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Introduction: Bladder cancer (BCa) is among the most prevalent cancers worldwide. However, the effectiveness of intravesical
therapy for BCa is limited due to the short dwell time and the presence of the permeation barrier.

Methods: Nanocomplexes were self-assembled between DNA and hendeca-arginine peptide (R11). Stepwise intravesical instillation
of R11 and the generated nanocomplexes significantly enhanced the targeting capacity and penetration efficiency in BCa therapy. The
involved mechanism of cellular uptake and penetration of the nanocomplexes was determined. The therapeutic effect of the
nanocomplexes was verified preclinically in murine orthotopic BCa models.

Results: Nanocomplexes exhibited the best BCa targeting efficiency at a nitrogen-to-phosphate (NP) ratio of 5 but showed a lack of
stability during cellular uptake. The method of stepwise intravesical instillation not only increased the stability and target specificity of
the DNA component but also caused the delivered DNA to more effectively penetrate into the glycosaminoglycan layer and plasma
membrane. The method promotes the accumulation of the delivered DNA in the clathrin-independent endocytosis pathway, directs the
intracellular trafficking of the delivered DNA to nonlysosome-localized regions, and enables the intercellular transport of the delivered
DNA via a direct transfer mechanism. In preclinical trials, our stepwise method was shown to remarkably enhance the targeting and
penetration efficiency of DNA in murine orthotopic BCa models.

Conclusion: With this method, a stepwise intravesical instillation of self-assembled nanocomplexes, which are generated from
hendeca-arginine peptides, was achieved; thus, this method offers an effective strategy to deliver DNA to target and penetrate BCa
cells during gene therapy and warrants further development for future intravesical gene therapy in the clinical context.
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Introduction

Bladder cancer (BCa) is among the most prevalent cancers worldwide. Approximately 550,000 individuals are diagnosed
with BCa annually, and almost 40% of patients succumb to the disease." For patients who are initially diagnosed with
non-muscle-invasive BCa, transurethral resection of the bladder tumor followed by intravesical therapy (IT) is often
performed.? IT is used to kill the residual tumor and prevent recurrence and progression. However, the effectiveness of IT
is limited.® Constant cycling of urine and normal voiding reduces the exposure time and the concentration of drugs to
BCa. Additionally, BCa tissue is composed of densely packed cellular aggregates and paracellular matrix. Together with
the protective glycosaminoglycan (GAG) layer, BCa tissue serves as an obstacle to drug penetration during IT.* To

improve the dwell-time of IT drugs in BCa tissue, intravesical gene-based drugs, which have long-term effects on their
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targets, have been extensively developed and applied preclinically.® Intravesical gene-based drugs are mostly loaded into
viral vectors or cationic liposomes for gene therapy.* However, drugs that exhibit poor BCa specificity produce adverse
effects on the normal urothelium.* Their penetration efficacies also remain far from satisfactory owing to their reliance on
passive penetration.” These drawbacks drive the need to develop alternative carriers for gene therapy to address BCa.
Over the years, different types of carriers other than viral vectors and liposomes have been proposed for BCa gene
therapy, ranging from inorganic nanoparticles®’ to polymers.® Among them, polymers with a proteinaceous nature have
attracted extensive interest because of their target specificity and structural flexibility. Previously, we adopted the
hendeca-arginine peptide (R11) to generate nanoprobes to perform molecular imaging of spherical nucleic acids, leading
to effective identification of bladder cancer margins and a significant improvement in the RO resection rate in surgery.’
We also observed that R11 peptides have the potential to significantly increase the BCa targeting ability and membrane
penetrability of nucleic acid materials during bioimaging.” Because R11 is positively charged, it can interact with the
negatively charged phosphate backbone of nucleic acids (including RNA and DNA) through electrostatic interactions to
self-assemble into nanocomplexes.'® This makes R11 a potential carrier for cancer gene therapy. Despite such potential,
in the case of BCa treatment, nanocomplexes that form from R11 are easily depolymerized when they contact negatively
charged components in the GAG layer and the BCa tissue, severely retarding the practical potential of R11 in the
mediation of gene therapy for BCa. This study addressed this problem by utilizing the method of stepwise intravesical
instillation and successfully preserved the stability of the nanocomplexes to effectively deliver DNA across the GAG
layer and the plasma membrane with high specificity. Our stepwise method can also direct the intracellular trafficking of
the delivered DNA toward nonlysosome-localized regions and can boost the intercellular trafficking of the DNA
component through the direct transfer mechanism. The effectiveness of this stepwise method was further verified
preclinically in murine orthotopic BCa models. Along with the simplicity of synthesis, the stepwise method offers
translational advantages and warrants further development as a therapeutically potent strategy for gene-based IT.
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Materials and Methods
Preparation of RI 1-DNA Nanocomplexes at Different NP Ratios

Solutions that contained nanocomplexes were prepared by mixing one volume of an R11 solution to an equal volume of
a DNA solution at different ratios of the total nitrogen number from R11 to the phosphate number from DNA (NP ratios).
The NP ratios for each type of R11-DNA nanocomplex were set as 5, 10 and 20. The generated nanocomplexes were
designated NP5, NP10, and NP20. During nanocomplex preparation, the DNA solution was added dropwise into the R11
solution under vigorous stirring as previously described.'!

