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18 Abstract

19 The pathogenesis of interstitial cystitis/bladder pain syndrome (IC/BPS) remains 

20 unclear, and there is no definitive treatment for this condition. Studies have shown that 

21 antisense oligonucleotide (asODN) targeting nerve growth factor (NGF) can 

22 downregulate the level of NGF in the bladder, however, the uptake of NGF asODN by 

Page 1 of 34 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 8
/2

3/
20

25
 1

:0
9:

19
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5TB00820D

mailto:whm0709@163.com
mailto:wanglianyan@ipe.ac.cn
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb00820d


23 the body is limited. Therefore, this study constructed cationic liposomes (CLs) as a 

24 delivery system to carry NGF asODN and evaluated its functional efficacy on the 

25 bladder. The results indicated that the optimized CLs/asODN delivery system had an 

26 average particle size of approximately 200 nm, an average zeta potential of around +53 

27 mV, and an encapsulation efficiency of over 90% with good stability. Additionally, 

28 CLs/asODN significantly facilitated the uptake of asODN fluorescence by the 

29 urothelium, with an uptake rate of 14.6%, which was 40.2 times free asODN. In a rat 

30 model of IC/BPS, treatment with CLs/asODN reduced voiding frequency, significantly 

31 increased maximum cystometric capacity, prolonged inter-contraction interval of the 

32 bladder, and improved bladder compliance. Furthermore, hematoxylin-eosin staining 

33 and immunohistochemical analysis revealed significantly reduced expression levels of 

34 NGF, PACAP, Piezo2, CCL2, IL-6, and TGF-β factors after treatment, indicating that 

35 the overexpression of NGF in the bladder could be indirectly blocked by complexing 

36 NGF asODN with cationic liposomes. The CLs/asODN prepared in this study improved 

37 the adhesion and penetration of the drug at the bladder mucosa site, effectively 

38 alleviated bladder dysfunction in rats, and further enhanced the inhibitory effect of 

39 asODN on NGF, which may provide a new strategy for the treatment of IC/BPS.

40 Keywords

41 IC/BPS; Nerve growth factor; Liposomes; Antisense oligonucleotide; Urothelium 

42 1. Introduction

43 Interstitial cystitis/bladder pain syndrome (IC/BPS) is a bladder inflammatory 

44 disorder characterized by chronic bladder pain accompanied by symptoms such as 
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45 increased urinary frequency, urgency, and nocturia, which significantly impairs 

46 patients' quality of life and even increases the risk of mortality 1-3. Currently developed 

47 pharmacological treatments for IC/BPS include oral pentosan polysulfate sodium and 

48 intravesical instillations of dimethyl sulfoxide, hyaluronic acid, and lidocaine, among 

49 others 4, 5. All these methodologies aim to control the disease and provide substantial 

50 benefits to the affected patients. However, due to the complexity of the pathogenesis 

51 and etiology of IC/BPS, it remains challenging to induce significant and sustained 

52 therapeutic effects while ensuring safety. Therefore, the development of effective 

53 therapeutic strategies for IC/BPS is particularly crucial.

54 Studies have shown that IC/BPS can alter bladder inflammatory-related factors, 

55 such as elevated urinary nerve growth factor (NGF) levels 6, 7. NGF contributes to 

56 bladder dysfunction by mediating bladder inflammation and modulating the 

57 morphology and function of bladder afferents and sympathetic nerves 8. Thus, urinary 

58 NGF might be a useful biomarker for the differential diagnosis of IC/PBS, and targeting 

59 NGF may represent a promising approach for improving IC/BPS. Antisense 

60 oligonucleotide (asODN) mechanisms, a promising method for the rational design of 

61 gene-based therapies, have undergone clinical research for over 30 years 9. They work 

62 by using short synthetic ODNs to achieve sequence-specific gene silencing and thereby 

63 block NGF gene expression. However, the clinical application of asODN-based 

64 therapies is hindered by their susceptibility to degradation by nucleases in the 

65 environment and their low efficiency in crossing cell membranes. Consequently, there 

66 is a need for efficient and low-toxicity NGF asODN delivery vectors to enhance bladder 
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67 uptake of asODNs.

68 In recent years, nano-drug delivery systems have been developed for the treatment 

69 of IC/BPS 10-13. Liposomes, as widely studied nanocarriers, not only protect drugs from 

70 degradation and improve their stability but also enhance drug permeability across 

71 biological membranes and increase drug interaction with damaged urothelial cells, 

72 thereby improving therapeutic efficacy 14-16. Using liposome delivery technology via 

73 intravesical instillation to locally inhibit NGF expression in the bladder may be an 

74 effective method for treating IC/BPS. While local instillation can avoid systemic 

75 adverse reactions, it also has limitations, including limited drug uptake by bladder 

76 epithelial cells. Therefore, optimizing the nanocarrier formulation and fabrication 

77 process is crucial for achieving efficient therapeutic effects.

