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A B S T R A C T   

Brain metastases are a most disturbing situation for breast cancer patients as there is basically no adequate 
treatment available. Any potential drug formulation has to be able to cross the blood-brain barrier (BBB) and 
specific to metastatic brain tumors without causing unacceptable adverse effects. Here, we developed transferrin- 
functionalized chimeric polymersomes carrying siRNA against polo-like kinase 1 (Tf@TBP-CPs-siPLK1) for 
treating brain metastatic MDA-MB 231 triple negative breast cancer (TNBC) xenografts in mice. To facilitate the 
loading of siPLK1, chimaeric polymersomes (CPs) were designed with spermine in the watery core and 
transferrin-binding peptide (TBP) at the surface, enabling attachment of transferrin after the siRNA loading step 
and thereby circumventing interference of transferrin with siRNA loading. Tf@TBP-CPs-siPLK1 encapsulating 
3.8 wt% siRNA had a mean size of about 50 nm and a neutral zeta potential in phosphate buffer (PB). By virtue of 
the presence of transferrin, Tf@TBP-CPs demonstrated greatly (ca. 5-fold) enhanced internalization in MDA-MB 
231 cells and transcytosis in the endothelial (bEnd.3) monolayer model in vitro as well as markedly improved 
accumulation in the orthotopically xenografted MDA-MB 231 tumor in the brain in vivo compared with control 
CPs lacking transferrin, supporting that transferrin mediates efficient BBB penetration and high specificity to-
wards MDA-MB 231 cells. As a result, Tf@TBP-CPs-siPLK1 effectively inhibited tumor progression and prolonged 
the lifespan of the mice significantly. Selective transferrin coating appears to be a particularly facile strategy to 
fabricate BBB-permeable and targeted vesicles for potent RNAi therapy of brain metastatic breast cancer.   

1. Introduction 

Brain metastases when occurring in cancerous patients with e.g. lung 
tumor, breast tumor, and melanoma are a most disturbing situation 
[1–3]. In breast cancer, human epidermal growth factor receptor 2 
(HER-2) positive patients and triple-negative breast cancer (TNBC) pa-
tients have exhibited a particularly high risk to develop brain metastases 
[4,5]. To date, there is basically no treatment available for brain 

metastases because few drugs are capable of penetrating the blood-brain 
barrier (BBB) [6]. The median survival of breast cancer patients after 
diagnosis with brain metastases was only 7 months, in which further 
poor outcome was found for TNBC than HER-2 positive patients [7]. In 
recent years, different approaches have been explored to improve the 
treatment of breast cancer brain metastases [8,9]. For example, focused 
ultrasound was applied to disrupt the BBB and thereby to enhance the 
delivery of antibodies, antibody-drug conjugates, and nanomedicines to 
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brain metastases [10]. Ligand mediated, BBB-permeable nanosystems 
that employ low density lipoprotein receptor related protein 1 (LRP1) 
pathway alone or in combination with receptor targeting antibody were 
investigated for improved treatment of brain metastatic breast cancers 
[11–13]. Intravenously administered cell-penetrating peptide-function-
alized nanomedicines containing doxorubicin and intracranial delivery 
of plasmid encoding trastuzumab were also reported to suppress the 
growth of brain metastases [14,15]. Notably, most previous receptor- 
mediated transcytosis (RMT) systems deal with the use of highly toxic 
drugs, which would most probably also cause serious adverse effects, 
given the fact that a large part of the administered dose is distributed to 
other locations in the body than the target [16]. 

Different from many chemotherapeutic anticancer drugs, small 
interfering RNA (siRNA) with a specific target in cancer cells possesses 
usually low off-target toxicity [17]. A number of siRNA drugs have been 
studied for treating distinct tumors [18,19]. siRNA silencing Polo-like 
kinase 1 (siPLK1), a highly conserved serine-threonine kinase that is 
overexpressed in diverse cancer types and correlated with poor prog-
nosis [20], has shown to be able to suppress growth of various tumors 
including lung and breast tumors in vivo [21,22]. The clinical applica-
tion of siRNA is, however, limited by in vivo delivery hurdles like poor 
tumor cell uptake, rapid degradation by nucleases, and poor endosomal 
escape [18,23]. Therefore, the development of efficient delivery vehicles 
is a challenging task in siRNA applications [24,25]. In case of brain 
metastases, the vehicles need to carry siRNA across the BBB. Transferrin 
is one of the few ligands that have been reported to be capable of 
penetrating the BBB via transferrin receptor (TfR)-mediated transcytosis 
(RMT) [26–32]. TfR is also overexpressed by a range of malignant tumor 
cells including those of glioblastoma and breast tumors [33,34]. 
Transferrin-drug conjugates and transferrin-functionalized nano-
medicines have been explored for glioblastoma and breast tumor RNAi 
therapy [35,36]. There are also reports on transferrin-directed siRNA 
nanocaplet for targeted RNA interference and deep tumor penetration, 
which generally require dedicated fabrication [37]. 

