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Virus-Inspired Mimics Based on Dendritic Lipopeptides
for Efficient Tumor-Specific Infection and Systemic

Drug Delivery

Zhijun Zhang, Xiao Zhang, Xianghui Xu,* Yunkun Li, Yachao Li, Dan Zhong, Yiyan He,

and Zhongwei Gu*

Herein, multifunctional mimics of viral architectures and infections self-
assembled from tailor-made dendritic lipopeptides for programmed targeted
drug delivery are reported. These viral mimics not only have virus-like com-
ponents and nanostructures, but also possess virus-like infections to solid
tumor and tumor cells. Encouragingly, the viral mimics provide the following
distinguished features for tumor-specific systemic delivery: i) stealthy surface
to resist protein interactions and prolong circulation time in blood, ii) well-
defined nanostructure for passive targeting to solid tumor site, iii) charge-
tunable shielding for tumor extracellular pH targeting, iv) receptor-mediated
targeting to enhance tumor-specific uptake, and v) supramolecular lysine-rich
architectures mimicking viral subcellular targeting for efficient endosomal
escape and nuclear delivery. This bioinspired design make in vivo tumor sup-
pression by drug-loaded viral mimics against BALB/c mice bearing 4T1 tumor
greatly exceed the positive control group (more than three times). More

years, a series of novel nanoassemblies
mimicking viral components and archi-
tectures have been well constructed.[3-1]
Encouragingly, some morphological and
structural mimics of viruses (e.g., capsids,
envelopes, and rough surface topography)
succeed in enhancement of bioactive mol-
ecules delivery efficiency.'2% Previously,
we reported the virus-inspired fabrications
of components simulation and architec-
tural mimic to improve gene transfer
efficiency.?"??l  Furthermore, mimicking
critical processes of virus infections (e.g.,
endosomal escape, capsid disassembly,
and nuclear delivery) show great poten-
tials to increase bioavailability of anti-
tumor drugs and therapeutic genes.*3-%7]
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importantly, viral mimics hold great potentials to reduce side effects and

decrease tumor metastasis after systemic administration.

1. Introduction

Over the past several decades, wonderful natural systems have
continuously inspired scientists to develop excellent mimics
of biological structures and functions.'# Viruses, as one of
highly evolved nanoparticulate organisms in the nature, are ini-
tially explored as virus-based vectors for disease therapy owing
to their high infectivity;>° while a number of adverse events
caused by virus-based vectors (e.g., toxicity, mutagenesis, and
immunogenicity) drive researchers to develop artificial viruses
with defined components for efficient and safe therapeutic agent
delivery.”# With the better understandings of nature and sci-
ence, the dream of creating advanced artificial viruses with syn-
thetic building blocks is becoming more realistic.*? In recent
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We also demonstrated a few biodetach-
able artificial capsids mimicking the viral
disruption in the cytosol for programmed
drug and gene delivery.?$21 However,
up to now, the structural and functional
mimics of viruses just achieve the modest improvements,
and viral advantages including logical infectivity and systemic
delivery have not been fully imitated by artificial virus-inspired
systems.[10-12]

Although there is still a long way to go from sophisticated
structural mimics toward advanced functional simulations,
developing a new generation of viral mimics (VMs) as versa-
tile nanovehicles is full of challenges, opportunities, and pros-
pects.’) On the one hand, both high delivery efficiency and
systemic delivery are urgently pursued for virus-inspired vec-
tors,*11 because most of current virus-mimicking vectors just
show considerable efficiency in vitro and lack of more features
(e.g., minimal interactions with blood compartments and long
blood circulation) to meet systemic delivery and clinical appli-
cations.1618:24-27] On the other hand, natural virus-based vec-
tors do not have important capability for tumor-specific rec-
ognition (e.g., tumor-targeted delivery and tumor-activated
delivery); therefore, integrating the ability of tumor recognition
into virus-inspired design offers an important opportunity to
build highly efficient vehicles surpassing the functionalities of
virus-based vectors.[3% Fortunately, more and more state-of-the-
art strategies based on molecular and supramolecular science
make possible optimizations of virus-inspired vehicles for in-
depth studies and systemic delivery; for examples, biomimetic
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molecular design, bioinspired supramolecular self-assembly,
and tumor-targeted technology.