78 In this study, a cationic liposome (CL) was constructed as a delivery system for 

79 NGF asODN. The preparation conditions of this delivery system were optimized, and 

80 the therapeutic effects of intravesical instillation of CLs/asODN were evaluated. The 

81 bladder uptake of  CLs-asODN was studied in vitro. In addition, changes in rats' voiding 

82 behavior patterns and urodynamic testing were investigated to analyze improvements 

83 in bladder function. Furthermore, hematoxylin-eosin (H&E) staining was used to 

84 observe morphological changes in rat bladder tissue before and after instillation, and 

85 immunohistochemical analysis was also conducted to assess the expression levels of 

86 various inflammatory-related factors, exploring the pathological changes of IC/BPS at 

87 the molecular level.
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88 2. Materials and Methods

89 2.1. Materials and animals

90 The 18mer phosphorothioated antisense ODN was designed with the sequence 

91 5′GCCCGAGACGCCTCCCGA3′, which was labeled by a 5′ tag of FAM by Beijing 

92 Ruibo Xingke Biotechnology Co., Ltd. (Beijing, China). DOTAP and DOPE were 

93 purchased from AVT Pharmaceutical Tech Co., Ltd. (Shanghai, China). 

94 Trichloromethane was obtained from Sinopharm Chemical Reagent Co., Ltd. 

95 (Shanghai, China). The cell counting kit-8 (CCK-8) was supplied by Dojindo 

96 Laboratories (Kumamoto, Kyushu, Japan). Cyclophosphamide (CYP) was provided by 

97 Sigma (St. Louis, MO, USA). GAPDH was purchased from Abcam (Cambridge, UK). 

98 Anti-PACAP receptor/ADCYAP1 and Piezo2 antibodies were purchased from Novus 

99 Biologicals (Littleton, USA). Anti-NGF rabbit polyclonal antibody was provided by 

100 Thermo Fisher Scientific Inc. (Waltham, MA, USA). All other chemical reagents were 

101 of analytical grade.

102 SPF-grade Sprague-Dawley rats (10-11 weeks, female), with weights ranging 

103 between 250 g and 280 g, were purchased from Vital River Laboratories (Beijing, 

104 China). All the animal experiments were approved by the Animal Ethics Committee of 

105 the Institute of Process Engineering and strictly followed the Regulations for the Care 

106 and Use of Laboratory Animals and Guideline for Ethical Review of Animal (China, 

107 GB/T35892-2018).

108 2.2. Preparation of CLs and CLs-asODN

109 CLs-asODN were prepared using the thin film hydration method. DOTAP and 
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110 DOPE with a molar ratio 1:1 were dissolved with 2 mL of chloroform. The solution 

111 was then subjected to vacuum rotary evaporation (RE-3000A, Zhenjie Laboratory 

112 Equipment Co., Ltd., Shanghai, China) at 40°C water bath for 30 min until a thin lipid 

113 film formed on the inner wall of the flask. The flask was placed in a vacuum oven at 

114 40°C for 1 h to remove the organic solvent completely. Then, an appropriate volume of 

115 deionized water was added into the flask, followed by hydration through rotary 

116 evaporation at 60°C for 1 h. After hydration, the solution was allowed to cool down to 

117 room temperature. Then, the lipid suspension was sonicated. Subsequently, a nano-

118 extruder was used to extrude the suspension multiple times through a 200 nm pore-size 

119 polycarbonate membrane to obtain unilamellar CLs. CLs-asODN was obtained by 

120 incubating asODN (10 μM) with liposomes for 30 min at room temperature.

121 2.3. Characterization of CLs and CLs-asODN

122 2.3.1. Size, polydispersity index (PDI), and zeta potential

123 The size, PDI, and zeta potential of CLs and CLs-asODN were detected by 

124 dynamic light scattering (DLS) using a laser particle size analyzer (Nano ZSP, Malvern 

125 Instruments, Malvern, UK). For size and PDI, 1 mL of CLs or CLs-asODN suspension 

126 was placed in a quartz cuvette and then measured at room temperature. To measure the 

127 zeta potential, 1 mL of CLs or CLs-asODN suspension was carefully transferred into a 

128 potential sample cell, making sure no bubbles were introduced. The sample was then 

129 placed into the Nano ZSP instrument, and the measurement was initiated.
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130 2.3.2. The morphology of CLs

131 The morphology of CLs was observed using transmission electron microscopy 

132 (TEM) (HT7700, Hitachi Ltd., Tokyo, Japan). A carbon-coated copper grid was placed 

133 on a parafilm-covered watch glass. Then,10 μL of liposome suspension was dispensed 

134 onto the parafilm, and the grid was inverted onto it for 10 min to adsorb the sample. 

135 The grid was stained with 2% phosphotungstic acid for 60 s and air-dried. The labeled 

136 grid was then observed under a TEM at 120 kV to assess liposome morphology and 

137 structure.

138 2.3.3. Stability of CLs

139 The stability of CLs was evaluated by storing them at 4℃ and analyzing particle 

140 size and zeta potential on days 0, 5, 10, 15, 20, and 25.