Here, we report on facile fabrication of BBB-permeable and targeted 
vesicles via selective transferrin coating strategy for potent RNAi 

therapy of brain metastatic breast cancer in vivo. Transferrin- 
functionalized chimeric polymersomes carrying siPLK1 (Tf@TBP-CPs- 
siPLK1) were simply obtained by treating siPLK1-loaded transferrin 
binding peptide exposing chimeric polymersomes (TBP-CPs-siPLK1) 
with transferrin, thus circumventing interference of surface-bound 
transferrin with siRNA loading (Scheme 1). TBP (sequence: 
CGGGHKYLRW) was reported to specifically bind to transferrin [38]. 
We have previously shown that transferrin-bound polymersomal doxo-
rubicin hydrochloride prepared by TBP-exposing CPs exhibited 
transferrin-induced enhanced cellular uptake and antitumor efficacy in 
a subcutaneous colorectal cancer model [39]. Based on the literature, as 
cited above, it was hypothesized that Tf@TBP-CPs-siPLK1 would not 
only cross BBB but also target to brain metastatic TfR-overexpressed 
TNBC cells, resulting in potent and low toxic RNAi therapy for malig-
nant breast tumor brain metastases. 

2. Experimental section 

2.1. Materials 

siPLK1 (SS: 5′-AGAUCACCCUCCUUAAAUAUU-3′, AS: 5′- 
UAUUUAAGGAGGGUGAUCUUU-3′), Cy3 or Cy5-labeled siPLK1 
(siPLK1(Cy3), siPLK1(Cy5)), siEGFP (SS 5’-GACGUAAACGGCCACAA-
GUdTdC-3′, AS: 5’-ACUUGUGGCCGUUUACGUCdGdC-3′), and siS-
cramble (SS: 5’-UUCUCCGAACGUGUCACGUTT-3′, AS: 5’- 
ACGUGACACGUUCGGAGAATT-3′) were obtained from Gene Pharma 
(China). 

2.2. Preparation of Tf@TBP-CPs-siRNA 

Poly(ethylene glycol)-b-poly(trimethylene carbonate-co-dithiolane 
trimethylene carbonate)-spermine (PEG-P(TMC-DTC)-sp, Mn = 5.0- 
(15.0–2.0)-0.2 kg/mol) copolymer was synthesized as previously re-
ported [40]. TBP-PEG-P(TMC-DTC) was synthesized via Michael addi-
tion between TBP and MAL-PEG-P(TMC-DTC) [39]. siRNA (siPLK1, 
siEGFP or siScramble) loaded Tf@TBP-CPs were obtained via solvent 

Scheme 1. Illustration of the fabrication of Tf functionalized polymersomal siPLK1 (Tf@TBP-CPs-siPLK1) (A), and the targeted delivery of siPLK1 to brain me-
tastases in vivo (B). 
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exchange method. Typically, PEG-P(TMC-DTC)-sp and TBP-PEG-P 
(TMC-DTC) at weight ratio of 80/20 were dissolved in DMSO at 5 mg/ 
mL. The polymer solution was then added into 900 μL HEPES (5 mM, pH 
6.8) containing siRNA and incubated for 2 h without stirring and at 
25 ◦C overnight in an incubator at 100 rpm to allow the formation of 
TBP-CPs-siPLK1. TBP-CPs-siPLK1 was purified by dialysis (MWCO 350 
kDa) in PB (10 mM, pH 7.4) for 6 h. The siRNA loading efficiency was 
quantified by NanoDrop 2000c spectrophotometer at 260 nm. Tf@TBP- 
CPs-siPLK1 was attained by adding Tf solution into TBP-CPs-siPLK1. 
Briefly, TBP-CPs-siPLK1 with TBP surface density of 17.2% (2 mg/mL, 
1 mL) was incubated with 2.7 μM Tf (TBP/Tf = 1/1, mol/mol). BCA 
assays were used to determine the Tf surface densities. The size and zeta 
potential of Tf@TBP-CPs-siPLK1 before and after Tf coating were tested. 

