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ABSTRACT 
Co-delivery of anti-inflammatory siRNA and hydrophilic drug provides a promising approach for the treatment of ulcerative colitis (UC). However, 
lack of a suitable and efficient co-delivery carrier poses critical challenge against their utilization. We herein developed macrophage-targeting, 
reversibly crosslinked polymersomes (TKPR-RCP) based on the TKPR-modified, poly(ethylene glycol)-b-poly(trimethylene carbonate-co- 
dithiolane trimethylene carbonate)-b-polyethylenimine (PEG-P(TMC-DTC)-PEI) triblock copolymer, which could efficiently encapsulate TNF-α 
siRNA and dexamethasone sodium phosphate (DSP) in their hydrophilic core. The cationic PEI segments provided additional electrostatic 
interactions with cargo molecules to promote the encapsulation, and disulfide crosslinking of the polymersome membrane endowed the 
TKPR-RCP with high colloidal stability. Because the cationic PEI was embedded in the hydrophilic core, the polymersomes displayed neutral 
surface charge and thus possessed high serum stability. The TKPR-RCP co-encapsulating TNF-α siRNA and DSP could be efficiently internalized 
by macrophages (~ 98%) and undergo redox-responsive membrane de-crosslinking to accelerate cargo release in the cytoplasm, thus inducing 
efficient gene silencing and anti-inflammatory effect. Intravenous injection of the co-delivery TKPR-RCP mediated potent and cooperative 
anti-inflammatory effect in inflamed colons of UC mice, and significantly prevented animals from colonic injury. This study therefore provides a 
promising approach for the co-delivery of hydrophilic drug/siRNA toward the treatment of inflammatory bowel diseases. 
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1 Introduction 
Ulcerative colitis (UC) is a chronic inflammatory bowel disease 
characterized by epithelial impairment and relapsing-remitting 
state of chronic inflammation [1–4]. At present, the treatment of 
UC is mainly dependent on anti-inflammatory chemical drugs (e.g., 
5-aminosalicylates) and immune-suppressive agents (e.g., azathioprine) 
[5–7]. While some of these drugs are effective in suppressing 
inflammation, their utility has been greatly reserved by the 
unsatisfactory long-term efficacy, drug resistance, and severe 
systemic side effects [8, 9]. Mounting evidences have demonstrated 
that macrophages play an important role in the progression and 
maintenance of chronic inflammation, which secret pro-inflammatory 
cytokines such as tumor necrosis factor-alpha (TNF-α) [10, 11], a 
key player in the onset of UC. Systemic anti-TNF-α therapy using 
specific monoclonal antibodies or soluble receptors works well  
in some patients, while serious contraindications and side effects 
including opportunistic infections or decreased efficiency of the 
therapy also frequently occur [12]. As such, UC is still considered 
intractable in the clinic. 

In the past decade, RNA interference (RNAi) mediated by small 

interfering RNA (siRNA) against pro-inflammatory cytokines has 
shown great potential to treat inflammatory diseases because of its 
high efficiency and sequence specificity [13–15]. Nevertheless, the 
transformative potential of RNAi has been hampered by the 
various systemic barriers, such as the nuclease degradation of 
siRNA, impermeability of siRNA across biological membranes, 
and endosomal/lysosomal entrapment of siRNA [16, 17]. As such, a 
variety of vectors have been developed to overcome these barriers, 
wherein polycations are the most widely explored siRNA delivery 
materials because of their capabilities to condense siRNA and 
facilitate the intracellular delivery [18, 19]. However, polyplexes 
formed via the weak electrostatic interactions between polycations 
and siRNA normally suffer from poor serum stability, leading to 
aggregation/dissociation of polyplexes during systemic circulation 
[20]. While PEG modification could enhance the stability of polyplexes 
via partial shielding of positive surface charges, their stability in vivo 
still remains unsatisfactory [21, 22]. Therefore, an inflammation- 
targeting delivery system with desired circulation stability is highly 
demanded toward systemic anti-inflammatory siRNA delivery. 

UC is originated from the combined effects of genetic background 
and disordered immune responses [23, 24]. Therefore, the use of a 
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single-target therapeutic strategy is suboptimal in UC therapy. One 
promising way to address this issue is combination therapy that acts 
on multiple targets or a single target through different pathways. 
Particularly, siRNA could be co-delivered with an anti-inflammatory 
chemical drug to achieve synergistic effect [25, 26]. Co-delivery 
systems for siRNA and hydrophobic drugs have been widely reported 
[27], while very few successes have been achieved for the combination 
of siRNA and hydrophilic drugs, due to lack of suitable carriers. 
Liposomes represent the most frequently reported vehicles for the 
co-delivery of siRNA and hydrophilic cargoes [28]. However, undesired 
stability of liposomes and pre-leakage of encapsulated cargoes stand 
as critical shortcomings against their utilization [29]. As a structural 
mimic of liposomes, polymersomes assembled from amphiphilic 
copolymers are more robust and stable, which adopt nanoscale hollow 
spheres with large aqueous inner compartment and hydrophobic 
membrane [30–32]. It is thus reasoned that both the hydrophilic 
chemical drug and siRNA could be efficiently encapsulated into 
the hydrophilic interior, and the polymersome stability as well as 
drug release could be controlled by tailoring the properties of the 
hydrophobic block of the copolymer that forms the membrane.  

With the attempt to achieve stable co-encapsulation and 
efficient delivery of siRNA and hydrophilic chemical drugs toward 
the anti-inflammatory therapy of UC, we herein report the design of 
a TKPR peptide-functionalized, reversibly crosslinked polymersome 
(TKPR-RCP) which features high serum stability, macrophage 
targeting, and redox-responsive drug/siRNA release. An asymmetric 
triblock copolymer, poly(ethylene glycol)-b-poly(trimethylene 
carbonate-co-dithiolane trimethylene carbonate)-b-polyethylenimine 
(PEG-P(TMC-DTC)-PEI) was developed which self-assembled into 
polymersomes with PEG segregating on the outer shell and PEI 
facing the inner hydrophilic core. The pendent dithiolane rings in the 
P(TMC-DTC) block can form redox-sensitive disulfide bonding, 
thus forming RCP with enhanced colloidal stability [33]. The RCP 
was further modified with TKPR, a macrophage-targeting peptide, 
on the terminal of PEG to enable macrophage targeting [34, 35]. 

