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Abstract

While RNA interference (RNAi) therapy has demonstrated significant potential for cancer 

treatment, effective and safe systemic delivery of RNAi agents such as small interfering RNA 

(siRNA) into tumor cells in vivo remains challenging. We herein reported a unique multistaged 

siRNA delivery nanoparticle (NP) platform, which is comprised of (i) a polyethylene glycol (PEG) 

surface shell, (ii) a sharp tumor microenvironment (TME) pH-responsive polymer that forms the 

NP core, and (iii) charge-mediated complexes of siRNA and tumor cell-targeting- and penetrating-

peptide-amphiphile (TCPA) that are encapsulated in the NP core. When the rationally designed, 

long circulating polymeric NPs accumulate in tumor tissues after intravenous administration, the 

targeted siRNA-TCPA complexes can be rapidly released via TME pH-mediated NP disassembly 

for subsequent specific targeting of tumor cells and cytosolic transport, thus achieving efficient 

gene silencing. In vivo results further demonstrate that the multistaged NP delivery of siRNA 

against bromodomain 4 (BRD4), a recently discovered target protein that regulates the 

development and progression of prostate cancer (PCa), can significantly inhibit PCa tumor growth.
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INTRODUCTION

Nanomedicine has shown great promise for more effective and safer cancer therapy.1–6 

However, the successful clinical translation of cancer nanotherapeutics still faces 

considerable challenges due to the complexities and heterogeneity of tumors, therefore 
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requiring the rational design of nanoparticle (NP) delivery systems and patient selection.6 To 

address the barriers involved in systemic NP delivery to solid tumors (such as blood 

circulation, tumor accumulation and penetration, cellular uptake, and intracellular release), 

stimuli-responsive NP-based multistaged delivery techniques have recently emerged for 

effective cancer treatment.6–12 These multistaged NP delivery systems can respond to tumor 

microenvironment (TME) (e.g., acidic pH, over-expressed enzymes and hypoxia)13–17 to 

change their physicochemical properties including size, zeta potential and hydrophilic-

hydrophobic balance, thereby leading to enhanced diffusion, cellular uptake, and/or 

intracellular cargo release.18–24

At present, multistaged NP technologies have been successfully applied to the systemic 

delivery of small molecule drugs, and have shown the capability of efficient intracellular 

drug delivery for better anticancer effect.20–23, 25 Nevertheless, moderate effort has been 

made to develop NPs for multistaged in vivo delivery of therapeutic nucleic acids such as 

small interfering RNA (siRNA), which has shown great potential on cancer treatment by 

silencing the expression of target gene(s), especially those that encode “undruggable” 

proteins.26–30 Currently, the de-PEGylation technique is a commonly used strategy to 

promote siRNA delivery efficacy, in which polyethylene glycol (PEG) chains can be cleaved 

by the acidic pH31–33 or over-expressed matrix metalloprotease (MMP)34, 35 in tumor tissues 

to simultaneously achieve long blood circulation and enhanced cellular uptake. However, the 

complicated TME-responsive chemistry involved in these de-PEGylation techniques may 

introduce additional complexities in the synthesis and scale-up of therapeutic NPs.

Herein, we developed a unique and robust TME pH-responsive multistaged NP platform for 

systemic targeted siRNA delivery and effective cancer therapy (Figure 1). This NP platform 

is composed of a sharp TME pH-responsive PEGylated polymer and a tumor cell-targeting 

and -penetrating peptide-amphiphile (TCPA). After encapsulating the siRNA/TCPA 

complexes, the resulting NP platform shows the following features for multistaged siRNA 

delivery (Figure 1A): i) PEG outer shell prolongs blood circulation and thus enhances tumor 

accumulation; ii) sensitive response of the hydrophobic poly(2-(hexamethyleneimino) ethyl 

methacrylate) (PHMEMA) to TME pH36, 37 induces the rapid disassembly of NPs and 

exposure of siRNA-TCPA complexes at tumor site; iii) tumor cell-targeting ability of TCPA 

attributable to its RGD ligand segment38, 39 improves the cellular uptake of the siRNA-

