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A B S T R A C T   

The effective treatment of hepatocellular carcinoma (HCC) requires development of novel drug formulations that 
selectively kill HCC cells while sparing healthy liver cells. Here, we designed and investigated HCC-specific 
peptide, SP94 (SFSIIHTPILPLGGC), decorated smart polymersomal doxorubicin hydrochloride (SP94-PS-DOX) 
for potent treatment of orthotopic human SMMC-7721 HCC xenografts. SP94-PS-DOX was fabricated by post 
ligand-modification, affording robust nano-formulations with a diameter of ~ 76 nm and DOX content of 9.9 wt. 
%. The internalization of SP94-PS-DOX by SMMC-7721 cells showed a clear dependence on SP94 surface den-
sities, in which 30 % SP94 resulted in ca. 3-fold better cellular uptake over non-targeted control (PS-DOX). In 
accordance, SP94-PS-DOX exhibited superior inhibition of SMMC-7721 cells to PS-DOX and clinical liposome 
injections (Lipo-DOX). Notably, a remarkable tumor deposition of 14.9 %ID/g and tumor-to-normal liver ratio of 
ca. 6.9 was observed for SP94-PS-DOX in subcutaneous SMMC-7721 HCC xenografts. More interestingly, SP94- 
PS-DOX under 10 mg DOX/kg induced far better therapeutic efficacy toward orthotopic SMMC-7721 HCC 
models than PS-DOX and Lipo-DOX controls giving substantial survival benefits and little adverse effects. The 
remarkable specificity and therapeutic outcomes lend SP94-PS-DOX promising for targeted HCC therapy.   

1. Introduction 

Hepatocellular carcinoma (HCC) is a major liver malignancy that has 
both high morbidity and mortality with a five-year survival rate of less 
than 5 % [1–3]. Notably, a significant number of HCC patients are 
diagnosed at an intermediate to advanced stage, for which chemo-
therapy becomes one of the few available treatment options [4–6]. 
Sorafenib and doxorubicin (DOX) are frequently used for treating HCC 
patients [7–9]. It should be noted, however, that patients with inter-
mediate to advanced stage HCC suffer severe liver dysfunction, which 
renders systemic administration of chemotherapeutic agents not so 
effective as for other solid tumors. Moreover, chemotherapy is also 
associated with pronounced toxic adverse effects and possible drug 
resistance after repeated use [10–13]. 

Various nanomedicines have been explored to circumvent drug 
resistance, enhance HCC selectivity and treatment efficacy, and mitigate 

off-target side effects [14–20]. Considering that hepatic cells over-
express asialoglycoprotein receptor, glycyrrhetinic acid receptor and 
apolipoprotein E receptor, galactose, N-acetylgalactosamine, glycyr-
rhetinic acid and ApoE peptide-functionalized nanomedicines have been 
designed to enhance uptake by different HCC cells and xenografts in 
mice [21–26]. The effective HCC chemotherapy, however, demands 
advance of novel drug formulations that selectively kill HCC cells while 
sparing healthy hepatic cells. Given the fact that HCC cells, like many 
other cancerous cells, are overexpressing folate, epidermal growth fac-
tor and transferrin receptors, folic acid, GE11 peptide, and 
transferrin-decorated nanomedicines have also been developed and 
explored for targeting to HCC [27–32]. The folate, epidermal growth 
factor and transferrin receptors are, however, known to overexpress in 
healthy tissues and cells, which renders them suboptimal targets for HCC 
therapy. Interestingly, SP94 peptide (SFSIIHTPILPL) screened by phage 
display was reported to possess a high specificity to HCC cells [33]. SP94 
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peptide-modified nanoparticles demonstrated 10,000-fold greater af-
finity toward HCC cells than toward normal hepatic cells and endothe-
lial cells [34]. SP94 peptide-modified pH-sensitive platinum 
nanoparticles were reported to overcome cisplatin resistance and het-
erogeneous stemness of HCC [35]. The decoration of liposomal doxo-
rubicin hydrochloride with SP94 peptide enhanced its in vivo anti-HCC 
efficacy [36]. The work from different groups has shown that SP94 
peptide is able to target different types of HCC cells including HuH-7, 
HepG2 and SMMC-7721 cells [37–40]. Very recently, SP94 
peptide-decorated nanoparticles were reported to deliver p53 gene and 
potentiate the anti-HCC efficacy of prodrugs [41]. These studies prove 
that SP94 peptide has a high potential for HCC targeting. It is noted, 
however, that all reported SP94-targeted systems including liposomal 
formulations showed only moderate tumor-to-normal liver ratios. The 
compromised HCC-targetability is most likely due to a low in vivo sta-
bility and un-optimized SP94 density. 