2.3. Investigation of endocytotic pathway of Tf@TBP-CPs-siPLK1 

MDA-MB 231 cells (2 × 105 cells/well) were seeded in 6-well plates 
and cultured for 24 h prior to adding Tf@TBP-CPs-siPLK1(Cy5) (1 μg 
siRNA/mL). To investigate the energy-dependent process, cells were co- 
incubated with Tf@TBP-CPs-siPLK1(Cy5) at 4 ◦C or in the presence of 
NaN3 (10 mM) at 37 ◦C for 1 h. The cells were washed, harvested and re- 
suspended in 500 μL PBS for flow cytometry analysis by BD FACS Cal-
ibur flow cytometer (Becton Dickinson, USA) based on 10,000 gated 
events. The endocytic pathway was further investigated by adding in-
hibitors including chlorpromazine (10 μg/mL), amiloride hydrochloride 
(1 mg/mL) and β-CD (1 mg/mL) to incubate for 1 h at 37 ◦C prior to 
addition of Tf@TBP-CPs-siPLK1(Cy5). After 1 h, the cells were similarly 
treated immediately before flow cytometry analysis. The cells treated 
with CPs-siPLK1(Cy5) at 37 ◦C were used as control. 

2.4. Intracellular siPLK1 delivery and in vitro gene silencing 

MDA-MB 231 cells were seeded in 6-well plates (5 × 105 cells/well) 
and cultured for 24 h. CPs-siPLK1(Cy5) and Tf@TBP-CPs-siPLK1(Cy5) 
were added and incubated for 4 h (1 μg siRNA /mL) and the cells 
were washed, harvested and re-suspended in 500 μL PBS for flow 
cytometry analyses. For each sample, 10,000 events were collected and 
MDA-MB 231 cells without any treatment were used as control. The in 
vitro cellular association of Tf@TBP-CPs-siPLK1(Cy5) with B-ALL-697 
and MDA-MB-231 cells at 4 h post-incubation was investigated. MDA- 
MB 231 and B-ALL-697 cells were seeded in 12-well plates (2 × 105 

cells/well) and cultured for 24 h prior to adding Tf@TBP-CPs-siPLK1 
(Cy5) (100 nM siPLK1). After 4 h, the medium was decanted and the 
cells were washed (PBS, ×2) and collected for flow cytometry analysis. 

The cellular uptake and intracellular siPLK1(Cy3) delivery were 
monitored via confocal laser scanning microscopy (CLSM) (Leica TCS 
SP5). Briefly, MDA-MB 231 cells were seeded on glass coverslips in 24- 
well plates (5 × 104 cells/well) and cultured for 24 h at 37 ◦C. Tf@TBP- 
CPs-siPLK1(Cy3) was added and incubated for 12 h at 37 ◦C (siPLK1 
(Cy3): 5 μg/mL). The cells were then washed and fixed with 4% para-
formaldehyde for 15 mins. After fixation, the nuclei were stained with 
DAPI (5 μg/mL) for 5 mins, washed, and finally examined with CLSM 
using a 63-x oil immersion objective. CPs-siPLK1(Cy3) was used as 
control. 

The gene silencing capacity of siRNA (siEGFP) loaded Tf@TBP-CPs in 
vitro was investigated using MDA-MB 231-EGFP cells. In brief, the cells 
(5 × 103 cells/well) were cultured in 96-well plates for 24 h, and 10 μL of 
Tf@TBP-CPs-siEGFP or CPs-siEGFP was added (siRNA: 100 nM) and the 
cells without treatment were used as control (n = 3). After incubation for 
12 h, the culture medium was replaced with 90 μL fresh medium, and 
the cells were further cultured for 36 h before the observation using 
fluorescence microscopy (Olympus BX41). The gene silencing efficacy of 
Tf@TBP-CPs-siEGFP and CPs-siEGFP was calculated by ImageJ in 
comparison to PBS treated group. 

