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Hepatocellular carcinoma (HCC) remains one of the most lethal malignancies. The current chemotherapy
with typically low tumor uptake and high toxicity reveals a poor anti-HCC efficacy. Here, we report
transferrin-guided polycarbonate-based polymersomal doxorubicin (Tf-Ps-Dox) as a low-toxic and
potent nanotherapeutic agent for effective treatment of liver tumor using a transferrin receptor (TfR)-
positive human liver tumor SMMC-7721 model. Tf-Ps-Dox was facilely fabricated with small size of ca.
75 nm and varying Tf densities from 2.2% to 7.0%, by postmodification of maleimide-functionalized Ps-
Dox (Dox loading content of 10.6 wt%) with thiolated transferrin. MTT assays showed that Tf-Ps-Dox
had an optimal Tf surface density of 3.9%. The cellular uptake, intracellular Dox level, and anticancer effi-
cacy of Tf-Ps-Dox to SMMC-7721 cells were inhibited by supplementing free transferrin, which supports
that Tf-Ps-Dox is endocytosed through TfR. Interestingly, Tf-Ps-Dox exhibited a high accumulation of 8.5%
ID/g (percent injected dose per gram of tissue) in subcutaneous SMMC-7721 tumors, which was 2- and 3-
fold higher than that of nontargeted Ps-Dox and clinically used liposomal Dox formulation (Lipo-Dox),
respectively. The median survival times of mice bearing orthotopic SMMC-7721 tumors increased from
82, 88 to 96 days when treated with Tf-Ps-Dox at Dox doses from 8, 12 to 16 mg/kg, which was signifi-
cantly longer than that of Ps-Dox at 8 mg/kg (58 days) and Lipo-Dox at 4 mg/kg (48 days) or PBS
(36 days). Notably, unlike Lipo-Dox, no body weight loss and damage to major organs could be discerned
for all Tf-Ps-Dox groups, indicating that Tf-Ps-Dox caused low systemic toxicity. This transferrin-dressed
polymersomal doxorubicin provides a potent and low-toxic treatment modality for human hepatocellu-
lar carcinoma.

Statement of Significance

Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related death worldwide. Vast
work has focused on developing HCC-targeted nanotherapeutics. However, none of the nanotherapeutics
has advanced to clinics, partly because the ligands used have not been validated in patients. Transferrin
(Tf) is a natural ligand for transferrin receptor (TfR) that is overexpressed on cancerous cells, and it is cur-
rently under clinical trials (MBP-426 and CALAA-01) for the treatment of solid tumors. We designed Tf-
functionalized polymersomal doxorubicin (Tf-Ps-Dox) for targeted therapy of orthotopic SMMC-7721
tumor in nude mice. Tf-Ps-Dox showed potent anti-HCC efficacy and significantly improved survival time
with low toxicity as compared with nontargeted Ps-Dox and clinical liposomal Dox (Lipo-Dox). Hence, Tf-
Ps-Dox is very appealing for targeted treatment of HCC.

� 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Hepatocellular carcinoma (HCC) is the leading cause of cancer-
related death worldwide [1]. The major clinical treatments for HCC
include conventional surgery, liver transplantation, trans-arterial
chemoembolization, and small kinase inhibitors [2–4]. Traditional
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chemotherapeutic agents are not effective and further associated
with severe side effects as a result of poor HCC-specificity [5].
The development of HCC-targeted nanotherapeutics has been
regarded as a valuable solution to HCC chemotherapy [6–18]. Anti-
bodies and peptides were routinely used as targeting ligands for
HCC treatment. For instance, CD44 antibody-targeted liposomal
nanoparticles were used for molecular imaging and therapy of
HCC [19]. The SP94 peptide-decorated Pt nanocluster assembly
was used to overcome cisplatin resistance for anti-HCC therapy
[20]. However, none of these novel HCC-targeted nanoformula-
tions has moved forward to clinical trials, partly because these tar-
geting ligands have not been validated in patients. Furthermore,
although galactosamine-PHPMA-GFLG-Dox (PK2) has been trans-
lated to human clinical trials, the expression of the asialoglycopro-
tein receptor (ASGP-R) on mammalian hepatocytes leads to low
HCC-specificity [21].

