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Abstract

Nanotechnology and combination therapy are two major fields that show great promise in the
treatment of cancer. The delivery of drugs via nanoparticles helps to improve drug’s therapeutic
effectiveness while reducing adverse side effects associated with high dosage by improving their
pharmacokinetics. Taking advantage of molecular markers over-expressing on tumor tissues
compared to normal cells, an “active” molecular marker targeted approach would be beneficial for
cancer therapy. These actively targeted nanoparticles would increase drug concentration at the
tumor site, improving efficacy while further reducing chemo-resistance. The multidisciplinary
approach may help to improve the overall efficacy in cancer therapy. This review article
summarizes recent developments of targeted multifunctional nanoparticles in the delivery of
various drugs for a combinational chemotherapy approach to cancer treatment and imaging.
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INTRODUCTION

Nanotechnologies were first described in the 1960s through liposomal carriers assisting in
the delivery of proteins and drugs to various diseases.! Since then, the field has made a
significant impact on the development of drug delivery systems and clinical therapeutics for
cancer therapy.1=3 Currently, there are over two dozen nanotechnology-based therapeutic
products approved by the Food and Drug Administration (FDA) for clinical use with more
being evaluated under clinical trials.2~ Some notable examples of chemotherapeutic
nanoparticles on the market include doxorubicin (DOX) encapsulated liposomal nanocarriers
Doxil® and paclitaxel (PTX)-bound albumin nanocarriers Abraxane,® both administered
intravenously (i.v.) for the treatment of various cancers. Further advances in the
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biocompatibility of these nanoscale drug carriers have allowed for safer, more efficient
delivery of a variety of chemotherapeutic drugs. Advantages in nanoparticle assisted delivery
of these drugs, particularly at the systemic level, include longer circulation half-lives,
improved pharmacokinetics, and reduced adverse side effects.3 78 Nanoparticles may also
take advantage of the enhanced permeability and retention (EPR) effect caused by “leaky”
tumor vasculatures, increasing drug accumulation at the tumor site,® thereby improving
pharmacokinetics, and reducing dose and associated toxicities.

In recent years, researchers have been exploring different approaches to delivering multiple
therapeutic agent loaded nanoparticles for cancer therapy.” The use of multiple drugs may
suppress the phenomenon known as cancer chemo-resistance that is accountable for the
majority of failed cases for cancer therapy.” Cancer cells have been observed to show a
diminished response over a period of chemo-treatment as they acquire defense mechanisms
by enhancing self-repair pathways, overexpressing drug efflux pumps, increasing drug
metabolism or expressing altered drug targets.” Combination chemotherapy has been
adopted in clinics as a primary cancer treatment regimen to help overcome and reduce
cancer drug resistance for an overall improved therapeutic effectiveness.® If multiple drugs
were applied with different molecular targets, then genetic barriers could be raised to
overcome the cancer cell mutations, thereby delaying the cancer adaptation process. It has
also been demonstrated that-in the treatment-with multiple drugs that target the same cellular
pathways, the drugs do function synergistically, yielding an improved therapeutic efficacy
and increased target selectivity.8 However, with all their benefits, current combination
chemotherapies do have their shortcomings. Dosing and scheduling optimization may be
extremely difficult due to the varying pharmacokinetics, bio-distributions, and membrane
transport properties among various drug molecules.®® Furthermore, highly potent drug
combinations are often associated with severe side effects. These challenges have driven
researchers, engineers, and clinicians to investigate rationalized approaches to using the
targeted nanotechnology with combination chemotherapy for a more precise and effective
route of cancer treatment.

This article reviews the latest status of targeted nanoparticle-assisted co-delivery of multiple
drugs in cancer therapy and imaging. The focus of this article is distinct from the broader
generalization of targeted nanoparticle-based combination therapy, which touches on co-
administration of multiple different single drug-containing vehicles, as recently discussed in
a review by Greco et al.10 We emphasize a targeted approach to multidrug/siRNA-containing
nanoparticles over delivery of single agent loaded nanoparticles due to the vehicle
uniformity, ratio-metric drug loading and temporal drug release. All of these features carry
significant therapeutic implications and will be discussed in detail.

