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a b s t r a c t 

Hepatocellular carcinoma (HCC) remains a leading malignancy with a high mortality and little improve- 

ment in treatments. Protein drugs though known for their extraordinary potency and specificity have 

rarely been investigated for HCC therapy owing to lack of appropriate delivery systems. Here, we designed 

GE11 peptide-installed chimaeric polymersomes (GE11-CPs) for high-efficiency EGFR-targeted protein 

therapy of orthotopic SMMC-7721 HCC-bearing nude mice. GE11-CPs were assembled from poly(ethylene 

glycol)- b -poly(trimethylene carbonate- co -dithiolane trimethylene carbonate)- b -poly(aspartic acid) (PEG- 

P(TMC-DTC)-PAsp) and GE11-functionalized PEG-P(TMC-DTC), which allowed efficient loading and pro- 

tection of proteins in the watery interior and fine-tuning of GE11 densities at the surface. CPs with short 

PAsp segments (degree of polymerization (DP) = 5, 10 and 15) exhibited a protein loading efficiency of 

60%-72% and glutathione-responsive protein release. Saporin-loaded GE11-CPs had a size of 36 - 62 nm 

depending on GE11 densities and DP of PAsp. Notably, GE11-CPs with 10% GE11 revealed greatly enhanced 

uptake in SMMC-7721 cells, boosting the anticancer potency of saporin for over 3-folds compared with 

non-targeted control (half-maximal inhibitory concentration (IC 50 ) = 11.0 versus 36.3 nM). The biodis- 

tribution studies using Cy5-labeled cytochrome C as a model protein demonstrated about 3-fold higher 

accumulation of GE11-CPs formulation than CPs counterpart in both subcutaneous and orthotopic SMMC- 

7721 tumor models. Notably, saporin-loaded GE11-CPs revealed low toxicity, effective tumor inhibition 

and significant improvement of survival rate compared with PBS and non-targeted groups (median sur- 

vival time: 99 versus 37 and 42 days). EGFR-targeted chimaeric polymersomes carrying proteins appear 

an interesting HCC treatment modality. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Hepatocellular carcinoma (HCC) remains one of leading ma-

lignancies worldwide with a high mortality and recurrence rate

[1] . The major treatments include surgery, interventional therapy

(such as transcatheter arterial chemoembolization), chemotherapy,

radiotherapy, and recently developed targeted therapy and immune

therapy [2] . For instance, sorafenib (Nexavar), a multi-kinase in-

hibitor, was approved by FDA in 2007 as a first-line treatment
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f inoperable or distantly metastatic primary HCC; however, so-

afenib is associated with systemic side effects and drug resis-

ance [3] . Navobizumab (PD-1 antibody) approved in 2018 for ad-

anced liver cancers, nevertheless, could only benefit ca. 25% pa-

ients due to the insufficient PD-L1 expression [4] . Developing new

odality for HCC treatment is thus highly desired. Active targeting

anomedicines are particularly promising for HCC treatment as se-

ective drug delivery would not only increase drug accumulation

n the tumor and uptake by HCC cells but also spare the healthy

iver cells, thus boosting efficacy and reducing side-effects [5–7] .

n the past years, a range of targeted nanomedicines were de-

igned and prepared by decorating with specific ligands like trans-

errin [8] , anti-glypican-3 antibody [9] anti-CD44 antibody [10] ,

nti-EGFR antibody [11] , GE11 peptides [12] , SP94 peptide [13] and

https://doi.org/10.1016/j.actbio.2020.06.020
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alactose [14] . Notably, reported HCC-targeted nanomedicines are

ostly based on classical cytotoxic small molecule drugs such as

ocetaxel (DTX) and doxorubicin (DOX) that would cause adverse

ffects when leaked out during circulation and in the healthy or-

ans. In this regard, biopharmaceuticals such as proteins [ 15 , 16 ]

nd nucleic acids [17] are advantageous and have appeared as

ext generation drugs in that they possess high activity and speci-

city, and cause little cytotoxicity when released in circulation

nd in the extracellular surroundings of non-targeted sites. On

he other hand, vehicles play a decisive role for the applications

f these biopharmaceuticals [ 18 , 19 ]. Huang et al. reported that

alactose-functionalized nanoparticles efficiently delivered siRNA 

o HCC [20] , and Zhu et al. fabricated RGDfC-functionalized se-

enium nanoparticles that could transport HES5-siRNA to HepG2

ells and achieve a significant improvement in silencing HES5 gene

nd growth inhibition of HepG2 cells in vitro and in vivo, while

osed no toxicity to the mice [21] . Yin et al. reported galac-

ose functionalized micelles loaded with DOX and Bcl2 siRNA that

orked synergistically against the growth of subcutaneous and or-

hotopic HCC tumors [22] . Notably, there is no report on targeted

anomedicines based on protein drugs for HCC therapy. 

In contrast to chemical drugs, proteins are big, fragile, easily de-

atured by organic solvents, and quickly degraded by proteinases,

hich pose far greater challenges on their delivery [ 23 , 24 ]. Vehi-

les like liposomes, nanogels, and polymersomes have recently ap-

eared interesting for targeted intracellular protein delivery [25–

7] . Among the antitumor proteins, protein toxin saporin (Sap) is

nique in terms of potency, stability, availability, and cost. Sev-

ral antibody-Sap conjugates (immunotoxins) were investigated for

reating acute lymphoblastic leukemia, lymphoma and melanoma

28–30] , and BU12-saporin, an anti-CD19 immunotoxin was ad-

anced in phase I clinical trial for B-cell tumors [31] . Sap is a

ingle-stranded ribosome inactivating protein (RIP) showing re-

arkable potency with a half-maximal inhibitory concentration

IC 50 ) in the nano molar (nM) range but only when entered

he cells due to the lack of beta chain responsible for insert-

ng into the cell membranes [32] . These immunotoxins, how-

ver, are associated with potential immunogenicity and safety con-

erns [ 33 , 34 ]. To deal with these problems, Sap was encapsu-

ated into nanocarriers and delivered to breast tumor cells in

ivo [ 35 , 36 ]. We recently found that glioma-targeting peptide-

unctionalized chimaeric polymersomes based on biodegradable

oly(ethylene glycol)- b -poly(trimethylene carbonate- co -dithiolane

rimethylene carbonate)- b -polyethylenimine (PEG-P(TMC-DTC)-PEI) 

riblock copolymer could encapsulate and deliver Sap to glioblas-

oma, resulting in high-efficiency protein treatment [37] . However,

ationic PEI is not the optimal polymer to interact with Sap in that

ap with a p I of ca. 11 has also a net positive charge at neutral

H, and PEI might cause toxic concerns. We anticipated that using

 polyanion to replace PEI might increase the loading content and

fficiency toward Sap, reduce the size of protein nanoformulations,

nd enhance their stability, in addition to eliminate potential toxi-

ity. 