Transferrin receptor (TfR) is overexpressed on many cancerous
cells including SMMC-7721 [22], MDA-MB 231 [23], U87-MG
[24], and A549 cells [25] owing to abnormal iron metabolism
[26]. Transferrin (Tf), an endogenous protein that serves to translo-
cate iron into TfR-overexpressed cells, is known as a natural ligand
for TfR [27]. Tf has been employed as a specific carrier for different
drugs [28,29] or targeting ligand for various nanoformulations
[30–37]. Notably, several targeted nanomedicines homing to TfR
are currently under clinical trials [38]. For instance, Tf-modified
lipid formulation of oxaliplatin, MBP-426, from Mebiopharm has
entered Phase II clinical trials for metastatic gastric, gastro-
esophageal junction, and esophageal adenocarcinoma [39]. Tf-
targeted RRM2 siRNA formulation, CALAA-01, from Calando Phar-
maceuticals has been tested for the treatment of patients with
solid tumor [40,41].

Here, we report on Tf-functionalized, polycarbonate-based
polymersomal Dox (Tf-Ps-Dox) for targeted therapy of orthotopic
SMMC-7721 HCC in nude mice (Scheme 1). The polymersomes
were prepared by co-self-assembly of biodegradable copolymer
Scheme 1. Schematic illustration of preparation of transferrin-guided, reduction-respon
targeted therapy of orthotopic hepatocellular carcinoma of Tf-Ps-Dox in vivo (B).
poly(ethylene glycol)-b-poly(trimethylene carbonate-co-
dithiolane trimethylene carbonate) (mPEG-P(TMC-DTC),
Mn = 5.0–14.8–1.9 kg/mol) and maleimide-functionalized copoly-
mer (Mal-PEG-P(TMC-DTC), Mn = 7.5–15.5–2.2 kg/mol). We
reported that the Ps-Dox has outstanding stability, high tolerabil-
ity, and reduction-triggered drug release behavior [42]. The high
stability of Ps-Dox allows facile surface conjugation with targeting
ligands by the postmodification method. In this study, the post-
modification of Ps-Dox with Tf, the influence of Tf density on tar-
geting ability of Ps-Dox, and the therapeutic efficacy of Tf-Ps-Dox
toward TfR-overexpressing hepatocellular carcinoma were
investigated.
2. Experimental section

2.1. Formation of maleimide-functionalized polymersomal doxorubicin
(Mal-Ps-Dox)

Mal-Ps-Dox was obtained first by self-assembly of poly(ethy-
lene glycol)-b-poly(trimethylene carbonate-co-dithiolane tri-
methylene carbonate) (mPEG-P(TMC-DTC)) and maleimide-
functionalized copolymer Mal-PEG-P(TMC-DTC) and then by active
loading of Dox�HCl using a pH-gradient method [42]. In a typical
example, 100 lL of DMF solution of the mPEG-P(TMC-DTC) and
Mal-PEG-P(TMC-DTC) mixture (molar ratio = 95/5, polymer con-
centration = 40 mg/mL) was added dropwise into 900 lL of citric
acid buffer (10 mM, pH 4.0). After standing still for 1 h, the pH
was adjusted to 7.8 using saturated Na2HPO4 solution. Then
160 lL of Dox�HCl aqueous solution (5 mg/mL, theoretical drug
loading content (DLC) = 16.7 wt%) was added and incubated at
37 �C for 12 h under mild stirring before 6 h dialysis (MWCO
7000 Da). During the workup procedure, the thus-obtained Mal-
Ps-Dox was self-crosslinked. The Dox loading level was quantified
using UV–Vis spectroscopy (UH5300, Hitachi, Japan) at an excita-
sive and reversibly cross-linked polymersomal doxorubicin (Tf-Ps-Dox) (A), and the
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tion wavelength of 480 nm. Drug loading efficiency (DLE) and DLC
were determined using the following formula:

DLE (%) = (weight of loaded Dox/weight of Dox in feed) � 100
DLC (wt.%) = (weight of loaded Dox/total weight of polymer and
Dox) � 100.