 
Scheme 1 Schematic illustration of efficient and targeted drug/siTNF-α 
co-delivery mediated by reversibly crosslinked polymersomes toward anti- 
inflammatory treatment of UC. DSP and siTNF-α were co-encapsulated in the 
hydrophilic core of disulfide-crosslinked polymersomes, wherein the electrostatic 
interaction between positively charged PEI and negatively charged cargoes 
(DSP and siTNF-α) facilitated tight encapsulation. Upon intravenous injection, the 
TKPR-RCP polymersomes enabled targeted internalization into macrophages 
and further experienced GSH-triggered cytoplasmic drug/siRNA release to achieve 
potent and cooperative anti-inflammation efficacy against UC.  

TNF-α siRNA (siTNF-α) and hydrophilic drug, dexamethasone 
sodium phosphate (DSP) [36] were co-encapsulated into the 
hydrophilic core of TKPR-RCP, wherein the electrostatic interaction 
between PEI and siTNF-α/DSP promoted efficient cargo encapsula-
tion. Because the cationic PEI molecules were embedded in the 
core rather than displayed on the surface, the polymersomes were 
deprived of positive surface charges to enable high stability during 
systemic circulation. Upon targeted internalization into macrophages, 
the disulfide crosslinking could be cleaved by the intracellular GSH, 
which accelerated polymersomes dissociation and cargo release to 
achieve cooperative anti-inflammatory effect against UC (Scheme 1). 

2 Experimental 

2.1 Materials, cells, and animals 

Poly(ethylene glycol) monomethyl ether (MeO-PEG-OH, Mn = 5.0 
kg/mol), lipopolysaccharide (LPS, from Escherichia coli. 0111:B4), 
and triazabicyclo[4.4.0]dec-5-ene (TBD) were purchased from 
Sigma (St. Louis, MO, USA). p-Nitrophenyl chloroformate (p-NPC), 
pyridine (Py), glutathione (GSH), and methyl-β-cyclodextrin (mβCD) 
were purchased from J&K Scientific (Shanghai, China). Diphenyl 
hydrogen phosphate (DPP), chlorpromazine (CPZ), wortmannin 
(WTM), and genistein (GNT) were purchased from TCI (Shanghai, 
China). Maleimide poly(ethylene glycol) (Mal-PEG-OH, Mn = 7.5 
kg/mol) was purchased from Beijing JenKem Technology Co., Ltd. 
(Beijing, China). TKPRGGGGC peptide (TKPR) was synthesized by 
Bankpeptide, Inc. (Hefei, China). 3-(4,5-Dimethylthiahiazol-2-yl)- 
2,5-diphenyl-2H-tetrazolium bromide (MTT) and polyethylenimine 
(PEI) (branched, Mn = 1.8 kg/mol) were purchased from Aladdin 
(Shanghai, China). Hoechst 33258, DAPI, and Lysotracker-Red 
were purchased from Invitrogen (Carlsbad, CA, USA). Dextran 
sulfate sodium (DSS, Mn = 36–50 kg/mol) was purchased from  
MP Biomedicals (CA, USA). Trimethylene carbonate (TMC) and 
dithiolane-functionalized trimethylene carbonate (DTC) were 
prepared as described previously [31]. TNF-α siRNA (siTNF-α) and 
negative control siRNA with scrambled sequence (siNC) duplexes 
were supplied by GenePharma (Shanghai, China) and dissolved in 
DEPC-treated water before use. Sequences of siTNF-α and siNC 
were shown in Table S1 in the Electronic Supplementary Material 
(ESM). FAM-labeled siRNA (FAM-siRNA) was used for in vitro 
siRNA observation and quantification, and Cy3-labeled siRNA 
(Cy3-siRNA) was used for in vivo quantification. The primers for 
mouse TNF-α and 36B4 were synthesized by Shanghai Sangon 
Biotech Co., Ltd. (Shanghai, China) and the sequences were shown 
in Table S2 in the ESM. 

RAW 264.7 (mouse monocyte macrophage) and 293T (human 
embryonic kidney cell) cells were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM) (Gibco, Grand Island, NY, USA) containing 
10% fetal bovine serum (FBS). 

Male C57/BL6 mice (6–8 weeks) were purchased from Slaccas 
Experimental Animal Co., Ltd. (Shanghai, China) and were housed 
in a clean room. The animal experimental protocols were approved 
by the Institutional Animal Care and Use Committee, Soochow 
University. 

2.2 Synthesis of PEG-P(TMC-DTC)-PEI 

In a glove-box, MeO-PEG-OH (0.5 g, 0.1 mmol), TMC (1.5 g,  
14.7 mmol), and DTC (0.2 g, 1 mmol) were dissolved in DCM  
(10 mL). Stock solution of the catalyst TBD in DCM (2.5 mL, 
40 mM, 0.1 mmol) was added under stirring. The mixture was sealed 
and stirred at 40 °C for 6 h. Then it was precipitated with iced ether, 
filtered, and vacuum-dried to obtain PEG-P(TMC-DTC). Yield: 90%.  

Under nitrogen atmosphere, PEG-P(TMC-DTC) (0.5 g, 0.024 mmol) 
and Py (10 μL, 0.12 mmol) were dissolved in anhydrous DCM    



Nano Res. 2019, 12(3): 659–667 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

661 

(5 mL). Then p-NPC (0.024 g, 0.12 mmol) stock solution in DCM 
(1 mL) was added dropwise at 0 °C. The reaction was allowed to 
proceed in the dark at room temperature (RT) for 24 h. The obtained 
PEG-P(TMC- DTC)-NPC was isolated by precipitation in cold 
diethyl ether, filtration, and vacuum drying. Yield: 96%.  

