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Abstract

Virus-mimicking particles have made great contribution to the development of nanomedicine. Herein, several modularized peptides
(lipophilic NS5A peptide, 6xHis tag, and tumor-targeting peptide RGD) were genetically inserted into the C-terminus and the major
immunodominant loop region (MIR) of hepatitis B core protein (HBc), respectively. This study demonstrated that the recombinant HBc-
based VLPs could participate in self-assembly of monodisperse nanoparticles (33.6 ± 3.5 nm) with well-defined morphology, and DOX can
be packaged into VLNPs without any chemical modification. Moreover, the HBc-based VLPs could specifically target to cancer cells via the
interaction with overexpressed integrin αvβ3. The treatment with DOX-loaded HBc-based VLPs showed a significant inhibition of tumor
growth (90.7% TGI) and less cardiotoxicity in B16F10 tumor-bearing mice models than that with the free DOX. Importantly, the results may
offer an easy way to give a variety of ideal functional modulations for VLPs, thereby extending its potential biomedicine applications.
© 2017 Elsevier Inc. All rights reserved.
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Nanotechnology has made a considerable progress for medicine
over the last decade.1 Currently many nanomaterials, are under
investigation for drug delivery and more specifically for cancer
therapy.2 In general, the nanostructured drug formulation can
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overcome the drawbacks of the conventional ones; they might
offer an opportunity to enhance the therapeutic efficacy and to
minimize the adverse effects associated with small-molecule
chemotherapeutics.3 The use of conventional nanoparticulates
such as liposomes, and micelles for drug delivery has
been extensively investigated but many issues still exist that
raise concern about stability, chemical complexity and
heterogeneity.4–6 A wide variety of inorganic nanoparticles with
unique properties are being explored as delivery vehicles;
unfortunately, there is a severe lack of clinically approved
inorganic nanoparticle products.7,8

From the perspective of nanoscience and nanotechnology,
the self-assembled virus-like particles (VLPs), which resemble
viruses but contain non-viral genetic materials, could offer a
scaffold for delivery of a wide range of chemotherapeutics or
Bc virus-like particles for encapsulation and tumor-targeted delivery of
ano.2017.12.002
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biomolecules, and share important features that are quite unusual in
non-natural, non-protein nanoparticles.9 These main strengths
include: (i) biocompatibility and biodegradability10; (ii) mono-
dispersity, precisely defined composition and molecular structure11;
(iii) suitability for the tailoring of their structure, properties and
function by using protein engineering and recombinant DNA
techniques12; (iv) capacity to self-assemble and a relatively large
cavity13; (v) multivalency for chemical functionalization or genetic
modification.14,15 Hence, VLPs are a platform that provides not
only the solution for the encapsulation of chemotherapeutics and
other small molecules, but also an opportunity for the approaches of
tumor-targeting. In recent years, several groups have shown that
VLPs can covalently encapsulate some anti-tumor drugs, and other
small molecules inside the cavity.16–19 However, non-covalent
methods, which do not require modification of the chemotherapeu-
tics, should be more ideal as it could preserve the pharmacological
activity of the loading drugs.20

Among different types of VLPs, hepatitis B core protein (HBc)
VLP is the most flexible and successful model for fundamental and
applied biomedical studies.21 The recombinant HBc VLPs are
represented by the same two isomorphs with triangulation numbers
T = 4 and T = 3; they consist of 240 and 180 HBc monomers and
are 35 and 32 nm in diameter, respectively.22 In our previous work,
we found that six consecutive histidine residues (6xHis tag) could
be incorporated at the C-terminal and displayed at the inner surface
of HBc-144 VLPs, and the mutant HBc VLPs could be able to
efficiently encapsidate the Fe3O4 nanoparticles by utilizing the
affinity of His tag to the nickel-NTA chelate.23

Herein, we propose a technological solution that combines
both epitope exposure of tumor-targeting peptide and anti-tumor
packaging approaches, which promotes versatile HBc VLP
applications in targeted cancer therapy. The HBc VLP was
extensively modified by the genic insertion of the different
modularized peptides (RGD, 6xHis tag, and NS5A) to improve its
functional properties for biomedical applications. This genetic
modification for HBc VLPs does not hinder the assembling
process. Insertion of hydrophobic peptide (NS5A1-31)