2.5. MTT assays of Tf@TBP-CPs-siPLK1 

MDA-MB 231cells were seeded in 96-well plates (3 × 103 cells/well) 
and after 24 h 20 μL of Tf@TBP-CPs-siPLK1 was added. Following 12 
incubation, the medium was replaced with fresh medium, and the cells 
were further cultured 36 h. Then MTT solution (5 mg/mL) was added 
and incubated for 4 h at 37 ◦C. After removal of the medium, 150 μL 
DMSO was added to the cells. The absorbance at 492 nm was measured 
using a microplate reader (Multiskan FC), and the cell viability was 
expressed as the percentages of the absorbance of the cells treated with 
different formulations to that of PBS group (n = 5). 

2.6. In vivo treatment of intracranial MDA-MB 231 metastases model 

Mice were handled according to the protocols approved by Soochow 
University Laboratory Animal Center and the Animal Care and Use 
Committee of Soochow University. Intracranial MDA-MB 231 brain 
metastases model was established using female Balb/c nude mice via 
implantation of minced breast tumor tissue into the left stratum of the 
mice, and this day was designated as day 0. On day 10, the mice were 
imaged and divided into 4 groups (n = 9) before the intravenous in-
jection of Tf@TBP-CPs-siPLK1, CPs-siPLK1, Tf@TBP-CPs-siScrambe (2 
mg siRNA/kg) or PBS via tail veins on day 10, 12, 14, and 16. The tumor 
development was tracked on day 13, 16 and 19 using an Lumina IVIS II 
in vivo imaging system. The mice were weighed every two days and the 
weight was normalized to their initial values. The survival curves of the 
mice were recorded. On day 20, one mouse of each group was selected 
and perfused with Evans Blue before sacrifice and excision of major 
organs and brain tumors for hematoxylin and eosin (H&E) staining and 
observation with a digital microscope. 

2.7. Statistical analyses 

One-way analysis of variance (ANOVA) with Tukey multiple com-
parison test (Prism) was used to determine the significance among 
groups. Statistical significance was established at *p < 0.05, **p < 0.01 
and ***p < 0.001. 

3. Results and discussion 

3.1. Formation and characterization of Tf@TBP-CPs-siPLK1 

Tf@TBP-CPs-siPLK1 were obtained by co-assembly of PEG-P(TMC- 
DTC)-sp and TBP-PEG-P(TMC-DTC) at a weight ratio of 80/20 in the 
presence of siPLK1, followed by binding Tf with these preformed poly-
mersomes (Scheme 1). The TBP density at the particle surface was set at 
17.2 mol% because that density showed optimal Tf binding and tar-
geting effect to TfR-positive cancer cells earlier [39]. Table 1 shows that 
TBP-CPs-siPLK1 obtained at an initial start amount of siPLK1 of 5 wt% 
had an encapsulation efficiency of 85% and siPLK1 loading content of 
4.1 wt%. The high siRNA encapsulation efficiency might be due to the 
electrostatic and hydrogen bonding interactions between siRNA 

Table 1 
Characterization of CPs-siPLK1, TBP-CPs-siPLK1 and Tf@TBP-CPs-siPLK1.  

Entry Formulation Size  DLC DLE ζ 

(nm)a PDIa (wt%)b (%)b (mV)c 

1 CPs-siPLK1 52 ± 3 0.12 4.0 ± 0.1 83 ± 3 + 0.1 
2 TBP-CPs-siPLK1 50 ± 1 0.10 4.1 ± 0.1 85 ± 2 + 0.4 
3 Tf@TBP-CPs-siPLK1 53 ± 3 0.14 3.8 ± 0.1 80 ± 3 + 0.2  

a Determined by dynamic light scattering (DLS) in 5 mM PB (pH 7.4). The data 
are presented as mean ± standard deviation (SD) (n = 3). 

b Determined by Nanodrop 2000c UV–Vis spectrophotometer at 260 nm. The 
data are presented as mean ± SD (n = 3). 