Specifically speaking, it is reported that design and self-
assembly of amphiphilic dendrons/dendrimers into supra-
molecular dendritic systems is the most promising chemical
strategy to generate the latest delivery nanocarriers,***2 which
have some inherent properties similar to biological envelopes or
viral capsids.?!33] Meanwhile, it can be predicted that if virus-
inspired components (e.g., peptides, lipopeptides, and glycopep-
tide) are used to engineer dendritic molecules as bioinspired
building blocks, structural mimics of natural virus will achieve
more perfection.?®213] More importantly, many burgeoning
progresses on chemistry and biomedicine provide the possibility
to endow virus-inspired vectors with virus-like infectivity: (i) pur-
poseful design of building blocks (e.g., PEGylation and negative
shielding) to prolong blood circulation mimicking viral systemic
infection;**3¢ (ii) the unique tumor extracellular environment
(e.g., weakly acidic pH and a high proteinase concentration)!3”38!
and overexpressed receptors on tumor cell surface could be
explored as tumor-specific targets to build
tumor-targeted viral mimics;13% and (iii) addi-
tionally, we find supramolecular dendritic
systems self-assembled from the low-genera-
tion peptide dendrons offer a new avenue to
facilitate endosomal escape and nuclear tar-
geting,?#4% which are analogous to viral sub-
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strategy focuses on the development of superb viral mimics
from structural bionics to functional implementation to address
some contradictions and difficulties in systemic delivery.

2. Results and Discussion

First, the amphiphilic dendritic lipopeptides (DLPs) were
synthesized using the divergent—convergent method, and
their peripheral groups (—NH,) were functionalized with
acid-cleavable carboxy groups by 2,3-dimethylmaleic anhy-
dride (DA) into 2,3-dimethylmaleic anhydride-modified den-
dritic lipopeptides (DA-DLPs).>#] As shown in Figure 2A,
the matrix-assisted laser desorption ionization time-of-flight
mass spectroscopy (MALDI-TOF MS) result confirmed the
DA-DLPs was successfully obtained with molecular weight of
1534.97 agreed with theoretical value of 1534.03. The detailed
synthesis (Figures S1 and S2, Supporting Information) and
characterizations (Figures S5-S15, Supporting Information)

# P Acid-Labile Shield
S

cellular targeted delivery.?>?#142 Motivated
by these inspirations, we believe that with a
rational chemical design, ideal mimics of viral
structures and functions will be developed as
efficient therapeutic delivery platform.

To prove our concept, virus-inspired
mimics mimicking the viral components and
structures were designed using coassembly of
tailor-made building blocks for gaining virus-
like systemic infectivity, as well as improving
programmed targeted delivery of antitumor
agents (Figure 1). This type of virus-inspired
nanovehicles is expected to offer the fol-
lowing benefits: (1) dendritic molecular struc-
tures to mimic globular capsid proteins,?243]
(2) lipopeptide-based components to simu-
late the compositions of viral envelope and
capsid,™ (3) stealthy negative corona to
obtain virus-like systemic delivery (e.g., min-
imal protein interactions and long circulation
in blood), and hydrophobic core to encap-
sulate bioactive molecules (e.g., antitumor
agents), (4) well-defined nanostructures for
passive targeting to solid tumor site by EPR
effect, (5) tumor microenvironment—acti-
vated surface to enhance tumor extracellular
targeting, (6) receptor-mediated targeting via
coassembly with synergetic units to enhance
tumor-specific cellular uptake mimicking
viral internalization, and (7) supramolecular
lysine-rich architectures to generate virus-like
subcellular targeting (endosomal escape and
nuclear targeting). In brief, this bioinspired
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Figure 1. Schematic illustrations for virus-mimicking nanostructures assembled from specially
made dendritic lipopeptides, and their virus-mimicking systemic infections for overcoming
biological barriers and navigating tumor-specific drug delivery.
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It is known that tumor sites exhibit an
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average extracellular pH value between 6.0
and 7.0, which is lower than that of normal
tissues and blood (around 7.4). Some recent
designs on tumor extracellular targeting
successfully enhanced the accumulation of
nanoparticles at tumor site. Next, we inves-
tigated whether slightly acid condition could
remove the shelters of charge-conversional
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4 VMs (CVMs, self-assembly of DA-DLPs)
by some physicochemical characterizations
(Figure 3A). On the basis of MALDI-TOF
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mass spectra, the disappearance of the peak
at 1534.97 and the appearance of the peak at
1030.86 directly indicated pH 6.8 triggered
the hydrolysis of the amide bonds connected
with negative shielding (Figure 3B). 'H-NMR
spectra also recorded cleavable properties of
these amide bonds in DA-DLPs under weakly
acidic condition (pH 6.8) in Figure 3C. With
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pH value adjusted to pH 6.8, the signal of
o-H (Ha in Figure 3A, 4.51 ppm) in DA-DLPs
decreased, accompanying with the increased
signal of Ha’ (3.35 ppm), which should be
ascribed to acid-labile cleavages of the amide
bonds; and similar conversions happened
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between Hb (3.21 ppm) in DA-DLPs and Hb’
(2.65 ppm) in DLPs. Furthermore, amino
exposure tests demonstrated that CVMs self-
assembled from DA-DLPs could stably exist
with stealthy shielding at pH 7.4 (Figure 3D).
But at pH 6.8, =80% of DA-masked pri-
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m