141 2.3.4 The binding affinity of CLs to NGF asODN

142 CLs-asODN complexes with various R4N+/P ratios (1:1, 2:1, 4:1, 8:1, 10:1) were 

143 prepared and incubated at room temperature for 30 min. Subsequently, 10×DNA 

144 loading buffer was added and mixed. 0.3 g of agarose was dissolved in 30 mL of 1×TAE 

145 buffer. The solution was heated in a microwave until the agarose powder was 

146 completely dissolved. After allowing it to cool slightly, 10 μL of ethidium bromide 

147 solution was added. The mixture was gently shaken to ensure uniformity, then poured 

148 into a gel tray, and a comb was inserted. The tray was left to allow the agarose gel to 

149 solidify. Next, 1×TAE electrophoresis buffer was added to the electrophoresis chamber, 
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150 and the gel was positioned with the sample wells near the negative pole. The comb was 

151 then removed, and the samples were loaded. Electrophoresis was conducted at 100 V 

152 for 1.5 h. Afterward, the gel was placed in a gel imaging system (GELDoc Go, Bio-

153 Rad Laboratories Co., Ltd., Hercules, USA) for observation and photography.

154 2.3.5 Determination of encapsulation efficiency and drug loading efficiency of 

155 CLs/asODN

156 The encapsulation efficiency (EE) and drug loading efficiency (LE) of the 

157 CLs/asODN were determined using a reduction method. 500 μL of CLs/asODN 

158 complex with different R4N+/P ratios was precisely pipetted into a 30 kDa ultrafiltration 

159 tube, and centrifuged at 5000 rpm for 45 min to collect the filtrate. Then, 200 μL of the 

160 centrifuged ultrafiltrate was taken and its absorbance was measured using a Varioskan 

161 LUX microplate reader (Thermo Fisher Scientific Inc., USA) at an excitation 

162 wavelength of 492 nm and an emission wavelength of 518 nm to calculate the amount 

163 of free asODN based on the standard curve. According to the following equations, the 

164 EE and LE were calculated, respectively.

165 𝐸𝐸 =
𝑀𝑎𝑠𝑂𝐷𝑁 ― 𝑀𝑓𝑟𝑒𝑒

𝑀𝑎𝑠𝑂𝐷𝑁
× 100%                                                (1)

166 𝐿𝐸 =
𝑀𝑎𝑠𝑂𝐷𝑁 ― 𝑀𝑓𝑟𝑒𝑒

𝑀𝑡𝑜𝑡𝑎𝑙
× 100%                                                (2)

167 where Mfree, MasODN, and Mtotal represent the weight of free asODN, the total weight of 

168 asODN, and the total weight of asODN complexed with liposomes, respectively.
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169 2.4. In vitro safety evaluation of CLs-ODN

170 The cytotoxicity of CLs/asODN was evaluated using the CCK-8 method. SV-

171 HUC-1 cells were seeded into a 96-well plate at a density of 5 × 104 cells/well in a 

172 volume of 50 μL, and supplemented with 100 μL of Ham's F-12K culture medium 

173 containing 10% FBS and 1% penicillin-streptomycin. The cells were incubated at 37°C 

174 and 5% CO2 for 24 h. Subsequently, the cells were exposed to 50 μL of either asODN 

175 or CLs/asODN at a final concentration of 100 nM asODN, with varying R4N+/P ratios 

176 of 1:1, 2:1, 4:1, 8:1, and 10:1, and incubated for an additional 18 h. Then, 20 μL of 

177 CCK-8 reagent was added to each well, followed by gentle shaking and mixing. 

178 Negative control wells (cells and culture medium) and blank control wells (culture 

179 medium only) were established. The cells were then incubated for another 4 h, and the 

180 absorbance at 450 nm was measured using a Varioskan LUX microplate reader to 

181 determine cell viability.

182 2.5. Analysis of the uptake of NGF asODN by bladder urothelial cells

183 18 SPF-grade Sprague Dawley rats (adult, female) were divided into three groups: 

184 the control, the asODN (0.5 mL, 10 μM), and the CLs/asODN (0.5 mL, 10 μM asODN, 

185 R4N+/P ratio of 8) groups. The asODN was labeled with FAM. After anesthetizing the 

186 rats with 2% isoflurane, a polyethylene catheter was inserted into the bladder via the 

187 urethra to drain it, followed by instillation of 0.5 mL of saline, FAM-conjugated 

188 antisense ODN, or liposome complex for 45 min. Upon completion of the infusion, the 

189 rats were awakened, and a catheter clamp was placed at the urethral orifice for another 

190 45 min before removing the clamp to allow resumption of urination. After 24 h, three 
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191 rats from each group were euthanized, and their bladder tissues were sectioned into 8 

192 μm frozen slices using a cryostat maintained at 25°C. Two-photon microscopy 

193 (FVMPE-RS, Olympus Corporation, Japan) was employed to observe the uptake of 

194 asODN by rat bladder epithelial cells. The bladder tissues of the remaining three rats in 

195 each group were digested with collagenase to prepare single-cell suspensions and flow 

196 cytometry was used to quantify the uptake efficiency of asODN by rat bladder epithelial 

197 cells.

198 2.6. Development of the IC/BPS model

199 The intraperitoneal injection model of CYP IC/BPS was used for in vivo IC/BPS 

200 treatment research in rats 17. 12 adult female SPF-grade Sprague-Dawley rats were 

201 selected and randomly divided into control and CYP treatment groups, with 6 rats in 

202 each group. As shown in Fig. 4 A, rats were administered intraperitoneal injections of 

203 1 mL CYP (75 mg/kg) on days 0, 3, and 6, while the control group received an equal 

204 volume of saline. On day 7, the rats were euthanized, and their bladders were collected. 