c Determined by a zeta potential analyzer in 5 mM PB (pH 7.4). 
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(negatively charged) and spermine (positively charged) in the interior of 
the polymersomes and presence of robust polymersome membrane that 
prevents the leakage of siRNA [22]. Interestingly, TBP-CPs-siPLK 
exhibited a small mean size around 50 nm, narrow distribution with 
mean PDI of 0.10, and neutral zeta potential in the PB (pH 7.4). The 
incubation of preformed TBP-CPs-siPLK1 was performed with 2.7 μM Tf, 
which corresponded to a molar ratio of TBP/Tf = 1/1, yielded Tf@TBP- 
CPs-siPLK1 maintaining similar size distribution, siPLK1 loading and 
zeta potential (Table 1). Fig. 1A gives a representative hydrodynamic 
size distribution of Tf@TBP-CPs-siPLK1 as determined by DLS. The little 
influence of Tf binding on the degree of siPLK1 loading corroborates that 
siPLK1 is encapsulated in the core of polymersomes. The gel retardation 
assays confirmed complete and stable encapsulation of siRNA in the 
polymersomes (Fig. 1B). Previously we showed that the chimeric poly-
mersomes based on PEG-P(TMC-DTC)-sp efficiently encapsulated pro-
tein drugs in the aqueous core and mediated efficient protein delivery in 
vitro and in vivo [41]. To assess the Tf coating stability on the TBP-CPs, Tf 
was labeled with radioactive 125I and coated on freshly prepared TBP-Ps. 
The gamma counter results displayed that over 85% 125I-Tf was kept on 

the surface of TBP-CPs after storage in PBS for 48 h, in the presence of 
50-fold excess Tf, mouse whole blood or human serum, indicating that Tf 
is tightly bound and will not easily be exchanged by excessive Tf or other 
proteins in the blood [39]. The non-targeted CPs-siPLK1 were formu-
lated with similar siRNA loading, size distribution, and zeta potential 
(Table 1). 

3.2. TfR targeting and endocytosis pathways 

The immunoassays showed that MDA-MB 231 cells had a high 
expression of TfR while B-ALL-697 cells were basically TfR-negative 
(Fig. 1C). The targetability and uptake of Tf@TBP-CPs-siPLK1 in 
MDA-MB 231 breast tumor cells was investigated using Cy5-labeled 
siPLK1 (siPLK1(Cy5)) as a model by flow cytometry. The results dis-
played that the presence of Tf on the surface of the CPs enhanced their 
cellular association, which was about 3-fold better than non-targeted 
CPs-siPLK1(Cy5) (Fig. 1D). Moreover, TfR-negative B-ALL-697 cells 
showed ca. 16-fold lower internalization of Tf@TBP-CPs than MDA-MB 
231 cells (Fig. 1E, F), verifying the selectivity of Tf@TBP-CPs towards 

Fig. 1. (A) The size distribution of Tf@TBP-CPs-siPLK1 determined by DLS. (B) Gel electrophoresis of Tf@TBP-CPs-siPLK1, CPs-siPLK1,Tf@TBP-CPs-siSramble and 
free siPLK1. (C) TfR expression assays of MDA-MB 231 and B-ALL-697 cells. (D) The association of Tf@TBP-CPs-siPLK1(Cy5) and CPs-siPLK1(Cy5) following 4 h 
incubation with MDA-MB 231 cells as determined by flow cytometry. The in vitro cellular association (E) and semi-quantitative analysis (F) of Tf@TBP-CPs-siPLK1 
(Cy5) with B-ALL-697 and MDA-MB-231 cells at 4 h post-incubation. (G) The relative cellular uptake of Tf@TBP-CPs-siPLK1(Cy5) in the presence of ATP inhibitor or 
at 4 ◦C. (H) The relative cellular uptake of CPs-siPLK1(Cy5) and Tf@TBP-CPs-siPLK1(Cy5) in the presence of various internalization inhibitors. The relative cellular 
uptake values were normalized to CPs-siPLK1(Cy5) and Tf@TBP-CPs-siPLK1(Cy5) without any pretreatment, respectively (n = 3). 
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TfR overexpressed cells. The internalization of Tf@TBP-CPs-siPLK1 
(Cy5) by the cells was greatly repressed at 4 ◦C or in the presence of 
the ATP inhibitor sodium azide (Fig. 1G), indicating that Tf@TBP-CPs- 
siPLK1(Cy5) is internalized by MDA-MB 231 cells via energy- 
dependent endocytosis process. The internalization pathway of 
Tf@TBP-CPs-siPLK1(Cy5) was further investigated by treating MDA-MB 
231 cells with various endocytic inhibitors such as amiloride hydro-
chloride, chlorpromazine (CPZ), or methyl-β-cyclodextrins (MβCD). 
Fig. 1H displays that the internalization of Tf@TBP-CPs-siPLK1(Cy5) 
was markedly obstructed by treatment of CPZ, amiloride hydrochlo-
ride, and MβCD, indicating that the cellular internalization of Tf@TBP- 
CPs-siPLK1(Cy5) is mediated not only by clatherin/dynamin but also by 
caveolae-mediated and macropinocytosis pathways. This result is 
interesting and different from a previous report that clathrin/dynamin- 
mediated endocytosis dominates Tf/TfR complex internalization [42]. 