We recently developed a robust polymersomal formulation for 
doxorubicin hydrochloride (PS-DOX) from functional degradable poly 
(ethylene glycol)-b-poly(trimethylene carbonate-co-dithiolane tri-
methylene carbonate) polymer that displays significantly better stabil-
ity, toleration, and control over drug release than liposome injections 

[42]. PS-DOX decorated with cRGD and GE11 peptides evidenced active 
targeting to A549 lung tumor and ovarian tumor [43,44]. Herewith, we 
investigated decoration of PS-DOX with SP94 peptide and targetability 
of SP94-PS-DOX toward orthotopic HCC xenografts (Scheme 1). Unlike 
our previous studies that employ pre-modification of peptide ligands 
[45], SP94-PS-DOX could only be prepared by post ligand-modification. 
The pre-modification afforded hardly any HCC-targetability. Intrigu-
ingly, SP94-PS-DOX with superior stability and an optimized SP94 
density of 30 % was shown to mediate highly specific and efficacious 
delivery of DOX to SMMC-7721 tumor, giving exceptional 
tumor-to-normal liver and heart ratios of 6.9 and 12.4, respectively. 

2. Experimental section 

2.1. Materials 

SP94 peptide (H2N-SFSIIHTPILPLGGC-COOH, 98 %) was purchased 
from Shanghai GL Biochem Co. Ltd and stored at − 20 ◦C. PEG-P(TMC- 
DTC) (Mn (1H NMR) =21.8 kg/mol) and Mal-PEG-P(TMC-DTC) (Mn 
(1H NMR) =24.3 kg/mol) were acquired as reported [46]. Other mate-
rials are detailed in the supplementary material. 

Scheme 1. (A) Preparation of SP94 peptide-decorated polymersomal doxorubicin hydrochloride (SP94-PS-DOX) by post-modification of Mal-PS-DOX with 
SFSIIHTPILPLGGC. (B) Illustration of SP94-PS-DOX for targeted HCC treatment. SP94-PS-DOX is robust, circulates long, enhances deposition in SMMC-7721 tumor, 
selectively targets to cancer cells, and quickly releases DOX. 
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2.2. Fabrication of SP94-PS-DOX 

SP94-PS-DOX was acquired through post-modification of DOX⋅HCl- 
loaded maleimide-decorated polymersomes (Mal-PS-DOX) with 
SFSIIHTPILPLGGC. DOX⋅HCl was loaded into Mal-PS via the pH gradient 
method. In brief, PEG-P(TMC-DTC) and Mal-PEG-P(TMC-DTC) mixture 
(molar ratio = 90/10, 80/20 or 70/30) was dissolved in DMF (polymer 
concentration: 10 mg/mL, 0.5 mL) and added slowly into citric acid 
buffer (pH 4.0, 10 mM, 4.5 mL). After 2 min. stirring at 200 rpm, the pH 
of dispersions was adapted to 7.6 with concentrated Na2HPO4 solution, 
building a pH gradient between inner and outer of polymersomes. 
DOX⋅HCl in deionized water was injected under stirring at 30 ◦C and 
transported into the acidic interior (pH 4.0) of Mal-PS. The dispersions 
were placed in shaking bed (100 rpm, 37 ◦C) for 12 h, and then exten-
sively dialyzed (MWCO 3500 Da) in PB buffer (10 mM, pH 7.4) for 6 h. 
Thus prepared Mal-PS-DOX dispersion was concentrated to 1 mL using 
ultrafiltration tube (MWCO 10,000 Da) and gently bubbled by nitrogen 
gas. SP94 solution in deoxygenated water (2 mg/mL, SP94/Mal = 3/1 
mol/mol) was added. Following reaction at 100 rpm and 37 ◦C for 12 h, 
the reaction mixture was extensively dialyzed (MWCO 14,000 Da) in PB 
(10 mM, pH 7.4) for 8 h to get rid of the unreacted SP94 peptide. The 

