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Abstract: According to estimates, there were 17,670 bladder cancer-associated deaths in the USA by 

2019. Intravesical Bacillus Calmette-Guerin (BCG) instillation is used to treat non-muscle invasive 

bladder cancer (NMIBC). However, more than 40% of BCG administration cases fail to avoid NMIBC 

relapse and progression. Our aim is to use synthesized GO derivatives to enable the transport of 

doxorubicin (DOX), a conventional cancer drug, and siRNA to reduce VEGF. Several platforms were 

tested, and their effects on NMIBC progression were assessed in vivo based on histo- and immune 

analyses. siRNA and GO were covalently bonds to polyethyleneimine (PEI) and polyethylene glycol 

(PEG) (GO-PEG-PEI/siRNA). DOX bond to oxidized GO was also synthesized. Hybrids were 

administered in vivo (rats) against NMIBC. Histopathology results have shown that hybrids have 

reduced bladder cancer. The GO-COOH-DOX/GO-PEG-PEI/siRNA potentiated tumor aggressiveness 

(60%) reduction in animals that did not show signs of lesions. Immunohistochemistry results have 

shown that the GO hybrid reduced VEGF expression, increased endostatin levels, and low p53 levels 

were observed. Data analyzed in the current study have shown that hybrid graphene oxides were capable 

of reducing VEGF expression and have great potential to treat NMIBC.  
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1. Introduction 

According to American Cancer Society, estimates calculated for bladder cancer (BC) 

(fourth most common cancer) in the United States for 2019, there were 80,470 new cases of 

the disease:  61,700 among men and 18,770 among women; and 17,670 bladder cancer-

associated deaths: 12,870 among men and 4,800 among women [1,2].  

Unfortunately, the progress of BC treatment was not effectively designed. Intravesical 

Bacillus Calmette-Guerin (BCG) instillation has been used to treat NMIBC for more than 40 

years, and it remains the gold treatment adopted in cases of high- and intermediate-risk disease 

[3]. Despite the relative success of intravesical BCG administration, more than 40% of 

applications fail to avoid NMIBC relapse and progression.  

BC treatment faces great challenges such as disease relapse and progression even after 

BCG treatment and treatment availability and patients' tolerability [3]. It is important 
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highlighting that approximately 40% of patients undergoing BCG treatment can experience 

progression to the invasive form of BC [3]. Although Mitomycin C (MMC) was used as 

alternative intravesical therapy, BCG was better than MMC [4-7]. 

All these factors have encouraged researchers to develop new therapeutic alternatives 

to treat BC, emphasizing drug delivery systems that enable intravesical drug administration 

since human bladder tissue is not significantly vascularized, a fact that may limit the 

effectiveness of treatments based on systemic drug administration. These drug delivery carriers 

helped enhance therapeutic effectiveness and avoid NMIBC progression to muscle-invasive 

bladder cancer (MIBC) [8]. 

Angiogenesis plays a key role in tumor cell growth, development, and invasion during 

metastatic processes. The vascular endothelial growth factor (VEGF) is one of the important 

mediators of new vessels' growth expressing vascular endothelial growth factor (VEGFR) [9-

11]. Using interfering RNAs, which cleavage the messenger RNA, is one of the methods that 

have been investigated for this purpose. Thus, scaffolds' use to deliver siRNA targeting VEGF 

is a relevant strategy to block new vessels' formation and, consequently, inhibit cancer 

progression [3]. Nano graphene oxide (GO) derivatives have been developed to enable DNA 

and siRNA delivery [12-15]. The use of GO functionalized with polyethyleneimine (PEI) and 

with other cationic polymers for DNA and siRNA [15] release has also been investigated to 

enable GO complexation with siRNA. GO conjugated with PEG (Polyethylene Glycol), and 

PEI (GO-PEG-PEI) presented significant stability in the presence of salts and serum. The 

system complexed with siRNA has shown high siRNA transfection efficiency, in addition to 

reduced cytotoxicity, in comparison to the system complexed with PEI and GO-PEI without 

PEGylation [16]. Doxorubicin (DOX) and siRNA were associated with GO functionalized with 

folic acid scaffold used as a platform, a promising model to be used in cancer treatments 

[15,17].  