2.2. Preparation of Tf-Ps-Dox

Tf-Ps-Dox was prepared by postmodification of Mal-Ps-Dox
with thiolated transferrin (Tf-SH). Tf was thiolated using 2-
iminothiolane hydrochloride (Traut’s Reagent, TRC) under nitrogen
atmosphere. In brief, 22 lL of TRC solution (10 mg/mL) in 10 mM
HEPES (pH 8.0) containing 2 mM EDTA was added into 1 mL of Tf
solution (10 mg/mL) in the same media, to result in a final TRC/
Tf molar ratio of 10/1. The reaction proceeded at 37 �C for 1 h.
The excess TRC was removed by repeated centrifugal ultrafiltration
(Millipore, MWCO 10,000 Da). The extent of thiolation as deter-
mined by Ellman’s assay [43] was four thiol groups per transferrin.
Then, Tf-SH was added into 1 mL freshly obtained Mal-Ps-Dox at a
molar ratio of Tf-SH/Maleimide of 2/1. After reaction at 37 �C for
8 h, free Tf was removed by centrifugal ultrafiltration (Millipore,
MWCO 100,000 Da) twice at 3000g for 10 min. Tf was quantified
using BCA assays based on a standard curve of protein solutions
of known concentrations, and the conjugation efficiency (the ratio
of Tf and polymer) was then calculated.

2.3. MTT assays

Human hepatocellular carcinoma SMMC-7721 cells were
seeded in a 96-well plate (5 � 103 cells/well) for 24 h to reach
70% confluence. Tf-Ps-Dox (5 lg Dox/mL; 20 lL) with Tf molar con-
tents of 2.2%, 3.9%, 6.0%, and7.0% was added to the cells, and the
plate was incubated for 2 h. The media were substituted with fresh
media, and the cells were cultured further for 70 h. MTT in PBS
(10 lL, 5 mg/mL) was then added to the cells for 4 h before adding
150 lL of DMSO to dissolve MTT-formazan. The absorbance at
492 nm was measured using a microplate reader. The cells were
co-incubated with 20-fold excess transferrin (1 mg/mL) and Tf-
Ps-Dox for 2 h to verify the receptor-mediated endocytosis mech-
anism. Tf-Ps-Dox was used as controls.

2.4. Flow cytometry and confocal laser scanning microscopy (CLSM)
studies

Flow cytometry was employed to investigate the cellular uptake
of Tf-Ps-Dox. SMMC-7721 cells seeded in a 6-well plate (5 � 105

cells/well) were incubated with Tf-Ps-Dox (Tf molar contents of
2.2%, 3.9%, 6.0%, and 7.0%), Ps-Dox (10 lg DOX/mL), and PBS at
37 �C for 2 h. To prove receptor-mediated endocytosis, 20-fold
excess transferrin (1 mg/mL) was co-incubated with Tf-Ps-Dox.
After washing twice with PBS, the cells were detached, centrifuged,
dispersed in 500 lL of PBS, and immediately measured using a BD
FACSCalibur Flow Cytometer at FL2-channel (ex. 488 nm, em.
560 nm). For each sample, 10,000 events were collected.

For CLSM measurements, Tf-Ps-Dox was added (100 lL, 10 lg
DOX/mL) to SMMC-7721 cells seeded on coverslips in a 24-well
plate. After 2 h, the cells were fixed with 4% paraformaldehyde
solution and the nuclei were stained with 40,60-diamidino-2-pheny
lindole (DAPI) for 10 min before CLSM observation. PBS washing
(�3) was applied between two steps. The inhibition experiment
was conducted by adding 20-fold excess transferrin (1 mg/mL) in
the culture medium. The same settings of CLSM were used for both
groups. A 405 nm diode laser was selected for DAPI channel, and
the laser power was adjusted to 3%. An argon laser was selected
for doxorubicin acquisition, and the power was adjusted to 13%.
The scan speed was 200 Hz, with a resolution of 1024 � 1024.
The PMT intensity of DAPI was 20% and 60% for doxorubicin smart
gain (HyD), respectively.
2.5. Animal models

The subcutaneous and orthotopic liver tumor models in female
BALB/c nude mice were established [6] by inoculating SMMC-7721
cells (1 � 106 per mouse) in 50 lL of PBS containing BD Matrigel
into right hind flank of 5-week-old mice or into the right upper
liver lobe of 6-week-old mice, respectively. The orthotopic liver
tumor was used for therapeutics studies 12 days after inoculation.
Mice with a subcutaneous tumor size of 200–300 mm3 were used
for studies of biodistribution and imaging. Animals were handled
under protocols approved by Soochow University Laboratory Ani-
mal Center, and the Animal Care and Use Committee of Soochow
University.
2.6. In vivo pharmacokinetics and biodistribution of Tf-Ps-Dox