drug loading efficiency (DLE) and content (DLC) were determined by the 
following formula: DLC (wt. %) = (weight of loaded drug/ weight of 
polymer and loaded drug) × 100 DLE (%) = (weight of loaded drug/ 
weight of drug in feed) × 100 

2.3. Serum stability and GSH-responsivity 

The stability of SP94-PS-DOX in 10 % FBS or against 100-fold dilu-
tion was investigated by dynamic light scanning (DLS). Samples were 
placed in the shaking bath (200 rpm, 37 ◦C). At different time points, the 
size and size distribution were measured with DLS. 

The GSH-responsivity of SP94-PS-DOX was investigated in PB (10 
mM) at pH 7.4. Briefly, SP94-PS-DOX dispersion was deoxygenated by 
bubbling with nitrogen for 10 min. GSH solution was added giving 10 
mM GSH in the dispersion. The dispersion was shaken (200 rpm) at 37 
◦C. At prescribed time points, the sizes of polymersomes were measured 
using DLS. Samples without GSH were used as a control. 

2.4. In vitro drug release 

The release studied were performed at 37 ◦C by dialyzing 0.5 mL of 
SP94-PS-DOX or PS-DOX dispersions (50 mg/L) in dialysis tube (MWCO 
3500 Da) against 24.5 mL PB (10 mM, pH 7.4) or PB containing 10 mM 
GSH (n = 3). At prescribed time points, 5 mL of release media was 
sampled. 5 mL of fresh medium was immediately added to keep the 
volume unchanged. The concentration of DOX in the samples was 
measured by the fluorometry. The results are presented as mean ±
standard deviation (SD). 

2.5. SP94 peptide density screening and intracellular DOX release 

To optimize the density of SP94 peptide, the internalization of SP94- 
PS-DOX with different molar ratios (10, 20, and 30 %) of SP94 peptide 
was examined in SMMC-7721 cells by flow cytometry. L929 cells and 
SP94 peptide (500 μg/mL, 2 h) pretreated SMMC-7721 cells were used 

Table 1 
Characterization of SP94-PS-DOX with SP94 density of 30 % and PS-DOX.  

Formulation 
DLC (wt.%) DLEa 

(%) 
Sizeb 

(nm) PDIb 

Theory Determineda 

SP94-PS-DOX 
9.1 5.4 57.2 74 0.10 
16.7 9.9 55.4 76 0.13 
23.1 14.9 50.3 80 0.18 

PS-DOX 
9.1 5.3 56.1 73 0.12 
16.7 9.6 53.5 72 0.12 
23.1 15.0 50.8 77 0.18  

a Measured by fluorometry. 
b Measured by DLS at 25 ◦C in PB (pH 7.4, 10 mM). 

Fig. 1. Properties of SP94-PS-DOX and PS-DOX. (A) DLS curves of SP94-PS-DOX with different SP94 surface densities and TEM image of SP94-PS-DOX with 30 % 
SP94. (B) The stability of SP94-PS-DOX (1 mg/mL) against 100-fold dilution and 10 % serum for 24 h. (C) GSH-triggered size change of SP94-PS-DOX in PB (pH 7.4, 
10 mM) at 37 ◦C in time. (D) GSH-triggered drug release from SP94-PS-DOX and PS-DOX in PB at 37 ◦C. 
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Fig. 2. Influence of SP94 peptide density on internalization of SP94-PS-DOX in SMMC-7721 (A) and L929 cells (B) after 0.5 h incubation (DOX dosage: 10 μg/mL) 
determined by flow cytometry. Confocal images of SMMC-7721 cells following 0.5 h treatment with varying formulations and additional culture in fresh medium for 
2 h (C) or 4 h (D). The inhibitive experiment was carried out via preincubating cells with free SP94 peptide (500 μg/mL) for 2 h. Scale bar: 25 μm. 