Determination of the Physicochemical Properties of RI [-DNA Nanocomplexes at
Different NP Ratios

The physicochemical properties of R11-DNA nanocomplexes at different NP ratios included the size distribution, zeta
potential, morphology, migration efficiency in gel and fluorescence emission spectrum. The size distribution and zeta
potential of the nanocomplexes, which contained an R11 concentration of 2 pM, were analyzed by using a Zetasizer
(Malvern Zetasizer; Malvern Ins. Ltd., Malvern, UK) at 25 °C in PBS buffer. To perform the gel retardation assay,
nanocomplexes, which contained a DNA concentration of 0.5 uM, were loaded into a 2% (w/v) agarose gel stained with
Gel Red (APExBIO Technology, Houston, US). Electrophoresis was carried out at 100 V in TAE buffer for 40 min. DNA
bands were visualized under a transilluminator. All scanning electron microscopy (SEM) images were obtained using
SEM (Model S4800; Hitachi Ltd., Tokyo, Japan) after the nanocomplexes were simply deposited on freshly cleaved
silicon wafers and dried in air. The fluorescence spectrum of the nanocomplexes was determined using a Multi-Mode
Microplate Reader (Synergy Mx, Bio-Tek Instruments Inc., Winooski, US). For the TAMRA-labeled R11, the emission
spectra were measured from 572 nm to 620 nm at an excitation wavelength of 560 nm. For the FITC-labelled DNA, the
emission spectra were measured from 517 nm to 560 nm at an excitation wavelength of 494 nm.

Cell Culture

SVHUC-1, T24, and 253J cells were obtained from the National Collection of Authenticated Cell Cultures, China, and
were cultured in DMEM. All cell lines were supplemented with 10% fetal bovine serum and 100 U/mL 1% penicillin/
streptomycin and maintained at 37 °C in a 100% humidified atmosphere containing 5% CO, at 37 °C. In the following
experiments, T24 and 253J were used as BCa cell lines, whereas SVHUC-1 represented normal urothelial cells.

Determining the Cytotoxicity of the Nanocomplexes

A cytotoxicity assay of R11-DNA nanocomplexes at different NP ratios was performed in T24 cells. T24 cells were
plated into 96-well plates (4000 cells per well) and incubated for 24 h. The cells were incubated with either nanocom-
plexes or free R11 for 24 h. After that, the medium in each well was replaced with 0.2 mL of fresh medium containing
a 10% CCK-8 solution (Yeasen Biotechnology Co., Ltd., Shanghai, China) for another 2 h. The absorbance in each well
was measured at 450 nm using a microplate spectrophotometer. Each data point was tested in triplicate in three
independent experiments.

Evaluation of the BCa Specificity, Cellular Uptake Efficiency, Cellular Uptake

Mechanisms and Intercellular Direct Transfer Efficiency of the Nanocomplexes

The BCa specificity, cellular uptake efficiency, cellular uptake mechanisms and intercellular direct transfer efficiency of
the nanocomplexes were tested by flow cytometry. The basic flow cytometry procedure was performed as follows. Cells
were grown in a 12-well plate at a density of 1x10° cells per well for 12 h and then incubated with fluorescent-labeled
materials at designated concentrations. At regular time intervals, the cells were washed twice with PBS and digested by
trypsin. Trypsinized cells were then centrifuged at 1000 rpm for 3 min to remove trypsin. The collected cells were
resuspended in 1.0 mL PBS and analyzed by flow cytometry (BD Biosciences, New Jersey, US). Every 10,000 cells were
counted to determine the average fluorescence intensity. The experiment was repeated three times independently. FlowJo
software was used for data analyses. Data are presented as the mean+S.D.
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The BCa specificity and the cellular uptake efficiency of both R11 and DNA components in nanocomplexes were tested as
follows. To quantify the R11 specificity, either nanocomplexes (with the concentration of TAMRA-labeled R11 being 2.0 uM)
or free TAMRA-labeled R11 (2.0 uM) were hybridized with SVHUC-1, T24 or 253J for 6 h. The average intensity was
measured at the FL2 channel. To quantify the DNA specificity, nanocomplexes with a concentration of FITC-labeled DNA of
0.5 uM were hybridized with SVHUC-1, T24 or 253J for 6 h. The average intensity was measured at the FL1 channel. To
quantify the internalized amount of DNA after R11 pretreatment, T24 cells were initially pretreated with 0 uM, 0.1 uM, 0.25
uM or 0.5 uM R11 for 1 h. After that, NP5 nanocomplexes with a concentration of FITC-labeled DNA of 0.5 uM were
incubated with T24 for 6 h. In addition, SVHUC-1 cells were pretreated with 0 uM or 0.25 puM RI11 for 1 h. NP5
nanocomplexes with a concentration of FITC-labeled DNA of 0.5 pM were then incubated with SVHUC-1 for 6 h. The
average intensity was measured in the FL1 channel. NP5 nanocomplexes with a concentration of FITC-labeled DNA of 0.5
UM were incubated with pretreated T24 (in which the cells were pretreated with R11 at a concentration of 0.25 uM for 6
h before the experiment) for 6 h. The nanocomplexes were also added to T24 in the presence of R11 at a concentration of 0.25
uM for 6-h coincubation. NP5 nanocomplexes with a FITC-labeled DNA concentration of 0.5 pM were incubated with
SVHUC-1 and pretreated with SVHUC-1 (in which the cells were pretreated with R11 at a concentration of 0.25 pM for 6
h before the experiment) for 6 hr. The nanocomplexes were also added to SVHUC-1 in the presence of R11 at a concentration
of 0.25 uM for 6 h of coincubation. The average intensity was measured at the FL1 channel.