24 at the
C-terminal, could confine the hydrophobic drug (doxorubicin,
DOX) inside the HBc VLPs cavity, which may not only overcome
the limitation of poor water solubility of drug, but also protect
from the environment and prevention of drug-associated toxic
effects during circulation in the organism. Moreover, RGD
substitution at major immunodominant loop region (MIR) of HBc
VLPs could not only provide nanostructured DOX formulation
with high affinity to tumor sites and deliver the loading drug
primarily to the cancer cells, but also remove the intrinsic
immunogenicity of HBc as drug carrier. Besides, the introduction
of 6xHis tag into the cavity of HBc VLPs, could allow the
as-prepared nanoformulation to escape from the endo/lysosome,
disassembling, and releasing the loading drug to the cytosol.
Methods

Construction of the genetically modified HBc VLPs

Amino acid sequence of the truncated HBc-144 was same as
our previous report.25 Lipophilic peptide named NS5A (1-31)
(protein sequence: AGSWLRDIWDWICEVLSDFKTWLKA
KAKLMPTM)24 was chosen for recombinant attachment to
the C-terminus of truncated HBc-144 to yield HBc-NS5A VLP.
On this basis, RGD sequence was inserted between residues 78
and 81 position, and two glycine-rich linkers (GTSGSS
GSGSGGSGSGGGG)26 were incorporated to flank the RGD
insertion to yield RGD-HBc-NS5A (Supplementary Table S1).
All the recombinant HBc subunits were appended a 6xHis tag at
the end of C-terminus. The objective genes were purchased from
Shanghai Generay Biotech Co., Ltd. The corresponding vectors
(pET-43.1(a)) were then transformed into E. coli strain BL21
(DE3). The expression and purification of recombinant HBc
VLP were performed as previous reports.25

All other experimental protocols are described in detail in
supporting information.
Results

Design and characterization of the genetically modified HBc
VLPs

Full length HBc molecule contains 183 amino acids, and it is
essential to assemble particles correctly by terminating at
position 140, or beyond.27,28 The C-terminal domain of HBc is
arginine-rich for the binding with nucleic acids and is buried
within the capsid.29 Many foreign peptides have been inserted
into the C-terminus of truncated HBc VLPs successfully.30,31

Although the hollow cavity of HBc VLP could be allowed to
encapsulate water-soluble molecules for drug delivery, improve-
ment of its hydrophobicity and yet making sure genetically
modified HBc VLPs soluble will be particularly meaningful to
the hydrophobic drugs with great therapeutic potential. Intro-
ducing a lipophilic peptide named NS5A(1-31 aa)24 to the
C-terminus of truncated HBc-144 VLP was proposed to yield
HBc-NS5A VLP containing an inner lipophilic cavity. All of the
genetically modified HBc VLPs were respectively expressed and
purified from E. coli, as previously described.23 The protein and
DNA sequences of the different genetically modified HBc VLPs
were listed in Table S1. SDS-PAGE showed that bands at ~14
and ~21 kDa for single subunit of HBc-144 and HBc-NS5A
respectively correlate well with their molecular weights
(Figure 2, A). (See Fig. 1.)

In previous studies, researchers laid much emphasis upon
rebuilding MIR, because it's located at the tip of the spike on the
surface of the capsid structure and can accept heterologous
peptide easily.26,32 Moreover, these foreign peptides could
almost remain their native conformation which benefits to
receptor binding, even the entire 238-amino acids green
fluorescent protein had been displayed on the surface
successfully.33 A tumor-targeting peptide (RGD) with glycine-
rich linkers was inserted into MIR at amino acid positions 78-82
to enhance tumor-homing property (RGD-HBc-NS5A VLP).
SDS-PAGE analysis of RGD-HBc-NS5A VLP yielded a band at
~24 KDa for single subunit of RGD-HBc-NS5A, corresponding
to its molecular weight (Figure 2, A).

Low intrinsic immunogenicity is requirement for an opti-
mized drug delivery to avoid neutralizing immune responses.
The intrinsic HBc immunogenicity could be abrogated by
changing of protein sequences within MIR, which is a main



Figure 1. Schematic illustrations of (A) the reverse encapsulation of DOX to RGD-HBc-NS5A VLP through self-assembled process and (B) in vivo tumor
targeting via integrin αvβ3.