Here, we report the development of GE11 peptide-installed chi-

aeric polymersomes with negatively charged inner shell (GE11-

Ps) from PEG-P(TMC-DTC)-poly(aspartic acid) (PEG-P(TMC-DTC)- 

Asp) and GE11 peptide-functionalized PEG-P(TMC-DTC) for high-

fficiency EGFR-targeted protein therapy of orthotopic SMMC-7721

CC in nude mice. EGFR is known highly expressed in a majority

f HCC patients [38] . The overexpression of EGFR was found to cor-

elate with the aggressiveness and metastatic status of human HCC

 39 , 40 ]. GE11 is 11-mer peptide that has shown a high affinity and

pecificity to EGFR [41] . GE11-decorated nanomedicines were in-

estigated for targeted treatment of different EGFR-positive tumor

odels [42-44] . The influence of PAsp length and GE11 density on

oading of Sap and EGFR-targeting ability, respectively, was investi-
ated. The in vivo studies revealed significant tumor inhibition and

urvival benefits with little toxic effects in orthotopic SMMC-7721

CC-bearing mice at a dose of 25 nmol Sap/kg. 

. Experimental section 

.1. Synthesis of PEG-P(TMC-DTC)-PAsp 

PEG-P(TMC-DTC) block copolymer with an M n of 5.0 − 14.6–

.1 kg/mol and p -nitrophenyl chloroformate (NPC) activated

opolymer PEG-P(TMC-DTC)-NPC were synthesized as previously 

eported [45] . First, under nitrogen environment into a stirred so-

ution of 4 mL anhydrous DMSO containing 45.4 μmol polyaspartic

cid (KDn, n = 5, 10 or 15) and 130 μL triethylamine (0.944 mmol)

n a two-neck bottle, PEG-P(TMC-DTC)-NPC (500 mg, 22.7 μmol) in

 mL anhydrous DMSO was dropwise added in a time course of

0 min at 4 °C. After 48 h reaction at 25 °C, the solution was dia-

yzed (MWCO 70 0 0 Da) against DMSO for 18 h (5 times exchange

f medium) and DCM for 6 h (twice exchange of medium). Then

he solution was concentrated via rotary evaporator to ca. 100–

50 mg/mL, and PEG-P(TMC-DTC)-PAsp was finally recovered by

recipitation in cold diethyl ether and vacuum dry. Yield: ~ 95%.

he functionality of PAsp was characterized by 1 H NMR and TNBSA

ssays. PEG-P(TMC-DTC)-PAsp with KD5, KD10 and KD15 were syn-

hesized with good functionality of ca. 95%, 92% and 88%, respec-

ively. 

.2. Preparation and characterization of empty GE11-CPs 

Blank GE11-CPs were acquired via adding 25 μL DMSO solu-

ion of GE11-PEG-P(TMC-DTC) and PEG-P(TMC-DTC)-PAsp mixture 

40 mg/mL) at predetermined ratios (GE11 molar content of 10%,

0%, or 30%) to 0.975 mL of HEPES buffer (pH 6.8, 5 mM) un-

er mild stirring for 3 min followed by standing still for 0.5 h at

5 °C and dialysis against phosphate buffer (PB, pH 7.4, 10 mM)

or 3 h (MWCO 10 0 0 kDa). Blank CPs were obtained in a similar

ay but without GE11-PEG-P(TMC-DTC). The size distribution and

eta potential were measured using respective dynamic light scat-

ering (DLS) and electrophoresis. The morphology was studied us-

ng Cryo-TEM. The stability of GE11-CPs against dilution, 10% fetal

ovine serum (FBS) solution, and storage at 4 °C was studied by

LS. 

.3. The loading and in vitro release of proteins 

The protein-loaded GE11-CPs and CPs were acquired as de-

cribed above except that HEPES buffer (pH 6.8, 5 mM) contain-

ng saporin (Sap) or Cy5-labeled cytochrome C (Cy5-CC) were used

uring the assembly. The size, size distribution, zeta potential,

nd stability of Cy5-CC-GE11-CPs, Cy5-CC 

–CPs, Sap-GE11-CPs, and

ap-CPs were determined as above description for blank polymer-

omes. The protein loading content and efficiency were determined

sing BCA assays. 

The in vitro protein release from protein-loaded polymersomes

as studied by dialyzing 0.5 mL Cy5-CC-GE11-CPs (0.5 mg/mL) in

5 mL PB (pH 7.4, 50 mM) with or without 10 mM glutathione

GSH) under constant stirring (MWCO 300 kDa). At predetermined

ime intervals, 5 mL of dialysis medium was taken and freeze-dried

or quantification of protein, and 5 mL fresh medium was supple-

ented. The protein released and that remained in the polymer-

omes were measured by fluorescence spectroscope (Ex 645 nm,

m. 650–750 nm). The release experiments were conducted in

riplicate. 
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2.4. Saporin activity in inhibiting protein synthesis 

SMMC-7721 cells following seeding in a 6-well plate (1.8 ml,

2 × 10 5 cells/well) overnight were incubated with free Sap, Sap-

CPs/KD5, or Sap-10GE11-CPs/KD5 (Sap: 20 nM) for 4 h and then

cultured in 2 mL fresh medium for 24 h or 48 h. The cells were

digested, centrifuged (10 0 0 × g , 3 min), and washed with cold

PBS ( × 2). 60 μL cell lysis buffer was added and the mixture was

shaken for 0.5 h (4 °C, 200 rpm) before centrifugation (15,0 0 0 × g ,

20 min) to remove cell debris. The protein contents in the super-

natant were determined by BCA assays. As a control, SMMC-7721

cells were pretreated by 20-fold excess of free GE11 peptide before

adding Sap-10GE11-CPs/KD5. 