205 The bladders were then fixed in formalin solution, embedded in paraffin, and sectioned 

206 into 8 μm slices. These slices were stained using routine H&E staining and sealed with 

207 neutral gum. The histopathological changes in the bladder tissues of rats from each 

208 group were observed under a light microscope (Nikon Eclipse E100, Nikon Corporation, 

209 Japan).

210 2.7. Void spot assay (VSA)

211 18 rats were divided into 3 groups, including control, CYP treatment saline, and 
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212 CYP treatment CLs/asODN (10 μM) groups. All the rats were moved individually to 

213 empty mouse cages with pre-cut filter paper (Whatman grade 1 qualitative filter paper, 

214 32×38 cm) on the bottom. They were not provided with food and water. After 4 h, rats 

215 were treated with perfusion and replaced with new filter paper for another 4 h. Then, 

216 36 pieces of filter papers were allowed to dry before being photographed under UV 

217 light (365 nm) in a Chromato-Vue C75 imaging box with an onboard Canon camera 

218 (EOS Rebel T3-12 megapixels). Image J and UrineQuant software were employed to 

219 analyze the number and area of void spots.

220 2.8. Analysis of urodynamics

221 Cystometrograms (CMG) were used to test the urodynamics. 30 rats were 

222 randomly divided into 5 groups (control, CYP-saline, CYP-asODN, CYP-CLs, and 

223 CYP-CLs/asODN groups) with 6 rats in each group. Before the urodynamic test, rats 

224 were prohibited from drinking water for 12 h. After anesthesia by inhalation of 2-3% 

225 isoflurane, a 19G BD ureteral catheter was inserted into the bladder of rats and filled at 

226 a rate of 0.1 mL/min. The ureteral catheter was connected to the syringe pump and 

227 pressure sensor through a three-way cock. The maximum cystometric capacity (MCC), 

228 intercontraction interval (ICI), bladder compliance (BC), and detrusor pressure (Pdet) 

229 were recorded.

230 2.9. Immunohistochemistry

231 Following CMG administration, bladder tissues from each experimental group 

232 were promptly fixed with 4% paraformaldehyde post-isolation. These tissues were 
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233 subsequently embedded in paraffin and sectioned to a thickness of 8 μm. Dewaxing of 

234 the paraffin sections was achieved using xylene and a gradient ethanol series. 

235 Endogenous peroxidase activity was inhibited with 3% hydrogen peroxide, followed 

236 by sequential incubation with 3% BSA, primary antibodies, and secondary antibodies 

237 (detailed in Table S1, including dilution ratios). Diaminobenzidine (DAB) was utilized 

238 to visualize the immunoreactions. Counterstaining was performed with hematoxylin, 

239 and the sections were dehydrated through an ascending alcohol series before being 

240 mounted with neutral balsam and examined under a light microscope. Additional 

241 morphological assessments were conducted using H&E staining. Fluorescent 

242 microscopy (Leica, Germany) was employed for image capture. The staining intensities 

243 of NGF, PACAP, Piezo2, CCL2, IL-6, TGF-β, IL-1β, IL-17, TNF-α, and CCL3 

244 inflammatory markers in rat bladder tissues across all groups were quantified using the 

245 H-score system, facilitating statistical analysis of the immunohistochemical data.

246 H-Score=∑(pi×i)                                                (3)

247 Where pi represents the percentage of positive cells in the total number of cells in the 

248 slice; i represents staining intensity, which means i represents weak (i=1), moderate 

249 (i=2), or strong staining (i=3).

250 2.10. Statistical analysis

251 The results of this study were expressed as mean ±SEM and used GraphPad Prism 

252 8.0 software for statistical analysis. One-way ANOVA was employed to determine 

253 statistical significance among mean values across different groups, with p < 0.05 

254 considered indicative of significant differences.

Page 12 of 34Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 8
/2

3/
20

25
 1

:0
9:

19
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5TB00820D

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb00820d


255 3. Results and Discussion

256 3.1. Optimization of CLs preparation

257 3.1.1. Effect of different hydration temperatures on particle size and dispersion of CLs

258 The hydration temperature plays a pivotal role in the formation process of 

259 liposomes, and it must exceed the phase transition temperature of the phospholipids. 

260 Because when the hydration temperature is below the phase transition temperature, 

261 liposomes remain rigid and are not easily resized through extrusion 18. This study 

262 employed DOTAP and DOPE to prepare the liposomes, and the particle size and 

263 polydispersion index of liposomes were evaluated by DLS at a hydration temperature 

264 of 50°C, 55°C, 60°C, and 65°C. As shown in Fig. 1 A, liposomes formed at 60°C and 

265 65°C exhibited a particle size of ~150 nm with excellent uniformity and dispersion. 