The current study aimed to use previously synthesized GO derivatives to transport 

DOX, which is a conventional drug widely used to treat many cancer types, and use siRNA to 

reduce VEGF. Platforms were tested separately or in combination with one another, and their 

effects on NMIBC progression were assessed in vivo based on histopathological and 

immunohistochemical analyses. 

2. Materials and Methods 

 2.1. Nano graphene oxide (GO) derivatives. 

The characterization of free and functionalized nanoparticles of GO: GO, GO-PEG-

PEI, GO-COOH, GO-COOH-DOX were previously synthesized and characterized [18]. 

2.2. In vivo evaluation of graphene oxide derivatives on the NMIBC treatment NMIBC. 

Induction protocol and treatment. 

Seven weeks old Fischer 344 rats were supplied by the Multidisciplinary Center for 

Biological Investigation (CEMIB) at the University of Campinas (UNICAMP). The ethical 

principles in animal research (CEUA/IB/ UNICAMP–protocol number: 3795-1) were followed 

to perform the experiments. Animals were anesthetized for subsequent intravesical 

catheterization. Five animals (Control group – Group 1) were treated with 0.30 ml of 0.9% 

NaCl each 14 days during 14 weeks. Moreover, thirty animals received intravesically 1.5 
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mg/Kg of N-methyl-N-nitrosourea (MNU) dissolved in 0.30 mL of sodium citrate (1M, pH 

6.0) for 8 weeks with 14 days of interval between the applications [19,20]. 

Fourteen days after applying the last dose of MNU, all animals underwent 

ultrasonography analysis to investigate tumor occurrence. The ultrasonography analysis was 

performed employing a portable and software-controlled system, equipped with a 10–5 MHz 

linear array transducer of 38-mm [20]. Control group animals did not show infiltrating mass 

on the bladder walls (Figure 1A). On the other hand, the MNU group's ultrasonography 

revealed a mass with an average tumor size of 3.2 X 2.1 mm (Figure 1C). 

The animals treated with MNU were divided into 6 groups (n=5): MNU (Group 2), 

DOX (Group 3), GO-COOH-DOX (Group 4), GO-PEG-PEI (Group 5), GO-PEG-PEI/siRNA 

(Group 6), and GO-COOH-DOX + GO-PEG-PEI/siRNA (Group 7). For group 2, 0.20 mL of 

0.9% saline was administered intravesically once a week for 6 weeks. Groups 3 and 4 were 

treated with DOX and GO-COOH-DOX, respectively, at doses of 1 mg/Kg intravesically. 

Groups 5 and 6 underwent the treatment with GO-PEG-PEI and GO-PEG-PEI/siRNA, 

receiving a dose every 14 days for 6 consecutive weeks (140 µg/Kg, considering the amount 

of siRNA), intravesically. Finally, group 7 was treated with GO-COOH-DOX once a week for 

6 consecutive weeks and GO-PEG-PEI/siRNA each 14 days for the same period, intravesically. 

2.3. Histopathological analysis. 

Samples (small pieces) of urinary bladders from all animals were surgically extracted 

and collected and subsequently were analyzed as previously reported [20]. 

After that, the lesions present in the urinary bladder (UB) were analyzed by a senior 

uropathologist, according to the Health/World International Society of Urological Pathology 

Organization [21].  

2.4. Immunohistochemistry of VEGF, Endostatin, p53, PI3K, PTEN, BAX, CXCR4, and 

Nrf2. 