mary amines in CVMs were hydrolyzed into
the original status with abundant exposed
amino groups within 20 min, and the expo-

Figure 2. Supramolecular mimics of viral components and structures. A) MALDI-TOF mass
spectrum and B) critical assembly concentration of DA-functionalized dendritic lipopeptides.
C) TEM image and D) size distribution of viral mimics. E) AFM image for 3D architectures of
viral mimics including top view, the size profile along the red line, and 3D view.

sure degree of amino groups in CVMs were
rapidly close to positively charged viral
mimics (PVMs) self-assembled from DLPs.

5252 wileyonlinelibrary.com

of DA-DLPs can be found in the Supporting Information. In
aqueous medium, amphiphilic DA-DLPs were able to self-
assemble into hierarchical nanostructures with hydrophilic pep-
tide corona and hydrophobic lipid core. The critical assembly
concentration (CAC) of DA-DLPs was determined with a low
value of 4.85 pg mL™! (Figure 2B). As shown by transmission
electron microscopy (TEM, Figure 2C), dendritic lipopeptide—
based assemblies presented spherical nanostructures with the
diameter ranging from 100 to 200 nm like VMs.*¥l An average
size of 145.3 + 2.2 nm was determined by dynamic light scat-
tering (DLS) measurement (Figure 2D). It was noted that these
viral mimics had zeta potential of —17.3 mV (Figure S25, Sup-
porting Information). Additionally, atomic force microscopy
(AFM) clearly showed 3D architectures of VMs, which were in
good agreement with TEM and DLS results (Figure 2E). As viral
features for systemic infection, VMs with well-defined nano-
structures and negative shelters may be beneficial to resistance
to nonspecific protein adsorption, long blood circulation, and
passive targeting to solid tumor.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Nevertheless, the negatively charged VMs

(NVMs) self-assembled from succinic anhy-
dride-modified DLPs (SA-DLPs), which was much less sensi-
tive to weakly acidic condition as control assemblies, were little
hydrolyzed both under pH 7.4 and 6.8. More importantly, the
surface charge of CVMs rapidly converted after the hydrolysis
of amide bonds (Figure 3E). At pH 7.4 analogous to normal
physiological pH condition, CVMs always kept negative charge
with zeta potential of around —17.0 mV for 2 h; while at pH
6.8 mimicking tumor extracellular pH, their surface charge fast
increased to +8.1 mV within 20 min; furthermore, at pH 5.0
corresponding to pH value of lysosome, the zeta potential of
CVMs reached up to +21.3 mV within 20 min. The relatively
fast charge conversion should be ascribed to their peripheral
charge-tunable groups fully exposed to lower pH environment,
distinguishing from charge-conversional side groups in linear
polymers.13>3645-47] Taken together, CVMs were able to serve as
sensitively charge-tunable nanovehicles, because of their nega-
tively charged surface at pH 7.4 to reduce nonspecific protein
adsorption, their positively charged surface at pH 6.8 to realize
tumor extracellular targeting and enhanced internalization, and

Adv. Funct. Mater. 2015, 25, 5250-5260
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Figure 3. A) Schematic illustration, B) mass spectra, and C) "H-NMR spectra for pH-dependent hydrolysis of amide bonds at pH 7.4 (red line) and