2.5. MTT assays 

The influence of GE11 surface contents on the antitumor ac-

tivity was studied using Sap-GE11-CPs with KD5 at Sap concen-

trations ranging from 0.003 to 120 nM. The SMMC-7721 cells

were seeded in 96-well plates (3 × 10 3 cells/well) in an atmo-

sphere containing 5% CO 2 at 37 °C for 16 h. 20 μL of Sap-GE11-

CPs/KD5 was added. After 4 h incubation, the media was removed

and supplemented with 100 μL fresh media. The cells were cul-

tured for additional 44 h before adding 10 μL PBS solution of 3-

(4,5-dimethylthiazol-2-yl) −2,5diphenyl-tetrazolium bromide (MTT)

(5.0 mg/mL). After 4 h, the supernatant was aspirated, and 150 μL

DMSO was added to dissolve MTT-formazan generated by live cells

for 10 min. The absorbance at 570 nm was measured using a mi-

croplate reader, and the cell viability (%) was obtained by compar-

ing with the absorbance of PBS treated cells (100%). Data are pre-

sented as average ± SD ( n = 6). To block the EGFR, SMMC-7721

cells were incubated with 20-fold excess of free GE11 peptide be-

fore adding Sap-10GE11-CPs/KD5. 

The effect of PAsp length (i.e. KD5, KD10 or KD15) on the anti-

tumor activity was studied using Sap-10GE11-CPs. The cytotoxicity

of free Sap (6.25 to 200 nM) and empty 10GE11-CPs/KD5 (0.1 to

0.8 mg/mL) were also determined. 

2.6. Cellular uptake studies 

For flow cytometry analysis, SMMC-7721 cells following seed-

ing overnight in a 6-well plate (2 mL, 5 × 10 5 cells/well) were in-

cubated with Cy5-CC-10GE11-CPs/KD5, Cy5-CC-20GE11-CPs/KD5 or

Cy5-CC 

–CPs/KD5 (Cy5: 1 μM) for 4 h. The cells were digested, cen-

trifuged (10 0 0 × g , 3 min), washed with PBS ( × 2), re-suspended

in 500 μL PBS, and analyzed immediately using a BD FACS Calibur

flow cytometer based on 10,0 0 0 cells. EGFR low-expressing K562

cells were used as control. 

For CLSM studies, SMMC-7721 cells following seeding overnight

on cover glass in 24-well plates (1.8 mL, 8 × 10 4 cells/well)

were incubated with Cy5-CC-10GE11-CPs/KD5, Cy5-CC-20GE11-

CPs/KD5 or Cy5-CC 

–CPs/KD5 (Cy5: 5.89 μM) for 4 h. The cells

were washed with PBS ( × 3) and fixed by adding 200 μL

of 4% paraformaldehyde solution for 15 min before staining

with phalloidin-tetramethyl-rhodamine B (10 μg/mL, 200 μL) for

80 min and with DAPI (10 ug/mL, 200 μL) for 5 min (each step

followed with PBS washing), and CLSM imaging (TCS SP5, Leica). 

For both studies, to perform the inhibition experiments, free

GE11 peptide (20-fold excess) was used to pretreat SMMC-7721

cells before adding Cy5-CC-10GE11-CPs/KD5 or Cy5-CC-20GE11-

CPs/KD5. 

2.7. In vivo pharmacokinetics 

For in vivo pharmacokinetic studies, Cy5-CC-10GE11-CPs with

KD5, KD10 and KD15, Cy5-CC-20GE11-CPs/KD5, Cy5-CC 

–CPs/KD5
nd free Cy5-CC (0.72 μmol Cy5 equiv./kg) in 200 μL PB were in-

ected into female Balb/c nude mice via the tail veins ( n = 3). At

redetermined time points, ~30 μL blood was collected from the

etro-orbital sinus of mice into heparinized tubes and immediately

entrifuged. The plasma was then incubated for 24 h with 1 mL

MSO containing 20 mM DTT in a shaking bath (37 °C, 200 rpm).

fter centrifugation, Cy5-CC concentration in the supernatant was

uantified using fluorometry and plotted as a function of time. The

limination half-lives and the area under the curve were derived. 

.8. Establishment of subcutaneous and orthotopic liver tumor 

odels in mice 

To establish subcutaneous liver tumor model, SMMC-7721 cells

3 × 10 6 cells per mouse) in 50 μL PBS mixed with 30% BD Ma-

rigel were subcutaneously injected into the right hind leg of fe-

ale Balb/c nude mice (5 weeks). After ca. 14 days post inocu-

ation, the tumor grew to 150–200 mm 

3 . The tumor was mea-

ured using a caliper and volume was calculated from the formula

 = ( L × W 

2 )/2, where L and W are the length and width of the

umor, respectively. These mice were used for in vivo imaging and

iodistribution studies. 

To establish orthotopic liver tumor model, SMMC-7721 cells

3 × 10 6 cells per mouse) in 50 μL PBS mixed with 30% BD Ma-

rigel were slowly injected into the right upper lobe of female

alb/c nude mice (5 weeks). The day of tumor inoculation was des-

gnated as day 0. The tumor progression was tracked by measuring

he plasma concentration of AFP and GP-73, and observing the tu-

ors in excised livers as well as ascites development. On day −2, 7,

0, 14, 18, 30 and 40, the plasma concentrations of AFP and GP-73

ere detected by Elisa kits. On day 14, 18, 30, and 40, one mouse

as sacrificed to observe the growth of primary liver tumors and

he metastasis. 