To perform the immunolabelings analysis, the same samples used in the 

histopathological study were employed. The same methodology described before was carried 

out [20]. In order to investigate the intensity of antigen immunoreactivity, the percentage of 

positive urothelial cells in the UB was observed in ten fields for each antibody with a 

magnification of 400x. For performing this analysis, the Image J software 

(https://imagej.nih.gov/ij/) was used. The intensity of the immunoreactivity was graded on a 

scale of 0-3. Thus, it was expressed as 0 (immunoreactivity absence), 0% positive urothelial 

cells; 1 (weak immunoreactivity), 1-35% positive urothelial cells; 2 (moderate 

immunoreactivity), 36-70% (positive urothelial cells); 3 (intense immunoreactivity), > 70% 

(positive urothelial cells) [20]. 

2.5. Statistical analyses. 

The proportion test was used to evaluate the histopathological and immune-

histochemical results. A type-I error of 5% was statistically significant for all analyses 

performed. 
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3. Results and Discussion 

3.1. Effect of GO derivatives on NMIBC progression. 

3.1.1. Histopathological and ultrasound analyses. 

Ultrasound examination was used to investigate tumor incidence in the assessed 

animals. Figures 1 and 2 present the results of ultrasound and histopathological analyses of the 

most representative images applied to different experimental groups. There were some 

correlations between ultrasound images and histopathological analysis. 

Based on ultrasound and histopathological analysis results, there were no 

morphological changes in the UB of animals in the Control group (Figures 1A, 1B). Normal 

urothelium with the 3 layers formed by umbrella cells was observed (Figure 1B). On the other 

hand, the UBs of the MNU group presented histopathological changes, malignant neoplastic 

lesions such as papillary carcinoma - pTa (Figure 1D) in 80% of the animals, and carcinoma in 

situ (pTis) in 20% of them (Table 1). Ultrasound examination has shown a mass (mean tumor 

size 3.2 X 2.1 mm) infiltrating the ventral, dorsal, and cranial bladder walls (Figure 1C). 

 
Figure 1. Ultrasonography (A, C, E, and G) and histopathology of the urinary bladder (B, D, F, and H) of the 

animals from Control, MNU, GO-PEG-PEI, and GO-PEG-PEI/siRNA groups. Control: A (Ultrasonography 

with no infiltrating mass) and B (normal urinary bladder); MNU: C (Ultrasonography with infiltrating a mass of 

3.2 x 2.1 mm) and D (Papillary carcinoma - pTa); GO-PEG-PEI: E (Ultrasonography with infiltrating mass – 

3.0 x 1.2 mm) and F (Carcinoma in situ - pTis); GO-PEG-PEI/siRNA: G (Ultrasonography with no infiltrating 

mass) and H (normal urinary bladder). Photomicrographs (B, D, F, and H) at 100X magnification. 
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Malignant lesions were observed in the UB of all (100%) animals in the group treated 

with GO-PEG-PEI (Table 1). Based on histopathological analyses, pTis were the most frequent 

lesions found in this group (Figure 1F), whereas 20% of the animals in it had pTa lesions. 

Ultrasound examination has revealed infiltrating mass in 100% of the animals (Figure 1E).  

Sixty percent (60%) of animals in the group treated with GO-PEG-PEI/siRNA had 

malignant lesions classified as pTis, 20% of them had pTa, and 20% presented healthy bladder 

(Figure 1H). Ultrasound examination did not show infiltrating mass in 80% of the assessed 

animals (Figure 1G). Since NMIBC induction resulted in malignant lesions in 100% of animals 

(MNU Group), it is possible saying that this treatment enabled tumor progression inhibition 

(TPI) in 20% of treated animals (Table 1). Thus, the GO-PEG-PEI/siRNA system may have 

effectively silenced VEGF (restriction to form new vessels and reduced/oxygen supply to the 

tumor).  

According to Table 1, 100% of animals in the DOX group presented lesions classified 

as pTa, probably to its solubility in water and elimination. Ultrasound examination has revealed 

infiltrating mass in 100% of the assessed animals (Figures 2A, 2B). DOX (Doxil ®) use to treat 

NMIBC (3.0 mf/kg) demonstrated that 20% of the animals had benign lesions, whereas 80% 

of them presented papillary carcinoma malignant lesions in situ [22]. It is important mentioning 

that in the case of carcinoma in situ, Valrubicin - which is a DOX analog approved by the Food 

and Drug Administration (FDA) to treat tumors refractory to BCG immunotherapy - has shown 

to be ineffective [23]. 