6.8 (blue line). D) Degradation of the hydrolyzable amide bonds at pH 7.4 and 6.8 (means * standard deviation (SD), n = 3). E) Zeta potentials of viral
mimics with different incubation times at pH 7.4, 6.8, and 5.0 (means + SD, n = 3).

at pH 5.0 their lysine-rich corona with highly

positive charges to facilitate endosomal A 200 B
escape and nuclear-targeted delivery. 1601 145 5 147.4 1400 1511 1540 155 1578 2| R

To further simulate viral infection and g 2 .
strengthen programmed targeting at tumor ’g 120+ T—_‘; -8+ 9_79/]
cells, Dbiotinylated amphiphilic dendrons o 5 23 g
(BADs) as adjuvant components coopera- o 8 & B . -12-7/13'0/'/
tively assembled with DA-DLPs to generate il N
charge-conversional targeted viral mimics N
(CTVMs) with receptor-mediated targeting. e o s 2 3 DT o T o ®
Polyethylene glycol (PEG, M, 1500) was BADs Content (wt%) .
introduced into the hydrophilic segments ’ BADs Content (wt’%)
of BADs to improve the water solubility C- 105 D10_
of biotin, and characterizations of BADs ~ ﬁgwﬂi
were shown in Figures S4 and S18-S24 6‘ { - -100% 8- —o—CTVMs
(Supporting Information). An increasing 3 5. i t E e
BADs content (0-30 wt%) in CTVMs just = 5z S 6
had slight influence on their size and zeta = *1° % % s
potential, owing to hydration effects of PEG I — _ 9 44
shell in water (Figure 4A,B).*! Given the =*=Fluorescent Cels =
saturation of biotin receptor on cell mem- 075 o 5 20 2 @ 25 50 100 130 200 250 300 350
branes and certain obstruction of PEG on BADSs Content (wt%) V., (ul)

cellular uptake,*>? we selected an optimal
component ratio according to quantita- Figure 4. Appropriate proportion for coassembly of DA-DLPs and BADs into the charge-
tive analysis of the receptor-mediated inter- conversional targeted viral mimics. A) Size variations of supramolecular dendritic assemblies
nalization using fluorescence activated cell containing different BADs contents (0-30 wt%). B) Zeta potential variations of supramolecular
sorting (FACS). In this study, hydrophobic dendritic assemblies with different BADs contents from 0 to 30 wt%. C) Quantitative MFI value

¥ ’ ! and percentage of fluorescent cells after exposure to the supramolecular dendritic assemblies
doxorubicin (DOX) was used as a model containing fluorescent DOX with different BADs contents from 0 to 30 wt%. D) Titration curves
drug encapsulated into the hydrophobic of BNVs (self-assembly of BADs), CVMs, and CTVMs (1 mg mL™", 3 mL) for buffer capacity
cores of CTVMs, since DOX had inherent using 0.01 mol L™ HCI.
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fluorescence and good antitumor activity to
several tumors; and 4T1 breast tumor cell
line was used as a representative cell line
of biotin receptor overexpressed tumor cell
lines. As shown in FACS results (Figure 4C),
with the increase of BADs content, DOX
mean fluorescence intensity (MFI) of 4T1
cells first increased to the maximum at
10 wt% BADs, and then gradually decreased
due to the saturation of biotin receptor
and increased PEG hydration shells. Since
the internalization mediated by CTVMs
(90 wt% DA-DLPs and 10 wt% BADs)
improved over 50% as compared to CVMs,
they were selected as a preferred composi-
tion mimicking the viral internalization. In
addition, incorporated BADs (10 wt%) did
not affect the buffer capacity of CTVMs,
which had close relationship with endosomal
escape by proton-sponge effect at the range
from 5.0 to 7.4 (Figure 4D). Collectively, coas-
sembly of DA-DLPs and BADs into CTVMs
with virus-like infection and tumor-specific
targeting became achievable.