The cellular uptake mechanisms were explored as follows. Endocytosis inhibitors, including filipin (1.0 pg/mL), CPZ
(10.0 pg/mL) or EIPA (10.0 pg/mL),'? were separately incubated with T24 or R11-pretreated T24 cells for 1 h. NP5
nanocomplexes, either with a 2.0 uM concentration of TAMRA-labeled R11 or with a 0.5 uM concentration of FITC-
labeled DNA, were separately incubated with T24 or R11-pretreated T24 cells for 2 h. NP5 nanocomplexes, either with
a 2.0 uM concentration of TAMRA-labeled R11 or with a 0.5 pM concentration of FITC-labeled DNA, were separately
incubated with T24 or R11-pretreated T24 at 4 °C to block energy-dependent endocytosis. The average intensity was
measured at the FL1 channel for DNA or at the FL2 channel for R11.

To quantify the intercellular direct transfer efficiency of R11, T24 cells were pretreated with either 2.0 uM free Cy5-labeled
R11 or nanocomplexes with a concentration of Cy5-labeled R11 of 2.0 uM for 6 h. After treatment with mitomycin C (5 pg/
mL) for 3 h, R11-labeled T24 and GFP-transfected T24 cells were mixed together and cocultured in the same dish for 12
h. The cells were trypsinized to form cell suspensions for analysis. The average intensity was measured at the FL1 channel and
the FL6 channel. To quantify the intercellular direct transfer efficiency of DNA, either T24 or pretreated T24 (in which the
cells were pretreated with R11 at a concentration of 0.25 uM for 6 h before the experiment) was treated with nanocomplexes
with 0.5 pM Cy5-labeled DNA for 6 h. After treatment with mitomycin C (5 pg/mL) for 3 h, R11-labeled T24 and GFP-
transfected T24 cells were mixed together and cocultured in the same dish overnight. The cells were trypsinized to form cell
suspensions for analysis. The average intensity was measured at the FL1 channel and the FL6 channel.

Evaluating the Permeation Efficiency of the Nanocomplexes

The permeation efficiency of nanocomplexes in the GAG layer or in the extracellular matrix was determined via
a diffusion chamber system (Transwell diffusion chamber apparatus). In the GAG permeation assay, chondroitin sulfate
(at 0.75 mg/cm?, with or without being premixed with 0.25 uM R11) was added to the upper Transwell chamber with
a 0.4 pm pore polyester membrane insert (Corning, Thermo Fisher Scientific Inc, Waltham, US). Then, 100 uL of NP5
nanocomplexes with a concentration of FITC-labeled DNA of 0.5 uM was gently added into the upper chamber, and
1 mL of PBS buffer was added into the lower chamber. The fluorescence intensity of the buffer in the lower chamber was
quantified using an excitation wavelength of 494 nm and an emission wavelength of 522 nm. The concentration was
calculated according to the standard curve.

In the Matrigel permeation assay, 50 uL of Matrigel was added to the upper chamber of the Transwell with a 0.4 pm pore
polyester membrane insert. Then, 100 uL of either NP5 nanocomplexes (with the concentration of TAMRA-labeled R11
being 2.0 uM) or TAMRA-labeled R11 (2.0 puM) was gently added into the upper chamber. Then, 1 mL of PBS buffer was
added to the lower chamber. The fluorescence intensity of the buffer in the lower chamber was quantified using an excitation
wavelength of 560 nm and an emission wavelength of 583 nm. The concentration was calculated according to the standard
curve. One hundred microliters of either NP5 nanocomplexes (with a concentration of FITC-labeled DNA of 0.5 uM) or
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FITC-labeled DNA (0.5 uM) was gently added to the upper chamber. Then, 1 mL of PBS buffer was added to the lower
chamber. The fluorescence intensity of the buffer in the lower chamber was quantified using an excitation wavelength of
494 nm and an emission wavelength of 522 nm. The concentration was calculated according to the standard curve.

Confocal Laser Scanning Microscopy (CLSM) Examination of the Subcellular
Distribution of Nanocomplexes

A CLSM examination was conducted as follows. Cells were grown in a confocal dish (Solarbio Life Science Co., Ltd,
Beijing, China) at a density of 1x10° cells per well for 12 h and then incubated with fluorescent-labeled materials at
designated concentrations. At regular time intervals, the cells were washed twice with PBS and stained with dyes. The cells
were washed twice with PBS before being imaged by CLSM (Leika TCS SP5 Confocal, LEIKA Inc, California, US).

To analyze the colocalization of both R11 and DNA components in nanocomplexes at the plasma membrane or in the
cytoplasm, NP5 nanocomplexes (which were composed of TAMRA-labeled R11 and FITC-labeled DNA, in which the
R11 concentration was 2.0 uM) were incubated with T24 or pretreated T24 (in which the cells were pretreated with R11
at a concentration of 0.25 uM for 6 h before the experiment). The excitation wavelength used was 494 nm for FITC-
labeled DNA and 560 nm for TAMRA-labeled R11. ImagelJ software was used for analysis.