 

Figure 2. Ultrasonography (A, C, and E) and histopathology of the urinary bladder (B, D, and F) of the animals 

from DOX, GO-COOH-DOX, and GO-COOH-DOX + GO-PEG-PEI/siRNA groups. DOX: A (Ultrasonography 

with infiltrating a mass of 4.6 x 2.7 mm) and B (papillary carcinoma - pTa); GO-COOH-DOX: C 

(Ultrasonography with infiltrating a mass of 3.0 x 1.8 mm) and D (Papillary carcinoma- pTa); GO-COOH-DOX 

+ GO-PEG-PEI/siRNA: E (Ultrasonography with no infiltrating mass) and F (normal urinary bladder). 

Photomicrographs at 400X (B, F) and 100X (C) magnification. 
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Ultrasound examination has shown infiltrating mass in 60% of animals in the group 

treated with GO-COOH-DOX (Figure 2C). Based on histopathological analysis results, 20% 

of the assessed animals presented pTis, whereas 60% of them had pTa lesions (Figure 2D). 

However, 20% of the animals presented an uninjured bladder with healthy urothelium. This 

outcome has shown that tumor progression in this group was successfully inhibited (Table 1). 

Table 1. Percentage of histopathological changes of the urinary bladder of rats from different experimental groups. 
Experimental 

Groups 

(n=5) 

 Control MNU GO-PEG-

PEI 

GO-PEG-

PEI/SiRNA 

DOX GO-COOH-

DOX 

GO-COOH-DOX 

+ 

GO-PEG-

PEI/SiRNA 

Abscence of Lesions Normal 

Urothelium 

 

 

100%(5) 

 

- 

 

- 

 

20%(1) 

 

- 

 

20%(1) 

 

60%(3) 

 Carcinoma 

in situ 

(pTis) 

 

 

- 

 

20%(1) 

 

80%(4) 

 

60%(3) 

 

- 

 

20%(1) 

 

20%(1) 

 Papillary 

carcinoma 

(pTa) 

 

 

- 

 

80%(4) 

 

- 

 

20%(1) 

 

100%(5) 

 

60%(3) 

 

20%(1) 

 Urothelial 

carcinoma 

with 

invasion of 

the lamina 

propria 

(pT1) 

 

 

 

 

- 

 

 

 

- 

 

 

 

20%(1) 

 

 

 

- 

 

 

 

- 

 

 

 

- 

 

 

 

- 

Inhibition of Tumor Progression 

(ITP) 

 

- 

 

- 

 

- 

 

20% 

 

- 

 

20% 

 

60%* 

*Represents significant difference compared to MNU group (P <0.05); ITP (Inhibition of Tumor Progression) represents the percentage of 

non-malignant lesions in each experimental group. In this work, malignants lesions were found and divided as follow: Carcinoma in situ 

(pTis). Papillary carcinoma (pTa) and Urothelial carcinoma with invasion of the lamina propria (pT1). 

Tumor progression inhibition (TPI) was statistically higher in the group treated with 

GO-COOH-DOX+GO-PEG-PEI/siRNA association. In total, 60% of animals in this group 

presented bladder without lesions and with healthy urothelium (Figure 2F), whereas 20% of 

them had pTis lesions, and the remaining 20% presented pTa associated with squamous 

metaplasia (Table 1). Based on the ultrasound analysis, 100% of the assessed animals did not 

have an infiltrating mass (Figure 2E). It is worth mentioning that these results were more 

promising than the ones concerning the use of GO-COOH-DOX and GO-PEG-PEI/siRNA 

separate. This finding suggests that the association between these two systems was effective as 

NMIBC treatment.  

3.1.2. Immunohistochemistry of VEGF, Endostatin, p53, PI3K, PTEN, BAX, CXCR4, and 

Nrf2. 