.9. The in vivo imaging and biodistribution of Cy5-CC-GE11-CPs 

On day 30 post-inoculation of SMMC-7721 cells subcutaneously

r orthotopically, Cy5-CC-GE11-CPs/KD5 and Cy5-CC 

–CPs/KD5

0.72 μmol Cy5 equiv./kg) in 200 μL PB were intravenously in-

ected via the tail veins ( n = 3). IVIS Lumina II system was used

o track Cy5-CC distribution in major organs and tumors of the

ice at 4, 6, 8, and 10 h. After 10 h, the mice were sacrificed,

nd the heart, liver, spleen, lung, kidneys, and tumors were ex-

ised, washed, and weighed. The subcutaneous tumors and liver

ere sliced and stained with DAPI before CLSM observation. 

For quantification of the biodistribution, the tumors and major

rgan tissues (ca. 0.1 g) were separately homogenized in 0.6 mL

f 1% Triton X-10, and 0.9 mL of DMSO containing 20 mM DTT

as added to extract Cy5-CC for 24 h in a shaking bath (37 °C,

00 rpm). After centrifugation (12,000 rpm, 3 min), Cy5-CC in the

upernatant was measured using fluorometry and expressed as in-

ected dose per gram of tissue (%ID/g). 

.10. In vivo antitumor efficacy in orthotopic liver tumor bearing 

ice 

The day of orthotopic inoculation of SMMC-7721 cells was des-

gnated day 0. On day 12, the mice were randomly divided into six

roups ( n = 6), and treated with different formulations once ev-

ry four days until day 40 under two regimens. In regimen 1, Sap-

0GE11-CPs/KD5 and Sap-20GE11-CPs/KD5 were given at 12.5 nmol

ap/kg from day 12 to 40. In regimen 2, Sap-10GE11-CPs/KD5, Sap-

0GE11-CPs/KD5, and Sap-CPs/KD5 (non-targeted control) were

iven at 25 nmol Sap/kg from day 12 to 20 and 18 nmol Sap/kg

rom day 24 to 40. PBS was used as a control. During the treat-

ent, the body weight, plasma concentrations of AFP and GP-73,
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Fig. 1. 1 H NMR spectra (600 MHz, DMSO–d 6 ) of PEG-P(TMC-DTC)-PAsp with KD5. 
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nd abdominal circumferences of the mice were monitored. On

ay 44, one mouse of each group was sacrificed, and the heart,

iver + tumor, spleen, lung, and kidney were harvested, washed,

xed, and embedded in paraffin and sliced for hematoxylin and

osin (H&E) staining and microscope observation (Leica). The sur-

ival rates of the mice were monitored within 100 days ( n = 5).

he mice were considered dead either when the mice were dead,

ver 20% body weight loss, unresponsiveness, labored breathing, or

bvious damage to major organs in mice within experiment pe-

iod, or the abdominal circumferences of the mice was more than

00 mm. 

.11. Statistical analysis 

Significance among groups was assessed by one-way analysis

f variance (ANOVA) with Tukey multiple comparisons test using

rism 7. Kaplan-Meier survival curves were analyzed by log-rank

est for comparisons using Prism 7. ∗p 〈 0.05 was considered signif-

cant, ∗∗p < 0.01 and 

∗∗∗p < 0.001 were highly significant, and p 〉
.05 meant not significant (ns). 

. Results and discussion 

.1. Preparation of PEG-P(TMC-DTC)-PAsp copolymers and chimaeric 

olymersomes 

The aim of this study was to develop EGFR-targeted reduction-

esponsive chimeric polymersomes (CPs) with negatively charged

nner shell for enhanced protein loading, for which PEG-P(TMC-

TC)-PAsp triblock copolymers were designed and synthesized

Fig. S1A). PAsp was chosen as the negative block because it is

nown biodegradable and biocompatible and can be readily ac-

uired with precise degree of polymerization (DP). To study the

nfluence of PAsp lengths on the biophysical and protein loading

roperties of polymersomes, we have employed three PAsp pre-

ursors, i.e. KD5, KD10, and KD15, which have DP of 5, 10 and

5, respectively. PEG-P(TMC-DTC)-PAsp was synthesized by activat-

ng the terminal hydroxyl group of PEG-P(TMC-DTC)-OH ( M n = 5–

4.6–2.1 kg/mol), which was obtained as previously reported [45] ,

ith p -nitrophenyl chloroformate (NPC) followed by reaction with

wo-fold excess of KDn ( n = 5, 10, or 15). The 1 H NMR anal-

ses demonstrated nearly quantitative NPC activation (Fig. S2)

nd high conjugation (88% - 95%) with KDn ( Fig. 1 , Table 1 ).

E11 peptide (CYHWYGYTPQNVI)-functionalized PEG-P(TMC-DTC) 

 M n = 7.5–14.2–2.2 kg/mol) was obtained as reported previously

46] with a GE11 functionality of 95% as determined from BCA as-

ays (Fig. S1B, Fig. S3, Table 1 ). 
We firstly studied the assembly behaviors of PEG-P(TMC-DTC)-

Dn. The results showed that all three PEG-P(TMC-DTC)-KDn

opolymers formed extremely small polymersomes, denoted as

Ps/KD5, CPs/KD10 and CPs/KD15, respectively, with a low polydis-

ersity index (PDI) and good reproducibility ( Fig. 2 A). The hydro-

ynamic size of CPs decreased from 36.9, 33.5 to 32.0 nm (PDI 0.1)

nd zeta potential decreased from −12.9, −20.0 to −25.6 mV with

ncreasing the length of KDn from 5, 10 to 15 ( Fig. 2 A, Table S1).

ryo-TEM showed a typical spherical vesicular structure with aver-

ge sizes of 28.9 ± 2.7, 21.1 ± 2.1 and 15.2 ± 1.6 nm, respectively,

nd membrane thickness of 4.5~5.2 nm, for CPs/KD5, CPs/KD10 and

Ps/KD15, respectively ( Fig. 2 B, Fig. S4). The static light scattering

SLS) measurements ( Fig. 2 C, Fig. S5) showed R g /R h values in be-

ween 0.92 and 0.99, which were close to 1.0, in accordance with

 vesicular structure. These CPs had molecular weights of 2.3 ~

.7 × 10 6 Da, which corresponds to aggregation numbers of 104.3

121.1 per polymersome (Fig. S5). Moreover, the formation of chi-

aeric polymersomes from block copolymers with two different

engths of hydrophilic segments was reported earlier by Eisenberg

nd others experimentally [47-50] and by Jiang theoretically [51] .