Fig. 3. MTT assays of SP94-PS-DOX and PS-DOX (A) and blank SP94-PS and PS (B). Lipo-DOX was used as a control. SMMC-7721 cells were incubated with drugs or 
blank polymersomes for 0.5 h and then cultured in renewed medium for 72 h (n = 4). 
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as controls. 
The internalization of different formulations was also investigated 

using confocal laser scanning microscopy (Leica TCS SP5, Wetzlar, 
Germany). Briefly, SMMC-7721 cells (400 μL, 3 × 104 cells/well) were 
seeded on glass coverslips in a 24-well plate for 24 h. 100 μL of SP94-PS- 
DOX or PS-DOX was added giving a drug concentration of 10 μg DOX/ 
mL. After 0.5 h incubation, the medium was discarded. Fresh medium 
was added and the cells were further cultured for 2 or 4 h. The inhibitive 
experiments were carried out by pretreating SMMC-7721 cells with 
SP94 peptide (500 μg/mL, 2 h) prior to adding SP94-PS-DOX. 

2.6. In vivo pharmacokinetics 

All animal experiment protocols were approved by the Animal Study 
Committee of Soochow University. To evaluate the pharmacokinetics of 
different formulations, female Balb/c mice were intravenously injected 
with SP94-PS-DOX or PS-DOX (10 mg DOX /kg), about 50 μL of blood 
was withdrawn at varying time intervals, and the blood samples were 
put in heparin sodium pretreated centrifuge tube and centrifuged at 
3000 × g for 5 min. Then, 20 μL of serum in each sample was collected 
and 700 μL of DMSO solution of DTT (40 mM) was added to extract DOX. 
The drug level in the serum was determined by HPLC after 12 h incu-
bation of serum in DTT contained DMSO solution. The elimination half- 
life (t1/2, β) was calculated through fitting the experimental data with 
software Origin8 exponential decay 2 model: y = A1 exp(-x/t1) + A2 exp 
(-x/t2) + y0, with t1/2, β = 0.693 × t2. 

2.7. Ex vivo imaging and biodistribution studies 

The HCC-targeting ability of SP94-PS-DOX was studied by fluores-
cence imaging in subcutaneous and orthotopic SMMC-7721 liver tumor 
models. In brief, Balb/c nude mice with subcutaneous or orthotopic 
SMMC-7721 tumor xenografts were (n = 3) intravenously injected with 
200 μL of SP94-PS-DOX, PS-DOX or Lip-DOX in PB (10 mg DOX⋅HCl 
equiv./kg) (n = 3). After 12 h, the mice were cervical dislocated. The 
major organs and tumors were isolated, washed with PBS, and imaged 
using IVIS Lumina LT (Ex480 nm, Em 560 nm). 

The distribution of DOX in major organs and tumors was also 
quantitatively determined by extracting DOX from homogenized tissues 
with DMSO containing 40 mM DTT at 25 ◦C for 12 h, centrifuging at 
10,000 rpm for 20 min, and measuring DOX in the supernatant by HPLC 
(n = 3). 

2.8. In vivo therapeutic efficacy 

The nude mice with orthotopic SMMC-7721 HCC xenografts were 
intravenously injected with SP94-PS-DOX, PS-DOX, Lipo-DOX or PBS 

every 3 days for 15 days via tail veins (n = 6). The dosage was set at 5 or 
10 mg DOX/kg. The weights of mice were monitored every two days. At 
20 days post first injection, one mouse was executed and the major or-
gans (including tumoral liver) were isolated for taking photos and his-
tological analysis (Olympus BX41 digital microscope). The survival of 
the rest mice was monitored. The mouse was also considered dead when 
its abdomen was over 100 mm as a result of liver ascites. 