To determine more virus-like properties
of CTVMs for encapsulation and controlled
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Figure 5. pH-dependent features and in vitro release of D-CTVMs. A) Size distribution and
TEM image of D-CTVMs at pH 7.4. B) Zeta potential changes of D-CTVMs at pH 7.4, 6.8, and
5.0. C) Size changes of D-CTVMs at pH 7.4, 6.8, and 5.0. D) DOX release profiles of D-CTVMs
at pH 7.4, 6.8, and 5.0 for 25 h with 37 °C, respectively (means £ SD, n = 3).
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release of bioactive molecules, DOX-loaded
CTVMs (D-CTVMs) were well prepared and
characterized. D-CTVMs exhibited as well-defined nanostruc-
tures of =170 nm diameter (Figure 5A). The DOX loading con-
tent was about 10.3%, and loading efficiency was about 44.7%.
It was noted that D-CTVMs maintained the charge-tunable fea-
tures: negative charges (=~12.0 mV) at pH 7.4, positive charges
(=+8.0 mV) at pH 6.8 and more positive charges (=+21.5 mV) at
pH 5.0 (Figure 5B). Interestingly, the size of D-CTVMs gradu-
ally grew larger from 170 to 260 nm with the decrease of pH
value, which was attributed to the hydrophilic variations of
the amphiphilic dendrons with the dropping of DA and the
protonation of amino groups at lower pH conditions; and the
incompact nanostructure of D-CTVMs at pH 5.0 would be
more advantageous to drug release (Figure 5C).°% In addition,
D-CTVMs were stable in phosphate buffer solution (PBS) at pH
7.4 for 2 d without significant changes on their size and zeta
potential (Figure S33, Supporting Information). The in vitro
release profiles showed the half-life of DOX release at pH 5.0 to
be within 2 h, but the amount of DOX release was only around
20% at pH 7.4 after 25 h (Figure 5D). These results indicated
that most of DOX were wrapped into the hydrophobic pocket
of CTVMs at pH 7.4 and 6.8, while the lower pH value of pH
5.0 indeed could accelerate the DOX release.’* Consequently,
we had enough reason to believe that D-CTVMs had hierarchi-
cally targeted potentials, including passive targeting by EPR
effect, tumor extracellular targeting via their charge-tunable
shells, receptor-mediated active targeting, endosomal escape
and nuclear delivery based on the high positive charges sur-
rounding supramolecular dendritic assemblies.

Once the successful nanofabrication of DOX-loaded viral
mimics was confirmed, we immediately turned to evaluate
their utility for virus-mimicking delivery in vitro and in vivo.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

To better clarify the advantages of multifunctional viral mimics
for virus-like infection, we constructed a family of drug-loaded
ill-defined viral mimics as controls, and the names of these
groups (D-PVMs, D-PTVMs, D-CVMs, and D-NTVMs) for in
vitro studies are defined in the text. First, CTVMs were obvi-
ously nontoxic to 4T1 tumor cells even at a high concentra-
tion with the culture media at pH 7.4 and 6.8 (Figure 6A,B).
Through comparing the cell viabilities of the D-CVMs group
(or the D-CTVMs group) at the different pH conditions, it
was clear that the culture medium with lower pH 6.8 caused
higher cytotoxicity than that of pH 7.4, because at pH 6.8
the deshielding of the charge-tunable shells resulted in the
enhanced cellular uptake. By comparison of D-CVMs and
D-CTVMs at the same pH condition, their different cyto-
toxicities to 4T1 tumor cell line showed that the biotinylated
nanovehicles of D-CTVMs had better antitumor effects due
to receptor-mediated internalization, and the differences were
also observed in D-PVMs and DOX-loaded positively charged
targeted viral mimics (D-PTVMs, PTVMs coassembled from
90 wt% DLPs and 10 wt% BADs). The ICs, values (the con-
centration causing 50% growth inhibition) for each group were
listed in Table 1. Notably, D-CTVMs largely improved the anti-
tumor efficiency of DOX with a low ICs value (=0.88 pg mL™)
with pH 6.8 culture medium, which was reduced more than
ten times as compared with hydrophobic DOX (=9.43 pg mL™}).
And the ICs, value of D-CTVMs was comparable to the posi-
tive control of doxorubicin hydrochloride (DOX.HCI, ICs,
=0.38 pg mL™!) at pH 6.8 mimicking the tumor extracellular
microenvironment.