Figure 2. (A) SDS-PAGE analysis of VLPs: HBc-144 (lane 1), HBc-NS5A (lane 2), RGD-HBc-NS5A (lane 3). (B) Western blotting analysis of VLPs with
antibody against HBc: HBc-144 (lane 1), HBc-NS5A (lane 2), RGD-HBc-NS5A VLP (lane 3). (C) DLS measurement of HBc-144, HBc-NS5A, and
RGD-HBc-NS5A VLPs. (D) Representative TEM image of RGD-HBc-NS5A VLPs and the size distribution obtained from the TEM image.

727W. Shan et al / Nanomedicine: Nanotechnology, Biology, and Medicine 14 (2018) 725–734
binding site of antibody (anti-HBc).34,35 Anti-HBc western
blotting assay was performed to test the HBc antigenicity of
RGD-HBc-NS5A VLP. The results showed that antibody HBc
could bind to HBc-144 and HBc-NS5A VLPs (Figure 2, B),
respectively. In contrast, RGD-HBc-NS5A VLP could not be
recognized by antibody HBc, due to the insertion of RGD
peptide onto the MIR region. Notably, RGD-HBc-NS5A VLP
without the intrinsic epitope of HBc might get rid of the
interference of HBc-specific antibodies in chronic HBv infected
patients.

Negatively stained TEM and dynamic light scattering (DLS)
results (Figure 2, C, D and Figure S1, A) confirmed that both
RGD-HBc-NS5A and HBc-NS5Amolecules could participate in
self-assembly of monodisperse particles with diameters of
33.5 ± 2.4 nm and 33.1 ± 2.4 nm, respectively. The particle
sizes of HBc-NS5A and RGD-HBc-NS5A VLPs were similar to
the sizes of those assembled from the wild-type HBc-183
protein,36 revealing that the insertion of lipophilic peptide and
the tumor-homing peptide into two different position of HBc
VLP had no significant influence on the self-assembly and
capsids.

Package of DOX into the genetically modified HBc VLPs

Our previous report showed that HBc-144 VLP could be
disassembled to HBc-144 subunits in the denaturant stock
solutions (2.5 M urea, 150 mM NaCl, and 50 mM Tris–HCl)
and followed by dialysis in an assembling buffer to be
re-assembled. 23 HBc-144/DOX, HBc-NS5A/DOX and
RGD-HBc-NS5A/DOX VLPs were obtained by respectively
loading DOX into HBc-144, HBc-NS5A and RGD-HBc-NS5A
VLPs during disassembling process. Size-exclusion chromatog-
raphy was performed to purify and determine encapsulation
efficiency of the DOX-loaded VLPs and free DOX was retained
in the column (Figure 3, A and Table S2). Co-elution profiles of
these genetically modified HBc VLPs (typical absorption peak at
280 nm) and DOX (typical absorption peak at 479 nm) after
9 min confirmed efficient encapsulation of DOX into the HBc
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Figure 3. (A) Size exclusion elution profiles of HBc-144/DOX, HBc-NS5A/DOX, and RGD-HBc-NS5A/DOX VLPs. (B) Representative TEM image of
RGD-HBc-NS5A/DOX VLP. (C) Cumulative DOX release profile from HBc-NS5A/DOX and RGD-HBc-NS5A/DOX VLPs in the different PBS (pH 7.4 and
pH 5.0). (D) Particle diameter distribution of HBc-NS5A and RGD-HBc-NS5A VLPs at different pH values.
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VLPs. HBc-144 VLP showed low levels of drug-loading
capacity of 264 ± 34 DOX molecules per single VLP. In
contrast, HBc-NS5A and RGD-HBc-NS5A VLPs showed
relatively higher drug-loading capacity of 416 ± 25 and 428 ±
33 DOX molecules per single VLP, respectively. The higher
loading efficacy of DOX in HBc-NS5A and RGD-HBc-NS5A
VLPs is apparently due to formation of lipophilic microenvi-
ronment by incorporating NS5A peptide on the C-terminus.