himaeric polymersomes with short KDn as inner shell and PEG

s outer shell were thus anticipated from PEG-P(TMC-DTC)-KDn.

s comparison, the polymersomes (Ps) made of PEG-P(TMC-DTC)

recursor had a hydrodynamic size of ca. 55 nm from DLS mea-

urement [52] and 41.5 nm from Cryo TEM measurement (Fig. S4),

nd the membrane thickness was 6.7 ± 0.9 nm. The much smaller

ize and thinner membrane of CPs (Fig. S4) than those of Ps in-

icated that the introduction of short KDn block to the copolymer

acilitates the formation of single layered vesicular membrane with

 high curvature. To the best of our knowledge, these CPs were the

mallest ever reported for lipid and polymer vesicles. Liposomes

ave typical sizes from hundreds of nanometers to tens of microm-

ters, which might be sized down to 80 to 150 nm by repeated ex-

rusion [53] . The small size of CPs might be advantageous in pen-

trating tumors [54] . 

GE-11 peptide-functionalized polymersomes (GE11-CPs) were 

repared by co-self-assembly of PEG-P(TMC-DTC)-KDn with GE11-

EG-P(TMC-DTC) copolymers at molar ratios of 90/10, 80/20 and

0/30. The PEG linking GE11 was longer than that in PEG-P(TMC-

TC)-KDn ( M n : 7500 versus 5000 g/mol) to ensure optimum dis-

lay of GE11 at the outer surface. The sizes of GE11-CPs/KD5 in-

reased from 41.3, 51.1 to 68.7 nm and zeta potential increased

rom −11.4, −6.0 to −4.3 mV with increasing GE11 molar contents

rom 10%, 20%, to 30% (Table S1, Fig. 2 D). 

.2. Protein loading and release of chimaeric polymersomes 

The protein-loaded CPs and GE11-CPs were fabricated simply

sing protein containing HEPES buffer (pH 6.8, 5 mM) as aqueous

edia during self-assembly followed by removing un-encapsulated

roteins through dialysis. High loading efficiencies were observed

or both Cy5-labeled cytochrome C (Cy5-CC) and saporin (Sap)

 Tables 2 , 3 , and S2), most probably driven by electrostatic inter-

ctions and hydrogen bonding of positively charged proteins with

egatively charged PAsp. The protein loading contents (PLC) and

fficiencies (PLE) depended on the DP of PAsp, GE11 content, and

he type of protein ( Table 2 , 3 , and S2). At a theoretical PLC of

0 wt.% for Cy5-CC, the PLE of GE11-CPs and CPs increased from

5.4%, 95.6% to 100% with increasing DP of Asp-and decreasing in

E11 content, confirming that PAsp plays an important role in pro-

ein loading. For Sap, a theoretical PLC of 5 wt.% was studied due to

he high potency of this toxin [30] . The PLE decreased from 72.5%,

8.2%, 66.1% to 59.7% with increasing GE11 contents from 0, 10%,

0% to 30% ( Table 3 ). GE11-CPs and CPs exhibited much lower PLE

or Sap than for CC (Table S2 ), which is ascribed to a compara-

ively lower net positive charge density of Sap as compared to CC
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Table 1 

Characterizations of PEG-P(TMC-DTC)-KDn and GE11-PEG-P(TMC-DTC) copolymers. 

Entry Copolymers M n (kg/mol) Functionality of KDn or GE11 

Design 1 H NMR 

1 PEG-P(TMC-DTC)-KD5 5-(15–2) −0.72 5-(14.6–2.1) −0.63 95% 

2 PEG-P(TMC-DTC)-KD10 5-(15–2) −1.29 5-(14.1–2.2) −1.22 92% 

3 PEG-P(TMC-DTC)-KD15 5-(15–2) −1.87 5-(14.5–2.2) −1.80 88% 

4 GE11-PEG-P(TMC-DTC) 1.16–7.5-(15–2) 1.06–7.5-(14.6–2.1) 95% 

Fig. 2. The characterization of polymersomes and protein-loaded polymersomes. Size distribution (A) and Cryo-TEM images (B) of CPs/KD5, CPs/KD10 and CPs/KD15. (C) 

Static light scattering (SLS) measurements of R g , R h and molecular weight of CPs/KD5. (D) DLS profiles of GE11-CPs/KD5. (E) Cy5-CC release profiles from 10GE11-CPs/KD5, 

10GE11-CPs/KD10, and 10GE11-CPs/KD15. 

Table 2 

Characterization of Sap-10GE11-CPs/KDn at Sap theoretical DLC of 5 wt%. 

Entry KDn DLC a (wt.%) DLE a (%) Size b (nm) PDI b ζ b (mV) 

1 KD5 3.0 62.0 46 ± 1.1 0.12 ± 0.02 −9.6 ± 0.3 

2 KD10 3.2 66.1 39 ± 1.0 0.09 ± 0.01 −16.7 ± 0.2 

3 KD15 3.2 66.1 36 ± 0.9 0.17 ± 0.02 −22.5 ± 0.4 

a Determined by Micro BCA assay. 
b Determined using Zetasizer Nano-ZS at 25 °C in PB (10 mM, pH 7.4). 

Table 3 

Characterization of Sap-GE11-CPs/KD5 at Sap theoretical DLC of 5 wt%. 