Encouraged by the considerable delivery efficiency of
D-CTVMs, we combined fluorescent sorting and multiple

Adv. Funct. Mater. 2015, 25, 5250-5260
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Figure 6. In vitro cytotoxicity of DOX-loaded viral mimics and other con-
trol groups to 4T1 cells after incubation for 24 h at A) pH 7.4 and B) pH
6.8 determined by CCK-8 assay (means + SD, n = 6).

fluorescent labeling to disclose their virus-mimicking infec-
tions and special merits at cell level. As shown in Figure 7A,
quantitative MFI of DOX manifested that the DOX inter-
nalization by the charge-tunable D-CVMs and D-CTVMs was
enhanced more than 100% at pH 6.8 culture medium as com-
pared with them at pH 7.4 (*p < 0.01). Compared with the
negatively charged targeted viral mimics (NTVMs, 90 wt%
SA-DLPs and 10 wt% BADs), the charge-tunable CTVMs also
revealed prominent advantages on the drug internalization.
These results indicated the charge-tunable viral mimics could
recognize faintly acid tumor microenvironment (pH 6.8-6.0).

www.afm-journal.de

For another, receptor-mediated infections of biotinylated
viral mimics were highlighted by much higher drug inter-
nalization mediated by CTVMs than that of CVMs group at
pH 6.8; and D-PTVMs internalization was also significantly
superior to the D-PVMs group. To further confirm the bioti-
nylated strategy for tumor-specific cellular uptake, 4T1 tumor
cells in the (+B)D-CTVMs group were treated with free bioti-
nylated components (10 pg mL™) for receptor blocking before
they were incubated with D-CTVMs.%l The MFI value of the
(+B)D-CTVMs group declined by 36% as compared with the
D-CTVMs group at pH 6.8. Thus, it can be seen that receptor-
mediated infection played a great role in the enhancement of
drug internalization.

Afterward, D-CTVMs were labeled with fluorescein iso-
thiocyanate (FITC) and acidic organelles were stained by Lyso
Tracker for monitoring their intracellular fate (Figure 7B).
The CLSM images illustrated the FITC-labeled D-CTVMs
anchored onto the cell membranes and internalized into 4T1
cells within a short time. After incubation for 3 h at pH 6.8,
the FITC-labeled D-CTVMs were entrapped into the acidic
organelles such as endosomes and lysosomes (overlap of green
fluorescence, red fluorescence, and blue fluorescence). Excit-
ingly, a large amount of DOX escaped from endosomes and
dispersed in the cytoplasm at 6 h (disassociation of red fluo-
rescence, green fluorescence, and blue fluorescence), which
resulted from their lysine-rich supramolecular structures with
high zeta potential and buffer capacity at the lower pH condi-
tion in lysosomes. Nuclear delivery is an important considera-
tion for efficient nanocarriers, because many clinical antitumor
drugs played their therapeutic roles in the nuclei such as DOX
and cisplatin.[*?l We further confirmed targeted nuclear delivery
of CTVMs by Hoechst 33342 staining (Figure 7C). The CLSM
images directly displayed that the nanovehicles containing
the charge-tunable components (DA-DLPs) transported more
the fluorescent DOX into 4T1 cells with the lower pH culture
medium (6.8). Moreover, CTVMs efficiently delivered DOX into
the nuclei to exert antitumor activity with 3 h (overlap of red
fluorescence and blue fluorescence). The similar phenomena
occurred in other groups which usually involved a major part of
the charge-tunable DA-DLPs. In line with our previous studies,
the lysine-rich supramolecular dendritic system could escape
from endosomes and deliver drug into nuclei mimicking viral
intracellular delivery.(21-28:40]

The ultimate goal of developing viral mimics is that
enhanced in vivo antitumor efficacy and reduced side effects
can be achieved by virus-inspired systemic delivery. The in vivo
therapeutic efficacy of the D-CTVMs was evaluated in BALB/c
mice bearing 4T1 tumor using systemic administration (intra-
venous injection). The tumor suppression was evaluated by
monitoring tumor volume changes (Figure 8A). The CTVMs
had no obvious effect on tumor growth of BALB/c mice as

Table 1. Drug concentrations at 50% inhibition (IC50) to 4T1 tumor cell line.