HBc-NS5A/DOX and RGD-HBc-NS5A/DOX VLPs were
further characterized by TEM and DLS (Figure 3, B, and Figure
S2, A-C). TEM images revealed that HBc-NS5A/DOX and
RGD-HBc-NS5A/DOX VLPs were spherical monodisperse
nanoparticles; the particle sizes were 31.3 ± 3.4 nm and
33.6 ± 3.5 nm, respectively. Both the morphologies and sizes
of HBc-NS5A and RGD-HBc-NS5A VLPs with DOX loaded
were comparable to those of unloaded HBc-NS5A and
RGD-HBc-NS5A VLPs, indicating that DOX packaging does
not affect their capsid structures.
In vitro DOX release

The drug release profile from genetically modified HBc VLPs
was performed in phosphate buffer at pH 7.4 and pH 5.0,
respectively. As illustrated in Figure 3, C, packaged DOX can be
gradually released from the genetically modified VLPs. At
pH 7.4, the amount of released DOX from HBc-NS5A/DOX or
RGD-HBc-NS5A/DOXVLPs was no more than 40% up to 48 h,
exhibiting a sustained-release character. DOX released surpassed
70% for 48 h when the pH decreased to 5.0. It is thus suggested
that the genetically modified HBc VLPs could maintain stability
at physiological pH to avoid premature release, whereas the
genetically modified HBc VLPs release the encapsulated
molecules (such as DOX) under acidic condition. Disaggregation
of VLPs under the acidic environment may be the key factor of
rapid release. To test this hypothesis, a size distribution
experiment in pH-adjusted incubation medium was conducted.
As shown in Figure 3, D, the distributions of HBc-NS5A and
RGD-HBc-NS5A VLPs were uniformly mixed in phosphate
buffers at physiological pH (pH 7.4); no obvious change in the
particle size distributions was observed (Figure S2,D). However,
at pH 5 or below, the hydrodynamic diameters of HBc-NS5A
and RGD-HBc-NS5A VLPs were bigger than 100 nm, respec-
tively. Thus, incorporating 6xHis tag into the self-assembling
VLPs could be as a pH-sensitive modular as poly-L-
Histidine37,38 to accelerate HBc-NS5A VLP and RGD-HBc-
NS5A VLP pH-dependent motions and achieve the rapid release
of drug in response to the acidic environment in the solid tumors.
Cytotoxicity and cellular uptake in vitro

MTT assay was performed with different concentrations of
the genetically modified VLPs after incubation for 24 h, to
respectively evaluate the impact of HBc-NS5A and
RGD-HBc-NS5A VLPs on the viability of U87MG and
B16F10 cells, both of which were over-expression of integrin
receptor.39 The cell viability in the highest HBc-NS5A or
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Figure 4. (A) Cell viability after 24 h of incubation with HBc-NS5A and RGD-HBc-NS5A VLPs at increasing concentrations in U87MG cells. (B) Cell
viability after 24 h of incubation with HBc-NS5A/DOX, RGD-HBc-NS5A/DOXVLPs and free DOX at different concentrations in U87MG cells. (C) In vitro
cellular uptake of HBc-NS5A/DOX and RGD-HBc-NS5A/DOX VLPs in U87MG cells measured by flow cytometry at selected time points.
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RGD-HBC-NS5A VLP concentration of 0.5 mg/mL was more
than 80% (Figure 4, A and Figure S3, A). The results obviously
manifested that HBc-NS5A and RGD-HBc-NS5A VLPs had no
cytotoxicity, attesting to their biocompatibility. Besides,
the cytotoxicity of HBc-NS5A/DOX and RGD-HBc-NS5A/
DOX VLPs was evaluated on both U87MG and B16F10 cells
(Figure 4, B and Figure S3, B). RGD-HBc-NS5A/DOX VLP
exhibited concentration-dependent killing cancer cells, and the
half maximum inhibiting concentration (IC50 value) in U87MG
and B16F10 cells was 2.96 μg/ml and 2.19 μg/ml, respectively.