To determine the subcellular distribution of DNA, NP5 nanocomplexes (with a 0.5 uM concentration of Cy5-labeled
DNA) were incubated with T24 or pretreated T24 (in which the cells were pretreated with R11 at a concentration of 0.25
uM for 6 h before the experiment) for 6 h. The lysosomes were stained with LysoTracker green (0.2 uM). The nuclei
were stained with Hoechst 33,342 (2.0 uM). The excitation wavelengths used were 405 nm for Hoechst 33,342, 488 nm
for LysoTracker green, and 647 nm for Cy5-labeled DNA. Imagel software was used for analysis.

To quantify the transcytosis efficiency of fluorescent-labeled materials, the first generation T24 cells or pretreated T24 cells
(in which the cells were pretreated with R11 at a concentration of 0.25 uM for 6 h before the experiment) was incubated with
either NP5 nanocomplexes (with either the concentration of Cy5-labeled DNA being 0.5 uM, or the concentration of CyS5-
labeled R11 being 2.0 uM) or free CyS-labeled R11 (2.0 uM) for 6 h. The medium containing fluorescent-labeled materials
was discarded and the first generation T24 was incubated with fresh medium for 12 h. The medium containing exocytosis
secretion from the first generation T24 cells was harvested, centrifuged by 5000 rpm to remove the cell debris, and incubated
with the next generation T24 cells for another 12 h. The medium containing secreted products from the first generation T24
cells was discarded and the second generation T24 cells was incubated with fresh medium for 12 h. The medium containing
secreted products from the second generation T24 cells was harvested, centrifuged by 5000 rpm to remove the cell debris, and
incubated with the third generation T24 cells for another 12 h. The nuclei were stained with Hoechst 33,342 (2.0 uM). The
excitation wavelength used was 405 nm for Hoechst 33,342 and 647 nm for Cy5-labeled DNA or Cy5-labeled R11. Image]
software was used for analysis.

Evaluation of the Penetration Capacity of the Nanocomplexes in Multicellular

Spheroids (MCSs)

To generate MCSs, T24 cells were suspended in fresh DMEM (containing 0.12% w/v methylcellulose) at a density of
1x10° cells per mL. A total of 25 pL of the cell suspension was dropped on the lid of the cell culture plate to form
uniform droplets. Ten milliliters of PBS was added to the plate to keep the droplets moist. After 72 h, dense spheroids
were transferred to a low adhesion 96-well plate with one spheroid per well and incubated for another 72 h.

A assay for the penetration of nanocomplexes in MCSs was performed as follows. To inhibit endocytosis, a cocktail
containing filipin (1.0 pg/mL), CPZ (10.0 pg/mL) and EIPA (10.0 pg/mL) was used. To inhibit exocytosis, EXO1 (50
uM) was used.'® T24 MCSs were incubated with either NP5 nanocomplexes (which were composed of TAMRA-labeled
R11 and FITC-labeled DNA, with a 2.0 uM concentration of R11) or free TAMRA-labeled R11 (2.0 uM) for 6 h. T24
MCSs were washed twice with PBS and imaged by CLSM. The excitation wavelength used was 494 nm for FITC-
labeled DNA and 560 nm for TAMRA-labeled R11. ImageJ software was used for analysis.

International Journal of Nanomedicine 2022:17 https: 4437
Dove:


https://www.dovepress.com
https://www.dovepress.com

Zhang et al Dove

Intravesical Instillation of the Nanocomplexes in Murine Orthotopic BCa Models

All animal procedures were approved by the Laboratory Animal Management Committee at Zhejiang Provincial People’s
Hospital (SYXK(Zhe) 2019-0013). All animal procedures were performed according to the guidelines of the
Administration Committee of Experimental Animals in Zhejiang Province and the Ethics Committee of Zhejiang
Provincial People’s Hospital. Six- to 8-wk-old nu/nu female mice were anesthetized by inhalation of 1% isoflurane
(RWD Life Science Co., Ltd, Shenzhen, China) in an oxygen gas mixture and were placed on a heated platform during
the catheterization procedures. Lubricated angiocatheters were inserted into the urethra. After full insertion, the bladder was
flushed with 80 pL of sterile PBS and pretreated with 80 pL of poly-L-lysine for 15 min. A single-cell suspension of 5x10°
GFP-transfected T24 cells in 100 pL of PBS was inoculated into the bladder and preserved for 1 h.

During the entire procedure, the mice remained under anesthesia for 2 h before the catheter was gently removed from the
urethra. The mice were monitored every day for any signs of pain and distress. The nu/nu female mice bearing BCa were
anesthetized by inhalation of 1%—-2% isoflurane in an oxygen gas mixture and were placed on a heated platform during the
catheterization procedures. Lubricated angiocatheters were inserted into the urethra. After full insertion, the bladder was
flushed with 80 pL of sterile PBS. Either R11 (0.25 uM) or PBS was intravesically instilled and preserved for 1 h. After
washing with PBS, 100 pL of NP5 nanocomplexes (with a concentration of Cy5-labeled DNA of 0.5 uM) was intravesically
instilled and preserved for 2 h. The bladder was washed with PBS twice. The mice were sacrificed immediately. The tissues
(including the bladder, heart, liver, spleen, lung and kidney) were harvested. The relative amount of DNA accumulated in
the tissues was measured by using an in vivo imaging system (IVIS Lumina XRMS Series III (PerkinElmer), PerkinElmer
Inc., Waltham, US) with an excitation wavelength of 640 nm and an emission wavelength of 660 nm. The tissues were
frozen and sectioned (20 pm thick) in a cryostat. The sections were examined by using CLSM.