3.3. In vitro BBB permeation 

The bEnd.3 (immortalized mouse brain endothelial cell line) 
monolayers and MDA-MB 231 cells were co-cultured to study BBB pas-
sage and subsequent breast cancer cell targeting of Cy5-labeled Tf@TBP- 
CPs. TfR has been reported to highly express on bEnd.3 endothelial cells 
and on MDA-MB 231 cells [43,44]. As shown in Fig. 2A, the bEnd.3 was 
seeded as monolayer on the bottom of the upper chamber (TEER over 
200 Ω⋅cm2) to simulate the BBB, and MDA-MB 231 cells were seeded as 
monolayer on the bottom of the lower chamber. The in vitro BBB 
monolayers were complete after 2 days culturing of bEnd.3 cells and 
remained intact until the end of the experiment as confirmed by TEER 
value. The results showed 5-fold enhanced association of Tf@TBP-CPs 
(Cy5) with MDA-MB 231 cells compared with non-targeted CPs(Cy5) 
(Fig. 2B), signifying that Tf@TBP-CPs(Cy5) mediate more effective BBB 
transcytosis and contact with MDA-MB 231 cells. We further carried out 
the efflux ratio assays for Tf@TBP-CPs(Cy5) to eradicate the non- 
specific paracellular permeability of the monolayer (Fig. 2C). The 

results revealed that CPs(Cy5) had efflux ratios close to 1.4 in 24 h 
whereas the efflux ratio of Tf@TBP-CPs(Cy5) increased to 6.2 (Fig. 2D). 
The angiopep-2 decorated polymersomes were found an efflux ratio of 
2.5 after 24 h incubation [45]. These results confirmed that Tf bounded 
chimeric polymersomes revealed excellent and selective BBB 
permeability. 

3.4. TfR-mediated siRNA delivery and gene silencing in vitro 

The targetability and intracellular siRNA delivery capability of 
Tf@TBP-CPs and control CPs were studied by CSLM using siPLK1(Cy3) 
as a model siRNA in MDA-MB 231 cells by CLSM. The CLSM images of 
cells after 12 h incubation revealed much stronger intracellular Cy3 
fluorescence for Tf@TBP-CPs-siPLK1(Cy3) compared with CPs-siPLK1 
(Cy3) (Fig. 3A). The in vitro gene silencing experiments performed 
using siRNA against EGFP (siEGFP) in MDA-MB 231-EGFP cells dis-
played that the EGFP expression was markedly inhibited by Tf@TBP- 
CPs-siEGFP while CPs-siEGFP caused little inhibition of EGFP expres-
sion (Fig. 3B). Quantitative fluorescence analysis indicated a strong 
ligand-mediated gene silencing. Tf@TBP-CPs-siEGFP revealed about 
75% fluorescence reduction at 100 nM, in comparison to about 25% for 
the control CPs-siEGFP (Fig. 3C). The qPCR analyses showed that in 
contrast to Tf@TBP-CPs-siScramble, Tf@TBP-CPs-siPLK1 brought about 
significant siPLK1 silencing in MDA-MB 231 cells (Fig. S1), supporting 
the specificity of siPLK1. 