Tumor-free BALB/c mice were injected with 200 lL of Tf-Ps-
Dox, Ps-Dox, or clinically used liposomal formulation (Lipo-Dox)
at DOX dose of 4 mg/kg through tail veins (n = 3). At predeter-
mined time points, approximately 20 lL of blood was withdrawn
from the retro-orbital sinus of mice into heparinized tubes and
immediately centrifuged. The plasma was taken and incubated
overnight with 500 lL of DMF containing 20 mM DTT at 25 �C.
After centrifugation, Dox in the supernatant was quantified using
a fluorometer (Cary Eclipse, ex. 488 nm, em. 560 nm) and plotted
as a function of time. The elimination half-lives and the area under
the curve were derived.

In vivo targetability of Tf-Ps to subcutaneous SMMC 7721 tumor
was investigated using near-infrared fluorescence imaging tech-
nique. Cy5-labeled polymer was incorporated to form Tf-Ps-Cy5
and Ps-Cy5, respectively. Briefly, 200 lL of Tf-Ps-Cy5 or Ps-Cy5
was i.v. injected into mice-bearing subcutaneous SMMC-7721
tumor (1.5 lg Cy5 equiv./mouse, n = 3). The fluorescence images
were acquired at varied time intervals.
2.7. Anticancer therapy of Tf-Ps-Dox in mice bearing orthotopic
SMMC-7721 tumor

The mice bearing orthotopic tumor were randomly grouped
(n = 6), and 200 lL of Tf-Ps-Dox was injected through tail veins
every four days (Dox dose: 8, 12, or 16 mg/kg, total 8 injections).
Controls included PBS, Lipo-Dox (4 mg/kg), and Ps-Dox (8 mg/kg).
Body weights of the mice were measured every two days and nor-
malized to their initial weights. One mouse in each group was sac-
rificed on day 44, and heart, liver, spleen, lung, and kidney were
taken for imaging and histological analyses (H&E staining and
TUNEL staining). The survival rates, behavior changes, and liver
ascites of the rest mice (n = 5) were monitored with time. Mice
were also considered dead when the abdominal circumferences
reached 100 mm due to liver ascites.
2.8. Statistical analysis

Difference between groups was determined using one-way
ANOVA with Tukey multiple comparisons tests using Prism 7.
Kaplan–Meier survival curves were constructed by log-rank test
for comparisons using Prism 7. *p < 0.05 was considered significant,
and **p < 0.01 and ***p < 0.001 were highly significant.
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3. Results and discussion

3.1. Formation of Tf-Ps-Dox

Transferrin-guided polymersomal doxorubicin (Tf-Ps-Dox) was
obtained by postmodification of maleimide-functionalized poly-
mersomal doxorubicin (Mal-Ps-Dox) with thiolated transferrin
(Tf-SH) (Scheme 1A). PEG-P(TMC-DTC) was selected in this study
mainly owing to its unique features including biocompatibility,
robust capacity of forming polymersome and Dox loading, reduc-
tion triggered drug release, decent stability, and facile surface func-
tionalization for cellular targeting. Tf-SH was acquired with ca. 4
thiol groups per molecule, as shown by Ellman’s assays, through
treating Tf with Traut’s Reagent under oxygen-free conditions at
37 �C for 1 h. Mal-Ps-Dox was fabricated with varying Mal molar
surface densities from 3% to 10% and fixed Dox theoretical loading
content of 16.7 wt%, from mPEG-P(TMC-DTC) and Mal-PEG-P
Table 1
Characterization of Tf-Ps-Dox with varying Tf surface densities (Theoretical Dox loading c

Entry Mal molar ratio (%) Tf surface density (%)a Conjugation e

1 3 2.2 73
2 5 3.9 78
3 8 6.0 75
4 10 7.0 70

a Determined by BCA assay.
b Determined by DLS.
c Determined by UV spectroscopy.