As illustrated in Figure 4, C, in vitro cellular uptake of
RGD-HBc-NS5A/DOX VLP was 1.2-2 times higher than that of
HBc-NS5A/DOX VLP in U87MG cells. RGD-HBc-NS5A VLP
was also more prone to be taken up by B16F10 cells when
compared with HBc-NS5A VLP (Figure S3, C). These results
indicated that RGD-HBc-NS5A VLP could own special affinity
to the cancer cell surface. To solidify this conclusion,
intracellular distribution of Cy5.5-loaded HBc-NS5A/DOX or
RGD-HBc-NS5A/DOX was performed by confocal laser
scanning microscopy (CLSM). A near-infrared dye Cy5.5
NHS ester (ex/em: 673/707 nm) was readily labeled through
chemical conjugation with amino groups to facilitate these
recombinant HBc VLPs. As illustrated in Figure 5, HBc-NS5A/
DOX and RGD-HBc-NS5A/DOX VLPs showed a
time-dependent intracellular DOX accumulation. Compared to
HBc-NS5A/DOX (Figure 5, B), RGD-HBc-NS5A/DOX showed
more efficiently bound to U87MG (Figure 5, A). To confirm
RGD-HBc-NS5A/DOX VLP effectively bound to the target cells
mediated via the specific recognition of integrin αvβ3 on the
tumor cells surface, integrin αvβ3 receptors were initially
saturated with excessive c(RGDyK), and the binding was
significantly inhibited (Figure S4). Radiolabelled 18F-Alfatide
II (18F-AlF-NOTA-E[PEG4-c(RGDfk)]2) was used to determine
the IC50 diagrams using U87MG cells stably expressing integrin
αvβ3 (Figure S5). The IC50 values of RGD-HBc-NS5A and
c(RGDyK) were 42.64 nM and 9.233 nM, respectively.
RGD-HBc-NS5A showed a high binding affinity with integrin
αvβ3. The results thus demonstrated that displaying RGD
peptide on the surface-exposed spikes of HBc VLP facilitated
the recognition of cell surface integrin αvβ3, leading them to be
internalized efficiently. Previous reports showed that HBc VLPs
are internalized by cancer cells through clathrin-mediated
endocytosis and subsequently transported to lysosomes, leading
to particle dissociation and degradation of the core monomer.40

Therefore, this specific affinity of RGD-HBc-NS5A/DOX VLP
to U87MG tumor cells might lead to the translocation of
RGD-HBc-NS5A/DOX VLP into lysosome via the pathway of
integrin-mediated endocytosis, followed by the intracellular
release of DOX and the biodegradation of VLP.

Tumor-targeting properties of the genetically modified HBc
VLPs in vivo

To validate in vivo the tissue distribution and tumor-targeting
properties of the genetically modified HBc VLPs, mice
xenografted U87MG tumors were intravenously injected with
the Cy5.5 labeled VLPs and observed via fluorescent imaging
system at the indicated time points post administration. As
shown in Figure 6, A, tissue distributions of the genetically
modified HBc VLPs were primarily in the liver and kidneys
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Figure 5. Time dependent uptake of Cy5.5 labeled (A) RGD-HBc-NS5A/DOX VLPs, (B) HBc-NS5A/DOX VLPs by U87MG. Scale bar, 20 μm.

Figure 6. (A) The in vivo images of U87MG tumor-bearing mice after i.v. injection of Cy5.5-labeled HBc-NS5A and RGD-HBc-NS5A VLPs. (B) The ex vivo
images of tumors, and organs of U87MG tumor-bearing mice sacrificed at 24 h after i.v. injection of Cy5.5-labeled HBc-NS5A and RGD-HBc-NS5A VLPs (1,
tumor; 2, heart; 3, lung; 4, liver; 5, intestine; 6, spleen; 7, kidneys; 8, muscle). (C) Quantification of fluorescence in tumor and primary organs obtained from the
ex vivo images data. (D) Immunohistology of U87MG tumor sections. Scale bar, 50 μm.
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within 12 h, while all of the VLPs could be cleared from the mice
bodies after 24 h. Moreover, the intensity of RGD-HBc-NS5A
VLP in the tumor showed a 67% higher accumulation than that
for HBc-NS5A within 24 h (Figure 6, B and C). Notwithstand-
ing, the enhanced permeability and retention (EPR) effect was a
favorable factor to make HBc-NS5A and RGD-HBc-NS5A
VLPs accumulate in tumor tissues much more than they do in
normal tissues, indicating that active targeting may enhance
RGD-HBc-NS5A VLP to accumulate in tumor.