TCPA complexes; iv) cell-penetrating ability of TCPA attributable to its cationic 

polyarginine segment40 enhances the cytosolic siRNA transport to achieve efficient gene 

silencing; and v) facile synthesis of the PHMEMA polymer and TCPA as well as robust NP 

formulation enable the scale-up of this NP platform. In this work, we further chose 

bromodomain 4 (BRD4) as a proof-of-concept target and systematically evaluated the 

multistaged NPs for BRD4 siRNA (siBRD4) delivery and its anticancer efficacy. BRD4 is a 

conserved member of the bromodomain and extra-terminal (BET) family of chromatin 

readers, which plays a critical role in transcription by RNA polymerase II by facilitating 

recruitment of the positive transcription elongation factor b (P-TEFb).41, 42 For metastatic 

castration-resistant prostate cancer (mCRPC), BRD4 physically interacts with the N-

terminal domain of androgen receptor (AR), a key factor involved in the progression of 

primary prostate cancer (PCa) to mCRPC after androgen-deprivation therapy.43–45 Recent 

studies demonstrated that BRD4 inhibition can disrupt AR recruitment to target gene 
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loci46–48 and exhibits much more effective mCRPC treatment than direct AR antagonism 

(e.g., enzalutamide).49 Our in vivo results show that the systemic delivery of siBRD4 with 

the multistaged polymeric NP platform can also efficiently inhibit BRD4 expression in the 

tumor tissue and significantly inhibit PCa tumor growth.

RESULTS AND DISCUSSION

The TME pH-responsive polymer, methoxyl-poly(ethylene glycol)-conjugated PHMEMA 

(Meo-PEG-b-PHMEMA) was synthesized via atom-transfer radical polymerization (ATRP), 

using PEG-Br as a macroinitiator (Figure 1B, Scheme S1–S3). The molecular weight of the 

polymer was examined by gel permeation chromatography (GPC) and the polymer structure 

was analyzed by nuclear magnetic resonance (Figures S1–S3) to confirm successful 

synthesis. Classic acid-base titration was used to examine the pKa of this polymer, and the 

pKa value is determined as ~6.9 (Figure 2A), which is close to the pH of tumor extracellular 

fluid (6.5~6.8).50 This result suggests that a TME pH-responsive cargo release can be 

achieved when using a carrier formulated with the Meo-PEG-b-PHMEMA polymer.36 To 

further support this, a near-infrared dye Cy5.5 was incorporated into the hydrophobic 

PHMEMA moiety (Meo-PEG-b-P(HMEMA-AMA-Cy5.5), Scheme S4 and Figure S4). 

When mixing the Cy5.5-labelled polymer with Meo-PEG-b-PHMEMA (1:1 in molar ratio), 

due to the amphiphilic nature of these two polymers, they can self-assemble into well-

dispersed NPs (Figure S5), with an average size of ~40 nm as determined by dynamic light 

scattering (DLS, Figure S5). Owing to the self-quenching of the aggregated fluorophores 

inside the hydrophobic cores of these NPs, there is very weak fluorescence signal at a pH 

(e.g., pH 7.4) above pKa of Meo-PEG-b-PHMEMA (Figure 2B). In contrast, when 

dispersing these NPs into PBS buffer at a pH (e.g., pH 6.8) below pKa, the electrostatic 

repulsion among the protonated PHMEMA moieties leads to the disassembly of the NPs 

(Figure S5) and a dramatic increase in the fluorescence signal within 3 min (Figure 2B). 

Measurement of the fluorescence intensity upon pH change shows that the pH difference 

from 10 to 90% fluorescence activation (ΔpH10–90%) is 0.24 (Figure S5),36, 37 which is 

similar to the previous report36 and much smaller than that of small molecule dyes (about 2 

pH units),51 suggesting the sharp TME pH response of the Meo-PEG-b-PHMEMA polymer.

