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Targeted therapy for the treatment of cancers using nanoparticles (NPs) decoratedwith transferrin (Tf) has been
relatively successful, as several such nanocarriers are currently undergoing clinical trials. However, since native Tf
has a lowprobability of delivering its payloaddue to its short residence time in the cell, or low cellular association,
there is room to significantly improve the potency of current systems.Wepioneered the redesign of this targeting
ligand by altering the ligand–metal interaction, as suggested by our mathematical model, and here we present
the first study to investigate the enhanced therapeutic efficacy of NPs conjugated to our engineered oxalate Tf.
Our mathematical model was first used to predict that NPs conjugated to oxalate Tf will exhibit a higher degree
of cellular association compared to native Tf-conjugated NPs. Our in vitro trafficking experiments validated the
model prediction, and subsequent in vitro and in vivo efficacy studies demonstrated that this increase in cellular
association further translates into an enhanced ability to deliver chemotherapeutics. Our findings signify the
importance of the cellular trafficking properties of targeting ligands, as they may significantly influence
therapeutic potency when such ligands are conjugated to NPs. Given the early success of a number of native
Tf-conjugated NPs in clinical trials, there is potential for using Tf-variant based therapeutics in systemic drug de-
livery applications for cancer treatment.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Since current standard chemotherapy often leads to severe side ef-
fects, recent efforts have focused on cancer therapeutics demonstrating
specificity towards the tumor and reduced toxicity to normal tissues. Tf
has been used as a cancer-targeting agent in multiple delivery systems
since the transferrin receptor (TfR) is overexpressed in many types of
cancer cells. The investigation of CALAA-01, a Tf-conjugated cyclodex-
trin polymer-based nanoparticle, achieved the first targeted delivery
of siRNA in a Phase I clinical trial in May 2008 [1,2]. Additionally,
MBP-426, a Tf-bound liposome containing the cytotoxic platinum-
based drug oxaliplatin, has proved promising, as it has completed
Phase I clinical trials for solid tumors and is currently being evaluated
in Phase II studies [3]. These nanocarriers, some of which are NPs, ex-
ploit the enhanced permeability and retention (EPR) effect to passively
target tumors when administered systemically [4–6]. Once these NPs
have accumulated inside the tumor, they can actively target cancer
cells via the Tf decorated on their surfaces. Due to the overexpression
of TfR, the Tf-conjugated NPs (Tf-NPs) can specifically internalize into
cancer cells and deliver their drug payloads.

Although the conjugation of native Tf improves tumor-specific cellu-
lar uptake, significant limitations in Tf's efficacy as a drug carrier still
exist since an iron-bound Tf molecule (holo-Tf) is restricted to a single
5 to 10 minute passage through a cell [7,8]. Once holo-Tf binds TfR, be-
comes internalized via receptor-mediated endocytosis, and releases
iron, iron-free Tf (apo-Tf) is then recycled to the cell surface, where it
quickly dissociates fromTfR. Since rebinding of iron by Tf is an inefficient
process, recycled Tf is often assumed to not be able to rebind iron and,
therefore, TfR, thus limiting the amount of payload delivered by the NP.

In order to increase the probability of delivering therapeutics to TfR-
overexpressing cancer cells, we wanted to increase the time Tf
remained within a cell, i.e., increase its cellular association. Using a
mathematical model that we developed for the Tf/TfR cellular traffick-
ing pathway [8], we discovered that inhibiting the iron release from Tf
in the endosome could increase the cellular association of Tf. To verify
this prediction, we previously generated a variant of Tf by replacing
the synergistic carbonate anion of Tf with oxalate, since oxalate can sta-
bilize the iron atoms in Tf and therefore decrease Tf's iron release rate in
the endosome [9]. Intracellular trafficking experiments with various
cancer cell lines demonstrated that oxalate Tf exhibited an increased
cellular association compared to native Tf, which led to enhanced deliv-
ery of a conjugated drug, diphtheria toxin [10]. Subsequently, site-
directedmutagenesiswas utilized to engineer Tfmutants that exhibited
even slower iron release rates. Accordingly, conjugates of these Tf
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mutants with diphtheria toxin possessed even greater potency in
in vitro cytotoxicity experiments with ovarian cancer [11] and glioblas-
toma cell lines.Moreover, intratumoral injections into xenografted glio-
ma tumors in a mouse model resulted in near-complete tumor
regression within 8 days [12].

Based on the greater cellular association and efficacy of our molecu-
lar oxalate and mutant Tf-drug conjugates, the work presented in this
paper is a natural extension of our previous researchwith Tf variant sys-
tems and corresponds to the first investigation of the drug carrier prop-
erties of NPs conjugated to a Tf variant. In contrast to our laboratory's
molecular drug conjugates, which are very promising for cancers treat-
ed locally, oxalate Tf-NPs administered intravenously may prove to be
more suitable for most types of cancers, as they can avoid the competi-
tive inhibition associated with endogenous Tf present at higher concen-
trations in the blood serum (3–6 μM) [8]. More importantly, our novel
oxalate Tf-NPs and Tf variant–drug conjugates are similar in that
both may bypass native Tf's rapid recycling (Fig. 1). Specifically, we

hypothesized that oxalate Tf-NPswould be able to significantly improve
upon the status quo.