The MTT assays were utilized to evaluate the cytotoxicity of 
Tf@TBP-CPs-siPLK1 and Tf@TBP-CPs-siScramble towards EGFP- 
overexpressing MDA-MB 231 cells. As anticipated, no obvious cytotox-
icity was found for both CPs-siScramble and Tf@TBP-CPs-siScramble 
(Fig. 3D). However, in case of Tf@TBP-CPs-siPLK1, significantly 
higher cell death was observed at 100 nM compared with CPs-siPLK1 
(Fig. 3E), confirming the targeted silencing effect of Tf@TBP-CPs- 
siPLK1. The reason that Tf@TBP-CPs caused only moderate reduction 
of cell viability is that unlike cytotoxic drugs that directly kill cancer 

Fig. 2. (A) Schematic illustration of bEnd.3 monolayer seeded in the upper chamber and MDA-MB 231 cell monolayer in the lower chamber. (B) The uptake of CPs 
(Cy5) and Tf@TBP-CPs (Cy5) in MDA-MB 231 cells in the lower chamber measured using flow cytometry. (C) Schematic illustration of efflux ratio assays. (D) The 
efflux ratios of CPs (Cy5) and Tf@TBP-CPs (Cy5) over time. 
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Fig. 3. (A) Intracellular siPLK1(Cy3) release from Tf@TBP-CPs-siPLK1(Cy3) and CPs-siPLK1(Cy3) observed by CLSM after 12 h incubation. Scale Bar: 25 μm. (B) In 
vitro silencing of EGFP expression in MDA-MB 231-EGFP cells with siEGFP-loaded CPs or Tf@TBP-CPs (Dosage: 100 nM). The cells incubated for 12 h with siEGFP- 
loaded CPs or Tf@TBP-CPs were thereafter cultured for another 36 h. Scale Bar: 50 μm. (C) Semi-quantitative fluorescence analysis by software Image J after siEGFP 
treatment. (D) Viability of MDA-MB 231 cells after treating with siScramble-loaded CPs or siScramble-loaded Tf@TBP-CPs. The data are presented as mean ± SD (n 
= 6). (E) Viability of MDA-MB 231 cells after treating with 50, 100 or 200 nM CPs-siPLK1 or Tf@TBP-CPs-siPLK1, The data are presented as mean ± SD (n = 6). 

Fig. 4. (A) NIR images of the mice bearing intracranial MDA-MB 231-Luc tumor brain metastases at 2, 4, 6 and 8 h post injection of Tf@TBP-CPs-siPLK1(Cy5) or CPs- 
siPLK1(Cy5). Luc indicated the tumor bioluminescence at 0 h. (B) The ex vivo imaging and (C) fluorescence semi-quantification of excised major organs and tumors at 
8 h after injection of Tf@TBP-CPs-siPLK1(Cy5) or CPs-siPLK1(Cy5). siPLK1(Cy5) dosage: 0.5 mg/kg. 
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cells siPLK1 causes inhibitory effect by arresting the cell cycle in G2/M 
phase [46,47]. 

3.5. In vivo pharmacokinetics and brain metastases targeting 

The accumulation of Tf@TBP-CPs-siPLK1(Cy5) in an intracranial 
MDA-MB 231-Luc brain metastases model was tracked using in vivo NIR 

Fig. 5. In vivo anti-brain metastases efficacy of Tf@TBP-CPs-siPLK1 (dosage: 2 mg/kg) in intracranial MDA-MB 231 breast cancer bearing mice (n = 8). siScramble 
was used as a negative control. (A) Bioluminescence images of mice on day 10, 13, 16 and 19. (B) The photograph of excised brain with Evans Blue staining. (C) Semi- 
quantitative analysis of mean bioluminescence intensity of MDA-MB 231-Luc in the brain. (D) Body weight changes of mice within 20 days. (E) Survival curves. 
Kaplan-Meier analysis: Tf@TBP-CPs-siPLK1 vs PBS, CPs-siPLK1, or Tf@TBP-CPs-siScramble: ***p < 0.001; CPs-siPLK1 vs PBS: *p < 0.05. (F) The whole brain scan 
using H&E staining (Scar bars: 50 μm). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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imaging system. Notably, Cy5 fluorescence was observed at the intra-
cranial breast tumor at 2 h post-injection of Tf@TBP-CPs-siPLK1(Cy5) 
and kept strong at 8 h post-injection (Fig. 4A). Only weak Cy5 fluores-
cence was detected in the tumor for CPs-siPLK1(Cy5) throughout the 
entire 8 h period. The ex-vivo imaging verified much higher Cy5 fluo-
rescence intensity in intracranial breast tumor for Tf@TBP-CPs-siPLK1 
(Cy5) than for the non-targeted counterpart (Fig. 4B,C), supporting 
that Tf@TBP-CPs-siPLK1(Cy5) selectively accumulates in the tumor 
lesion. The accumulation of CPs-siPLK1(Cy5) in brain metastases was 
ascribed to the EPR effect, which was reported to increases along with 
the progression of tumor [48]. Moreover, Tf@TBP-CPs-siPLK1(Cy5) 
gave less spleen and kidney accumulation than CPs-siPLK1(Cy5), 
which is possibly related to Tf coating that not only reduces protein 
corona formation but also prevents siRNA leakage. Notably, Tf@TBP- 
CPs-siPLK1(Cy5) showed also enhanced accumulation in the liver, 
which could be ascribed to the expression of TfR in the liver [49]. 