Statistical Analysis

Data are expressed as the means + standard deviations (SD). Significant differences were determined using Student’s # test
or one-way ANOVA as appropriate. A 2-tailed p<0.05 was considered to be statistically significant. *p <0.05; **p < 0.01;
**%p < 0.001; ****p < 0.0001. All data were analyzed with GraphPad Prism Version 8.4.0.

Results and Discussion

Arginine-rich peptides are positively charged and can interact with the negatively charged phosphate backbone of
DNA through electrostatic interactions. These peptides are known to enhance the condensation of DNA to small
particles.'® Herein, R11 was used for the condensation of a 30 nt single-strand DNA with a random sequence to
construct nanocomplexes at a nitrogen-to-phosphate (NP) ratio of 5, 10 and 20. In this study, the condensation
reaction of short-length ssDNA using arginine-rich peptides was utilized because of the newly emerging role of
short-length ssDNA, including DNAzymes'* and antisense oligonucleotides, as gene silencing therapeutics.'”
Figure 1A shows the size and zeta potential of free R11 or the nanocomplexes diluted in PBS buffer. Free R11
seemed to assemble into a microsized structure because R11 contained hydrophilic guanidino groups and hydro-
phobic 5-TAMRA molecules.'® Increasing the amount of DNA that was incorporated into the nanocomplexes led
to a decrease in the complex size. Nanocomplexes at an NP ratio of 5 presented the smallest diameter of 275.0
+2.0 nm. The zeta potential of the nanocomplexes decreased with increasing amounts of doped DNA. Figure 1B
presents the morphology of all types of nanocomplexes. By keeping the concentration of R11 constant, the
diameter of the formed nanocomplexes decreased as more DNA was complexed with R11. The efficiency of
condensation determined the morphology.'” Interconnected linear structures were identified in the NP10 nano-
complexes and NP20 nanocomplexes. The NP5 nanocomplexes were determined to exhibit more compacted
flower-like structures. Spherical micelles generated from free R11 could be observed. The condensation efficiency
was tested by gel electrophoresis (Figure 1C). The amount of DNA stayed constant in this test. Free DNA
migrated to the expected band, which was representative of DNA with a molecular weight less than 100 Kb. The
gel retarding effect was obvious for the nanocomplexes at NP ratios of 10 and 20, rather than 5. Dissociation
bands could be observed at NP ratios of 5 and 10. As indicated in Figure 1D and E, when the concentration of one
component remained constant, increasing the probe concentration of the other component led to a decline in the
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Abbreviations: NP, nitrogen-to-phosphate; R11, hendeca-arginine peptide.

intensity of the fluorescence signal, probably via self-quenching.'® All evidence supported that R11 could
condense DNA into nanosized structures. It is worth noting that a more compact size was achieved but the
nanocomplex was less stable at an NP ratio of 5. Supplementary Figure 1 shows the nontoxicity of nanocomplexes

with different R11 concentrations up to 4.0 uM.

R11 was previously proven to target BCa.'"” When DNA was polymerized with R11, the targeting efficiency of the
nanocomplexes was expected to be enhanced. In this study, one normal urothelial cell line (SVHUC-1) and two BCa cell lines
(T24 and 2537J) were used. Figure 2A and C show that the specificity of the R11 component of the nanocomplexes for BCa was
enhanced. The fluorescence intensity of T24 and 253J was determined to be approximately twice that of SVHUC-1 in the free
R11 group. At an NP ratio of 5, the fluorescence intensity of T24 and 253J was determined to be 6.5+0.3 and 4.2+0.0 times,
respectively, that of SVHUC-1. The specificity of the DNA component of the nanocomplexes for BCa is shown in Figure 2B
and D. The fluorescence intensity of T24 and 253J was calculated to be 4.6+0.0 and 3.640.1 times that of SVHUC-1 at an NP
ratio of 5. The nanocomplexes (NP ratio=5) for BCa exhibited the best specificity; thus, the nanocomplexes are worth further
examining for applications in delivering nucleic acid into BCa.