Entry GE11 contents DLC a (wt.%) DLE a (%) Size b (nm) PDI b ζ b (mV) 

1 0% 3.5 72.5 42 ± 1.2 0.09 ± 0.01 −10.2 ± 0.3 

2 10% 3.3 68.2 47 ± 1.8 0.14 ± 0.02 −9.0 ± 0.1 

3 20% 3.2 66.1 54 ± 1.4 0.17 ± 0.02 −8.2 ± 0.2 

4 30% 2.9 59.7 62 ± 2.2 0.19 ± 0.01 −7.8 ± 0.1 

a Determined by Micro BCA assay. 
b Determined using Zetasizer Nano-ZS at 25 °C in PB (10 mM, pH 7.4). 
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[55] . The stability studies demonstrated that Sap-GE11-CPs had lit-

tle change after 1 month storage at 4 °C, at very low concentra-

tions, or against 10% serum ( Fig. S6A) , supporting that Sap-GE11-

CPs have superior stability, as for previously reported disulfide-

crosslinked polymersomes [ 37 , 46 , 52 ]. 

Cy5-CC was used as a model protein to study the in vitro pro-

tein release from GE11-CPs, cellular uptake, in vivo pharmacokinet-

ics and biodistribution, because CC has a similar isoelectric point

and comparable size to Sap but much lower cell inhibition po-

tency. The results demonstrated less than 20% protein release from

10GE11-CPs within 24 h in PB at pH 7.4 ( Fig. 2 E ). Under a reduc-
ive condition containing 10 mM GSH, however, ca. 80%, 72% and

9% Cy5-CC was released from 10GE11-CPs/KD5, 10GE11-CPs/KD10,

nd 10GE11-CPs/KD15, respectively, in 24 h, corroborating their fast

eduction-response [56] . TEM image of Cy5-CC-10GE11-CPs/KD5 af-

er 10 mM GSH treatment showed irregular shape or some swollen

olymersomes (Fig. S6B). It is noteworthy that the fastest protein

elease was observed for 10GE11-CPs/KD5 likely because short KD5

as the weakest interactions with proteins due to its lowest multi-

alence [57] . Hence, the inner shell of the polymersomes shall have

ome interactions with protein to facilitate protein loading but not

oo strong to retard protein release. 
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Fig. 3. The characterization of polymersomes and protein-loaded polymersomes. (A) Protein production by SMMC-7721 cells treated with 10GE11-CPs/KD5, CPs/KD5 and free 

Sap determined using BCA assays (ANOVA: ∗∗∗p < 0.001). MTT assays of SMMC-7721 cells treated with free Sap for 48 h (B), Sap-10GE11-CPs with KD5, KD10 or KD15 for 

48 h (C), empty GE11-CPs/KD5 for 4 h and fresh media for 44 h (D), and Sap-GE11-CPs/KD5 with 0 to 30% GE11 for 4 h and fresh media for 44 h (E). The competitive study 

in A and E was conducted by pretreating SMMC-7721 cells with free GE11 before adding Sap formulations. 
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.3. Cell uptake and activity of Sap-GE11-CPs 

Sap is a ribosome inactivating protein [32] . To test the activ-

ty of Sap-GE11-CPs in inhibiting protein synthesis in SMMC-7721

ells, we determined the total amount of proteins in the cells and

ecreted to the culture media. The cells were treated with Sap-

0GE11-CPs/KD5 for 4 h and cultured for 20 or 44 h. Free Sap,

ap-CPs/KD5, and PBS were applied as controls. The BCA assays

 Fig. 3 A ) showed that Sap-10GE11-CPs/KD5 significantly reduced

rotein production compared with non-targeted Sap-CPs/KD5 and

BS ( ∗∗∗p ), while free Sap had no effect on protein production, in

ccordance with its inferior entry to cells [58] . Moreover, pretreat-

ng SMMC-7721 cells with free GE11 prior to incubation with Sap-

0GE11-CPs/KD5 resulted in elevated protein production, to a level

imilar to Sap-CPs/KD5 ( Fig. 3 A ). 

MTT assays revealed that SMMC-7721 cells had over 90% viabil-

ty after 48 h incubation with free Sap at concentrations from 6.25

o 200 nM ( Fig. 3 B ). In sharp contrast, all Sap-10GE11-CPs exhib-

ted marked inhibitory activity toward SMMC-7721 cells, with IC 50 

owered to 8.9–13.8 nM depending on lengths of PAsp ( Fig. 3 C ).

ap-10GE11-CPs/KD5 revealed the highest inhibitory activity, likely

elated to its faster protein release in cancer cells. The empty

0GE11-CPs/KD5 was non-cytotoxic at tested concentrations up to

00 μg/mL ( Fig. 3 D ). The comparison of antitumor activities of

ap-GE11-CPs/KD5 with different GE11 contents displayed that 10%

nd 20% GE11 had similarly high antitumor activity, which was two

nd three times better than Sap-30GE11-CPs/KD5 and non-targeted

ap-CPs/KD5, respectively ( Fig. 3 E ), illustrating that GE11 density is

f critical importance for EGFR-targetability [12] . The cytotoxicity

f Sap-10GE11-CPs/KD5 was greatly reduced by pretreating SMMC-

721 cells with free GE11 peptide ( Fig. 3 E ). Sap-10GE11-CPs/KD5

as applied for subsequent studies if not otherwise stated. 

The confocal images of SMMC-7721 cells after 4 h incuba-

ion with Cy5-CC-loaded GE11-CPs/KD5 with 10% or 20% GE11

howed homogenous and intense Cy5 fluorescence all over the
ytosols ( Fig. 4 A, Fig. S7), indicating fast uptake and cytoplas-

ic protein release. In contrast, weak Cy5 fluorescence was de-

ected in the cells treated with Cy5-CC 

–CPs/KD5. The intracellular

y5 fluorescence was also greatly reduced by pretreating SMMC-

721 cells with free GE11 peptide prior to adding Cy5-CC-GE11-

Ps/KD5 (Fig. S7). The cellular uptake study using flow cytometry

evealed better uptake of Cy5-CC-GE11-CPs/KD5 with 10% GE11 or

0% GE11 than Cy5-CC 

–CPs/KD5 in SMMC-7721 cells ( Fig. 4 B). In

omparison, less enhancement in uptake was observed for Cy5-

C-GE11-CPs/KD5 in EGFR negative K562 cells (Fig. S8). These re-

ults confirm that GE11-CPs/KD5 possesses a strong selectivity to-

ard SMMC-7721 cells and enters the cell via EGFR-mediated

ndocytosis. 