3. Results and discussion 

3.1. Fabrication of SP94-PS and SP94-PS-DOX 

SP94-PS-DOX was fabricated through post-modification of Mal-PS- 
DOX using SFSIIHTPILPLGGC by Michael addition reaction. Mal-PS- 
DOX was conveniently obtained via co-assembling of Mal-PEG-P(TMC- 
DTC) (Mn =24.3 kg/mol) and PEG-P(TMC-DTC) (Mn =21.8 kg/mol) 
and active loading of DOX⋅HCl, similar to previous reports [43,44]. We 
firstly investigated the conjugation efficiency of SFSIIHTPILPLGGC to 
blank Mal-PS by microBCA assay (Fig. S1). The results showed a high 
peptide conjugation efficiency of 93.3–95.3% for Mal-PS with Mal 
contents ranging from 10− 30 mol.% (Table S1), suggesting efficient 
post-modification of ligand. The Michael addition of Mal-PEG-P 
(TMC-DTC) and SFSIIHTPILPLGGC was further verified by 1H NMR 
analysis (Fig. S2), which showed complete disappearance of signals 
attributable to the Mal protons and appearance of resonances of 
SFSIIHTPILPLGGC peptide. As shown by Table 1, SP94-PS-DOX ach-
ieved good loading of DOX. Notably, SP94-PS-DOX displayed similar 
size, distribution and drug loading efficiency to PS-DOX at theoretical 
drug loading contents of 9.1, 16.7 or 23.1 wt.%, indicating that this 
post-modification fabrication strategy is robust and does not cause 
alternation of nanoformulations. Fig. 1A further shows that 
SP94-PS-DOX with different SP94 densities all had the same size dis-
tribution as PS-DOX and small size of about 70 nm, signifying that SP94 
decoration has little influence on PS-DOX. Transmission electron mi-
croscope (TEM) corroborated that SP94-PS-DOX held a vesicular struc-
ture. SP94-PS-DOX was stable under extensive dilution and serum 
conditions (Fig. 1B), as a result of disulfide crosslinking of the membrane 
[47]. Under 10 mM GSH condition, SP94-PS-DOX displayed fast 
expansion (Fig. 1C) and over 90 % DOX was released in 48 h (Fig. 1D). 
Hence, SP94-PS-DOX has kept high stability and reduction-sensitivity. 

3.2. In vitro selectivity and anticancer effect of SP94-PS-DOX 

It is known that peptide density is critical to the targetability of 
nanomedicines [48,49]. Here, we investigated the uptake of 
SP94-PS-DOX with peptide densities ranging from 10 %, 20%–30% in 
SMMC-7721 cells by flow cytometry. Fig. 2A clearly shows that the 
cellular uptake increased with increasing peptide density, in which ca. 
3-fold better uptake over PS-DOX was observed at a SP94 density of 30 
%. The competitive inhibition results showed no increase in uptake for 
SP94-PS-DOX when SMMC-7721 cells were pretreated with free SP94 
peptide. In contrast, little difference in cell internalization was found for 
SP94-PS-DOX and PS-DOX in normal L929 cells (Fig. 2B), supporting 
that SP94-PS-DOX is capable of specifically targeting to SMMC-7721 
cells. We chose SP94-PS-DOX with 30 % SP94 for further study. We 
did not go for higher peptide density in that high peptide surface density 
might cause increased non-specific interactions and shorten circulation 
time in vivo [50,51]. The active targeting ability of SP94-PS-DOX was 
also investigated via confocal microscopy. The cells following 0.5 h in-
cubation with SP94-PS-DOX were cultured in fresh medium for 2 or 4 h 
prior to confocal observation. As displayed in Fig. 2C and D, 
SP94-PS-DOX induced clearly stronger DOX fluorescence in SMMC-7721 
cells in comparison with PS-DOX and Lipo-DOX. Moreover, markedly 
reduced DOX fluorescence was spotted for SP94-PS-DOX in 
SP94-preincubated SMMC-7721 cells. The strong DOX signal 
throughout the whole cells including nuclei observed for SP94-PS-DOX 