We next examined the siRNA loading ability and TME pH-responsive behavior of the 

siRNA NPs. A modified nanoprecipitation method52 was employed to prepare the NPs by 

mixing siRNA aqueous solution with dimethylformamide (DMF) solution containing both 

Meo-PEG-b-PHMEMA and TCPA. In this mixture, the negatively charged siRNA molecules 

spontaneously assemble with the positively charged TCPA into complexes via electrostatic 

interaction. By adding the above mixture to rapidly stirring deionized water, the amphiphilic 

Meo-PEG-b-PHMEMA polymer and siRNA-TCPA complexes were co-nanoprecipitated to 

form NP with a hydrophilic PEG shell and a siRNA-TCPA complex-containing PHMEMA 

core. Two TCPAs (TCPA1: C17H35CONH-GR8GRGDS-OH shown in Figure S6; and 

TCPA2: C17H35CONH-(C17H35CONH)-KR8GRGDS-OH shown in Figure 1C) were used 

to adjust the siRNA loading efficiency and physiochemical properties of the NPs (denoted 

TCPA1-NPs and TCPA2-NPs). Under the same conditions, the siRNA encapsulation 

efficiency (EE%, Table S1) of the TCPA1-NPs (~39%) is lower than that of TCPA2-NPs 

(~52%). In contrast, the size of the TCPA1-NPs (~90.1 nm, Figure S7) is larger than that of 
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the TCPA2-NPs (~72.8 nm). One possible reason may be due to the two hydrophobic tails of 

TCPA2 that could facilitate the formation of more compact siRNA-TCPA2 complexes to 

improve the siRNA loading ability and decrease the size of the NPs.53, 54 In addition, the 

TCPA2-NPs show a strong protection of siRNA stability. When encapsulating fluorescein 

(FL) and its quencher (Dabcyl)-labelled siRNA into the NPs, there is nearly no change in the 

FL fluorescence after 6 h incubation with RNase (Figure S8). As a comparison, naked 

siRNA can be rapidly degraded by RNase within 15 min, which induces the dissociation 

between FL and Dabcyl, and thereby significant increase in the fluorescence intensity of the 

FL. We then chose the TCPA2-NPs to evaluate their TME pH-responsive behavior. As 

shown in the transmission electron microscopy (TEM) image of Figure 2C, the NPs exhibit a 

spherical morphology at pH 7.4. After incubating these NPs in pH 6.8 PBS buffer for 3 min, 

there are some large amorphous aggregates and small size particles (Figure S9A), which 

may possibly correspond to the ionized polymer and exposed siRNA-TCPA2 complexes. 

This result is confirmed by DLS analysis, in which particles ranging from several 

nanometers to thousand nanometers can be detected (Figure S9B). The fluorescence spectra 

of the NPs loaded with FL and Dabcyl-labelled siRNA also demonstrate the presence of 

exposed siRNA-TCPA2 complexes after TME pH-triggered NP disassembly (Figure S9C). 

Similar as the fluorescence change at pH 7.4 (Figure S8), significant increase in the 

fluorescence intensity can be observed after incubating the naked siRNA with RNase at pH 

6.8 for 15 min. In contrast, with the TCPA2 to condense siRNA and form complexes that can 

protect siRNA from degradation by RNase, there is no obvious change in the fluorescence 

intensity after incubating the TCPA2-NPs with RNase at pH 6.8 for 1 h. This TME pH-

triggered NP disassembly also offers a fast release of loaded siRNA (Figure 2D). More than 

80% of DY677-labelled siRNA (DY677-siRNA) is released after 4 h at pH 6.8. Within the 

same time frame, less than 20% of the loaded siRNA is released at pH 7.4.

To investigate whether this TME pH-triggered NP disassembly can improve cellular uptake 

of loaded siRNA and enhance gene silencing, luciferase-expressing HeLa (Luc-HeLa) cells 

were incubated with the DY677-siRNA-loaded TCPA2-NPs at pH 6.8 or 7.4 for 2 h. The 

cellular uptake was observed by confocal laser scanning microscopy (CLSM). Compared to 

the cells incubated at pH 7.4 (Figure 3A), the brighter red fluorescence indicates a higher 

siRNA uptake at pH 6.8 (Figure 3B). More importantly, the internalized siRNA molecules at 

pH 6.8 show a much higher distribution in the cytoplasm compared to that of the 

internalized siRNA molecules at pH 7.4. We further employed flow cytometry to 

quantitatively examine the uptake at different pHs. As shown in Figures 3C and 3D, the 

siRNA uptake at pH 6.8 is > 5-fold more than that of the cells incubated at pH 7.4. When 