Fig. 1. In vitro characterization of Tf-Ps-Dox. (A) Hydrodynamic size distribution. (B) Flow
Tf surface densities. Dox-loaded Ps and PBS were used as controls. (C) Viability of SMMC-7
of culture in fresh medium. (D) MTT assays of Tf-Ps-Dox to SMMC-7721 cells after 2 h o
(TMC-DTC), as reported previously for peptide-functionalized
polymersomal doxorubicin [42,44]. The results showed that at a
Tf-SH/Mal molar ratio of 2/1, rather consistent Tf conjugation effi-
ciencies (70%–78%) as those of Mal-Ps-Dox, determined by BCA
assays, were obtained (Table 1). Tf-Ps-Dox with Tf densities of
2.2%, 3.9%, 6.0%, and 7.0% were fabricated from Mal-Ps-Dox with
Mal densities of 3%, 5%, 7%, and 10%, respectively. Notably, all four
Tf-Ps-Dox exhibited a similar Dox loading content (10.1–10.6 wt%),
small size (73–75 nm), and low polydispersity. Fig. 1A presents a
typical size distribution profile of Tf-Ps-Dox. As expected, Tf-Ps-
Dox was stable against extensive dilution or 10% serum (Fig. S1),
owing to automatic disulfide-crosslinking of the membrane during
fabrication [45–47]. The release mechanism of Dox from the poly-
mersomes could be ascribed to the enhanced permeation of poly-
mersomal membrane resulting from the de-crosslinking of
polymersomes as triggered by the intracellular reduction environ-
ment (2–10 mM GSH).
ontent = 16.7 wt%).

fficiency (%) Size (nm)b PDIb DLCc (wt.%) DLEc (%)

73 ± 1 0.15 10.1 56
75 ± 2 0.16 10.6 59
75 ± 2 0.16 10.4 58
74 ± 2 0.17 10.5 58

cytometry of SMMC-7721 cells after 2 h of cultivation with Tf-Ps-Dox with varying
721 cells after 2 h of incubation with Tf-Ps-Dox or Lipo-Dox (5 lg Dox/mL) and 70 h
f incubation and 70 h of culture in fresh medium.



Fig. 2. The inhibition of cellular uptake and cell viability of SMMC-7721 cells treated by Tf-Ps-Dox for 2 h with or without adding 20 times excess free Tf, as measured by (A)
flow cytometry, (B) MTT assays, and (C) CLSM images. Scale bar: 20 lm.

Fig. 3. In vivo imaging, biodistribution, and pharmacokinetics studies. (A) NIR images of mice bearing SMMC-7721 tumor at various time points after i.v. injection of Cy5-
labeled Tf-Ps or Ps. (B) In vivo biodistribution of Dox in SMMC-7721 tumor-bearing mice treated by Tf-Ps-Dox (Dox dose: 10 mg/kg) at 6 h post injection. (C) Pharmacokinetics
of Tf-Ps-Dox in BALB/c mice (Dox dose: 4 mg/kg). One-way ANOVA and Tukey multiple comparison tests, **p < 0.01.
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3.2. Specific antitumor effect of Tf-Ps-Dox toward SMMC-7721 cells

SMMC-7721 cells overexpressing transferrin receptor (TfR) [22]
were employed to study the targetability of Tf-Ps-Dox. Flow
cytometry showed that all four Tf-Ps-Dox formulations afforded
approximately 2-fold higher cellular uptake than Ps-Dox
(Fig. 1B), signifying that Tf-Ps-Dox could target to SMMC-7721
cells and Tf surface density is not critical for cell entry. Interest-
ingly, MTT assays revealed that the antitumor activity of Tf-Ps-
Dox is, however, highly dependent on Tf density, in which Tf-Ps-
Dox with a Tf density of 3.9% produced the highest inhibitory effect
to the cells (Fig. 1C). This is possibly due to the saturation of mem-
brane TfR and/or too high avidity of Tf-Ps-Dox at high ligand den-
sities to TfR. Davis et al. reported that a minimum Tf density was
needed for efficient targeting in vivo [31], while too high or too
low avidity of Tf to membrane TfR could lead to reduced tumor
accumulation [48]. These results also indicate that Tf density has
a great influence on the intracellular trafficking and/or drug release
of Tf-Ps-Dox. We hereafter in later investigations selected Tf-Ps-
Dox at a Tf density of 3.9% and referred it to Tf-Ps-Dox if not other-
wise specified. Tf-Ps-Dox displayed a half-maximal inhibitory con-
centration (IC50) toward SMMC-7721 cells of approximately 6.8 lg
Dox equiv./mL, which, although higher than free Dox, was 2 times
lower than that of Ps-Dox (Fig. 1D). Free Dox is known to be highly
toxic to cells. The high systemic toxicity largely limits its direct
application in vivo.
Fig. 4. In vivo antitumor activity of Tf-Ps-Dox in orthotopic SMMC-7721 tumor-bearing
body weight changes. (B) Survival curves. Statistical analysis (Kaplan–Meier analysis, log
Dox (8 mg/kg) vs. Lipo-Dox (4 mg/kg): n.s.; Tf-Ps-Dox (8 mg/kg) vs. Lipo-Dox (4 mg/kg
*p < 0.05. (C) The photograph of livers excised on 44 days. (D) Images of H&E and TUNE
(8 mg/kg). Scale bar: 50 lm.
To verify that Tf-Ps-Dox was taken up by SMMC-7721 cells
through TfR-mediated endocytosis, we performed competitive
inhibition studies by co-incubating cells with 20-fold excess free
Tf. Flow cytometry showed clearly that uptake of Tf-Ps-Dox by
SMMC-7721 cells was reduced to half when co-incubated with free
Tf (Fig. 2A), proving a TfR-mediated uptake mechanism for Tf-Ps-
Dox. Accordingly, the IC50 of Tf-Ps-Dox was also truncated to half
by co-incubation with 20-fold excess of free Tf (Fig. 2B), becoming
similar to that of the non-targeted Ps-Dox. CLSM images showed
that Tf-Ps-Dox-treated cells had much more intense Dox fluores-
cence than the free Tf co-cultured group (Fig. 2C). All the above
results support that Tf-Ps-Dox actively targets to SMMC-7721 hep-
atocellular carcinoma cells through TfR.