Groups DOX D-PVMs D-PTVMs D-CVMs D-NTVMs D-CTVMs DOX-HCI
ICso (pH 7.4) 11.60 2.51 1.15 5.51 5.39 4.43 0.47
ICso (pH 6.8) 9.43 2.04 0.99 2.17 5.11 0.88 0.38

3 Determined by CCK-8 assays after incubation with drug or drug-loaded viral mimics for 24 h with different pH conditions (concentration unit: pyg mL™).
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Figure 7. Cellular uptake and intracellular drug delivery to 4T1 tumor cell line. A) MFI (DOX) for quantitative cellular uptake after incubation with

*p < 0.001). B) CLSM

images for intracellular tracking of D-CTVMs (5 pg mL™' DOX) at different time points including FITC-labeled CTVMs channel (green), DOX channel
(red), Lyso Tracker-stained lysosome channel (blue), and overlay of previous images. C) CLSM images for nuclear delivery of DOX-loaded viral mimics

(10 pg mL™" DOX) after incubation with different pH conditions for 3 h.

compared to the saline-administered BALB/c mice. The tumor
growth rate in the saline-administered group dramatically
increased to 9.6-fold than that in the D-CTVMs-administered
group after treatment over 18 d (*p < 0.001). Encouragingly, in
vivo tumor suppression of D-CTVMs even exceeded the posi-
tive control group (administered by water-soluble DOX.HCI)
more than three times. Inspection of the tumor growth rates
in the D-CVMs group and the D-NTVMs group also indicated
the charge-tunable or biotinylated nanovehicles remarkably
improved antitumor efficiency of DOX. As shown in Figure 8B,
the virus-inspired targeted strategy of D-CTVMs for systemic
delivery, which combined viral component and structure simu-
lations, tumor microenvironment targeting, receptor-mediated
targeting, and subcellular targeting, did achieve maximum in
vivo antitumor effects.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Then, the in vivo therapeutic efficacy and mechanism were
also analyzed by histological and immunohistochemical studies
(Figure 8C). Haematoxylin and eosin (H&E) staining of tumor
slices showed that administration of the D-CTVMs resulted in
the most remarkable damage in tumor tissue after treatment,
quite differing from superabundant and compact tumor cells in
the saline-administered group. Meanwhile, the administration
of D-CTVMs very effectively inhibited CD31-positive vessels
formation and reduced proliferating Ki67-positive tumor cells
as compared with the control groups. More importantly, the
D-CTVMs induced the most apoptotic cells (TUNEL-positive
cells) in tumor tissue, which was about twofold higher than that
of the DOX.HCI group (Figure S39, Supporting Information).

Next, we started to investigate in vivo fate of D-CTVMs after
systemic administration to disclose the merits of viral mimics.

Adv. Funct. Mater. 2015, 25, 5250-5260
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Figure 8. In vivo therapeutic efficacy against BALB/c mice bearing 4T1 tumor. A) Tumor volume changes of BALB/c mice bearing 4T1 tumor admin-
istered with saline (control), CTVMs, D-CVMs, D-NTVMs, D-CTVMs, and DOX.HCI by intravenous injection (5 mg DOX kg™', means + SD, n = 6,
**p < 0.001, *p < 0.01). B) Tumor growth inhibition after treatment with different administrations over 18 d. C) Histological and immunohistochemical
images of H&E, CD31, Ki-67, and TUNEL assays for tumor tissues. CD31-positive vessels and Ki-67-positive cells are stained brown, and TUNEL-

positive cells are stained blue.

To evaluate the resistance to protein adsorption of CTVMs, we
determined how much proteins absorbed onto the viral mimics
after exposure to bovine serum albumin (BSA) solution at pH
7.4 and 6.8, respectively. The results showed that both at the
pH 7.4 and 6.8, little proteins absorbed onto the negatively
charged NTVMs, while the significant protein adsorption was
detected in the positively charged PTVMs group (Figure 9A).
As speculated, CTVMs resisted the protein adsorption at
normal physiological pH condition due to their surrounding
negative charges, and low pH condition (6.8) could trigger
the charge conversion of CTVMs to activate protein interac-
tions immediately. The plasma drug concentration versus time
profiles after intravenous injection of DOX.HCI solution and
various DOX-loaded nanovehicles (D-CVMs, D-NTVMs, and
D-CTVMs) at a single dose of 10 mg kg™ to BALB/c mice
are shown in Figure 9B, and pharmacokinetic parameters are
listed in Table S1 (Supporting Information).”® Compared with
the DOX.HCI solution having area under the curve (AUC,
40.58) and half-life (t;,, 0.38 h), the VMs-encapsulated DOX
showed many advantages as follows: D-CVMs, D-NTVMs,

Adv. Funct. Mater. 2015, 25, 5250-5260
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and D-CTVMs (i) increased AUC of 129.55 (3.19-fold), 197.08
(4.86-fold), and 245.50 (6.05-fold), (ii) and enlarged #;,, of 2.31
(6.08-fold), 5.82 (15.32-fold), and 6.65 (17.50-fold), respectively.
These results indicated that viral mimics indeed significantly
prolonged the blood circulation time of drug because of their
stealthy surfaces.