CANCER THERAPY

Cancer is a major public health problem since it is the second leading cause of illness-related
death, only exceeded by heart disease.1! The pathogenesis of cancer involves the structural
and quantitative alterations in cellular molecules that control different aspects of cell
behavior.12 Molecular changes that cause the development and progression of cancer have
been commonly linked to genetic alterations.1! Research efforts are on-going to identify

J Biomed Nanotechnol. Author manuscript; available in PMC 2016 March 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Glasgow and Chougule Page 3

common genetic modifications and the underlying target genes involved in cancer pathways.
Alterations in a person’s genetic makeup may be inherited, as in hereditary cancers, or
induced by endogenous and exogenous carcinogenic factors as in most sporadic cancers.11
There are six essential changes in cell physiology suggested to collectively dictate malignant
growth; self-sufficiency in growth signals, insensitivity to anti-growth signals, tissue
invasion and metastasis, limitless replicative potential, sustained angiogenesis and evading
apoptosis.12

Chemotherapeutic agents used in current clinical practice have played a significant role in
reducing mortality/morbidity and in increasing patients’ quality of life.13 Despite the recent
advances in early diagnosis and in clinical protocols for cancer treatment, the development
of anticancer agents that combine efficacy, safety and convenience for the patient remains a
great challenge.14

Most anticancer drugs have narrow therapeutic index, develop multidrug resistance (MDR)
and present non-specific bio-distribution upon i.v. administration leading to severe side
effects to healthy tissues, mainly bone marrow and gastrointestinal tract.13 These limitations
of conventional chemotherapeutic strategies frequently result in suboptimal dosing,
treatment delay or discontinuance and reduced patient compliance to therapy.14

MECHANISMS OF DRUG RESISTANCE

Resistance can manifest as a result of decreased drug activity and can be primary (present
prior to drug exposure, with the tumor insensitive to initial treatment) or acquired (tumor
resistance developing during or after the course of treatment). This innate and/or adaptive
resistance to chemotherapy critically limits treatment outcomes and remains a key challenge
for clinicians.1® Because a particular mechanism can affect agents from completely
unrelated classes of chemotherapy agents, subsequent treatment options may be
compromised.1® This so-called MDR phenomenon constrains the efficacy of anthracy-clines,
taxanes, and several other cytotoxic and biologic agents.18 On a cellular level, there are
multiple active mechanisms of resistance, which include increased activity of efflux pumps,
such as adenosine-triphosphate (ATP) dependent transporters or reduced drug influx;
activation of detoxifying proteins, such as cytochrome P450 mixed function oxidases;
activation of mechanisms that repair drug induced DNA damage; and disruptions in
apoptotic signaling pathways, which may decrease susceptibility to drug-induced cell
death.1°

Alterations in drug efflux mechanisms are a common cause of MDR.17 Overexpression of
ATP-binding cassette (ABC) transporter proteins, such as P-glycoprotein (P-gp), and MDR-
associated protein 1 (MRP1) may be involved.1® ABC transporters act by pumping
anticancer agents out of the intracellular milieu into the extracellular matrix, thereby
preventing the agents from reaching their minimally effective intracellular concentrations.’
Substrates for P-gp include anthracyclines, taxanes, antimetabolites, and vinca alkaloids.18
In a meta-analysis of 31 breast cancer clinical trials, overexpression of P-gp was associated
with 3-fold increased risk of failure to respond to chemotherapy, and its expression was
noted to increase after chemotherapy exposure.19 Although MRP1 expression is increased in
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chemotherapy-naive tumors, its expression has shown to increase with exposure to cytotoxic
agents.18 MRP1 has been shown to confer resistance to anthracyclines and vinca alkaloids,
but not taxanes.18

The chemotherapy-resistant phenotype of cancer cells has been developed by multiple gene
aberration.2% Although multidrug and taxane resistance mechanisms are among the best
characterized, agents targeted against MDR have yielded poor results.?! Since it is
recognized that multiple genetic defects namely, DNA mutations, translocations, truncations,
deletions, or duplications are present in cancer cells, the role of drug-induced epigenetic
aberrations such as histone posttranslational modifications, DNA hypermethylation, and
subsequent gene silencing is of increasing importance.22-24 Epigenetic changes can occur
rapidly upon chemotherapy exposure.24 This article is focused on nanoparticle based
combination therapy for cancer. The mechanism of MDR is explained in detail in literature.

COMBINATION CHEMOTHERAPEUTICS

There are several potential advantages to combination chemotherapeutics, such as-reversal
of drug resistance, synergistically acting drugs, and improving efficacy as compared to
single drug therapy.1? However, with each drug having its own distinct pharmacokinetic
profile, the synergistic drug ratio optimized for /n vitro analysis will undoubtedly change
after the conventional administration of drug “cocktails,” which may lead to insufficient
therapeutic results 77 vivo.1% Polymer and/or lipid-based nanoscale systems that have been
previously developed for single drug therapy are now being utilized for co-delivery of more
than one drug.2> Mayer et al. have successfully tuned the relative dosage of various drugs in
single particle levels, and simultaneously delivered them to target sites with a maintained
drug ratio.2> When it comes to other drug combinations, novel delivery vehicles must be
developed having desired functionalities that allow for the co-encapsulation of both
hydrophobic and hydrophillic drugs, active targeting, and/or controlled drug release.? These
functionalities of the nanoparticle are essential for the co-delivery of nucleic acids and
drugs, both of which require intracellular delivery to elicit their therapeutic effects.26:27 For
example, when co-delivering chemotherapy and RNA. therapy for the treatment of
multidrug resistant cancers, it is ideal that the nanoparticle first releases siRNA to reduce the
expression of MDR transporters followed by the release of the anticancer drugs.2”