To further confirm that RGD-HBc-NS5A VLP could home to
tumor through interaction between RGD peptide and integrin
αvβ3, the tumor-bearing nude mice were injected with 200 μg free
c(RGDyK) before receiving Cy5.5-labeled genetically modified
HBc VLPs to previously binding integrin receptor. As shown in
Figure S6, the excess c(RGDyK) had little influence on tumor
uptake of HBc-NS5A. In contrast, the accumulation of
RGD-HBc-NS5A VLP in tumor was significantly inhibited by
c(RGDyK), namely, the tumor uptake was 6.6 times lower in
c(RGDyK)-treated group compared with the untreated group. It is
thus confirmed that RGD-mediated active targeting allows the
significant retention of RGD-HBc-NS5A VLP in the tumor. The
isolated tumors were then performed for the immunohistology
studies, and the results (Figure 6,D) show a significant correlation
between RGD-HBc-NS5A VLP (Cy5.5) and anti-integrin β3

staining (FITC), suggesting that over-expressed integrin αvβ3 on
tumor cells could effectively recognize RGD-HBc-NS5A VLP.
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Figure 7. (A) Tumor volumes of different treatment groups on B16F10 tumor-bearing nude mice (n = 3/group). (B) Representative images of excised B16F10
tumors from each treatment at day 12.
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Anti-tumor efficacy of HBc VLPs

We next sought to examine the therapeutic effects of the
genetically modified HBc VLPs with or without loading DOX in
vivo using C57BL/6 mice xenografted B16F10 tumors. It is
indicated from Figure 7, A and B that the final tumor volume in
RGD-HBc-NS5A/DOX group was 0.27 ± 0.06 cm3, which was
apparently smaller than that in RGD-HBc-NS5A group (2.30 ±
0.31 cm3) (P b 0.01), free DOX group (1.32 ± 0.21 cm3)
(P b 0.01), and HBc-NS5A/DOX group (0.93 ± 0.25 cm3)
(P b 0.05). The tumor growth inhibition (TGI) ratio calculated
based on tumor weight was 90.7% in the RGD-HBc-NS5A/DOX
group, which was significantly higher than that in the
HBc-NS5A/DOX group (78.5%) or the free DOX group
(72.1%). To further validate the universal effect of treatment
against human primary glioblastoma, the U87MG xenografted
BALB/c nude mice model was also performed, and the results
(Figure S7, A and B) show a similar tumor growth suppression to
that in B16F10 tumor-bearing mice.

Although DOX is an effective chemotherapeutic agent,
cardiotoxicity is a major limiting factor of its use. To investigate
cardiotoxicity in mice, the heart issue slices from each group
were stained with caspase-3 (Figure 8, A). Compared with the
free DOX group, much weaker positive staining was respectively
observed in RGD-HBc-NS5A/DOX group and HBc-NS5A/
DOX group, indicating that the genetically modified HBc VLPs
as drug carriers could minimize the healthy organs’ exposure to
DOX. Meanwhile, heart, liver, spleen, lung, brain and kidney
were sliced for the H&E staining, but noticeable pathological
changes were not found (Figure 8, B). Moreover, mice treated
with HBc-NS5A, RGD-HBc-NS5A, HBc-NS5A/DOX, or
RGD-HBc-NS5A/DOX did not exhibit obvious weight loss
(Figure S8).

Evaluation of systematic toxicity of genetically modified HBc
VLPs

Even though the apparent relative lack of toxicity in vitro
made the genetically modified HBc VLPs attractive carriers of
DOX, evaluation of their systematic toxicity in vivo was also still
meaningful for their further extended application. ALT, AST,
CREA and UREA are the main concerns because these
parameters are entirely relevant to the status of liver and kidney
in mice. As shown in Figure S9, A, all treatment groups at
therapeutic doses of RGD-HBc-NS5A (123 mg/kg) or
HBc-NS5A (111 mg/kg) maintained the level of ALT and
AST within the normal range, indicating no observable
hepatotoxicity and nephrotoxicity. Besides, the H&E staining
of sliced organs showed no sign of early lesions in all of the
treatments (Figure S9, B). All the results contributed to serving
genetically modified HBc VLPs as a safe carrier.
Discussion

The premise of nanotechnology in cancer treatment is to
enhance the treatment effect, and minimize damage to healthy
tissue and organs. Although most of the research focused on the
former, the latter is equally important.41 The efficiency of
delivering drug to the tumor is not the sole factor in the treatment
effect, nor is it the only a parameter that adjusts regulatory
approval of nanoformulations.42 In nanotoxicology field, it is
still a concern that nanoparticles themselves could pose a threat
to human health with their own side effects.43 Reducing toxicity
and side effects is just as important as enhancing tumor uptake
efficiency.

