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Abstract

Tumors are inherently resilient and always develop drug-resistance, leading to poor patient therapy effect. With the developing
of sophisticated analytical tools, some novel strategy on improving targeting of anti-cancer delivery is developed to better
thwart drug-resistance. This report demonstrates a multilayered nano-system to serve as a multifunctional platform for the
treatment of drug-resistant breast cancers. This nano-system is composed of a poly (lactic-co-glycolic acid) core, a liposome
second layer, and a hyaluronic acid outmost layer. The different types of drug, loaded in different layers, are released in a
controlled and sequential manner upon internalization and localization. This recreated the time-staggering effect necessary

for maximal efficacy.
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Short Communication

Breast cancer is one of the most devastating diseases
known to mankind, and it unfortunately has no standard-
of-care therapy. Currently, the most potent treatment,
chemotherapy, still faces the problems of non-specificity,
large doses of drug, and multidrug resistance effect. On
one hand, the poor target and short-lived concentration of
chemotherapeutics within tumor compel the use of high
doses, increasing the risk of dose-related toxicities. On the
other hand, suboptimal drug levels and single-agent based
cancer treatment lead to the emergence of drug resistance
and tumor relapse [1]. Some success has been achieved to
date by implementing synergistic cancer genotoxic drugs
using engineered delivery systems [2-10]. However, all
current clinical treatment strategies primarily focus on
the simultaneous release of drugs from a single delivery
platform, and they pay no attention to how tumor survival/
drug resistant mechanisms and tumor cell-specific survival
pathways may affect the treatment efficacy. New cancer
treatment approaches must take into consideration of those
mechanisms to improve efficacy.

Multifunctional Nanotherapeutics for Drug-Resistant Breast Cancer

Nanoparticle (NP) mediated drug delivery has shown
tremendous promise for improved pharmacokinetics, dose-
related toxicities, and chemical stability [11]. This strategy
typically improves tumor specific delivery through either
size dependent “passive” targeting [12] or “active” targeting
that can be ligand directed or stimuli responsive [13,14].
While active targeting often augments tumor cell killing, its
efficacy is intrinsically limited by cellular heterogeneity that
exists both within and among tumors [15-17]. Theoretically,
tumor vessels are leaky, and tumor tissues lack well-defined
lymphatic networks and effective lymphatic drainage, which
favors diffusion of drug molecules to the center of the tumor
through enhanced permeability and retention effect (EPR).
However, selective accumulation of nanoparticles in tumor
after systemic injection has been elusive so far. In addition,
nanoparticles are easily subjected to opsonization and
rapid clearance by the reticuloendothelial system (RES)
[18]. To overcome rapid clearance, some polymers such as
chitosan or polyethylene glycol are commonly applied to
yield “stealth” particles that are invisible to the macrophage
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or provide a dynamic “cloud” on the surface to repel
plasma protein resulting in prolonged half-life in blood and
reduced allergic reaction and rejection by immune clearance
[19,20]. So far, single-drug therapies lack efficiency in
cancer treatment due to the fact that cancer cells have been
observed to develop mechanisms to survive single-agent
chemotherapy [21]. At one point, traditional combinatorial
chemotherapies provided a multi-pronged attack in hope of
generating a long-lasting response through simultaneously
using different drugs with varying modes of action. However,
dual-drug treatment to overcome resistance is susceptible
to failure since there is no intimate knowledge of the inner
working of tumors. The novel combinatorial therapies
exploit the molecular mechanisms that contribute to a
tumor’s survival and attack the weakness of cancer. Two
drugs can be used in conjunction such that one complements
the other by preemptively cutting off alternative oncogenic
signaling pathways [22]. For example, co-delivery of multiple
anticancer drugs, which function via different mechanisms
of hitting different targets and displaying different toxicity
profiles, can improve the therapeutic index by achieving
synergistic efficacy and increasing sensitivity [23-25].
Moreover, for free-drug formulations (absent of any carriers),
the drug dose is often determined by the maximum amount
a patient can tolerate, which is suboptimal. In contrast,
nanoparticles can be engineered to co-encapsulate multiple
drugs with precise control regardless of their physicochemical
properties. Furthermore, nanoparticles can precisely control
the timing of the drug release and how the drug is delivered
upon reaching the target site [26,27]. Although multi-drug
delivery can be achieved by nanoparticles, some problems
still need to be addressed. First, types of drugs that can be
co-loaded are limited based on the specific nanoparticle
delivery system. Second, the loading ratio of multiple drugs
cannot be controlled precisely. Third, released drugs are
easily extruded out of cancer cells by P-glycoprotein (P-
gp), a plasma membrane ATP-binding cassette transporter
overexpressed in tumor cells [28-31]. P-gp is composed of
four domains, two hydrophobic transmembrane domains
and two cytosolic nucleotide-binding domains [32,33] which
are involved in ATP binding [34,35]. The P-gp enhanced
multidrug resistance (MDR) reduces the intracellular levels
of cytotoxic drugs below lethal thresholds, making the drugs
ineffective. This increased insight has led to the development
of strategies that can weaken the P-gp mediated MDR effects.
For example, flavonoids were shown to bind to nucleotide-
binding domains with high affinity. Their binding site
partially overlaps with both the ATP-binding site and the
steroid-interacting region of P-gp, showing promise as a
class of bifunctional modulators of P-gp [32,35]. It is also
found that special rewiring of signaling network for cancer
cell could lead a new therapy strategy. Overexpression of
epidermal growth factor (EGFR) on cancer cell could produce
uncontrolled cell division, and EGFR inhibition dramatically
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sensitizes a subset of cancer cell to DNA damage if the
genotoxic drugs are given sequentially [36].