3.6. Treatment of intracranial MDA-MB 231-Luc tumor 

The anti-brain metastases activity of Tf@TBP-CPs-siPLK1 was 
examined using an intracranial MDA-MB 231-Luc tumor xenografts at 2 
mg siPLK1/kg. The in vivo bioluminescence images indicated that 
Tf@TBP-CPs-siPLK1 significantly retarded the tumor progression 
compared with the non-targeted CPs-siPLK1 and Tf@TBP-CPs-sicramble 
groups (Fig. 5A). At day 20, one mouse was sacrificed from each group 
and the tumor was stained with Evans blue by perfusion prior to sacri-
fice. The photos of stained tumors corroborated effective tumor inhibi-
tion by Tf@TBP-CPs-siPLK1 (Fig. 5B). On the contrary, tumor invaded 
into the whole brain for the control Tf@TBP-CPs-siScramble and PBS 
treatments. Fig. 5C shows clearly that the tumor bioluminescence in the 
Tf@TBP-CPs-siPLK1 treatment group was significantly weaker than that 
in CPs-siPLK1, Tf@TBP-CPs-siScramble and PBS groups. In accordance, 
the body weight of mice after PBS or Tf@TBP-CPs-siScramble treatment 
dropped rapidly owing to massive tumor invasion and brain disorder. No 
body weight loss was observed for the Tf@TBP-CPs-siPLK1 treated 
group, suggesting that effective treatment with Tf@TBP-CPs-siPLK1 
leading to retardation of tumor invasion can be realized without 
inducing unacceptable side effects (Fig. 5D). 

Kaplan-Meier survival curves disclosed that Tf@TBP-CPs-siPLK1 
considerably prolonged the median survival time of the mice 
compared with CPs-siPLK1, Tf@TBP-CPs-siScramble and PBS (33 versus 
26, 24 and 23 days, respectively) (Fig. 5E). The H&E staining of the 
brains confirmed that the animals in the Tf@TBP-CPs-siPLK1 treatment 
group showed the smallest brain tumor area among all groups (Fig. 5F). 
Furthermore, no noticeable tissue damage was observed in the H&E 
staining images of heart, liver, spleen, lung and kidney, signifying the 
good safety of Tf@TBP-CPs-siPLK1 (Fig. S2). Notably, CPs are based on 
PEG, trimethylene carbonate copolymer, and spermine, which are 
mostly safe materials. The above data strongly suggest that Tf@TBP- 
CPs-siPLK1 is capable of penetrating the BBB and brings about effi-
cient and targeted gene therapy of breast tumor brain metastases in vivo. 

4. Conclusion 

Transferrin-functionalized polymersomal siPLK1 (Tf@TBP-CPs- 
siPLK1) has been developed to pass the BBB and elicit specific gene 
silencing in breast cancer brain metastatic cells, yielding effective in-
hibition of tumor growth and significant improvement of survival time. 
Moreover, Tf@TBP-CPs-siPLK1 shows no apparent systemic toxicity, as 
reflected by the absence of body weight loss during the treatment period 
and histological analysis. The surface-bound transferrin facilitates BBB 
transcytosis and subsequently specifically directs polymersomal siPLK1 
to intracranial MDA-MB 231 breast tumor cells. This transferrin binding 
strategy is robust and is based on novel and facile production of 
transferrin-targeted siRNA nanoformulations via the use of preformed 
TBP-exposing CPs, avoiding sophisticated chemical procedures to 

couple Tf and additionally the risk of Tf interfering with siRNA encap-
sulation. This selective transferrin coating appears to be a particularly 
facile strategy to fabricate BBB-permeable and targeted vesicles for 
potent RNAi therapy of breast cancer brain metastases. 
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