Herein, we have demonstrated that RGD-HBc-NS5A VLP, as
a drug delivery carrier, could increase DOX accumulation in
tumors relative to normal tissues and the relative decrease of
exposure in healthy tissues, which is quite important to
universally reduce the cardiotoxicity of a dose-limiting side
effect of DOX. Meanwhile, due to its good biocompatibility and
biodegradability, RGD-HBc-NS5A VLP could effectively clear
from the body via natural means after completion of the drug
release process. Obviously, it will not cause long-term
accumulation or chronic toxicity.

How to design controlled drug delivery systems to prevent the
premature release which could lead to unacceptable side effects
is one of the main challenges for precision medicine. The
RGD-HBc-NS5A VLP can be disaggregated under acidic
condition, leading to a pH trigger of drug release. Acidic
excellular microenvironment of tumor or intracellular lysosomes
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Figure 8. (A) Representative caspase-3 stained photomicrographs of myocytes from the B16F10 tumor-bearing mice treated with the free DOX, HBc-NS5A/
DOX, RGD-HBc-NS5A/DOX, HBc-NS5A, RGD-HBc-NS5A and PBS, respectively. Scale bar, 50 μm. (B) H&E staining of heart, liver, spleen, lung, kidney
and brain from the B16F10 tumor-bearing mice treated with the free DOX, HBc-NS5A/DOX, RGD-HBc-NS5A/DOX, HBc-NS5A, RGD-HBc-NS5A and PBS.
Scale bar, 50 μm.
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of cancer cells provides opportunity to realize pH-responsive
RGD-HBc-NS5A/DOX VLP as control-release systems for
cancer treatment.
Plethora of drug delivery systems have relied on passive
targeting (EPR effect) to carry the nanoparticles and spread
inside the cancer tissue for chemotherapy. 44 Typical

image of Figure 8
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functionalized NPs with targeting ligands via complicated
chemical attachments have allowed them to achieve active
targeting; however the toll of the resulting high cost, low purity,
and variations cannot be avoided and might limit their
applications in clinic. Recombinant HBc-based VLP with an
excellent size of ~30 nm can be spontaneously extravasated from
tumor vessels and tend to accumulate in tumor tissue. More
importantly, RGD-HBc-NS5A/DOX VLP can specifically
deliver DOX into tumor cells through integrin αvβ3-mediated
targeting.

We have evaluated antitumor activities in U87MG and
B16F10 tumor models; RGD-HBc-NS5A/DOX VLP exhibited a
significantly tumor inhibition, as well as lower toxicity compared
with the free DOX, demonstrating a substantial antitumor
activity of RGD-HBc-NS5A/DOX VLP. Optimal physicochem-
ical properties (desirable particle size, well-defined morphology
and pH sensitive), combined with good biocompatibility and
active tumor targeting can be the key factors that contribute to the
improved antitumor effects of RGD-HBc-NS5A/DOX VLP.

How to perform effective amplification of their production
while maintaining its own excellent characteristics is one of the
major challenges for clinical transformation of nanocarriers.45

HBc-based VLP can be produced in E.coli expression system at
high yield without the additional chemical modification of any
ligands. Thus, the well-defined RGD-HBc-NS5A VLP as a
single component product makes it easy to scale up while
retaining excellent features that determine their efficiency of
treatment.

In summary, we have developed HBc-based VLPs as drug
delivery systems for tumor chemotherapy. We reported that
therapeutic drug DOX can be loaded effectively into the
genetically modified HBc VLPs reversely through a self-
assembled process. Furthermore, tumor-homing peptide RGD
was presented on the MIR of HBc VLPs through genetic
modification, leading to more efficient tumor-targeting.
RGD-HBc-NS5A/DOX VLP could enhance antitumor effect
and decrease cardiac muscle toxicity caused by DOX in the
tumor-bearing mice models. Besides, efficacious treatment doses
of these recombinant HBc VLPs displayed no obvious toxic side
effects during the treatment of healthy mice. Thus, HBc-based
VLPs could be used as an attractive platform in biomedicine
field, and the functional reconstruction of HBc-based VLPs can
make it possible to explore as a versatile nanocarrier for cancer
therapy.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.nano.2017.12.002.
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