Under nitrogen atmosphere, PEG-P(TMC-DTC)-NPC (0.5 g, 
0.024 mmol) in DCM (5 mL) was added dropwise into a solution of 
PEI (0.864 g, 0.48 mmol) in DCM (1 mL) at 0 °C. The reaction was 
stirred at 30 °C for 24 h. PEG-P (TMC-DTC)-PEI was thus obtained 
and purified by precipitation in cold diethyl ether, filtration, and 
vacuum drying. Yield: 75%.  

2.3 Synthesis of TKPR-PEG-P(TMC-DTC) 

In a glove-box, DPP (25 mg, 0.1 mmol) was added into a mixed 
solution of Mal-PEG-OH (75 mg, 10 μmol), TMC (150 mg,    
1.47 mmol), and DTC (19.2 mg, 0.1 mmol) in DCM (1 mL). The 
reaction was sealed and stirred at 40 °C for 96 h. Mal-PEG- 
P(TMC-DTC) was obtained by precipitation in cold diethyl ether, 
filtration, and vacuum drying. Yield: 87%.  

TKPR-PEG-P(TMC-DTC) was obtained via reaction of Mal-PEG- 
P(TMC-DTC) (50 mg, 2.1 μmol) with TKPR peptide (2 mg, 2.5 μmol) 
in DCM for 24 h at 30 °C followed by precipitation in cold diethyl 
ether, filtration, and vacuum drying. Yield: 86%. 

2.4 Preparation and characterization of polymersomes 

PEG-P(TMC-DTC)-PEI (40 μL, 10 mg/mL) and TKPR-PEG-P(TMC- 
DTC) (10 μL, 10 mg/mL) were mixed in DMSO. Then siTNF-α  
(50 μL, 1 mg/mL) was added into the above mixture, incubated for 
30 min, and then slowly added into HEPES buffer (900 μL, 5 mM, 
pH 6.8) containing 100 μg DSP. The mixture was incubated at RT 
for 2 h, and then stirred overnight at 25 °C and 200 rpm. After 
dialysis against PBS (5 mM, pH 7.4, MWCO = 300 kDa) for one day, 
polymersomes co-encapsulating siTNF-α and DSP were obtained 
(TKPR-RCP/siTNF-α/DSP). The TKPR-RCP/siTNF-α, TKPR-RCP/ 
DSP, RCP/siTNF-α, and TKPR-RCP/siNC polymersomes were 
prepared similarly. 

Particle size and zeta potential of freshly prepared polymersomes 
in HEPES were measured by dynamic laser scattering (DLS). The 
stability of polymersomes against 10% fetal bovine serum (FBS) 
and water for a week was monitored by DLS. Stability of the 
PEG5k-PEI1.8k/siRNA polyplexes (w/w = 20) in water was monitored 
similarly for one week. 

For the determination of drug loading content (DLC) and drug 
loading efficiency (DLE), the drug-loaded polymersomes were 
lyophilized, dissolved in methanol, and analyzed with HPLC (for 
DSP) or spectrofluorimetry (for FAM-siRNA). DLC and DLE were 
calculated according to the following formula:  

DLC (wt.%) = (weight of loaded drug/total weight of polymer 
and loaded drug) × 100 

DLE (%) = (weight of loaded drug/weight of drug in feed) ×100 

2.5 siRNA stability against nucleases 

The stability of siRNA against mouse serum was evaluated using gel 
electrophoresis. Briefly, TKPR-RCP/siTNF-α or naked siRNA (140 μL, 
containing 10 μg siRNA) were incubated with mouse serum (200 μL) 
at 37 °C for 0.5, 1, 2, and 4 h, followed by heating at 80 °C for 5 min 
to inactivate the nucleases. Heparin (10 mg/mL, 2 μL) was then 
added to dissociate the siRNA, and the mixture was loaded on 2% 
agarose gel followed by electrophoresis at 90 V for 20 min. The 
integrity of siRNA was visualized by gel documentation. 

2.6 Redox-responsive drug/siRNA release 

The TKPR-RCP/siTNF-α/DSP, TKPR-RCP/siTNF-α, and RCP/ 
siTNF-α were treated with GSH (10 mM) for 24 h. The GSH-treated 
or un-treated polymersomes were subjected to electrophoresis   

in 2% agarose gel for 20 min at 90 V followed by visualization of 
siRNA migration using gel documentation. 

The release of DSP from polymersomes was studied using a 
dialysis method (MWCO = 3.5 kDa) under shaking (200 rpm) at  
37 °C in PBS (10 mM, pH 7.4) with or without GSH (10 mM). 
TKPR-RCP/siTNF-α/DSP (0.4 mL) was added into the dialysis bag 
which was subsequently dialyzed against the release medium    
(30 mL). At determined time intervals, 1 mL of the release medium 
was replenished with an equal volume of fresh media. The amount 
of DSP in the harvested release medium was determined by HPLC, 
and the accumulative drug release amount was calculated. 

2.7 Cellular internalization and intracellular kinetics 

RAW 264.7 cells and 293T cells were seeded on 24-well plates at 5 × 
104 cells/well and cultured for 24 h. The medium was replaced by 
opti-MEM (100 μL/well) followed by addition of the FAM-siRNA- 
containing polymersomes at 500 nM FAM-siRNA. After incubation 
at 37 °C for 4 h, cells were washed with PBS containing heparin  
(20 U/mL) for three times, and were subjected to flow cytometry 
analysis. Non-treated cells served as the blank. 