Fig. 4. The pharmacokinetic profiles of SP94-PS-DOX and PS-DOX in Balb/c 
mice (n = 5). 
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Fig. 5. The distribution of SP94-PS-DOX and PS-DOX in subcutaneously and orthotopically xenografted SMMC-7721 tumor models. Lipo-DOX was used as a control. 
(A) The DOX fluorescence images of healthy organs and subcutaneously xenografted tumors at 12 h after injection. (B) Quantification of DOX in the healthy organs 
and tumors by HPLC (n = 3). (C) The DOX fluorescence images of healthy organs and orthotopic tumors at 12 h after injection. 
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group following 4 h culture suggests rapid cellular uptake and cyto-
plasmic DOX release. 

The antitumor efficacy of SP94-PS-DOX was assessed using MTT 
assay in SMMC-7721 cells. Fig. 3A displays that SP94-PS-DOX possessed 
higher potency to SMMC-7721 cells compared with non-targeted PS- 
DOX and Lipo-DOX (IC50 = 2.6 μg DOX equiv./mL versus 4.4 and 7.8 μg 
DOX equiv./mL, respectively). Of note, blank SP94-PS and PS exhibited 
little cytotoxicity to SMMC-7721 cells (Fig. 3B). These findings 
concluded that SP94-PS-DOX possesses a notable specificity and anti-
tumor efficacy to SMMC-7721 cells. 

3.3. The pharmacokinetic and biodistribution studies 

The pharmacokinetic studies were conducted in Balb/c mice. Fig. 4 
shows that SP94-PS-DOX had an elimination half-life (t1/2,β) of 3.8 h, 
which was nearly identical to PS-DOX. In comparison, a short t1/2,β of 
0.42 h was reported for DOX⋅HCl [52]. The biodistribution studies were 
performed in subcutaneous SMMC-7721 HCC xenografts. Fig. 5A reveals 
that SP94-PS-DOX treated mice at 12 h after injection had the strongest 
DOX fluorescence in the tumor. Importantly, little DOX fluorescence was 
spotted in the heart. Moreover, SP94-PS-DOX induced markedly stron-
ger tumor DOX fluorescence in comparison with non-targeted 

Fig. 6. The antitumor performance of SP94-PS- 
DOX and PS-DOX in orthotopically xenografted 
SMMC-7721 tumor models (n = 5). SP94-PS- 
DOX or PS-DOX was intravenously adminis-
tered at 5 or 10 mg DOX equiv./kg every three 
days for 15 days. (A) Mice body weight changes 
in 20 day. (B) Photographs of cancerous livers 
excised on day 21. (C) Survival rates (n = 5). 
Kaplan-Meier analyses: SP94-PS-DOX (10 mg 
DOX/kg) group versus all the other groups: **p 
< 0.01; SP94-PS-DOX (5 mg DOX/kg) versus PS- 
DOX (5 mg DOX/kg) and PBS: *p < 0.05.   

Fig. 7. The H&E analyses (×40 magnification) of major organs and cancerous liver of mice sacrificed on day 20 following different treatments (L and T indicate 
normal liver and tumor tissues, respectively). 
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polymersome and liposome injections. The notable DOX fluorescence 
indicates efficient release of DOX from SP94-PS-DOX [53]. The quanti-
tative determination of DOX with HPLC displayed a high DOX accu-
mulation of ca. 14.9 %ID/g in the tumor for SP94-PS-DOX, which was 
2–3 folds better over PS-DOX and Lipo-DOX (Fig. 5B). The results of 
tumor-to-normal tissue (T/N) ratios pointed out that SP94-PS-DOX held 
T/N ratios of 4.7–15.1, which greatly outperformed PS-DOX and 
Lipo-DOX (Table S2). Importantly, SP94-PS-DOX revealed a remarkable 
tumor-to-normal liver tissue ratio of 6.9, which was several folds higher 
than transferrin-functionalized PS-DOX [32]. Low tumor-to-normal liver 
tissue ratio is a prime challenge for HCC chemotherapy [54]. The human 
clinical studies revealed that galactose-functionalized PHPMA-doxor-
ubicin prodrug accumulated two times less in the liver tumor compared 
with normal liver tissue [55]. In addition, SP94-PS-DOX gave also a high 
tumor-to-heart ratio of 12.4, which would greatly lessen cardiotoxicity. 
We further performed the ex vivo imaging studies with orthotopic tumor 
xenografts. Interestingly, SP94-PS-DOX caused far more intense DOX 
fluorescence for tumor region than for the rest of liver and all other 
major organs (Fig. 5C). In contrast, there is no difference in DOX fluo-
rescence for PS-DOX in the tumor region and the rest of liver. The above 
observations corroborated a remarkable targetability of SP94-PS-DOX to 
SMMC-7721 tumor in vivo. 