.4. The pharmacokinetics and HCC-targetability of GE11-CPs/KDn 

The pharmacokinetic studies in healthy Balb/c mice using

y5-CC as a model protein demonstrated that CPs/KD5, 10GE11-

Ps/KD5, 10GE11-CPs/KD10, 10GE11-CPs/KD15, and 20GE11- 

Ps/KD5 all followed a two-compartment model with a slow

limination phase and markedly extended circulation time over

ree Cy5-CC ( Fig. 5 A ). The elimination half-life (t 1/2, β ) of Cy5-CC-

0GE11-CPs/KDn increased from 3.1, 3.4 to 4.0 h with decreasing

P of PAsp from 15, 10 to 5 ( Fig. 5 A ), which is possibly due

o different sizes (37.1, 40.6, and 43.8 nm). It should further be

oted that both 10GE11-CPs/KD5 and 20GE11-CPs/KD5 had longer

irculation time than CPs/KD5, indicating that GE11 has no detri-

ental effect to the pharmacokinetics. Moreover, over 10 times

mprovement in area under the curve (AUC) was observed for all

olymersomal formulations compared with free protein ( Fig. 5 A ). 

The in vivo imaging in SMMC-7721 subcutaneous tumor-

earing mice demonstrated faster and higher tumor accumulation

nd retention of Cy5-CC-GE11-CPs/KD5 than Cy5-CC 

–CPs/KD5 over

0 h post-injection ( Fig. 5 B ). The quantification of Cy5-CC in tu-

ors and healthy organs at 10 h post-injection revealed an ele-
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Fig. 4. (A) CLSM images of SMMC-7721 cells treated with Cy5-CC-10GE11-CPs/KD5 and Cy5-CC –CPs/KD5 for 4 h. DAPI and rhodamine phalloidin were used to stain nuclei 

and skeleton, respectively. Scale bars: 20 μm. (B) The flow cytometric analyses of SMMC-7721 cells treated with Cy5-CC-GE11-CPs/KD5 with GE11 contents of 0, 10% or 20%. 

For inhibition experiment, the cells were pretreated with GE11 peptide before addition of polymersome formulations. 
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vated tumor accumulation of 7.5%ID/g for Cy5-CC-GE11-CPs/KD5,

which was 3-fold higher than the non-targeted Cy5-CC 

–CPs/KD5

( Fig. 5 C ). There were no significant differences in Cy5-CC accu-

mulation in the healthy organs between Cy5-CC-GE11-CPs/KD5 and

Cy5-CC 

–CPs/KD5. 

We further established orthotopic HCC tumor model by inocu-

lating SMMC-7721 cells (3 × 10 6 ) into the right liver lobes of the

nude mice. The progression of tumor was monitored by measuring

the plasma concentration of alpha-fetoprotein (AFP) and Golgi pro-

tein 73 (GP73), ascites development and excised livers at certain

time points. AFP is a liver tumor marker used in clinical practice

and in healthy adults AFP is less than 40 μg/L. Although AFP is re-

lated with tumor size, the difference between individuals is large

[59] . GP73 protein is a more sensitive biomarker of liver cancer

than AFP. The combination of AFP and GP73 could provide more

accurate diagnosis of liver tumors [60] . The plasma levels of AFP

and GP73 indeed increased gradually in 10 days post-inoculation

of SMMC-7721 cells and more significantly afterwards (Fig. S9A,B).

The visual inspection from the excised livers accordingly displayed

the clear presence and progressively increased tumors on day 14,

18, 30, and 44 (Fig. S9C). The tumors spread not only within liver

lobes, but also to major organs and intestines. Severe ascites was

discerned from day 30 on. The quantitative biodistribution studies

in SMMC-7721 orthotopic tumor-bearing mice showed tumor accu-

mulation of 8.7% and 2.9%ID/g for GE11-Cy5-CC 

–CPs/KD5 and Cy5-

CC 

–CPs/KD5, respectively, at 10 h post-injection ( Fig. 5 D ), which

was in good correlation with the results from the subcutaneous

model. It is evident, therefore, that GE11-CPs/KD5 can actively tar-

get to HCC tumor in vivo. 
.5. Therapeutic efficacy of Sap-GE11-CPs to orthotopic HCC tumor 

odel 

EGFR is overexpressed on a majority of HCC tumor patients

38] . The clinical results confirmed the efficacy of EGFR antag-

nists e.g. gefitinib in liver cancer patients [61] , and EGFR-TKI

ntagonist, erlotinib, in advanced HCC patients [62] . GE11 pep-

ides screened from phage display showed a high affinity for

GFR [41] . The results from different groups showed that GE11-

unctionalized nanoformulations enhanced the therapy for diverse

GFR-overexpressed tumors such as breast, prostate and ovarian

ancers [ 42–44 , 46 ]. Unlike EGFR antibody and EGF protein, GE11

ould not cause activation of EGFR signaling pathway [ 38 , 63 ]. 

The treatment of orthotopic HCC tumor-bearing mice was ini-

iated by intravenously administering Sap-10GE11-CPs/KD5, Sap-

0GE11-CPs/KD5 or PBS starting from 12 days post-inoculation of

MMC-7721 cells, when the plasma concentrations of AFP and

P73 reached 26.9 and 25.9 ng/mL, respectively. The body weight,

FP and GP73 concentrations, mouse abdominal circumference,

nd survival rates were monitored. PBS group showed rapid in-

rease in body weight and abdominal circumference due to malig-

ant tumor invasion and occurrence of hepatic ascites ( Fig. 6 A,B ).

otably, AFP and GP73 concentrations increased from 26.9 to

11.4 ng/mL and from 25.9 to 153.2 ng/mL, respectively, from

ay 12 to 33 ( Fig. 6 C,D,E ). For humanitarian reasons, the mice

ere regarded dead when their abdominal circumferences ex-

eeded 100 mm. The median survival time (MST) of PBS group was

4 days ( Fig. 6 F ). In contrast, the mice treated with Sap-10GE11-

Ps/KD5 or Sap-20GE11-CPs/KD5 at 12.5 nmol/kg every 4 days for
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 total of 8 injections (regimen 1) displayed constant body weights

 Fig. 6 A ). The increase of plasma AFP and GP73 levels as well as

bdominal circumference was obviously retarded compared with

BS control ( Fig. 6 C,D,E ). In accordance, Sap-10GE11-CPs/KD5 and

ap-20GE11-CPs/KD5 significantly prolonged the MST of mice to

6 and 57 d, respectively ( Fig. 6 F ). 10% GE11 appeared to perform

omewhat better than 20% GE11. 