To probe the internalization mechanism of the polymersomes, 
the cellular uptake study was performed at 4 °C or in the presence 
of various endocytic inhibitors. Briefly, cells were incubated with 
polymersomes at 4 °C for 4 h wherein the energy-dependent 
endocytosis was blocked. Otherwise, cells were incubated with 
endocytic inhibitors including CPZ (10 μg/mL), GNT (100 μg/mL), 
mβCD (5 mM), and WTM (10 μg/mL) for 30 min prior to the addition 
of the polymersomes (500 nM FAM-siRNA) and throughout the 
4-h uptake study. Results were represented as percentage uptake 
level of control cells that were incubated with the polymersomes in 
the absence of inhibitors at 37 °C for 4 h. 

The internalization and intracellular distribution of polymersomes 
were also visualized by confocal laser scanning microscopy (CLSM). 
Briefly, RAW 264.7 cells were seeded on chamber slides at 2 × 104 
cells/well and were cultured for 24 h before treatment with 
polymersomes in opti-MEM at 500 nM FAM-siRNA for 4 h. Cells 
were washed three times with heparin-containing PBS, stained with 
Hoechst 33258 (5 μg/mL) and Lysotracker-Red (200 nM), and 
observed by CLSM. 

2.8 In vitro TNF-α knockdown 

RAW 264.7 cells were seeded in 96-well plates at 1 × 104 cell/well 
and cultured at 37 oC for 24 h. The culture medium was replaced by 
opti-MEM, into which polymersomes containing siTNF-α or siNC 
(500 nM) and DSP (15.9 μM) were added and incubated with  
the cells for 4 h. The culture medium was then replaced with fresh 
serum-containing medium, and cells were further cultured for 20 h 
before LPS stimulation (100 ng/mL) for 5 h. The culture media 
were collected, and the extracellular TNF-α level was quantified 
using the ELISA kit. 

To determine the TNF-α mRNA level, RAW 264.7 cells were 
seeded in 6-well plates at 2 × 105 cell/well and cultured for 24 h. 
Then polymersomes containing siTNF-α or siNC (500 nM) and 
DSP (15.9 μM) were added. After incubation at 37 °C for 4 h, the 
medium was replaced by the serum-containing medium, and cells 
were further cultured for 20 h. After LPS stimulation (100 ng/mL) 
for 5 h, cells were harvested and total RNA was extracted using the 
TRIzol reagent. Reverse transcription of mRNA was carried out 
using a PrimeScript RT reagent Kit (TaKaRa Bio, Shiga, Japan), and 
the TNF-α mRNA level was monitored by real-time PCR using 
SYBR Premix Ex Taq (TaKaRa Bio) with primers. All samples were 
analyzed for 36B4 expression in parallel in the same run. Fold 
changes were calculated using the comparative Ct method, where 
△Ct = Ct (TNF-α) − Ct (36B4). Ct was the threshold PCR cycle at 
which amplified product was detected. 
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2.9 In vivo biodistribution 

UC was induced in mice by replacement of the drinking water with 
3% (w/v) DSS over a period of 7 days [37]. On day 8, mice were  
i.v. injected with TKPR-RCP/Cy3-siRNA or RCP/Cy3-siRNA 
polymersomes at 500 μg Cy3-siRNA/kg. At 2, 6, and 12 h post 
injection, blood was collected from the orbital sinus and plasma 
was isolated via centrifugation. Mice were then sacrificed, and heart, 
liver, spleen, lung, kidney, small intestine, and colon were harvested, 
weighed, and homogenized with the RIPA lysis buffer. The 
homogenate was centrifuged at 12,000 rpm for 20 min, and the 
amount of Cy3-siRNA in the supernatant as well as in the plasma 
was quantified via spectrofluorimetry (λex = 540 nm, λem = 600 nm). 
The results were expressed as ng Cy3-siRNA/mg tissue.  

Alternatively, mice were sacrificed at 2 h post injection, and colon 
tissues were harvested, fixed in formalin, and dehydrated with 
ethanol. Tissues were then embedded in paraffin, cut into 10-μm 
sections, treated with acetone, stained with DAPI, and observed by 
CLSM. 

2.10 In vivo TNF-α knockdown and anti-inflammatory 

efficacy 

UC was induced by DSS challenge over a period of 8 days (day 0–7) 
as described above. Mice were intravenously injected with TKPR- 
RCP/siTNF-α/DSP, TKPR-/siTNF-α, TKPR-RCP/DSP, RCP/siTNF-α, 
or TKPR-RCP/siNC at 500 μg siRNA/kg and 618 μg DSP/kg for five 
consecutive days (day 2–6). PBS was injected as a control. Body 
weight change was daily monitored, and development of the clinical 
symptoms of colitis was evaluated to determine the disease activity 
index (DAI) [38]. DAI was determined by the assessment of weight 
loss, stool consistency, and presence of blood in feces. The scoring 
system based on these symptoms is shown in Table S3 in the ESM. 
An experienced gastroenterology physician blinded to the animal 
grouping and administration performed the DAI experiment. Mice 
were sacrificed on day 7. Colon tissues were harvested, and the 
length was measured. Colon tissues were then homogenized with 
lysis buffer, and the homogenate was centrifuged at 12,000 rpm and 
4 oC for 20 min. The supernatant was collected to quantify the 
TNF-α, IL-6, and IL-1β levels by ELISA. To measure the TNF-α 
mRNA levels, colon tissues were cut into small pieces, washed with 
PBS, and homogenized with the TRIzol reagent. RNA was extracted 
as described above, and the TNF-α mRNA levels were monitored 
by real-time PCR.  

The myeloperoxidase (MPO) level in the colon was also 
measured to indicate neutrophil infiltration. Briefly, colon segments 
were homogenized with lysis buffer, and the homogenate was 
centrifuged at 12,000 rpm and 4 °C for 20 min before quantification 
of the MPO activity in the supernatant using the MPO detection kit 
(Nanjing Jiancheng Bioengineering Institute).  

Furthermore, colonic tissue was harvested, fixed in formalin, 
and stained with hematoxylin/eosin (H&E) before histological 
examination. 