Table 2 presents the VEGF, Endostatin, p53, PI3K, PTEN, BAX, CXCR4, and Nrf2 

immunostaining intensity in the UB of animals in the experimental groups.  

According to the current results, VEGF immunoreactivity was more intense in the 

MNU (Figure 3c), GO-PEG-PEI (Figure 3e), and DOX (Figure 4a) groups than in the other 

groups (Table 2). Furthermore, VEGF immunoreactivity was moderate in the GO-COOH-

DOX group (Figure 4c) and weak in the Control (Figure 3a), GO-PEG-PEI/siRNA (Fig.4g), 

and GO-PEG-PEI/siRNA + GO-COOH-DOX groups (Figure 4e; Table 2). 
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Figure 3. Immunolabelled antigen intensities of the urinary bladder from the Control (a, b), MNU (c, d), GO-

PEG-PEI (e, f) and GO-PEG-PEI/ siRNA (g, h) groups. (a), (c), (e), and (g): Immunostaining for VEGF (*) in 

the urothelium. (b), (d), (f), and (h): Immunostaining for Endostatin (*) in the urothelium. Lp: lamina propria, 

Ur: urothelium. 

Table 2. Semi-quantitative analysis o immunolabelled antigens of the urinary bladder of rats in the different experimental 

groups. 

                                                              Groups     
 

 

Antigens 

Control 

(n= 5) 

MNU (Cancer) 

(n= 5) 

GO-PEG-PEI 

(n= 5) 

GO-PEG-PEI/ 

siRNA 

(n= 5) 

DOX GO-COOH-

DOX 

(n= 5) 

GO-COOH-

DOX+ 

GO-PEG-PEI 

/siRNA 

(n= 5) 

 

VEGF 1 (4.3%) a 3 (97.3%) b 3 (78.4%) b 1 (2.0%) a 3 (78.3%) b 2 (42.6%) c 1 (12.9%) a  
Endostatin 3 (93.9%) a 1 (3.7%) b 1 (28.9%) b 2 (65.2%) c 2 (46.5%) c 2 (60.5%) c 3 (90.4%) a  

p53 0 (0.0%) a 3 (90.4%) b 3 (86.9%) b 3 (84.1%) b 2 (43.9%) c 2 (38.1%) c 1 (21.2%) c,d  
PI3K 1 (2.0%) a 3 (92.4%) b 2 (53.0%) c 1 (11.2%) a 2 (52.4%) c 2 (37.4%) c 1 (10.7%) a  
PTEN 3 (95.7%) a 1 (3.0%) b 1 (18.9%) b 2 (61.3%) c 1 (27.4%) b 1 (28.9%) b 3 (85.1%) a  
BAX 3 (93.5%) a 1 (2.7%) b 1 (25.9%) c 1 (24.1%) c 2 (66.9%) d 2 (59.2%) d 3 (87.2%) a  

CXCR4 1 (21.9%) a 3 (95.0%) b 3 (96.1%) b 3 (95.3%) b 2 (62.0%) c 2 (64.8%) c 1 (26.9%) a  
Nrf2 3 (98.4%) a 1 (19.3%) b 1 (11.3%) b 2 (54.1%) c 2 (65.2%) c 2 (68.3) c 3 (97.1%) a  

Scores correspond to the intensity of protein immunoreactivity for each group (0 = absent, 1 = weak, 2 = moderate and 3 = strong). Values in parentheses are the 

median percentage of antigen-positive urothelial cells per group (n = 5 sections/ animal/ group). In the same line, values followed by different letters indicate 

significant difference between groups (p <0.05). 

On the other hand, Endostatin immunoreactivity was significantly higher in the Control 

(Figure 3b) and GO-COOH-DOX+GO-PEG-PEI/siRNA groups (Figure 4f) than in the other 
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ones (Table 2). Moreover, moderate immunoreactivity was observed in the GO-COOH-DOX 

(Figure 4d), GO-PEG-PEI/siRNA (Figure 3h), and DOX groups (Figure 4b). Finally, MNU 

(Figure 3d) and GO-PEG-PEI groups (Figure 3f) have shown poor immunoreactivity (Table 

2). These results corroborated observations made in the histopathological analysis since VEGF 

and Endostatin levels are directly associated with tumor aggressiveness. 