The goal of this project is to develop multi-functional
nanoparticles (MLNPs) Figure 1.

Figure 1: Schematic illustration of Ch-MLNPs.

For effective MDR inhibition, effective EGFR inhibition,
and controllable drug release for cancer therapy. MLNPs will
be fabricated by depositing oppositely charged polymers
on top of one another to build several highly stable films
with high drug loading capacity. The layer-by-layer (L-B-L)
fabrication method used here allows precise control at
nanometer scale level. Liposome nanoparticles (around
75nm) was first prepared to enclose a liquid core. The liquid
core was loaded with doxorubicin (DOX, a genotoxic drug
targeting DNA to prevent cell replication), and the liposome
layer was loaded with paclitaxel (PTX), which was proved
to enhance the MDR inhibition systematically with Dox [37]
Figure 2.

Figure 2: Time-staggered release of drugs from Ch-MLNPs
rewires cancer cell signaling networks and promotes more
efficient cell killing.
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We hypothesis that drug molecules loaded in different
layer of the multilayer nanoparticles will have a different
temporal release profile once entered into cancer cells,
and we further hypothesize that these drugs can work
synergistically to effectively kill targeted cancer cells.

Utilizing an L-B-L fabrication method, this project
generated multilayered multifunctional nanoparticles (NPs).
Different from previously published reports [38-41], these
NPs will be made of materials that are dramatically different
in their physicochemical properties, allowing the loading of
drugs with significantly different physicochemical properties.
Also,wetargettoinhibita differentdrug-resistantmechanism
of cancer cells first, and inhibit cancer cell division following.
As shown in Figure 1, the multilayered NPs will be composed
of an outside layer loaded with an MDR-enhanced inhibitor,
and a liquid core loaded with cytotoxic drugs. This novel
modular drug delivery platform can be tailored to achieve
efficient intracellular delivery, extended serum half-life, and
effective cancer cell killing. This multifunctional delivery
system has superior capability for combinatory therapy by
co-delivering drugs that targets P-gp, a drug efflux pump
responsible for MDR effect of cancer cells, and doxorubicin, a
genotoxic drugs to kill cancer. The NPs will be fabricated with
a biopolymer, hyaluronic acid (HA), which is biodegradable
and has low toxicity, and lipids, which are FDA-approved
for chemotherapeutic treatment of several forms of cancer
[42,43]. HA has been shown to be biocompatible with living
tissues since it does not cause allergic reaction and rejection
[44-46]. Chitosan was also found to bind with CD44, which

are overexpressed on surface of cancer cells [47].

