary normal por-
cine urothelial cells (NPU) were established from porcine
urinary bladder as described previously.*> For the estab-
lishment of the highly differentiated normal porcine urot-
helial (NPU) cell model, which represents a biomimetic
model of a normal differentiated urothelium in vivo, cells
were grown in UroM medium without FBS and with
physiological 2.5 mM calcium concentration for 3 weeks
before experiments.

The experiments with NPU cells were approved by
the Veterinary Administration of the Slovenian Ministry
of Agriculture and Forestry in compliance with the Ani-
mal Health Protection Act and the Instructions for Gran-
ting Permits for Animal Experimentation for Scientific
Purposes.

2. 3. Viability Testing

Cell viability was determined with Trypan blue via-
bility assay. Cells were incubated with PEI, PEI_GSH or
PEI_BSA NPs (50, 100, 150 pg/ml) for 3 h in A-DMEM
cell culture medium without FBS and washed to remove
the NPs. Cells were trypsinized immediately after the 3 h
incubation or after additional 24 h culturing in the com-
plete medium (A-DMEM for RT4 cells and UroM for
NPU cells) without NPs. Trypsinized cells were stained
with Trypan Blue stain (Life Technologies, Eugene, Ore-
gon, USA) and counted using Countess™ Automated Cell
Counter (Invitrogen, Carlsbad, California, USA). The
number of dead cells was subtracted from the total num-
ber of cells to obtain the number of viable cells. The per-
centage 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 con-
trol sample (N,):

Viability = 100 X Ns/Nj. (1)

2. 4. Transmission Electron Microscopy

Transmission electron microscopy was performed as
described in Bregar et al.** following 3 h incubation with
50 pg/ml PEI and PEI_BSA NPs.

2. 5. Data Analysis

Data analysis was performed in R software environ-
ment (version 3.2.2.). Results are shown as mean and stan-
dard error of the mean for three independent experiments.
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3. Results and Discussion

In our previous study, we showed that the uptake of
PAA coated NPs is higher in the urothelial tumour cell
models (RT4, T24) compared to NPU cells due to lower
endocytic activity of healthy urothelial cells. Due to cell-
type dependent nature of such selective uptake, this prin-
ciple could be applied also to other NP types, including
PEI NPs. PEI NPs have so far been used for delivery of ot-
her toxic molecules,?>** however PEI itself can also cause
toxicity through membrane damage, ROS induction and
lysosomal damage.*® We wanted to exploit PEI intrinsic
toxicity as a mechanism to induce selective toxicity, but in
order to limit PEI toxicity to NPU cells, PEI’s ability to
damage outer cell membranes (non-selective toxicity) had
to be reduced. The aim of the study was to modify PEI
NPs with the negatively charged GSH and BSA molecules
to decrease PEI NPs highly positive surface charge and
thus to obtain selective toxicity. GSH was chosen for its
antioxidant properties and excess of negative charge, in
order to reduce the zeta potential of the modified
(PEI_GSH NPs). This strategy proved to be efficient for
reducing cytotoxicity of PEI_NPs towards CHO cells.?!
BSA was used as a protein pre-coating, a strategy descri-
bed in Mirshafie et al.*

The successful modifications were confirmed with
physicochemical characterization of NPs through the dif-
ferences in FTIR spectra (Figure 1), changes in DLS (Fi-
gure 2a) and zeta potential measurements (Figure 2B).
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 2a). This effects
was most probably due to steric repulsion of GSH molecu-
les on PEI NP surface, which impeded the formation of NP
aggregates.”’ On the other hand, BSA coating increased
the hydrodynamic diameter to 179 = 6 nm. Upon additio-
nal functionalization, the highly positive zeta potential of
PEI NPs (56 £ 1 mV) was reduced to 44 + 5 mV and 50 +
4 mV for GSH and BSA, respectively (Figure 2B). 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.

We postulated that reduction of the highly positive
charge of PEI NPs would decrease their binding to the
plasma membrane and thus reduce the membrane damage
and increasing their selective toxicity. Moreover, we assu-
med that the exposure to acidic pH and proteolytic enzy-
mes 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
PEL It is important to note that if the incubation of NPs
would be performed in a standard culture medium with
serum, this could modify internalization and the cytotoxi-
city, since protein corona importantly determines biologi-
cal response of the cells to NPs.*

.
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Figure 1: FTIR spectra of PEI (a), PEI_GSH (b) and PEI_BSA (c)
NPs.
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Figure 2: Physical characterization of NPs. Hydrodynamic diame-
ter of PEI, PEI_GSH and PEI_BSA NPs dispersed in water (a). Ze-
ta potential of PEI, PEI_GSH and PEI_BSA NPs dispersed in wa-
ter (b). Means with standard errors of the mean from three indepen-
dent experiments are shown.