3.4. Targeted chemotherapy of orthotopic liver tumor 

To investigate its targetability and efficacy, mice with orthotopic 
SMMC-7721 xenografts were injected with SP94-PS-DOX at 5 or 10 mg 
DOX/kg every three days for 15 days. Fig. 6A shows fast body weight 
increase for PBS treated mice, owing to wild tumor progression and 
severe liver ascites. Lip-DOX caused significant body weight loss as well 
as skin pelling and palmar-plantar syndrome, in line with previous re-
ports for liposomal DOX formulations [56,57]. We did not use higher 
dosage for Lipo-DOX due to its pronounced toxicity [58,59]. In com-
parison, loss of body weight was not detected for SP94-PS-DOX and 
PS-DOX groups, even at 10 mg DOX equiv./kg, indicating SP94-PS-DOX 
and PS-DOX presenting insignificant systemic toxicity. The photos of 
livers excised on day 21 showed that SP94-PS-DOX at a higher dose 
nearly completely eradicated HCC (Fig. 6B). In contrast, aggressive 
tumor invasion was witnessed for the PBS group. The mouse was 
declared dead when it’s naturally dead or abdominal circumference 
surpasses 10 cm due to liver ascites [44]. Fig. 6C shows that 
SP94-PS-DOX at a higher dose dramatically prolonged the survival of 
mice over PS-DOX and PBS control (MST: 76 versus 45 and 33 d, 
respectively). SP94-PS-DOX exhibited also better treatment efficacy at a 
lower dose than PS-DOX (MST: 48 versus 38 d). In comparison, Lipo-DOX 
did not improve the survival rate, due to its serious toxicity. Notably, Wu 
et al. reported that the decoration of Lipo-DOX with SP94 peptide was 
shown to only moderately enhance the inhibition of both subcutaneous 
and orthotopic HCC in vivo [36]. The better efficacy and lower toxicity of 
SP94-PS-DOX compared with liposomal system probably results from its 
improved stability and fast drug release in the target cells. H&E staining 
displayed that unlike Lipo-DOX, SP94-PS-DOX did not induce damage to 
liver and heart (Fig. 7, S3), in accordance with its notably low deposition 
in the normal liver and heart. Moreover, SP94-PS-DOX showed also little 
damage to spleen, lung and kidney. These results support that SP94 
peptide mediates highly specific delivery of polymersomal doxorubicin 
hydrochloride to SMMC-7721 tumor in vivo. The high targetability and 
reduced toxicity of SP94-PS-DOX lends it highly appealing as a novel 
targeted treatment modality for hepatocellular carcinoma. 

4. Conclusion 

In summary, SP94 peptide markedly improves the specificity, uptake 
and anticancer activity of polymersomal doxorubicin hydrochloride (PS- 
DOX) toward hepatocellular carcinoma, leading to potent repression of 
orthotopic liver tumor xenografts, increased survival, and lessened off- 

target side effects. Interestingly, SP94-decorated PS-DOX brings about 
a remarkably high tumor-to-normal liver tissue ratio of 6.9, signifying its 
superior hepatocellular carcinoma selectivity to previously reported 
nanoformulations. In addition, SP94-decorated PS-DOX has advanta-
geous features of facile fabrication, optimal sizes, good and stable drug 
encapsulation, and efficacious cytoplasmic drug release, which renders 
it a highly appealing targeted treatment modality for HCC. 
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