2.11 Biocompatibility analysis 

The blood compatibility of polymersomes was first evaluated in 
terms of the hemolysis ratio. Anticoagulant blood collected from 
mice was centrifuged at 1,500 rpm for 10 min, re-suspended and 
washed with PBS for three times, and diluted with PBS for 25 fold. 
The red blood cell suspension (100 μL) was mixed with polymersomes 
(100 μL) at various polymer concentrations of 0, 5, 10, 20, 50, 100, 
and 200 μg/mL. The mixture was incubated at 37 °C for 1 h before 
centrifugation at 1,500 rpm for 10 min. Aliquots (100 μL) of the 
supernatant were transferred into a 96-well plate, and the absorbance 
at 540 nm was measured using a microplate reader. The hemolysis 
ratio (%) was defined as follows. 

Hemolysis ratio (%) = 
-

PBS

0.1% Triton X PBS

F F
F F

-
-

× 100 

Where FPBS, F, and F0.1% Triton-X denote the absorbance of red blood 
cell suspension treated with PBS, polymersomes, and 0.1% Triton-X.  

To evaluate the systemic toxicity of polymersomes, blood was 
collected 24 h after i.v. injection with TKPR-RCP/siTNF-α/DSP (500 μg 
siTNF-α/kg and and 618 μg DSP/kg). Hematological assessment 
was performed on an BC-5380 automatic chemistry analyzer (Mindray, 
China) including white blood cell count (WBC), granulocyte 
count (GR), lymphocyte count (LY), mononucleus count (MO), % 
granulocyte (GR), % lymphocyte (LY), % mononucleus (MO), red 
blood cell count (RBC), hemoglobin (HGB), mean corpusular 
volume (MCV), platelet count (PLT), plateletocrit (PCT), and mean 
platelet volume (MPV). Biochemical parameters including aspartate 
amino transferase (AST), alanine amino transferase (ALT), creatinine 
(CR), urea nitrogen (UN), total cholesterol (TC), and triglyceride 
(TG) were evaluated with Cobas501 automatic hematology analyzer 
(Roche, USA). Major organs (heart, liver, spleen, lung, kidney, small 
intestine, and colon) were also harvested at 24 h post i.v. injection, 
fixated in paraffin, cross-sectioned, and stained with hematoxylin/ 
eosin (HE) before histological evaluation. Mice injected with PBS 
(200 μL) served as the control. 

To evaluate the immune toxicity of TKPR-RCP/siTNF-α/DSP, they 
were i.v. injected at 500 μg siTNF-α/kg and 618 μg DSP/kg. Blood 
was harvested after 24 h and serum was isolated via centrifugation. 
Serum levels of cytokines (TNF-α, IL-1β, and IL-6) were determined 
by ELISA. Mice injected with PBS (200 μL) served as the control. 

2.12 Statistical analysis 

Statistical analysis was performed using a Student’s t-test, and 
differences were judged to be significant at *p < 0.05, **p < 0.01, and 
***p < 0.001. 

3 Results and discussion 

3.1 Synthesis of TKPR-PEG-P(TMC-DTC)  

PEG-P(TMC-DTC)-PEI was synthesized via MeO-PEG-OH-initiated 
ring-opening polymerization (ROP) of TMC and DTC at the M/I 
ratio of 150 and 10, respectively, followed by conjugation of PEI 
(1.8 kDa) to the end of the copolymer. NMR analysis of PEG- 
P(TMC-DTC)-PEI revealed the Mn of 5.0−(14.8−1.8)−1.8 kg/mol, 
which was close to the theoretical Mn (Figs. S1–S2 in the ESM and 
Table 1). PDI of the copolymer was determined to be 1.14 by GPC, 
indicating that MeO-PEG-OH initiated controlled ROP. Mal-PEG- 
P(TMC-DTC) was synthesized similarly with Mal-PEG-OH as the 
initiator, which demonstrated an Mn of 7.5−(13.8−2.1) kg/mol (Fig. S3 
in the ESM). TKPR (TKPRGGGGC) peptide was then conjugated 
to the terminal of Mal-PEG-P(TMC-DTC) via the Michael addition 
between the thiol group on the TKPR peptide and the Mal group 
on the copolymer, yielding TKPR-PEG-P(TMC-DTC) with the 
TKPR modification ratio of 96.1% as determined by the 2,4,6- 
trinitribenzenesulfonicacid (TNBS) [39]. 

3.2 Preparation and characterization of polymersomes 

TKPR-RCP was self-assembled from the PEG-P(TMC-DTC)-PEI  

Table 1 Characterization of PEG-P(TMC-DTC) and Mal-PEG-P(TMC-DTC) 
copolymers 

Mn (kg/mol) 
Copolymers 

Design 1H NMRa 
Mw/Mn

b

PEG-P(TMC-DTC)-PEI 5.0−(15.0−2.0)−1.8 5.0−(14.5−1.8)−1.8 1.14 
Mal-PEG-P(TMC-DTC) 7.5−(15.0−2.0) 7.5−(13.8−2.1) 1.21 

aCalculated from 1H NMR. bDetermined by GPC (polystyrene as the standard). 
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asymmetric triblock copolymer and TKPR-PEG-P(TMC-DTC) 
diblock copolymer. DLS measurement showed that TKPR-RCP had 
small size (~ 67.8 nm) with low polydispersity index (PDI, ~ 0.11) 
and neutral zeta potential (~ 0.6 mV) in HEPES buffer (Table S4  
in the ESM). siTNF-α, DSP, or a combination thereof were then 
encapsulated into the hydrophilic core of the polymersomes using 
the solvent change method, and size of the polymersomes accordingly 
increased by 30–60 nm (Fig. 1(a) and Table S4 in the ESM), which 
might be attributed to the cargo molecules that enlarged the 
hydrophilic core. The DLC and DLE of DSP in TKPR-RCP/DSP 
were determined to be 11.1% and 62.5%; while DLC and DLE of 
siRNA in TKPR-RCP/siRNA were determined to be 9.1% and nearly 
100%. Similar drug loading was obtained when DSP and siRNA were 
co-encapsulated (DSP, DLC of 10.1% and DLE of 61.8%; siRNA, 
DLC of 8.2% and DLE of ~ 100%). TEM image demonstrated that 
the chimaeric TKPR-RCP/siTNF-α/DSP possessed typical spherical 
and hollow vesicle structure (Fig. 1(a)).  