The treatment was further performed at an escalated dose

cheme with 3 injections at 25 nmol/kg followed by 5 injections

t 18 nmol/kg (regimen 2). Sap-CPs/KD5 under regimen 2 caused

ittle change in body weights ( Fig. 6 A ) and retarded increase of

lasma AFP and GP73 levels as well as abdominal circumference

 Fig. 6 C,D,E ), similar to Sap-GE11-CPs/KD5 under regimen 1. How-

ver, in contrast to Sap-10GE11-CPs/KD5 and Sap-20GE11-CPs/KD5

nder regimen 1, Sap-CPs/KD5 under regimen 2 gave little sur-

ival benefits (MST = 42 days), possibly due to their low tumor

ptake. Interestingly, both Sap-10GE11-CPs/KD5 and Sap-20GE11-

Ps/KD5 under regimen 2 showed highly efficacious treatment of

rthotopic HCC tumor-bearing mice, in which little increase of AFP

nd GP73 concentrations and abdominal circumference was dis-

erned ( Fig. 6 C,D,E ). The excised livers displayed only small tu-

or for Sap-20GE11-CPs/KD5 treated mouse and no tumors for

ap-10GE11-CPs/KD5 treated one under regimen 2 ( Fig. 6 B ). The

eights of livers from mice of Sap-10GE11-CPs/KD5 under regimen

 and regimen 1 (~0.96 and 1.09 g) were obviously lower than Sap-

Ps/KD5 and PBS groups (1.28 and 1.53 g). As a result, Sap-10GE11-

Ps/KD5 and Sap-20GE11-CPs/KD5 under regimen 2 brought about

ignificant survival benefits with MST of 99 and 91 d ( Fig. 6 F ),

hich were about 3 times that of PBS control. In addition, the

nvestigation on the protein penetration of Cy5-CC loaded GE11-

Ps/KD5 group into the subcutaneous liver tumors displayed much

igher and more spread fluorescence in the tumor compared to

he CPs/KD5 group (Fig. S10). These results highlight that GE11-

Ps/KD5 mediate efficient and specific protein therapy for HCC

n mice. In accordance, H&E staining showed that four Sap-GE11-

Ps/KD5 groups caused no significant side-effects on the major or-

n

ig. 6. Treatment of orthotopic SMMC-7721 HCC-bearing mice ( n = 6). The mice were i.v

nder two regimens. In regimen 1, Sap-10GE11-CPs/KD5 and Sap-20GE11-CPs/KD5 were 

ap-20GE11-CPs/KD5, and Sap-CPs/KD5 (non-targeted control) were given at 25 nmol Sa

hanges (ANOVA: ∗∗p < 0.01, ∗∗∗p < 0.001) and (B) photos of excised livers on day 42. T

E) of the mice. ∗∗p < 0.01, ∗∗∗p < 0.001 (ANOVA). (F) The survival rates of the mice. St

ap-20GE11-CPs/KD5 both for regimen 1 and 2: ns; Sap-GE11-CPs/KD5 (regimen 1 and 2)

Ps/KD5 (regimen 1): ∗p < 0.1. 
ans and normal liver tissues of mice (Fig. S11), due to the speci-

city of GE11 to EGFR on HCC tumor cells. 

. Conclusion 

We have demonstrated that GE11 peptide-installed chimaeric

olymersomes (GE11-CPs) mediate safe and high-efficiency EGFR-

argeted protein therapy of orthotopic SMMC-7721 HCC-bearing

ude mice. This is a first report on targeted delivery of protein

oxin to HCC. Notably, unlike previously reported protein delivery

ystems (e.g. polymersomes based on PEG-P(TMC-DTC)-PEI) that

ontain partially toxic or nondegradable components, GE11-CPs are

ully made of PEG, polycarbonate and peptides. In addition to fa-

orable safety, saporin-loaded GE11-CPs display appealing advan-

ages such as exceptionally small size (36 - 46 nm), stable saporin

oading, high specificity and enhanced internalization by EGFR +
CC cells, and GSH-triggered saporin release. As a result, GE11-CPs

arkedly increase the selectivity and antitumor activity of saporin

ith an IC 50 of 11 nM toward SMMC-7721 cells, and prolong the

lood circulation and increase the tumor accumulation of saporin,

eading to significantly improved anti-HCC effect and survival rates.

E11-CPs appear to be a safe and potent vehicle for targeted pro-

ein therapy of EGFR positive HCC. 
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. injected with different formulations once every four days from day 12 to day 40 

given at 12.5 nmol Sap/kg from day 12 to 40. In regimen 2, Sap-10GE11-CPs/KD5, 

p/kg from day 12 to 20 and 18 nmol Sap/kg from day 24 to 40. (A) Body weight 

he plasma concentrations of AFP (C) and GP73 (D), and abdominal circumference 
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Fig. 5. The In vivo pharmacokinetics of Cy5-CC delivered by 10GE11-CPs/KDn with 

different PAsp, CPs/KDn and free Cy5-CC in mice ( n = 3) (A). The in vivo imaging 

(B), and quantitative biodistribution of Cy5-CC in major organs and tumors of the 

mice bearing subcutaneous (C) or orthotopic tumors (D) at 10 h post-injection of 

Cy5-CC-10GE11-CPs/KD5 and Cy5-CC –CPs/KD5. Dosage: 0.72 μmol Cy5 equiv./kg. ∗∗p 

< 0.01 and ∗∗∗p < 0.001 (ANOVA). 
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