Noncovalent interactions are usually labile and weak.?® The negatively charged permeation barrier might competitively
interact with the R11 component® and disrupt the stability of the nanocomplexes. Herein, free R11 was used to block the
interaction between the permeation barrier and the R11 component of the nanocomplexes. The GAG layer is the first permeation
barrier and is mainly composed of chondroitin sulfate.?! Figure 3 indicates that the permeation rate of the DNA component
through the GAG layer ranged from 32.0+0.9% to 59.14+0.2%, while the condition of R11 pretreatment promoted the permeation
rate to the range from 56.3£1.3% to 100+0.2%. Another issue to consider was the integrity of the nanocomplexes when they
contacted the negatively charged plasma membrane, which serves as the second permeation barrier during the whole process of
DNA delivery. Within the first 80 min, the correlation of R11 and DNA colocalization was poor. At 100 min, a strong correlation
of colocalization was observed in punctation areas at the membrane (Figure 4A). The dynamic change in the spatial relationship
between the R11 component and the DNA component indicated that the nanocomplexes dissociated at the early phase of
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Notes: Flow cytometry analysis of BCa targeting efficiency of the R1 1 component, the black dotted line shows the peak of SVHUC-I treated with NP5, the red dotted line
shows the peak of T24 treated with NP5 (A); Flow cytometry analysis of BCa targeting efficiency of DNA component, the black dotted line shows the peak of SVHUC-|
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analysis: SYHUC-| and BCa cell lines inside the same subgroup, **p < 0.01, **p < 0.001 (C); Relative fluorescence intensity of DNA component in different cell lines,
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Abbreviations: BCa, bladder cancer; NP, nitrogen-to-phosphate; RI |, hendeca-arginine peptide.
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Abbreviation: GAG, glycosaminoglycan.

transmembrane delivery and reassembled afterward. A strong correlation of colocalization occurred earlier (at 60 min) with R11
pretreatment (Figure 4B). With the R11 pretreatment (at a concentration of 0.25 M), a maximum amount of internalized DNA
was reached in T24 cells. The specificity was quantified to be 1.5+0.0-fold higher than that in the group pretreated with 0 uM R11
(Figure 5A and B). When R11 (0.25 uM) and the nanocomplexes were applied at the same time, the specificity increased only by
1.1£0.0-fold when compared with that in the group pretreated with 0 uM R11 (Figure 5B). We proved that R11 pretreatment,
rather than coincubation, preserved the stability of nanocomplexes to some extent and improved the delivery efficiency and BCa-
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Figure 4 The colocalization of the RI | component (red) and the DNA (green) component at the plasma membrane.

Notes: After 0 uM RI | pretreatment (with the arrow showing the re-polymerized assembly), Scar bar: 25 pm (A); After 0.25 uM RI | pretreatment (with the arrow
showing the repolymerized assembly), Scar bar: 25 pm (B).

Abbreviation: R |, hendeca-arginine peptide.

A B

[l SVHUC-1 NP5

|71 SVHUC-1 NP5 Co-incubated with 0.25 pM R11
| SVHUC-1 NP5 Pretreated with 0.25 uM R11

[l T24 NP5

Bl T24 NP5 Co-incubated with 0.25 pM R11
| T24 NPS Pretreated with 0.25 uM R11

T24 Pretreated with 0 pM R11
B T24 Pretreated with 0.1 pM R11
| T24 Pretreated with 0.25 uM R11
] T24 Pretreated with 0.50 pM R11

-
o

% of Max

% of Max

e
>

Fluorescence Intensity (a.u.)
o
o

Specificity (fold)

1 T - T 1
0 01 025 05
Pretreated R11 Concentration (uM)

DNA-FITC

DNA-FITC

Figure 5 The internalized amount of the DNA component on different conditions.

Notes: Flow cytometry analysis of the increase in the internalized amount of the DNA component after T24 cells were pretreated with R | of different concentrations, the
black dotted line shows the peak of T24 pretreated with 0 uM RI I, the red dotted line shows the peak of T24 pretreated with 0.25 pM RI 1, significance analysis: T24
pretreated with 0 uM RI | and T24 pretreated with R1 | of other different concentrations, ***p < 0.0001 (A); Flow cytometry analysis of the increase in the internalized
amount of the DNA component after T24 cells were pretreated with 0.25 uM RI | or co-incubated with 0.25 pM R11, the black dotted line shows the peak of SVHUC-1
pretreated with 0.25 uM R1 |, the red dotted line shows the peak of T24 pretreated with 0.25 uM R1 |, significance analysis: Control and T24 pretreated with 0.25 uM R1 1
or T24 co-incubated with 0.25 uM R11, *¥p < 0.001 (B).

Abbreviation: R |, hendeca-arginine peptide.

targeting efficiency of DNA across the plasma membrane. Next, the mechanism of cellular uptake was studied. Low temperature
(4 °C) completely inhibited the cellular uptake of the nanocomplexes, indicating that an energy-dependent endocytosis pathway
was involved. Macropinocytosis represented the main endocytosis pathway for both components regardless if R11 pretreatment
was applied (Figure 6). R11 pretreatment nearly eliminated the clathrin-mediated endocytosis (CME) pathway for both
components while increasing the internalized amount of the DNA component through clathrin-independent endocytosis (CIE)
(Figure 6C and D). The spatial correlation of the two components was strong for endocytic nanocomplexes in the absence of R11
pretreatment (Figure 7A). R11 pretreatment allowed the DNA component to cover more areas of the cytoplasm than that of the
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Notes: Flow cytometry analysis of endocytosis inhibition of R1 1 component, black dotted line: peak of control pretreated with 0 uM R1 I, Red dotted line: peak of control
pretreated with 0.25 uM R11 (A); Endocytosis inhibition of DNA component, black dotted line: peak of control pretreated with 0 pM RI |, red dotted line: peak of control
pretreated with 0.25 uM R11 (B); Statistic analysis of endocytosis inhibition of Rl component, significance analysis: control and T24 treated with different endocytosis
inhibitors, significance analysis: R1 | component endocytosed through CIE in T24 pretreated with 0 uM R | and Rl component endocytosed through CIE in T24 pretreated
with 0.25 pM R11, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (C); Statistic analysis of endocytosis inhibition of DNA component, significance analysis: control and
T24 treated with different endocytosis inhibitors, significance analysis: DNA component endocytosed through CIE in T24 pretreated with 0 uM R | and DNA component
endocytosed through CIE in T24 pretreated with 0.25 uM R11, *p < 0.01, ***p < 0.001, ****p < 0.0001 (D).