3.3. In vivo biodistribution and pharmacokinetics

The in vivo fluorescence images of subcutaneous SMMC-7721
tumors monitored over time following i.v. injection of Cy5-
labeled blank Tf-Ps showed fast and obviously better tumor accu-
mulation than Cy5-labeled blank Ps (nontargeted control), in
which maximum Cy5 fluorescence in tumor was discerned at 6 h
postinjection (Fig. 3A). Then Dox contents in the tumors and major
organs of mice treated by Tf-Ps-Dox at 6 h post-injection were
quantified, and the tumor accumulation of 8.5% ID/g was achieved,
which was, respectively, ca. 2 or 3 times that of Ps-Dox or Lipo-
Dox, respectively (Fig. 3B). This targeted tumor accumulation of
mice (n = 6) with drug administration every 4 days (total 8 injections). (A) Relative
-rank test): Ps-Dox (8 mg/kg) vs. PBS: **p < 0.01; Lipo-Dox (4 mg/kg) vs. PBS: n.s.; Ps-
) and Ps-Dox (8 mg/kg): **p < 0.01; Tf-Ps-Dox (16 mg/kg) vs. Tf-Ps-Dox (8 mg/kg):
L stained tumor slices from mice treated with PBS, Ps-Dox (8 mg/kg), or Tf-Ps-Dox



Fig. 5. H&E-stained heart, liver, spleen, lung, and kidney sections excised from mice after different treatments (400�). Scale bar: 50 lm.
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the drug was higher than that of Dox-loaded folic acid-modified
nanoparticles (5% ID/g) [49]. The similar enhanced tumor uptake
(ca. 3-fold) was found for PTX-loaded glycyrrhizin-directed
nanoparticles [50]. In contrast, no significant difference in the
Dox level was detected in the major organs for Tf-Ps-Dox and Ps-
Dox. Hence, these results indicate that Tf can specifically improve
the HCC accumulation of Ps-Dox.

We further investigated the pharmacokinetics of Tf-Ps-Dox in
BALB/c mice. It was showed that Tf-Ps-Dox could circulate for a
long time in mice and had an elimination half-life was 8.7 h, which
was comparable to that of nontargeted Ps-Dox (8.2 h) but shorter
than Lipo-Dox (16.9 h, Fig. 3C). The results prove that Tf-Ps-Dox
indeed has remarkable in vivo stability and that the Tf-
functionalization does not shorten their blood circulation.