To simulate potential intravesical therapy, normal
(NPU) and papillary neoplasm (RT4) urothelial cell mo-
dels were exposed to increasing concentrations of the
three types of NPs for 3 h and viability was determined
with Trypan blue viability assay (Figure 3). Experiments
were performed in the media without FBS, as this was
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more relevant for potential in vivo application. Immedia-
tely after the incubation, a significant proportion of dead
cells was observed in all treated samples, among which
PEI NPs predictably induced the highest toxicity. BSA
coating (PEI_BSA NPs) showed the highest reduction of
PEI NPs toxicity, resulting in increased NPU cell viability
at concentrations 50 and 100 pug/ml (Figure 3A). The hig-
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Figure 3: Viability of NPU (a) and RT4 (b) cells immediately after
3 h exposure to increasing concentrations of PEI, PEI_BSA and
PEI_GSH NPs. Viability was determined by Trypan Blue viability
assay. Means with standard errors of the mean from three indepen-
dent experiments are shown.
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hest selective toxicity was obtained with 50 pg/ml
PEI_BSA NPs, where the obtained viability was 90% and
75% for NPU and RT4 cells, respectively. On the other
hand, PEI and PEI_GSH NPs induced no selective toxi-
city to RT4 compared to NPU cells (Figure 3). Intere-
stingly, the overall cytotoxicity of NPs was greater in
NPU cells than in RT4 cells, which is most probably due
to a higher number of cell layers in RT4 cell model, but
could also be due to the different molecular composition
of cell membrane in RT4 and NPU cells.*

Interestingly, the increasing NP concentration had
only a small effect on cell viability. This can be explained
by short exposure time, which limited the sedimentation
and internalization of NPs. Moreover, cells in these cell
models grow in confluent layers, thus limiting the exposu-
re to NPs only to the uppermost layer. All used NP con-
centrations were enough to damage the first layer and the
remaining cell debris protected the lower laying cells.
This was confirmed with TEM analysis, where following
3 h incubation, NPs were observed in contact only with
the uppermost cell layer of RT4 in membrane structures
which could represent macropinocytotic uptake (Figure 4)
and possibly lead to internalization of NPs. No NPs were
observed associated with NPU cells (Figure 4).

To determine, if these NPs can cause delayed selec-
tive toxicity, cell models were cultured for additional 24 h
after the initial 3 h NP exposure (Figure 5). PEI and
PEI_BSA NPs caused additional cytotoxicity to RT4 cells
after 24 h compared to cytotoxicity determined immedia-
tely after 3 h exposure, partially due to intracellular toxi-
city, and also partially due to delayed effect of the 3 h ex-
posure to NPs. The later effect was confirmed on NPU

PEI_BSA NPs

Figure 4: TEM micrographs of NPU and RT4 cells without NPs (control), with 50 ug/ml PEI NPs or 50 ug/ml PEI_BSA NPs after 3 h incubation.

Arrows denote NPs.
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Figure 5: Viability of NPU (a) and RT4 (b) 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 viability assay. Means with standard errors of the mean from
three independent experiments are shown.

cells, since s reduced viability was observed for both PEI
and PEI_BSA NPs. For both cell lines, this reduction in
viability could be caused by NPs that remained on the sur-
face of cell models after the washing step. 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 (re-
sults not shown), indicating that the damaged cells were
washed away, and leaving only healthy cells to regenerate
the urothelium. Thus, analysis after 24 h showed that de-
veloped NP formulations exhibit no selective toxicity for
cancer RT4 cells.

Unfortunately, despite the promising results on the
reduction of PEI NP toxicity, the additional BSA coating
did not induce selective toxicity towards cancer cells. This
is partially caused by the still high extracellular toxicity of
modified NPs at the concentrations used, but could also be
due to the short incubation time, which significantly limi-
ted the interactions between NPs and cell membranes and
thus also the amount of internalized NPs in RT4 cells. Ad-
ditional strategies to more effectively reduce the extracel-
lular toxicity of PEI NPs should thus be explored.

4. Conclusions

PEI NPs were successfully coated with GSH or
BSA and the functionalization was confirmed with FTIR,
DLS and zeta potential measurements. Reduced extracel-
lular toxicity of PEI NPs with additional functionalization

proved to be a promising method for achieving selective
toxicity to urothelial cells after 3 h of exposure, as indica-
ted by the reduced cytotoxicity of BSA modified PEI NP-
s towards NPU cells compared to RT4 cells. However,
viability experiments performed 24 h after the initial ex-
posure to NPs indicated that further optimisation is nee-
ded 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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Normalne prasic¢je urotelijske celice imajo nizjo stopnjo endocitoze kot urotelijske celice papilarne neoplazme. To lahko
izkoristimo kot mehanizem za selektivno dostavo nanodelcev oplascenih s polietileniminom. Nanodelci pa lahko delu-
jejo toksicno tudi preko interakcije s celiécno membrano. Tej toksi¢nosti se lahko izognemo z dodatno plastjo nasprotno
nabitih molekul na povrSini nanodelcev. V naSem primeru smo to Zeleli doseci z dodatno plastjo glutationa oziroma
govejega serumskega albumina. Test viabilnosti je pokazal, da dodatna plast govejega serumskega albumina uspesno
zmanjs$a neselektivno citotoksi¢nost nanodelcev takoj po 3 h izpostavitvi. Taisti nanodelci so izkazali visjo

pri koncentraciji 50 pg/ml. 24 h po izpostavitvi je u¢inek nanodelcev enak na obeh celi¢nih linijah.

Strojan et al.: In vitro assessment of potential bladder papillary neoplasm