 
Figure 4. Immunolabelled antigen intensities of the urinary bladder from the DOX (a, b), GO-COOH-DOX (c, 

d) and GO-COOH-DOX+GO-PEG-PEI/siRNA (e, f) groups. (a), (c) and (e): Immunostaining for VEGF (*) in 

the urothelium. (b), (d) and (f): Immunostaining for Endostatin (*) in the urothelium. Lp: lamina propria, Ur: 

urothelium. 

The p53 immunostaining has shown possible mutation in this marker in the chemically 

NMIBC-induced model. Intense immunostaining was observed in the nuclei of urothelial cells 

in the MNU (Figure S1d; Table 2), GO-PEG-PEI (Figure S1g; Table 2), and GO-PEG-

PEI/siRNA groups (Figure S1j; Table 2). Also, p53 immunoreactivities were moderate in the 

DOX (Figure S2a; Table 2) and GO-COOH-DOX (Figure S2d; Table 2) groups and weak in 

the GO-COOH-DOX/GO-PEG-PEI/siRNA (Figure S2g; Table 2). Finally, there was no p53 

immunostaining in the urothelial cell nuclei of animals in the Control group (Figure S1a; Table 

2). 

PI3K analysis has shown intense immunoreactivity in animals in the MNU group 

(Figure S1e) in comparison to other experimental groups (Table 2). Moderate 

immunoreactivity was observed in the GO-PEG-PEI (Figure S1h), DOX (Figure S2b), and GO-

COOH-DOX (Figure S2e) groups, whereas the GO-PEG-PEI/siRNA (Figure S1k) and GO-

COOH-DOX+GO-PEG-PEI/siRNA groups (Figure S2h) expressed weak immunoreactivity 

(Table 2). 
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However, PTEN immunostaining was much more intense in animals from Control 

(Figure S1c) and GO-COOH-DOX+GO-PEG-PEI/siRNA (Figure S2i) groups than in the ones 

in the other experimental groups (Table 2). Animals in the MNU (Figure S1f), GO-PEG-PEI 

(Figure S1i), DOX (Figure S2c), and GO-COOH-DOX (Figure S2f) groups have shown weak 

immunoreactivity. Finally, animals in the GO-PEG-PEI/siRNA (Fig. S1l) group presented 

moderate immunoreactivity (Table 2). 

BAX immunostaining was more reactive in animals in the Control (Figure S3a) and 

GO-COOH-DOX+GO-PEG-PEI/siRNA (Figure S4g) groups than in the ones in the other 

experimental groups (Table 2). Animals in the DOX (Figure S4a) and GO-COOH-DOX 

(Figure S4d) groups have shown moderate immunoreactivity, whereas the ones in the MNU 

(Figure S3d), GO-PEG-PEI (Figure S3g), and GO-PEG-PEI/siRNA (Figure S3j) groups 

presented weak immunoreactivity (Table 2). 

However, animals in the MNU (Figure S3e), GO-PEG-PEI (Figure S3h), and GO-PEG-

PEI/siRNA (Figure S3k) groups presented intense CXCR4 immunostaining in comparison to 

animals in the other groups (Table 2). Immunostaining of animals in the DOX (Figure S4b) 

and GO-COOH-DOX (Figure S4e) groups was moderate, whereas animals in the GO-COOH-

DOX+GO-PEG-PEI/siRNA (Figure S4h) group presented weak immunoreactivity (Table 2). 