266 However, higher temperatures may lead to excessive oxidation of phospholipids, which 

267 may change their properties and affect the loading of a sODN drug 19. Therefore, 60°C 

268 was selected as the optimal hydration temperature.
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269

270 Fig.1. Effect of preparation conditions on physicochemical properties of CLs. (A) Effect of 

271 hydration temperature on particle size and PDI of CLs, (B) Effect of mediums of hydration on 

272 particle size and PDI of CLs, (C) Transmission electron microscope (TEM) results of CLs: 1-4 were 

273 the different mediums of hydration of PBS  Tris-HCl, 5%Glu, and deionized water groups, 

274 respectively (the scale bar in Fig. 1C1 was 500 nm, while those in all other figures were 200 nm), 

275 (D) Effect of ultrasound power on particle size and PDI of CLs, (E) and (F) The particle size 

276 distribution and TEM images (bar=200 nm) of CLs, and (G) Stability of CLs in 25 days at 4 °C. *p 

277 < 0.05 and ****p < 0.0001.
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278 3.1.2. Effect of different mediums of hydration on particle size and dispersion of CLs 

279 CLs were prepared in Tris HCl aqueous solution, 5% Glucose aqueous solution, 

280 PBS buffer, and deionized water to obtain the optimal hydration mediums. And its 

281 particle size and PDI were evaluated by DLS. As shown in Fig. 1 B, when PBS buffer 

282 was used as the hydration medium, the liposomes had a larger particle size, which easily 

283 induced flocculation and precipitation of the CLs suspension, hindering the formation 

284 of monodisperse CLs. The CLs obtained from the other three hydration media had 

285 particle sizes ranging from 120 to 150 nm, exhibiting good uniformity and dispersibility. 

286 The morphology of CLs using different mediums was studied by TEM. However, the 

287 morphology of CLs in Tris HCl and 5% Glucose hydration solutions was less favorable, 

288 possibly due to the disruption of the lipid membrane structure during the hydration 

289 process (Fig. 1 C). Therefore, deionized water was selected as the hydration medium 

290 for the subsequent preparation study.

291 3.1.3. Effect of different ultrasound power on particle size and dispersion of CLs

292 The ultrasound phenomena occurring in liquid media facilitate the non-uniform 

293 mass transport of their constituents, thereby enabling the rapid formation of vesicles 20.  

294 Due to the high local energy output of the ultrasonic cell pulverizer and the resulting 

295 local overheating of the liposome suspension, which can damage the lipid membrane, 

296 so ultrasonic cleaning was chosen for the preparation of CLs in the experiment. The 

297 particle size and dispersity of CLs were evaluated by DLS and compared under 

298 ultrasonic powers of 150, 300, and 450 W, with further analysis conducted on the 

299 impact of these ultrasonic powers (Fig. 1 D). The results showed that the ultrasonic 
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300 power increased, with a trend of decreasing particle size. This may be attributed to the 

301 influence of frequency on liposome size reduction, which correlates with the intensity 

302 of cavitation resulting from variations in bubble dynamics. Specifically, at lower 

303 frequencies, the amplitude of cavitation bubble oscillation increases, leading to more 

304 potent impulsive shock waves and microjet streams. Consequently, liposomes 

305 experience a smaller number of intense impacts when subjected to low-frequency 

306 sonication, compared to the numerous but weaker impacts of high-frequency ultrasound. 

307 Since the breakage of large liposome to make smaller ones involve plastic deformation, 

308 it is natural to consider that the small number of strong impact is favorable when the 

309 total energy is equal 21. In addition, CLs obtained under 300 W ultrasonic power 

310 displayed good dispersity with relatively uniform. However, when the ultrasonic power 

311 was set at 150 W and 450 W, the CLs exhibited higher PDI values, leading to poorer 

312 dispersity and a more uneven distribution. Therefore, 300 W of ultrasonic power is 

313 suitable for preparing CLs.

314 3.1.4. Verification of the optimized conditions of CLs 

315 To verify the reproducibility of the CLs preparation process, the CLs were 

316 prepared three times under the optimized conditions: the hydration temperature of 

317 liposomes of 60°C, the hydration medium of deionized water, and the ultrasonic power 

318 of 300 W, and the results were displayed in Fig. 1 E-G and Fig. S1. The dynamic light 

319 scattering (DLS) results indicated that the CLs exhibited a particle size of 

320 approximately 150 nm, demonstrating excellent dispersity and high reproducibility 

321 among the batches (Fig.1 E). In addition, the CLs displayed a uniform milk-white and 
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322 translucent suspension. TEM imaging revealed that the CLs possessed a nearly 

323 spherical morphology and were composed of monodisperse vesicles (Fig. 1 F and Fig. 

324 S1). Furthermore, the stability of the prepared CLs was evaluated in this study. Samples 

325 were collected and tested every 5 days, spanning from day 5 to day 25, under storage 

326 conditions of 4°C. The results depicted in Fig. 1 G demonstrated that the particle size 

327 of the CLs remained relatively constant over time, while the zeta potential exhibited a 

328 slight decrease but eventually stabilized. These findings suggested that CLs possess 

329 excellent reproducibility and stability, making them a suitable carrier choice for asODN.

330 3.2. Optimization of CLs-asODN preparation conditions

331 asODN molecules, characterized by their abundance of phosphate (P) groups, 

332 possess a pronounced negative charge, while the cationic liposome DOTAP bears 

333 positively charged tetraalkyl ammonium (R4N+) ions. Through electrostatic interactions, 

334 asODN drugs are adsorbed onto the positively charged nano-liposomes, resulting in the 

335 formation of CLs-asODN. However, an inadequate R4N+/P ratio can lead to problems 

336 such as enlarged particle size, compromised stability, and incomplete encapsulation, 

337 etc. 