In the experiment section, multi-layered nanoparticles
were assembled by an L-B-L method. Briefly, 0.5 mg of DOX
was encapsulated in 10 mg of poly (lactic-co-glycolic acid)
(PLGA) through double-emulsion Figures 3A-3F [48,49] and
the DOX loaded PLGA was encapsulated in 4 mg of DOTAP
(1,2-dioleoyl-3-trimethylammonium-propane), which was
loaded with 1 mg of PTX through evaporation. The resulted
two-layered particles (Figure 3D) were then coated with a
hyaluronicacid (HA) layer. The three-layered NPs (HA-MLNPs,
Figure 3E) were prepared in two different sizes and their
structures were characterized by dynamic light scattering
(Figure 3A), zeta potential (Figure 3B), transmission
electron microscopy (TEM) (Figure 3C-E), and confocal laser
scanning microscopy (Figure 3F). The mean diameter of the
two particles is around 70 nm (HA-MLNPs-70) and 200 nm
(HA-MLNPs-200) (Figure 3A). The size distribution can be
significantly improved by purifying the particles through a
size exclusion chromatography column [50]. The change of
zeta potential (Figure 3B) shows different type of charge
each layer carries. To visualize the three-layered structure,
different materials used in the nanoparticle assembly were
labeled with different fluorescent dye (Figure 3F), and the
merged image (Figure 3F iv) shows the presence of each
material in MLNPs. Figure 3 C-F shows unambiguously
that the three-layered structure was indeed produced. HA-
MLNPs-200 were used to test the drug release profile and
intracellular uptake. The control group was fabricated to
enclose both DOX and PTX in PLGA.

Figure 3: Assembly and characterization of multilayered nanoparticles. A)Hydrodynamic size, and B) Zeta potential. TEM
images of C) the PLGA core, D) PLGA+liposome, and E) PLGA+liposome+HA. F) Confocal microscopic image of HA-MLNPs-200:
i) HA was labelled with Alexa Fluor 350 (blue); ii) lipid with 1,2-diphytanoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-
2-1,3-benzoxadiazol-4-yl) (ammonium salt) (NBD, green); iii) PLGA was labeled with Red Nile (red); iv) merged image.

The drug release profiles were determined by a dialysis
method [50] without the presence of serum. The results
showed staggered release over 75 h with a fast release rate
of PTX from the lipid film, compared to that of DOX from the
PLGA core Figures 4A-4B In contrast, the release profiles of
DOX and PTX from the control particles that had both drugs
in the PLGA core are almost identical (Figure 4B). Compared
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with other reported drug release profiles from just PLGA
without the extra layers [51-54], the release of the drugs
enclosed in PLGA (DOX in Figure 4A, and both DOX and PTX
in Figure 4B) is delayed until around 10 h when the release
rates increased significantly, showing the effect of the extra
layers in the three-layered structure.
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Figure 4: Drug release from different layers in PBS (pH
7.4). (A) DOX is in PLGA layer, and PTX is in liposome layer.
(B) Both DOX and PTX are in PLGA layer.

The assembled NPs in this project possess the following
unique advantages: the structure of multilayered particles
will enable loading of several different drugs, produce
staggered drug release over time, and explore the treatment
of drug-resistant cancers through inhibiting a unique cancer
MDR mechanism, and EGFR signaling. The results indicated
that the PTX was first be released from the outmost layer,
block the P-gp pump, and rewire the cancer cell into a state
more susceptible to the cytotoxic effects of genotoxic drugs
(Figure 2). Therelease of PTX and the resulted MDR inhibition
can potentially be tuned by the thickness of the outmost
layer. In this subset, DNA of cancer cell could be damaged
by subsequently released third drug, DOX, loaded in the
hydrophilic aqueous compartment inside liposome [55]. The
loaded drugs interfere with the cancer cells through different
mechanisms, promoting synergistic pharmacological
functions. Basically, the compartmentalization of the two
drugs resulted in differential release. This recreated the time-
staggering effect necessary for maximal efficacy. Because
of the versatility of this novel multilayered nanoparticles,
this project is undoubtedly inspiring the advancement of
novel nanoparticles-based systems that are specifically
designed based on the cancer cell biology for effective cancer
treatment.
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