Abbreviations: R11, hendeca-arginine peptide; CME, clathrin-mediated endocytosis; CIE, clathrin-independent endocytosis; CPZ, chlorpromazine hydrochloride; EIPA,
ethylisopropylamiloride.

R11 component (Figure 7B). The nonlysosome-localized proportion of internalized DNA determines the efficiency by which the
DNA can directly contact its target sequence.”” Without R11 pretreatment, the DNA component was mostly confined to
LysoTracker-stained lysosomes, but the nonlysosome-localized proportion of the DNA component increased upon R11
pretreatment (Figure 7C and D). Furthermore, R11 pretreatment corrected the intracellular trafficking of the DNA component
toward the nucleus (Figure 7E and F).

The third permeation barrier is composed of densely packed BCa cell aggregates and a dense extracellular
matrix.>**2* The method by which intravesically administered drugs reach distant BCa cells solely depends on the
direct penetration of drugs across the third permeation barrier in a layer-by-layer manner.®> Multicellular spheroids
(MCSs) have been proposed as an in vitro 3D-cultured tumor model to evaluate the tumor penetration of drugs."® T24
MCSs were established to study the penetration efficiency. As shown in Figure 8A-C, cither free R11 or the R11
component in the nanocomplexes could penetrate deep into MCSs with similar efficiency. EXOI1, an exocytosis
inhibitor,"* and the endocytosis inhibitor cocktail (which is composed of CPZ, filipin and EIPA) could not prevent
their penetration. However, the EXO1 and endocytosis inhibitor cocktail could prevent the penetration of the DNA
component in the nanocomplexes (Figure 8D-F), and the DNA component showed retarded migration in MCSs
compared with that of the R11 component (Figure 8G and H). The R11 component used to repolymerize the DNA
component was depleted after several rounds of infiltration, which might contribute to the variance of the penetration
behavior shown by the two components. R11 pretreatment allowed the DNA component to penetrate deeper into the
MCSs (Figure 8G-I), further proving that R11 pretreatment might improve the stability of nanocomplexes against the
electrostatic interaction between the third permeation barrier and the R11 component.

The penetration of free R11 and the two components in the nanocomplexes could be attributed to two possible
mechanisms. One is paracellular diffusion through the extracellular matrix,”> and the other is transcellular transport.?®
For the first mechanism, the Transwell membrane was coated with Matrigel to mimic the extracellular matrix.>” A total
of 18.3+0.6% of free R11 could pass through the Matrigel, in which nearly all DNA leaked to the lower chamber. For the
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Figure 7 Subcellular distribution of the DNA component.

Notes: Colocalization of the DNA component (green) and the Rl | component (red) after 0 uM R1 1 pretreatment, the dotted line shows the fluorescence baseline, scar bar: 25
pum (A); Colocalization of the DNA component (green) and the R1 | (red) component after 0.25 uM R 1| pretreatment, the dotted line shows the fluorescence baseline, scar bar: 25
um (B); Colocalization of the DNA component (red) and the lysosome (green) after 0 uM R | pretreatment, the dotted line shows the fluorescence baseline, scar bar: 25 um (C);
Colocalization of the DNA component (red) and the lysosome (green) after 0.25 uM R11 pretreatment, the dotted line shows the fluorescence baseline, scar bar: 25 pm (D);
Colocalization of the DNA component (red) and the nucleus (blue) after 0 uM RI | pretreatment, the dotted line shows the fluorescence baseline, scar bar: 25 um (E);
Colocalization of the DNA component (red) and the nucleus (blue) after 0.25 uM RI | pretreatment, the dotted line shows the fluorescence baseline, Scar bar: 25 um (F).
Abbreviation: RI |, hendeca-arginine peptide.

nanocomplexes, the permeation rate of the R11 component ranged from 19.4+0.5% to 100%, while that of the DNA
component was 100% (Figure 9A). The mechanism of paracellular diffusion through the extracellular matrix was
inconsistent with that observed in T24 MCSs. Hence, transcellular transport played a major role in the penetration
behavior of free R11 and the two components. All of the above cargos were confined to first-generation cells that
received free R11- or nanocomplex-containing medium. Cargoes could not be transported to the second-generation or
third-generation cells that received medium that contained only compounds secreted by the first-generation or second-
generation cells (Figure 9B). Therefore, transcytosis was not the mechanism of transcellular transport.” Direct inter-
cellular contact is necessary for the direct transfer of cargos, which was shown to be highly efficient in the intercellular
exchange of cargos.”®?’ As suggested in Figure 9C, the percentage of the positively stained cell population through direct
transfer was 31.0+2.5%, 25.1+0.7%, 51.5+£3.7% and 93.8+1.4% for free R11, the R11 component, the DNA component
and the DNA component combined with R11 pretreatment, respectively. As suggested in Figure 9D, the transferred
fluorescence intensity relative to that of the first-generation cells was 55.0+£3.4%, 44.0£1.1%, 24.6+0.4%, 53.7+11.6% for
free R11, the R11 component, the DNA component and the DNA component combined with R11 pretreatment,
respectively. These results proved that free R11 and nanocomplexes were transported through direct transfer, in which
the stepwise method boosted the intercellular trafficking of the DNA component.