To test our hypothesis, we performed a number of theoretical and
experimental studies. An extension of our previous mathematical
model predicted an increased cellular association for oxalate Tf-NPs,
and this prediction was experimentally verified via cellular trafficking
studies with radiolabeled Tf-conjugated polystyrene NPs (Tf-PNPs). To
see if this improvement could be translated into increased potency
with drug-loaded NPs, doxorubicin (DOX)-loaded poly(lactide-co-
glycolide) (PLGA) nanoparticles (DP)were prepared and then conjugat-
ed with polyethylene glycol (PEG) and Tf to form Tf-PEG-DPs (TPDPs).
The variant TPDP demonstrated increased potency over the native Tf-
system in in vitro cytotoxicity assays. Finally, through in vivo experi-
ments with a mouse model, we showed that using a single, intravenous
injection of variant TPDP led to a much greater inhibition of tumor
growth compared with native TPDP and the phosphate-buffered saline
(PBS) control.

2. Materials and methods

2.1. Mathematical model of Tf-NP/TfR trafficking pathway

We extended the Tf/TfR trafficking model previously developed by
our laboratory [10]. This extended model, which was derived using
the principles of mass action kinetics, describes the trafficking behavior
of Tf-NP, including its binding to cell-surface receptors, internalization,
partitioning in the endosomal compartment, recycling, and degrada-
tion. To transition from describing the trafficking behavior of molecular
ligands to that of nanoparticles, twomain parameters from the previous
model were altered, namely, the equilibrium dissociation constant (KD)
of Tf-NP binding to TfR and the partitioning of the drug carrier in the
endosomal compartment.

The system of ordinary differential equations was solved using
the modeling software Berkeley Madonna. The length of the model
simulations was set to 2 h with initial conditions set to zero for all
species except the concentration of holo Tf-NP in the media
(0.75 pM) and the number of TfR on the cell surface. The area
under the curve (AUC) of internalized Tf-NPs versus time was calcu-
lated and used as the metric to quantify the cellular association of
Tf-NPs. This was the same metric as the one used in our previous
mathematical model [10].

2.2. Cell culture

PC3 human prostate cancer cells were a kind gift from Dr. Lily Wu
(University of California at Los Angeles Pharmacology, Los Angeles,
CA). A549 human non-small cell lung cancer cells were purchased
from the American Type Culture Collection (ATCC, Manassas, VA).
Both cells were seeded onto 75 cm2 tissue culture flasks (Corning Incor-
porated, Corning, NY) and grown in RPMI 1640 (for PC3 cells,
Invitrogen, Carlsbad, CA) or F12K (for A549 cells, Invitrogen) supple-
mented with 10% fetal bovine serum (Hyclone, Logan, UT) and 1% pen-
icillin/streptomycin (Invitrogen) at a pH of 7.4. The cells were incubated
in a humidified atmosphere with 5% CO2 at 37 °C. All cell lines used in
this study were authenticated by Laragen, Inc. (Culver City, CA) using
the Promega StemElite (Promega) for STR analysis. Results indicated
that the cell lines used in this study are authentic. All reagents and ma-
terialswere purchased from Sigma-Aldrich (St. Louis, MO)unless other-
wise specified.

2.3. Conjugation of Tf to PNP

PNP (100 nm diameter) were purchased from Phosphorex, Inc.
(Fall River, MA) with free surface amines and encapsulated with a
proprietary hydrophobic dye. Apo-transferrin (apo-Tf) was purchased
from Sigma-Aldrich (St. Louis, MO). The molecules 2-iminothiolane

Fig. 1. Schematic of the native and oxalate Tf-NP/TfR trafficking pathways. (A) Iron-bound
native Tf-NP binds TfR, is internalized, and releases iron once it enters the acidic environ-
ment (pH ~ 5.6) of the endosome. Iron-free Tf-NP is then recycled to the cell surface,
where it quickly dissociates and is assumed to be lost, due to the inefficiency with
which Tf-NP rebinds iron. (B) Oxalate Tf-NP is internalized, but exhibits inhibited iron re-
lease in the acidified endosomal compartment. Iron-bound Tf-NP, instead of iron-free Tf-
NP, returns to the cell surface. Since iron-bound Tf-NP retains its high affinity for TfR at the
cell surface, it exhibits a slow dissociation rate. As a result, iron-bound Tf-NP can either re-
main bound to TfR and re-enter the cellular trafficking pathway or, if dissociation occurs,
quickly rebind another TfR for internalization. Accordingly, cellular association is in-
creased by increasing the number of cycles, not by lengthening the residence time of
one cycle. For simplicity, only monovalent Tf-TfR binding is depicted in this figure, but
multiple Tf on a Tf-NP can exhibit multivalency effects and bind to multiple TfR on the
cell surface.
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