pre-treating the cells with the integrin αvβ3 and αvβ5 antibodies for 15 min and then 

incubating with the siRNA-loaded NPs at pH 6.8, there is around 2-fold decrease in the 

siRNA uptake. Notably, due to the positive charge of the polyarginine segments in the 

exposed siRNA-TCPA2 complexes at pH 6.8, the antibody-treated cells still show stronger 

siRNA uptake than the cells incubated at pH 7.4. These results indicate that the exposed 

siRNA-TCPA2 complexes resulting from the pH-triggered disassembly of NPs can increase 

the siRNA uptake by RGD-mediated targeting of the over-expressed integrins (αvβ3 and 

αvβ5) on Luc-HeLa cells.55 In addition, the positively charged polyarginine segments also 
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contribute to the increased siRNA uptake and can simultaneously penetrate the endosomal 

membranes to improve cytosolic siRNA delivery.32, 56, 57

We then encapsulated Luc siRNA (siLuc) into the TCPA2-NPs and evaluated their gene 

silencing efficacy in Luc-HeLa cells. As shown in Figure 3E, the siLuc-loaded NPs reduced 

Luc expression at both pH 7.4 and 6.8. Notably, due to rapid disassembly of the NPs at pH 

6.8 to increase the cytosolic siRNA delivery (Figures 3B and 3C), a much better gene 

silencing efficacy was shown vs. that at pH 7.4, and the NPs can knock down ~90% Luc 

expression with low cytotoxicity at a 10 nM siRNA dose (Figure S11). We further examined 

the TCPA2-NPs for silencing the expression of BRD4, a conserved member of the BET 

family of chromatin readers that interacts with the N-terminal domain of AR to regulate AR 

signaling network in mCRPC.49 LNCaP cells, an AR positive PCa cell line with high level 

of BRD4 (Figure S12)49 and integrins (αvβ3 and αvβ5) expression,58 were used as a model 

cell line. Figures 4A and 4B showed that the siBRD4-loaded NPs had a higher efficacy in 

BRD4 silencing at pH 6.8, with very low BRD4 expression at the 15 nM siRNA dose 

(Figure 4A). In comparison, for the cells treated with the siBRD4-loaded NPs at pH 7.4, 

there is still a high level of BRD4 expression with 20 nM siRNA (Figure 4B). Similar results 

can be also found in the immunofluorescence staining analysis (Figures 4C–4E). Red 

fluorescence corresponding to the residual BRD4 can still be observed in the cells treated 

with the siRNA-loaded NPs at pH 7.4 (Figure 4D), but very weak fluorescence is observable 

in the cells treated with the same NPs at pH 6.8 (Figure 4E). With this efficient BRD4 

silencing at pH 6.8, the percentage of apoptotic (Annexin-V positive) or necrotic (Annexin 

V-negative and 7-ADD-postivie) cells increases markedly to 39.5% or 36.3%, respectively 

(Figures 4F and 4G), which is around 2.5-flod higher than that of the cells treated with the 

siBRD4 NPs at pH 7.4. In addition, the BRD4 silencing also induces significant inhibition of 

cell proliferation. Only 20% of the LNCaP cells treated with NPs for 24 h at pH 6.8 are alive 

after 6 days (Figure 4H), while there is about 8-fold increase in the number of cells for the 

pH 7.4 group.

After validating the efficient gene silencing of the TCPA2-NPs in vitro, we next assessed 

their pharmacokinetics (PK) and biodistribution (BioD). PK was examined by intravenous 

injection of DY677-siRNA-loaded NPs to health mice (1 nmol siRNA dose per mouse, n = 

3). As shown in Figure 5A, with the protection of PEG outer layer,52, 55, 59 the TCPA2-NPs 

show long blood circulation with a half-life (t1/2) of around 4.38 h. In contrast, the naked 

siRNA or siRNA-TCPA2 complexes (Figure S13) are rapidly cleared from the blood and 

their blood t1/2 is less than 10 min. The BioD was evaluated by intravenously injecting 

DY677-siRNA-loaded NPs into LNCaP xenograft tumor-bearing mice. Figure 5B shows the 

fluorescent image of the mice at 24 h post injection. Given the long blood circulation 

characteristic of the TCPA2-NPs, they showed a much higher tumor accumulation than 

naked siRNA or the siRNA-TCPA2 complexes. The tumors and major organs were 

harvested at 24 h post injection (Figure S14) and the quantification of BioD is shown in 

Figure 5C. The TCPA2-NPs demonstrated an approximately 10-fold higher siRNA 

accumulation in tumors than the naked siRNA.