338 As illustrated in Fig. 2 A, the R4N+/P ratio of the CLs/asODN system was 

339 optimized, and the results showed that when the R4N+/P ratio ≥ 4, the particle size 

340 remained relatively constant at around 200 nm. In addition, as the R4N+/P ratio 

341 increased, the zeta potential transitioned from negative to positive. This transition was 

342 attributed to the decrease in asODN adsorbed onto the liposome surface when the 

343 increased R4N+/P ratio, significantly reduces the shielding effect on positively charged 
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344 lipid components. Furthermore, when the R4N+/P ratio is 4 or higher, the potential 

345 remains stable, indicating that a stable state has been achieved between the cationic 

346 liposomes and asODN. To evaluate the binding of CLs to NGF asODN, agarose gel 

347 electrophoresis analysis was performed in this study. As shown in Fig. 2 B, with 

348 increasing R4N+/P ratios, the bands gradually became darker. When the R4N+/P ratio 

349 was 8:1, no band appeared at the position corresponding to free asODN, indicating 

350 complete binding of the cationic liposomes to asODN. This observation is consistent 

351 with the trends in particle size and surface potential mentioned above. As shown in Fig. 

352 2 C, with increasing R4N+/P ratios, the encapsulation efficiency of the drug-loaded 

353 system also increased. When the R4N+/P ratio was 8, the encapsulation efficiency 

354 reached 90%. The results also indicated that at an R4N+/P ratio of 8, the drug loading 

355 was above 5. Therefore, based on the comprehensive evaluation of particle size, 

356 potential, and binding degree, this study selected an R4N+/P ratio of 8:1 as the optimal 

357 condition for CLs-asODN preparation.
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358

359 Fig.2. Characterization of CLs/asODN under optimized conditions. (A) Effect of different R4N+/P 

360 ratios on the particle size and zeta potential of CLs/asODN, (B) Results of CLs/asODN agarose gel 

361 electrophoresis with different R4N+/P ratios, (C) and (D) The encapsulation efficiency (EE) and 

362 drug loading efficiency (LE) of CLs/asODN, respectively, and (E) Cell viability of CLs/asODN 

363 3.3. Cell viability studies of CLs-asODN 

364 The cytotoxicity of the various CLs-asODN was evaluated with a series of R4N+/P 

365 ratios of 1:1, 2:1, 4:1, 8:1, and 10:1. As shown in Fig. 2 E, with increasing R4N+/P 

366 ratios, the cell viability of SV-HUC-1 cells decreased. Cationic liposomes exhibit a 

367 tendency towards enhanced membrane interaction, disrupting normal cellular functions 

368 and compromising the integrity of membranes and other subcellular compartments, 

369 ultimately leading to cellular toxicity 22. However, when the R4N+/P ratio was 8, the 
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370 cell viability remained above 80%. As for the viability of SV-HUC-1 cells, there were 

371 no obvious changes in the groups treated with a concentration of more than 8:1, 

372 indicating that the delivery system has a weak inhibitory effect on bladder epithelial 

373 cells and possesses certain biosafety.

374 3.4. CLs-asODN could enhance the bladder uptake 

375 The uptake of FAM-labeled asODN in the bladder of rats was observed under a 

376 two-photon microscope. As shown in Fig. 3 B, less green fluorescence entered bladder 

377 urothelial cells in the free asODN group, while a large number of green fluorescence 

378 signals were detected in the urothelial cells in the presence of liposome carriers. To 

379 further quantify the uptake efficiency of the liposomal asODN delivery system, its 

380 content was expressed as mean fluorescence intensity. In this study, rat bladder 

381 urothelial cells were digested by enzymatic digestion, and the flow cytometry results 

382 are shown in Fig. 3 C. When liposome was used as a delivery vector, the fluorescence 

383 uptake efficiency of asODN by bladder urothelial cells reached 14.6%, which was 

384 significantly higher 40.2 times than that of the free asODN group. This may be 

385 attributed to the liposomes' ability to enhance cellular uptake of cationic lipids and 

386 facilitate interactions between liposomes and the cell membrane, leading to endocytosis 

387 or fusion within the cell 23, 24 and the helper lipid DOPE of CLs/asODN has been 

388 demonstrated to form an inverted hexagonal structure at endosomal pH (pH 5-6), 

389 promoting its fusion with endosome membranes, leading to the release of the lipoplex 

390 into the cytoplasm 25. In addition, CLs molecules electrostatically attracted the 

391 phosphate groups of negatively charged asODN, forming CLs/asODN complexes. 
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392 These complexes entered the cells through fusion with the negatively charged cell 

393 membrane or via endocytosis, preventing degradation of asODN by serum nucleases. 

394 Consequently, intracellular release of asODN occurred, enabling high expression in 

395 bladder urothelial cells.

396

397 Fig. 3. Bladder uptake of CLs/asODN in rats. (A) Schematic diagram of drug infusion in rats, (B) 

398 Effect of bladder uptake in rats under a two-photon microscope, harvested bladders instilled with 

399 saline, asODN, and CLs/asODN, and (C) Bladder uptake efficiency after instillation of saline, 

400 asODN, and CLs/asODN treatment (bar = 50 μm). *** means p < 0.001.