Serum stability of nanosystems is important toward their long 
circulation in the blood. After incubation with 10% serum for up to 
7 days, size of the TKPR-RCP/siTNF-α/DSP almost did not change 
(Fig. 1(a)), indicating desired stability of the polymersomes which 
may be associated with their neutral surface charge and the reversible 
crosslinking. In comparison, PEG-PEI/siRNA complexes, a commonly 
used PEGylated polycation-based siRNA vector, showed weak serum 
stability, as evidenced by the dramatically augmented particle size 
within 3 days (Fig. S4 in the ESM).  

Protection of siRNA from serum nucleases is another important 
aspect toward the successful delivery of siRNA in vivo. Thus, we 
evaluated the siRNA stability following serum treatment using 
agarose gel electrophoresis. As shown in Fig. 1(b), free siRNA was 
almost degraded upon 4-h serum treatment, as evidenced by the 
disappearance of the siRNA band. Comparatively, siRNA encapsulated 
in TKPR-RCP well preserved its structural integrity, because siRNA 
was tightly encapsulated in the hydrophilic core of the polymersomes 
to prevent access of nucleases toward it.  

3.3 Redox-responsive drug/siRNA release 

Upon treatment with 10 mM GSH (intracellular concentration), size 
of TKPR-RCP/siTNF-α/DSP notably increased from 138 to 785 nm, 
which suggested redox-triggered dissociation of polymersomes as a 
result of cleavage of disulfide bonds used to crosslink the polymersome 
membrane (Fig. 2(a)). In consistence with such redox-responsive 
structural transformation, GSH treatment triggered siRNA release 
from TKPR-RCP/siTNF-α/DSP, TKPR-RCP/siTNF-α, and RCP/ 
siTNF-α, as evidenced by the siRNA migration in the agarose  
gel (Fig. 2(b)). Similarly, DSP release from TKPR-RCP was also 
redox-responsive. Particularly, sustained DSP release was noted  
in PBS, with an accumulative release amount of ~ 30% within 48 h 
(Fig. 2(c)). Comparatively, in PBS containing 10 mM GSH, DSP 
release was greatly accelerated, leading to an accumulative release 
amount of ~ 90% within 48 h. These results collectively demons-
trated that the crosslinked polymersomes featured efficient  

 
Figure 1 Characterization of TKPR-RCP/siTNF-α/DSP. (a) Size distribution and 
the TEM image of TKPR-RCP/siTNF-α/DSP in HEPES or after incubation with 
10% FBS for different time. Scale bar = 100 nm. (b) Stability of naked siRNA and 
siRNA encapsulated in TKPR-RCP following treatment with mouse serum for 
different time (h). N represents untreated naked siRNA. 

 
Figure 2 Redox-responsive polymersome dissociation and drug/siRNA release. 
(a) Size alteration of TKPR-RCP after treatment with 10 mM GSH. (b) siRNA 
condensation by different polymersomes before and after GSH treatment (10 mM, 
4 h). N represents naked siRNA. (c) DSP release from TKPR-RCP/siTNF-α/DSP 
in PBS (pH 7.4) with or without GSH (10 mM) (n = 3). 

co-encapsulation of drug/siRNA cargoes to enhance stability under 
physiological condition and avoid premature cargo release during 
circulation, while they allowed instantaneous cargo release under 
the intracellular redox condition after entering the inflamed cells.  

3.4 Cell uptake and intracellular kinetics 

The cellular uptake and intracellular distribution of TKPR-RCP/ 
FAM-siRNA were studied in RAW 264.7 cells using flow cytometry 
and CLSM. Notably, TKPR functionalization significantly enhanced 
the internalization of RCP in RAW 264.7 cells from ~ 66% to ~ 98% 
(Fig. 3(a)). In comparison, the cellular uptake level of TKPR-RCP 
and RCP in 293T cells showed negligible difference (Fig. S5 in the 
ESM). Such disparity thus suggested the TKPR-mediated targeting 
effect of polymersomes to macrophages, mainly via recognition of 
Fc and neuropilin-1 receptors on macrophages [35].  

The internalization mechanism of TKPR-RCP/FAM-siRNA was 
also probed by using various endocytic inhibitors. As depicted in 
Fig. 3(b), the cellular uptake level was decreased by 65% at 4 °C 
when energy-dependent endocytosis is blocked, suggesting that a 
large proportion of the polymersomes entered the cells via endocytosis. 
Moreover, the cellular uptake level was dramatically reduced by 
CPZ (~ 45%), an inhibitor for clathrin-mediated endocytosis (CME) 

[40]. Comparatively, caveolae inhibitors, mβCD and GNT, showed 
slight inhibitory effect, and WTM as a macropinocytosis inhibitor 
showed minimal inhibitory effect. These results collectively indicated 
that the TKPR-RCP/FAM-siRNA was mainly internalized through 
CME. 

CLSM images further displayed that TKPR-RCP/FAM-siRNA 
could be internalized by RAW 264.7 cells more efficiently than  
the non-targeting RCP/FAM-siRNA, as evidenced by the higher 
cytoplasmic fluorescence intensity of FAM-siRNA (Fig. 3(c)). Moreover,  
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Figure 3 TKPR-RCP efficiently delivered FAM-siRNA into macrophages in 
vitro. (a) Flow cytometric analyses of RAW 264.7 cells after 4-h incubation with 
different polymersomes containing FAM-siRNA. Non-treated cells served as the 
blank. (b) Relative uptake levels of TKPR-RCP containing FAM-siRNA in RAW 
264.7 cells at 4 °C or in the presence of various endocytic inhibitors (n = 3).   
(c) CLSM images of RAW 264.7 cells treated with TKPR-RCP or RCP containing 
FAM-siRNA for 4 h and stained with Hoechst and Lysotracker-Red. Scale bar = 
20 μm. 

clear separation between green (FAM-siRNA) and red (Lysotracker- 
Red) fluorescence was noted after 4-h incubation, indicating effective 
endolysosomal escape of polymersomes. 