With these promising in vitro and PK/BioD results, we further evaluated whether our 

multistaged siRNA delivery platform can silence BRD4 expression in vivo and show 
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anticancer effect. To do this, the siBRD4-loaded NPs were intravenously injected into the 

LNCaP xenograft tumor-bearing mice (1 nmol siRNA dose per mouse, n = 3) for three 

consecutive days. Western blot analysis of the tumor tissue shows that the siBRD4-loaded 

NPs led to ~78% knockdown in BRD4 expression compared to the control NPs loaded with 

siLuc (Figures 6A and 6B). A similar tendency can be also found in the 

immunohistochemistry staining analysis (Figures 6C and 6D). Along with the suppressed 

BRD4 expression, there is a significant increase in tumor cell apoptosis confirmed by 

TUNEL staining (Figures 6E and 6F). To confirm whether the NP-mediated BRD4 silencing 

has an anticancer effect, the siBRD4-loaded NPs were intravenously injected into the 

LNCaP xenograft tumor-bearing mice once every three days at a 1 nmol siRNA dose per 

mouse (n = 5). After four consecutive injections, the tumor growth was significantly 

inhibited compared to the mice treated with PBS, naked siBRD4, or siLuc-loaded NPs 

(Figure 7). There is less than 1.5-fold increase (from ~63 to ~93 mm3) in tumor size of the 

mice treated with the siBRD4-loaded NPs at day 21 (Figure 7A). For the mice in the three 

control groups, their tumor size (Figure 7A) and tumor weight (Figure 7B) are more than 4-

fold larger than those in the siBRD4-loaded NP group. Noteworthy, the siBRD4-loaded NPs 

showed no obvious influence on mouse body weight (Figure 7D). Moreover, to further 

evaluate the potential in vivo side effects of TCPA2-NPs, healthy mice received the injection 

of siBRD4-loaded NPs (1 nmol siRNA dose per mouse, n = 3). Blood serum analysis 

showed that TNF-α, IFN-γ, IL-6, and IL-12 levels were in the normal range at 24 h post 

injection (Figure S15). After three daily injections, no noticeable histological changes were 

noticed in the tissues from heart, liver, spleen, lung or kidney (Figure S16). All of these 

results indicate the good biocompatibility of this NP platform.

CONCLUSION

We have successfully developed a unique and robust TME pH-responsive multistaged NP 

platform for systemic and targeted siRNA delivery to solid tumors. In vivo results show that 

this multistaged NP platform with long blood circulation can first highly accumulate at 

tumor site and then rapidly respond to TME pH to expose the siRNA-TCPA complexes, 

which subsequently target and penetrate tumor cells to achieve efficient cytosolic siRNA 

transport and gene silencing. Along the multistaged delivery concept reported herein, other 

TME-responsive (e.g., enzyme- and hypoxia-sensitive) NPs formulated with various 

biomacromolecules (e.g., siRNA, miRNA, mRNA, and protein) could be further pursued for 

the treatment of a wide range of solid tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Schematic illustration of the TME pH-responsive multistaged NP platform for systemic 

targeted siRNA delivery and effective cancer therapy. After intravenous injection (i), the 

siRNA-loaded NPs can extravasate from leaky tumor vasculature and accumulate in the 

tumor tissue (ii). In response to TME pH, the NPs rapidly disassemble to release siRNA-

TCPA complexes (iii), which then target and penetrate tumor cells (iv) to achieve efficient 

cytosolic siRNA transport and gene silencing (v). (B) Molecular structure of TME pH-

responsive polymer Meo-PEG-b-PHMEMA. (C) Molecular structure of TCPA with tumor 

cell-targeting and -penetrating functions attributable to the R8 and RGDS segments, 

respectively.
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Figure 2. 
(A) Acid-base titration profile of the TME pH-responsive polymer Meo-PEG-b-PHMEMA. 