Subsequently, fluorescent imaging for drug distribution was
carried out to confirm the in vivo tumor targeting of D-CTVMs
(Figure 9C). Comprehensive analysis of each group at all moni-
toring time points indicated that these viral mimics were more
favorable for the DOX accumulation in solid tumors by EPR
effect than free DOX-HCI. Comparing the DOX fluorescence
located at the tumor site, the strongest intensity and largest
area were observed in the D-CTVMs group owing to the pro-
moted tumor accumulation by synergetic targeting. The ex vivo
semiquantitative DOX content in different organs and tumors
also indicated that D-CTVMs were a predominant delivery
system for solid tumor targeting, but less accumulation of
water-soluble DOX - HCI may be related to its drug metabolism
(Figure 9D).
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Figure 9. In vivo tumor targeted delivery and reduced side effects. A) Protein adsorption on the viral mimics after incubation with different time
points and pH conditions at 37 °C (means % SD, n = 3). B) Pharmacokinetic profiles after intravenous injection of DOX.HCl and various DOX-loaded
nanovehicles in BALB/c mice at a drug dose of 10 mg kg™' (means + SD, n =3). C) Fluorescent images of nude mice bearing 4T1 tumor after different
administrations of DOX.HCl, D-CVMs, D-NTVMs, and D-CTVMs using intravenous injection at different monitoring times. D) Ex vivo DOX fluores-
cence intensity of organs and tumors after intravenous injection for 24 h. E) Body weight changes of BALB/c mice bearing 4T1 tumor with different
administrations over 18 d (n = 6, *p < 0.001). F) Images of H&E assays for hearts and lungs after treatment with different administrations over 18 d.

As the BALB/c mice finished the course of treatment,
BALB/c mice treated by DOX.HCI showed a significant reduc-
tion in body weight by 30% due to drug side effects (Figure 9E).
However, no significant difference in body weight of BALB/c
mice was observed after administrations with the viral mimics—
based delivery systems, as well as the saline-administered
group. Furthermore, the histological analysis provided another
evidences for minimizing the DOX toxicity to the heart tissue
with the VMs-packaged DOX (Figure 9F). It was well known
that pulmonary metastasis was the most typical and fatal tumor
metastasis, and the marked pulmonary metastasis of saline-
administered group was shown in the H&E stained lung slice,
which was marked by white line.’®>”] In contrast, few metas-
tasis sites were observed in the lung of the D-CTVMs group,
even better than the DOX.HCI group. It was concluded that
the charge-tunable targeted viral mimics successfully broke
through the biological barriers in drug delivery and offered the
satisfactory therapeutic effects as well as reduced side effects.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3. Conclusions

In summary, we demonstrated a virus-inspired strategy to build
lipopeptide-based mimics of viral architectures and infections
for overcoming key biological barriers and navigating systemic
delivery. These virus-inspired mimics have virus-like compo-
nents, well-defined nanostructures, and negatively charged
surface at normal pH condition, which are able to resist pro-
tein adsorption, prolong blood circulation time, and transport
the drug to tumor site by passive targeting (EPR effect). More
importantly, synergetic effects of tumor extracellular targeting
(charge-tunable shielding) and receptor-mediated active tar-
geting (biotin moieties) largely enhanced the drug accumula-
tion at tumor site and tumor cell internalization. After adequate
exposure of amino groups in CTVMs, the lysine-rich supramo-
lecular dendritic systems smoothly achieved endosomal escape
and nuclear delivery to exert the antitumor activity of DOX.
In vitro and in vivo results confirmed the multifunctional viral

Adv. Funct. Mater. 2015, 25, 5250-5260
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mimics provided much better tumor treatment effects as com-
pared with positive control group (DOX.HCI) and other control
groups, including the aspects of tumor growth inhibition, side
effects, and tumor metastasis. As a result, the versatile viral
mimics successfully take advantages of viral structural/func-
tional simulations and tumorous unique features for achieving
highly efficient systemic delivery. We hope that this work will
set the stage for the development of novel viral mimics and effi-
cient tumor therapy.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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