401 3.5. Induced IC/BPS by CYP

402 CYP-induced cystitis has a wide range of applications 26-28. CYP elicits bladder 

403 toxicity through its metabolite acrolein, leading to hemorrhagic cystitis 29. In this study, 

404 an IC/BPS animal model was established by intraperitoneal injection of 75 mg/kg CYP 
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405 in rats (Fig. 4 A). As shown in Fig. 4 B, there were significant differences in bladder 

406 tissue morphology between rats before and after modeling. In rats with inflammation, 

407 obvious leukocyte infiltration and cellular swelling were observed, accompanied by 

408 patchy hemorrhage of the bladder mucosa, dilation, and congestion of small blood 

409 vessels, radiating towards the center of the lesion. This indicated that the established 

410 IC/BPS modeling method can effectively simulate the mucosal inflammation under 

411 cystoscopy in IC/BPS and can be used to evaluate the efficacy of intravesical drug 

412 therapy for bladder inflammation.

413

414 Fig.4. Establishment of the IC/BPS model. (A) The method of establishment of IC/BPS model. (B) 

415 H&E staining of rat bladder tissue sections after injecting the 75 mg/kg CYP
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416 3.6. Infusion of CLs/ODN improved the voiding function of the bladder in rats

417 Bladder dysfunction significantly impacts voiding function, resulting in symptoms 

418 such as increased urination frequency, incomplete bladder emptying, urge incontinence, 

419 and dribbling 30, 31. To evaluate the therapeutic efficacy of CLs/asODN in IC/BPS, 

420 bladder function parameters were assessed using the VSOP method. Fig. 5 A 

421 demonstrated that, compared to the CYP-saline group, rats in the CYP-CLs/asODN 

422 group exhibited a marked increase in single-void volume and a trend of decreased urine 

423 spot count following infusion. Analysis of urination counts in rats revealed that, after 

424 CLs/asODN infusion, the urine spot area increased to 242.4 per square centimeters, 

425 representing a 1.96-fold increase compared to pre-treatment levels. Furthermore, the 

426 reduction in urine spot count was particularly significant in the CYP-CLs/asODN group, 

427 decreasing from 13.7 before treatment to 4.1, a reduction of 69.8% (Fig. 5 B). The 

428 changes in voiding spots observed in this study of IC/BPS rats are consistent with 

429 previous research, which indicates that in mice subjected to ketamine stimulation, there 

430 is an increase in the number of voiding spots and a reduction in their size, significantly 

431 exacerbating symptoms of bladder contraction and over-activity 32. These findings 

432 suggested that the instillation of CLs/asODN enhanced bladder capacity, decreased 

433 urinary frequency, and improved bladder dysfunction in rats.

434 Rats with the IC/BPS model exhibit chronic inflammatory responses, leading to 

435 alterations in bladder structure and function, which subsequently result in decreased 

436 bladder capacity and increased voiding frequency 33. To further evaluate changes in 

437 bladder function in rats, urodynamic parameters including MCC, Pdet, ICI, and BC 
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438 were measured, and the results were presented in Fig. 5 C. Compared with the control 

439 group, the MCC, BC, and Pdet of the CYP-saline group were significantly decreased, 

440 indicating that the rats had bladder dysfunction after modeling. After perfusion therapy 

441 with CLs/asODN, the MCC significantly increased, while the Pdet also showed a slight 

442 elevation, but there was no statistical difference compared with other experimental 

443 groups. This may be due to the impact of anesthesia on the voiding reflex activity of 

444 the rats. Compared with the CYP-saline group, the ICI was significantly shortened in 

445 both the CYP-asODN group and the CYP-CLs group, whereas the CYP-CLs/asODN 

446 group significantly prolonged the ICI and reduced the bladder contraction frequency in 

447 rats. Furthermore, The BC in the CYP-CLs/asODN group rats was restored to nearly 

448 the control group level. The urodynamic parameter changes observed in the IC/BPS rat 

449 model are consistent with previous research which indicated the MCC Pdet, and BC of 

450 the rats in the model group were significantly lower than those in the control group 34. 

451 Relevant clinical studies have reported urodynamic testing conducted on 171 patients 

452 with interstitial cystitis/bladder pain syndrome (IC/BPS). The research found that these 

453 patients exhibited decreased urine volume, reduced MCC levels, and increased urinary 

454 frequency. Based on the above research findings, the treatment of lower urinary tract 

455 symptoms in patients with IC/BPS is founded on the improvement of bladder 

456 urodynamics 35. Therefore, our results indicated that perfusion with CLs/asODN can 

457 improve bladder injury, thereby enhancing bladder function in rats with the IC/BPS 

458 model.
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459

460 Fig.5. Effect of perfusion therapy with CLs/asODN on urination behavior and urodynamics in 

461 IC/BPS model rats. (A) Pattern of urine spots in rats before and after treatment, (B) Quantitative 

462 results of the area and count of urine spots in rats before and after treatment, and (C) Evaluation of 

463 MCC, Pdet, ICI, and BC urodynamic indexes. Ns, no significance, * p < 0.05, **p < 0.01,***p < 

464 0.001.