The positive role of the stepwise method in increasing the targeting capacity and penetration efficiency of the DNA
component was confirmed in murine orthotropic BCa models. After a single instillation, R11 pretreatment led to a 9.4
+4.8-fold increase in the fluorescence of the DNA component accumulated in the bladder, and none of the DNA leaked to
organs, such as the heart, liver, spleen, lung and kidney (Figure 10A and B). Under a microscope, the DNA component
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Figure 8 Penetration of nanocomplexes into tumor spheroids.

Notes: CLSM analysis of R11 penetration in tumor spheroids, the red arrow shows the direction from the intermediate layer to the upper layer, scar bar: 200 um (A);
Fluorescence distribution of RI1 along the diameter of tumor spheroids, the dotted line shows the fluorescence baseline (B); Statistical analysis of fluorescence of RI |-
stained tumor spheroids, significance analysis: free R11 and free R1 | +different inhibitors, significance analysis: R1 | component and Rl | component + different inhibitors (C);
CLSM analysis of DNA penetration in tumor spheroids, the red arrow shows the direction from the intermediate layer to the upper layer, scar bar: 200 um (D);
Fluorescence distribution of DNA along the diameter of tumor spheroids, the dotted line shows the fluorescence baseline (E); Statistical analysis of fluorescence of DNA-
stained tumor spheroids, significance analysis: DNA component and DNA component + different inhibitors (F); CLSM analysis of R11 (red) and DNA (green) in tumor
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the fluorescence baseline (H); Statistical analysis of the amount of DNA in tumor spheroids, significance analysis: control and T24 pretreated with 0.25 uM R1 |, *p < 0.05 (I).
Abbreviations: RI |, hendeca-arginine peptide; CPZ, chlorpromazine hydrochloride; EIPA, ethylisopropylamiloride; CLSM, confocal laser scanning microscopy.
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Figure 9 Determination of the penetration mechanism.

Notes: The Matrigel permeation assay (A); The transcytosis assay of cells after different treatments, scar bar: 25 um (B); Flow cytometry analysis and statistical analysis of
direct transfer efficiency of R11 (C); Flow cytometry analysis and statistical analysis of the direct transfer efficiency of DNA, significance analysis: positive rate or transferred
fluorescence rate of the control and T24 pretreated with 0.25 pM of RI 1, *p < 0.05, **¥p < 0.0001 (D).

Abbreviations: RI |, hendeca-arginine peptide; GAG, glycosaminoglycan.

was found to barely adhere to the BCa, but R11 pretreatment enabled the DNA component to specifically accumulate in
BCa, as reflected by the fact that Cy5 fluorescence is found exactly in GFP-labeled tumor areas (Figure 10C and D). R11
pretreatment increased the intensity of Cy5 fluorescence of tumor areas by 16.0£5.5-fold (Figure 10E). The fluorescence
signal did not fade even in the inner space of tumors (Figure 10F). HE staining indicated that nanocomplexes caused no
toxicity to normal organs regardless of whether R11 pretreatment was applied (Figure 10G).
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Figure 10 Intravesical instillation of nanocomplexes in murine orthotopic BCa models.

Notes: The amount of DNA accumulated in bladder tissues as illustrated by GFP fluorescence (A); Statistical analysis of the amount of DNA accumulated in bladder tissues,
significance analysis: NP5 nanocomplexes and NP5 nanocomplexes + 0.25 uM RI | pretreatment (B); The colocalization of DNA (Cy5) and the tumor area (GFP) after 0 pM
RII pretreatment was applied, scar bar: 100 um (C); The colocalization of DNA (Cy5) and the tumor area (GFP) after 0.25 uM RI | pretreatment was applied, scar bar: 100
um (D); Statistical analysis of the amount of DNA accumulated in bladder tumors, significance analysis: NP5 nanocomplexes and NP5 nanocomplexes + 0.25 uM RI |
pretreatment, *p < 0.05 (E); Fluorescence distribution of DNA (Cy5) along the diameter of tumor tissues (GFP), the dotted line represents fluorescence baseline, scar bar:
100 um (F); HE staining of the organs in mice in different treatment groups, scar bar: 500 um (G).

Abbreviations: BCa, bladder cancer; R1 1, hendeca-arginine peptide.

Conclusion

In this study, we utilized R11 and R11-DNA nanocomplexes in a stepwise manner as gene delivery platforms to enhance
the targeting and penetration efficiency of IT. In particular, the stepwise method improved the cellular uptake efficiency
of the DNA component, corrected their intracellular trafficking, and boosted intercellular transport through the mechan-
ism of direct transfer. As a result, R11 pretreatment allowed the DNA component to target and penetrate BCa with high
efficiency in vivo. Our stepwise method combined with R11-DNA nanocomplexes shows promising potential for further
clinical use, but compared to the standard intravesical therapy protocol, it was slightly more time-consuming.
Considering the tolerance to intravesical therapy, the stepwise method should be further modified to meet clinical
demands.
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