3.5 In vitro TNF-α knockdown efficiency 

The in vitro TNF-α silencing efficiencies of polymersomes were then 
evaluated in RAW 264.7 cells using both ELISA and real-time PCR 
[41]. As depicted in Fig. 4(a), TKPR-RCP/siTNF-α inhibited LPS- 
stimulated TNF-α secretion by ~ 50% at the siRNA concentration of 
500 nM, outperforming the non-targeted RCP/siTNF-α (~ 30%). 
TKPR-RCP/DSP at 15.9 μM DSP also down-regulated TNF-α 
expression by ~ 50%, mainly attributed to the anti-inflammatory 
effect of DSP, a synthetic corticosteroid that has been widely used  to 
treat inflammation by suppressing TNF-α production [42]. In com-
parison to TKPR-RCP/siTNF-α and TKPR-RCP/DSP, polymersomes 
co-encapsulating siTNF-α and DSP (TKPR-RCP/ siTNF-α/DSP) 
showed significantly stronger TNF-α silencing effect of ~ 75%, 
demonstrating the cooperative anti-inflammatory effect between 
siTNF-α and DSP. As a control, TKPR-RCP/siNC showed negligible 
gene knockdown effect. Similar finding was noted in terms of the  

 
Figure 4 Relative TNF-α (a) and TNF-α mRNA levels (b) in RAW 264.7 cells 
following treatment with different polymersomes or PBS for 4 h at 500 nM 
siRNA and 15.9 μM DSP, incubation in fresh media for 20 h, and subsequent 
LPS stimulation at 100 ng/mL for 5 h (n = 3). 

TNF-α mRNA level, wherein TKPR-RCP/siTNF-α/DSP consistently 
outperformed TKPR-RCP/siTNF-α and TKPR-RCP/DSP in suppressing 
the TNF-α mRNA level (Fig. 4(b)). Additionally, at the siRNA con-
centration of 500 nM and 1 μM, different polymersomes provoked 
negligible cytotoxicity to RAW 264.7 cells (Fig. S6 in the ESM), which 
further substantiated the desired biocompatibility of polymersomes. 

3.6 In vivo biodistribution 

The in vivo biodistribution of i.v. injected TKPR-RCP/Cy3-siRNA 
and RCP/Cy3-siRNA polymersomes was monitored in mice suffering 
from DSS-induced UC. As shown in Fig. 5(a) and Fig. S7 in the 
ESM, slight amount of Cy3-siRNA was distributed in the heart, 
spleen, lung, while large amount of it was accumulated in liver, 
small intestine, and colon. More importantly, TKPR-RCP showed  
a 2-fold increment over RCP in terms of the distribution level of 
Cy3-siRNA in the colon, which could be attributed to the TKPR- 
mediated targeting effect toward inflamed colonic macrophages. Such 
results were further supported by the CLSM images of colon sections, 
wherein TKPR-RCP led to higher level of Cy3-siRNA accumulation 
in the extra- and intracellular compartments of colon tissues than 
the RCP (Fig. 5(b)). 

3.7 In vivo gene silencing efficiency and anti-inflammatory 

efficacy against UC 

The colonic levels of TNF-α as well as TNF-α mRNA were monitored 
in DSS-induced experimental UC mice following i.v. administration 
of polymersomes for five consecutive days. In similar trend to 
the in vitro gene knockdown efficiencies, TKPR-RCP/siTNF-α/DSP 
provoked significantly higher level of TNF-α down-regulation   
(~ 80%) than TKPR-RCP/siTNF-α (~ 50%) or TKPR-RCP/DSP  
(~ 50%), substantiating the cooperative anti-inflammatory effect of 
drug and siRNA (Figs. 6(a) and 6(b)). TKPR-RCP/siTNF-α also 
outperformed the RCP/siTNF-α, which further demonstrated the 
macrophage targeting effect of TKPR in potentiating the gene silencing 
efficiency. In consistence with the TNF-α down-regulation, TKPR- 
RCP also led to pronounced inhibition of colonic IL-1β and IL-6 
(Fig. S8 in the ESM), indicating the potency of TKPR-RCP in 
suppressing the inflammatory cascades. 

Furthermore, MPO is a primary inflammatory mediator in   
the pathogenesis of UC, and its activity is closely related to the 
recruitment of leukocytes to the inflammation site [43, 44]. As 
shown in Fig. 6(c), the colonic MPO activity was markedly increased 
after DSS challenge, while it was significantly decreased after i.v. 
injection of TKPR-RCP/siTNF-α/DSP, indicating that the co-delivery 
polymersomes were capable of inhibiting leukocyte infiltration to 
suppress inflammation. 

 
Figure 5 Colon targeting effect of polymersomes. (a) Biodistribution levels of 
Cy3-siRNA in mouse organs at 2 h post i.v. injection of TKPR-RCP or RCP 
containing Cy3-siRNA (n = 3). (b) CLSM images of mouse colon sections 
stained with DAPI (nuclei) at 24 h post i.v. injection of TKPR-RCP or RCP 
containing Cy3-siRNA. Scale bar = 25 μm. 
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Figure 6 Intravenously administered polymersomes (500 μg siTNF-α/kg and 
618 μg DSP/kg) mediated effective anti-inflammatory siRNA/drug co-delivery 
in mice against DSS-induced UC. TNF-α (a), relative TNF-α mRNA (b), and 
MPO (c) levels in mouse colons on day 7 (n = 4). (d) HE-stained colon sections 
harvested on day 7. Bar represents 200 μm. Red circle refers to leukocyte 
infiltration. Mice received 3% DSS in drinking water over 8 days (day 0–7), and 
polymersomes were daily injected within day 2–6. Mice were sacrificed on day 7 
to harvest the colon tissues for the above analyses. 