465 3.7. Perfusion therapy with CLs/asODN could reduce the inflammation of bladder 

466 epithelial tissue in IC/BPS rats

467 Immunohistochemical staining was employed to analyze the inflammatory state 

468 of the bladder urothelium of rats following perfusion therapy, with the results presented 

469 in Fig. 6. Compared with the CYP-CLs/asODN group, an increased distribution density 

470 of various inflammation-related factors, including NGF, PACAP, Piezo2, CCL2, IL-6, 
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471 and TGF-β, was observed in the same urothelial region of the bladder in the CYP-saline 

472 group after staining. Additionally, the tight junctions between the umbrella cells of the 

473 urothelium were thinned, accompanied by deeper staining of the submucosa and the 

474 presence of significant inflammatory cell infiltration. These results suggested that 

475 perfusion with CLs/asODN exerts an inhibitory effect on the expression of these factors 

476 in the urothelium. Furthermore, the expression levels of various inflammatory factors 

477 in the tissues were quantified. NGF is recognized as a complex modulator of sensory 

478 afferent nerve plasticity in response to injury or inflammatory reactions. Elevated levels 

479 of NGF have been detected in the urine of patients with IC/BPS, suggesting that NGF 

480 may serve as a molecular biomarker for the diagnosis of IC/BPS 36-38. From the results 

481 in Fig. 6 A, the expression of NGF significantly down-regulated in the CLs/asODN 

482 group compared with the CYP-saline group. However, compared with the CYP-asODN 

483 group and CYP-CLs group, there was no significant difference in the level of NGF 

484 inflammatory factors induced by CYP. In addition, the expression levels of Piezo2 and 

485 IL-6 in the CYP-CLs/asODN group were significantly decreased in contrast with those 

486 in the CYP-saline group (p < 0.05). It is worth noting that the liposome complex system 

487 encapsulating asODN significantly reduced the expression levels of PACAP, CCL2, 

488 and TGF-β (p < 0.05) compared to the single liposome group, and the expression levels 

489 of IL-1β, IL-17, TNF-α, and CCL3 in the bladder of rats treated with CLs/asODN 

490 complex were the lowest among all the experimental groups (p < 0.05). Piezo2 has been 

491 shown to be expressed in the urothelium and dorsal root ganglia innervating the bladder 

492 in both humans and mice, and is associated with bladder mechanotransduction, sensing 
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493 the expansion of the bladder wall. Studies have reported that knocking out the Piezo2 

494 gene significantly reduces the urothelium's response to mechanical stimulation and 

495 bladder activity  39. Additionally, Piezo2 knockout mice exhibit symptoms such as 

496 urinary incontinence and bladder wall thickening. The chemokine CCL2 plays a role in 

497 hypersensitivity following neuronal inflammation or mechanical injury, and blocking 

498 CCL2 can reduce pain behavior caused by chronic nerve injury 40, 41. TGF-β and IL-6 

499 are factors that regulate many aspects related to the pathology of fibrotic bladders. 

500 Relevant clinical studies have reported that urine concentrations of TGF-β and IL-6 are 

501 significantly higher in patients with bladder dysfunction compared to healthy 

502 individuals, which may lead to inflammation-related urodynamic changes 42, 43. 

503 Consequently, these results indicated that the CLs/asODN delivery system can 

504 effectively inhibit the expression of inflammation-related factors, thereby exerting a 

505 positive effect on the treatment of IC/BPS. In addition, the overexpression of NGF in 

506 the bladder can be indirectly blocked through NGF asODN complexed with cationic 

507 liposomes. As a potential regulatory target and molecular marker of bladder function, 

508 NGF may be involved in regulating the expression levels of other inflammation-related 

509 factors. This holds significant research importance in understanding the pathogenesis 

510 and developing treatment strategies for IC/BPS disease.
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511

512 Fig.6. Effect of perfusion therapy with CLs/asODN on the inflammation of bladder epithelial tissue 

513 in IC/BPS rats. Inflammatory state of bladder urothelium in rats: the left side of each factor was the 

514 CYP-saline group; the middle of each factor was the CYP-CLs/asODN group, and the right side of 

515 each factor was the expression level of inflammatory factors in rat bladder (bar=100 μm).* p < 0.05, 

516 **p < 0.01,***p < 0.001.

517 4. Conclusion

518  In this study, CLs-asODN was successfully optimized and prepared as a novel 

519 IC/BPS therapy strategy.  In vitro experiments confirmed that CLs-asODN had not only 

520 low toxicity but also was capable of significantly enhancing the effective uptake of the 

521 instilled drug into the cortex of the bladder urothelium. In addition, CLs-asODN could 

522 improve the lower urinary tract symptoms of functional bladder diseases. Furthermore, 

523 the overexpression of NGF in the bladder can be indirectly blocked by NGF antisense 
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524 ODN combined with cationic liposomes. This study preliminarily elucidated the 

525 therapeutic mechanism of the CL-delivered NGF asODN system at the molecular 

526 mechanism level, providing novel insights into functional liposome-mediated treatment 

527 for IC/BPS.
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Data availability

The data are available from the corresponding author upon reasonable request.
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