(B) Emission fluorescence spectrum of Cy5.5-labelled TME pH-responsive NPs incubated 

in PBS buffer at different pHs for 3 min. (C) TEM image of the DY677-siRNA-loaded 

TCPA2-NPs at pH 7.4. (D) Cumulative siRNA release from the DY677-siRNA-loaded 

TCPA2-NPs at different pHs.
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Figure 3. 
(A, B) CLSM images of Luc-HeLa cells incubated with DY677-siRNA-loaded TCPA2-NPs 

at pH of 7.4 (A) or 6.8 (B) for 2 h. Endosomes are stained by lysotracker green, and nuclei 

were stained by Hoechst 33342. (i) Endosomes with green fluorescence; (ii) DY677-siRNA 

with red fluorescence; (iii) Nuclei with blue fluorescence; and (iv) Overlap of (i), (ii) and 

(iii). (C) Flow cytometry profile and (D) mean fluorescence intensity (MFI) of Luc-HeLa 

cells incubated with DY677-siRNA-loaded TCPA2-NPs at different pHs for 2 h, and the 

cells incubated with integrin αvβ3 and αvβ5 antibodies for 15 min followed by incubation 

with the DY677-siRNA-loaded TCPA2-NPs at pH 6.8 (pH 6.8 + Abs) for 2h. (E) Luc 

expression in Luc-HeLa cells treated with siLuc-loaded TCPA2-NPs at different pHs.
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Figure 4. 
(A, B) Western blot analysis of BRD4 expression in LNCaP cells treated with siBRD4-

loaded TCPA2-NPs at pH 6.8 (A) and 7.4 (B). (C-E) Immunofluorescence analysis of BRD4 

expression (red fluorescence) in LNCaP cells treated with siBRD4-loaded TCPA2-NPs (20 

nM siRNA dose) at pH 6.8 vs. 7.4. Blank: cells incubated in free culture medium. (F) Flow 

cytometry analysis and (G) quantification of apoptosis of LNCaP cells treated with siBRD4-

loaded TCPA2-NPs at a 20 nM siRNA dose. (H) Proliferation profile of LNCaP cells treated 

with siBRD4-loaded TCPA2-NPs at a 20 nM siRNA dose. The siLuc-loaded TCPA2-NPs 

were used as the control in these experiments.
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Figure 5. 
(A) Blood circulation profile of naked DY677-siRNA vs. DY677-siRNA-loaded TCPA2-

NPs. (B) Overlaid fluorescent image of LNCaP xenograft tumor-bearing nude mice at 24 h 

post injection of naked DY677-siRNA vs. DY677-siRNA-loaded TCPA2-NPs. Tumors are 

indicated by ellipses. (C) Biodistribution of the NPs in the tumors and major organs of 

LNCaP xenograft tumor-bearing nude mice sacrificed at 24 h post injection of the DY677-

siRNA-loaded TCPA2-NPs.
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Figure 6. 
(A, B) Western blot and (C, D) immunohistochemistry analysis of BRD4 expression in the 

LNCaP tumor tissue after systemic treatment by control NPs and siBRD4-loaded TCPA2-

NPs. *** P < 0.001 (E, F) TUNEL staining of the LNCaP tumor tissue after systemic 

treatment by control NPs and siBRD4 TCPA2-NPs. TUNEL-positive apoptotic cells were 

stained with red fluorescence. The siLuc-loaded TCPA2-NPs were used as control NPs.
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Figure 7. 
(A) Tumor size and (B) tumor weight of the LNCaP xenograft tumor-bearing nude mice (n = 

5) after systemic treatment by PBS, naked siBRD4, control NPs, and siBRD4-loaded 

TCPA2-NPs. Intravenous injections are indicated by the arrows. ** P < 0.01 (C) 

Representative photograph of the LNCaP xenograft tumor-bearing nude mice in each group 

at day 16. Tumors are indicated by ellipses. (D) Body weight of the LNCaP xenograft 

tumor-bearing nude mice in each group. The siLuc-loaded TCPA2-NPs were used as control 

NPs.
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