Finally, Nrf2 immunostaining was intense in animals in the Control (Figure S3c) and 

GO-COOH-DOX+GO-PEG-PEI/siRNA (Figure S4i) groups in comparison to animals in the 

other groups (Table 2). Moderate immunostaining was observed in animals from GO-PEG-

PEI/siRNA (Figure S3l), DOX (Figure S4c) and GO-COOH-DOX (Figure S4f) groups, 

whereas animals in the MNU (Figure S3f) and GO-PEG-PEI (Figure S3i) groups presented 

weak immunoreactivity (Table 2). 

According to studies available in the literature, the main function of the MDM2 protein 

lies in interacting with tumor suppressor p53 to inhibit apoptosis [24-26]. On the other hand, 

there are circumstances when the inhibitory properties of MDM2 over p53 expression are 

blocked by PTEN, such as when PTEN sequesters MDM2 in the cytoplasm [27]. PTEN is a 

tumor suppressor gene [28,29] that acts in apoptosis regulation and cancer suppression [30,31]. 

PTEN has inhibitory activity in the PI3k/Akt pathway. Akt is activated when PTEN is 

underexpressed [32]. On the other hand, activated Akt has an anti-apoptotic function in 

different pathways, including in MDM2 phosphorylation, inhibiting apoptosis [33]. Briefly, 

PI3k/Akt signaling activation enables MDM2 phosphorylation and inhibits p53. On the other 

hand, MDM2 phosphorylation by PI3k/Akt signaling decreases when PTEN blocks PI3k/Akt, 

leading to increased p53 levels and apoptosis induction. According to Table 2, PTEN was up-

regulated in the GO-COOH-DOX + GO-PEG-PEG/siRNA group, whereas the expression of 

these proteins in the GO-COOH-DOX and GO-PEG-PEG/siRNA groups was weak and 

moderate, respectively. Based on these results, the association between drug delivery platforms 

was very important to enable an almost complete PTEN expression. 

The wild-type p53 was able to suppress and control cell proliferation and kill abnormal 

cells [34]. On the other hand, p53 mutations can allow cell proliferation [35,36] and are often 

observed in many cancer types [37]. It is important to point out that endostatin can inhibit tumor 

growth without affecting cell proliferation [38,39]; p53 is a suppressor protein that inhibits 

angiogenesis, and consequently, it indirectly inhibits apoptosis. Studies have shown that the 

wild-type p53 can provide a non-angiogenic phenotype to tumors [40]. The non-angiogenic 

phenotype results from two angiogenesis inhibitors, namely: endostatin and tumstatin [41]. 

These proteins derive from collagens 18 and 4, respectively. This process is associated with 
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the up-regulation of the α(II) collagen prolyl-4-hydroxylase enzyme by the wild-type p53 

phenotype [40]. On the other hand, p53 mutation or inactivation leads to a higher cell 

proliferation rate than apoptosis; consequently, the tumor phenotype becomes angiogenic [33]. 

According to results in the current study, the GO-COOH-DOX + GO-PEG-PEG/siRNA group 

has shown low p53 and high Endostatin levels. It is possible assuming that the low p53 levels 

were associated with the wild-type of this protein and that the high Endostatin levels have 

provided a non-angiogenic phenotype to the analyzed tumors. Such an assumption could 

explain the promising results recorded for the group mentioned above. 

Bax protein is a Bcl-2 protein homolog that accounts for apoptosis induction. Protein 

CXCR4 is associated with tumor invasion and metastases that reach high levels in tumors [42]. 

Suppose one takes into consideration the antiangiogenic properties of the GO-PEG-

PEG/siRNA + GO-COOH-DOX association. In that case, it is possible assuming that the drug 

delivery platforms adopted in the current study decreased the formation of new blood vessels 

and, subsequently, induced necrosis and cell death. Simultaneously, it was possible observing 

increased Endostatin levels and tumor volume reduction. PTEN was activated, and tissue repair 

took place; consequently, BAX was up-regulated in the new normal cell population. CXCR4 

also decreased under these conditions, as evidenced by comparing MNU and GO-PEG-

PEG/siRNA + GO-COOH-DOX groups. PTEN and BAX were down-regulated in animals in 

the MNU group, whereas CXCR4 was up-regulated in animals. On the other hand, opposite 

events were observed for GO-COOH-DOX+GO-PEG-PEG/siRNA association. CXCR4 levels 

likely decreased due to tumor cell reduction. 