3.8 In vivo gene silencing efficiency and anti-inflammatory 

efficacy against UC 

Because TNF-α is a critical mediator of colonic inflammation during 
colitis, we further explored whether the polymersomes-mediated 
TNF-α suppression could protect the animals from DSS-induced 
colonic injury. H&E-stained colonic sections obtained from mice 
experiencing DSS-induced colitis revealed notable inflammation 
and tissue injury, such as abnormality of crypts, loss of epithelial 
cells, and marked infiltration of mononuclear cells (Fig. 6(d)) [37]. 
Such symptoms were notably alleviated after treatment with 
TKPR-RCP/siTNF-α/DSP, leading to unappreciable damage of 
epithelial cells and minimal infiltration of mononuclear cells. DSS- 
induced UC was also characterized by sustained weight loss and 
shortened colon length. As shown in Fig. 7(c), i.v. administration of 
TKPR-RCP/siTNF-α/DSP significantly prevented the body weight 
loss of mice in comparison to PBS treatment, and the animal body 
weight gradually increased within the observation period of 8 days. 
Colon length of mice experiencing UC was notably shortened 
from ~ 6 to ~ 4 cm, while treatment with TKPR-RCP/siTNF-α/DSP 
resulted in remarkable recovery of the colon length, which showed 
no significant difference with the colon length of normal mice 
(Figs. 7(a) and 7(c)).  

DAI was further calculated to indicate the disease progression, 
based on the summation of the stool consistency index, fecal bleeding 
index, and weight loss index. As shown in Fig. 7(d), mice suffering 
from UC showed notably higher DAI compared with normal mice, 
and treatment with TKPR-RCP/siTNF-α/DSP greatly decreased the 
DAI, which was significantly lower than those for the TKPR-RCP/ 
siTNF-α or TKPR-RCP/DSP. The above results collectively indicated 
the significant therapeutic effect of the siTNF-α/DSP co-delivery 
polymersomes against DSS-induced UC. 

3.9 In vivo biocompatibility 

A hemolytic study was first performed to evaluate the blood 
biocompatibility of TKPR-RCP. As shown in Fig. 8(a), the hemolysis 
ratio of TKPR-RCP was below 3% at the final polymer concentration  

 
Figure 7 Intravenously administered polymersomes (500 μg siTNF-α/kg and  
618 μg DSP/kg) alleviated colonic injury against DSS-induced UC. (a) Representative 
gross pathology of mouse colons on day 7. (b) Colon length of mice on day 7 (n = 
4). “ns” denotes “no significant difference” (p > 0.05). (c) Time course of the relative 
mouse body weight evolution (n = 4). Mouse body weight was normalized as the 
percentage of body weight on day 0. (d) DAI of mice as indicated by stool 
consistency index, fecal bleeding index, and weight loss index (n = 4). 

 
Figure 8 Biocompatibility of TKPR-RCP polymersomes. (a) Hemolysis ratio  
of TKPR-RCP/siTNF-α/DSP at various polymer concentrations (n = 4). (b) HE- 
stained major organ sections harvested at 24 h post i.v. injection of PBS (control) 
or TKPR-RCP/siTNF-α/DSP (500 μg siRNA/kg and 618 μg DSP/kg). Bar represents 
50 μm. (c) Serum TNF-α, IL-1β, and IL-6 levels of mice at 24 h after i.v. 
injection of PBS (control) or TKPR-RCP/siTNF-α/DSP (500 μg siTNF-α/kg and 
618 μg DSP/kg) (n = 4). 

up to 200 μg/mL, suggesting its desired blood compatibility when 
i.v. injected.  

The systemic toxicity of TKPR-PCR following i.v. injection was 
then evaluated in terms of hematological and biochemical analyses. 
Serum levels of AST, ALT, CR, UN, TC, and TG did not appreciably 
change upon i.v. injection of TKPR-RCP in comparison to PBS as a 
control. Meanwhile, with regard to the hematological parameters 
of normal mice, no statistically significant difference was observed 
(Tables 2 and 3). In the HE-stained tissue cross-sections of major 
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organs (Fig. 8(b)), no necrosis, inflammation, edema, or other 
pathological signs were detected after i.v. injection of TKPR-RCP, 
indicating minimal acute toxicity of the polymersomes. 

Lack of immune toxicity is also important for siRNA delivery 
systems. Therefore, we further evaluated the effect of TKPR-RCP 
polymersomes on immune cells such as leukocytes and on TLR-4 
activation. As shown in Fig. 8(c), i.v. injection of TKPR-RCP did 
not significantly change the leukocyte counting and distribution. 
Additionally, serum levels of Th1 cytokines (TNF-α, IL-1β, and IL-6) 
associated with TLR-4 activation did not appreciably change either. 
These results thus collectively indicated the low immune toxicity of 
polymersomes. 

4 Conclusions 
In conclusion, we developed macrophage-targeting, reversibly 
crosslinked polymersomes (TKPR-RCP) for the effective co- 
encapsulation of siTNF-α and hydrophilic anti-inflammatory drug, 
DSP. Due to crosslinking of the polymersomes membrane and 
embedment of the cationic charges in the inner hydrophilic core, 
The TKPR-RCP was notably stable in the serum, which addressed 
the critical challenge of serum instability that majority of the 
existing cationic siRNA delivery systems suffer from. The disulfide 
crosslinking could be efficiently cleaved in the cytoplasm, thus 
triggering instantaneous drug/siRNA release. As such, in DSS-induced 
experimental UC model, the co-delivery TKPR-RCP demonstrated 
potent and cooperative anti-inflammatory effect to prevent mice from 
colonic injury. Along with its desired biocompatibility, this co-delivery 
system would find promising applications for the anti-inflammatory 
therapy of UC.  
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