3.4. Therapy of mice with orthotopic SMMC-7721 tumor

These tumor-bearing mice that received only PBS developed
severe liver ascites starting from 26 days post tumor inoculation
and abnormal increase in body weights (Fig. 4A). The mice became
apathetic and weak with time. These results indicate successful
establishment of orthotopic SMMC-7721 tumor in the liver. During
the treatment, the mice were judged dead if body weight loss was
more than 15% as compared to the original weight or if the abdom-
inal circumference exceeded 100 mm. All PBS-treated mice died
within 42 days (Fig. 4B). In sharp contrast, the mice that received
Tf-Ps-Dox treatment at varying doses from 8, 12, to 16 mg/kg every
4 days (8 injections in total) were mostly without liver ascites in
40 days, in which the increase in body weights was largely inhib-
ited (Fig. 4A). The nontargeted Ps-Dox group revealed, although
some antitumor effect, apparently more liver ascites and body
weight increase than the Tf-Ps-Dox group. Considering the injec-
tion frequency and the total dose of Dox, Lipo-Dox at 8 mg/kg
was not studied for comparison owing to serious side effects
[51]. Lipo-Dox (4 mg/kg) was selected as control instead. However,
it also caused systematic toxicity over repeated intravenous injec-
tion, including significant body weight loss (Fig. 4A) and pro-
nounced hand-food syndrome (HFS) of the mice. Similarly,
Webster et al. reported that galactosylated chitosan triptolide
nanoparticle-treated mice with orthotopic HCC only revealed
slight body weight change, in contrast to an apparent weight loss
of the nontargeted group resulting from severe side effects and sig-
nificant body weight increase in the PBS group [52]. As shown in
the survival curves, Lipo-Dox treatment to the mice did not
improve the survival rate as compared to the PBS group (Fig. 4B).
The survival rate was, however, significantly improved by treating
with Ps-Dox or Tf-Ps-Dox at 8 mg/kg, in which the median survival
times were 58 and 82 days, respectively. In addition, the median
survival times could be further increased to 88 and 96 days by
increasing the dose of Tf-Ps-Dox to 12 and 16 mg/kg, respectively.
Of note, 1 out of 5 mice receiving Tf-Ps-Dox (16 mg/kg) revealed
complete regression (CR). This median survival time was much
longer than that of 5-fluorouracil nanoparticle-treated mice with
orthotopic SMMC-7721 tumor (35 days) [53].
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Fig. 4C shows the ex-vivo photographs of livers excised from dif-
ferent treatment groups on day 44. At 8 mg/kg, Tf-Ps-Dox induced
apparently better tumor suppression than Ps-Dox. Notably, the
mice treated with Tf-Ps-Dox at 12 and 16 mg/kg bare significantly
fewer tumor spots in the livers. The histological assays of H&E or
TUNEL stained slices of orthotopic liver tumors displayed distinct
differences between PBS, Ps-Dox, and Tf-Ps-Dox groups. From
TUNEL assays, the Tf-Ps-Dox group showed significant decrease
of tumor burden and increase of tumor apoptosis compared with
the PBS group (Fig. 4D). While in H&E-stained tumor slices, Tf-
Ps-Dox-treated tumors displayed much more nuclear-lysis, incom-
plete cell membrane, and cell shrinkage than the Ps-Dox group, in
contrast to the PBS group. In addition, H&E-stained slices of the
major organs exhibited that Tf-Ps-Dox instigated no obvious side
effects to normal organs (Figs. 5, S2). However, Lipo-Dox caused
damage not only to the liver but also to the heart tissue. For
instance, after repeated injection of Lipo-Dox, the liver tissue struc-
ture became incomplete, the liver plate was not arranged neatly,
and some hepatocyte nuclear vacuolar degeneration occurred
(Fig. S3). In addition, abnormal shape and arrangement was found
in cardiomyocytes.

4. Conclusion

We have established that transferrin-guided polymersomal
doxorubicin (Tf-Ps-Dox) can be easily fabricated with controlled
transferrin density, small size, and high drug loading through
ligand postmodification strategy. Functionalization of Ps-Dox with
3.9% Tf caused better uptake and specific antitumor effect toward
transferrin receptor overexpressed human SMMC-7721 cells. In
vivo experiments revealed that Tf-Ps-Dox can actively target to
orthotopic SMMC-7721 tumor in mice, leading to 2–3 times better
tumor accumulation and significantly improved survival time than
non-targeted Ps-Dox and clinically viable liposomal Dox formula-
tion (Lipo-Dox). Particularly, Tf-Ps-Dox at doses of 8 to 16 mg/kg
resulted in visibly lesser systemic toxicity than Lipo-Dox at 4 mg/
kg. Transferrin-guided polymersomal doxorubicin has appeared
to be appealing for targeted hepatocellular carcinoma
chemotherapy.
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