4. Conclusions 

 Based on findings in the current study, GO derivatives were effective in treating 

NMIBC. The GO-PEG-PEI system showed high dispersibility in an aqueous medium; it also 

showed high stability and allowed resuspension for applications in vivo. The GO-PEG-PEI 

nanostructure enabled siRNA complexation, even at low concentrations. The GO-COOH-DOX 

combination was more effective in decreasing NMIBC progression than the DOX-free 

treatment. On the other hand, the GO-PEG-PEI/siRNA system was more effective in decrease 

NMIBC progression than DOX-free and GO-COOH-DOX. The GO-COOH-DOX + GO-PEG-

PEI/siRNA association was certainly the most promising strategy adopted in the current study 

since it enabled tumor progression inhibition in 60% of the assessed animals - such data are 

relevant to the urology field. Ultrasound used to assess NMIBC progression was another 

highlight in the current study. Despite some limitations, ultrasound results have corroborated 

the histopathological analyses to some extent. Based on the immunohistochemical analyses, 

GO-PEG-PEI/siRNA was more effective in reducing VEGF expression than the other groups. 

The GO-PEG-PEI/siRNA + GO-COOH-DOX association led to higher Endostatin levels than 

the administration of these systems separate. The high p53 levels observed in animals in the 

MNU group can be associated with the mutated form of this protein, whereas low levels of it 

in animals in the GO-COOH-DOX + GO-PEG-PEI/siRNA group may be associated with the 

wild-type p53. Therefore, if one considers these results altogether, it is possible saying that 

graphene oxide hybrids have great potential to be used to treat NMIBC. 
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Supplementary materials 

 
Figure S1. Immunolabelled antigen intensities of the urinary bladder from the Control (a, b), MNU (c, d), GO-

PEG-PEI (e, f) and GO-PEG-PEI/ siRNA (g, h) groups. (a), (d), (g) and (j): Immunostaining for p53 (Arrows) in 

the urothelium. (b), (e), (h) and (k): Immunostaining for PI3K (*) in the urothelium. (c), (f), (i) and (l): 

Immunostaining for PTEN (*) in the urothelium. Lp: lamina propria, Ur: urothelium. 

 
Figure S2. Immunolabelled antigen intensities of the urinary bladder from the DOX (a, b), GO-COOH-DOX (c, 

d) and GO-COOH-DOX + GO-PEG-PEI/siRNA (e, f) groups. (a), (d) and (g): Immunostaining for p53 

(Arrows) in the urothelium. (b), (e) and (h): Immunostaining for PI3K (*) in the urothelium. (c), (f) and (i): 

Immunostaining for PTEN (*) in the urothelium. Lp: lamina propria; Ur: urothelium. 
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Figure S3. Immunolabelled antigen intensities of the urinary bladder from the Control (a, b), MNU (c, d), GO-

PEG-PEI (e, f) and GO-PEG-PEI/siRNA (g, h) groups. (a), (d), (g) and (j): Immunostaining for BAX (*) in the 

urothelium. (b), (e), (h) and (k): Immunostaining for CXCR4 (*) in the urothelium. (c), (f), (i) and (l): 

Immunostaining for Nrf2 (*) in the urothelium. Lp – lamina propria, Ur – urothelium. 

 
Figure S4. Immunolabelled antigen intensities of the urinary bladder from the DOX (a, b), GO-COOH-DOX (c, 

d) and GO-COOH-DOX + GO-PEG-PEI/siRNA (e, f) groups. (a), (d) and (g): Immunostaining for BAX (*) in 

the urothelium. (b), (e) and (h): Immunostaining for CXCR4 (*) in the urothelium. (c), (f) and (i): 

Immunostaining for Nrf2 (*) in the urothelium. Lp: lamina propria, Ur: urothelium. 
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