Co-delivery may also give the ability to combine both targeted imaging and therapeutic
agents for the development of thernostics nanoparticles, allowing for the simultaneous
visualization of sites targeted nanoparticles and delivery of therapeutic agents.28
Theranostics technology is innovative in concept and holds significant promise for making
large medical impacts within the next few decades. Thernostics may provide us with crucial
information on intracellular targets, visualization that the therapeutic agents are efficiently
reaching their target sites, and enabling effective early detection and treatment of various
cancers and diseases.28 Present day research is mainly focused on the design of such
multifunctional nanosystems and proof-of-concept tests;2%-32 however, more systematic i
vivo studies are needed. Future research in the area of multifunctional nanoparticles will also
help to trace the absorption, distribution, metabolism, and excretion of nanoparticles /n vivo.
Understanding the pharmacokinetics of the drug and its drug delivery system will help
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improve-formulations, estimate clinical doses, and guarantee safety to patients.33 Presently,
radionuclide labeling is the only technique that can be used to provide /n situ quantitative
information-, but radio emitters may be too unstable to conjugate with nano-materials.33
With the help of recently developed /n vivo imaging probes like magnetic

nanoparticles,3# 35 quantum dots,3¢: 37 gold nanoparticles,38 39 and carbon nanotubes,40: 41
more imaging modalities may become available to track the distribution of nano-therapeutics
in the body.

COMBINATION CHEMOTHERAPY NANOPARTICLES AGAINST MULTI-DRUG
RESISTANT (MDR) CANCER

Multifunctional nanoparticles co-delivering combinations of chemotherapy agents and
chemo-sensitizing agents have been shown to be successful in reversing MDR both /n vitro
and in vivo.*243 The two underlying mechanisms through which cancer cells acquire MDR
to multiple structurally and mechanistically different drugs, among the many cellular
mutations that diminish the effectiveness of anticancer drugs, are by the over-expression of
multidrug transporters and the altered apoptosis cycle.** MDR that are transporter-
dependent have an up-regulated level of transmembrane drug efflux pumps, part of the
ABC-superfamily that actively export drugs to reduce their effective intracellular
concentration. Many anticancer drugs are affected by these transporters.** For example, the
ATP-driven P-gp, is over-expressed in liver, pancreatic, ovarian and gastrointestinal cancers,
and readily pumps out DOX, PTX, and Vinblastine.** Pro-survival mutations such as the
deregulation of a human proto-oncogene located on chromosome 18, BCL2, and nuclear
factor kappa B (NF-kB), found in apoptotic pathway-dependent MDR, enable cancer cells to
tolerate drug-inflicted injuries and significantly decrease their apoptotic response.4-20 A
number of chemo-sensitizers have been developed to date which inhibit drug-efflux pumps
and help to restore the proper apoptotic signaling within cancer cells. The emergence of
siRNA as gene therapy has also made possible the silencing of MDR related genes.>0
Multifunctional nanopaticles that combine these MDR modulators and cytotoxic drugs have
the ability to sensitize MDR cancer cells to the chemotherapeutic payloads.

NANOPARTICLES AS MULTIFUNCTIONAL DRUG DELIVERY SYSTEMS

Nanoparticulate systems such as liposomes, polymeric micelles, polymer—drug nano-
conjugates, and dendrimers have led to about two dozen clinically approved therapeutic
products.” This review article will discuss nanoparticles that have been demonstrated to
carry two or more types of therapeutic payloads for the treatment of various cancers.
Controlled combinatorial drug delivery share the common aim in promoting synergism-;
however, each drug platform has its unique strength and characteristics. The different
particle structures, materials, and preparation processes are emphasized in this article to
provide design considerations toward developing combinatorial nanoparticulate systems.
The structure of most commonly used nanoparticle systems such as liposome, polymeric
micelle, polymer-drug nano-conjugate, and dendrimers has been represented in Figure 1. A
wide-range of nanoparticles have also been discussed in literature which utilize different
physiochemical properties to chemotherapy®! but this review article will mainly focus on
multifunctional nanoparticles described earlier.2-57
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Liposomes

Liposomes are spherical vesicles consisting of amphiphilic phospholipid bilayers.>8 The
most common building blocks for liposomal preparation are phosphatidylcholine and
phosphatidylethanolamine with cholesterol being used as a frequent additive to modify the
rigidity of the lipid membranes. Liposomal nanoparticle drug delivery systems have been
used for the treatment of various diseases, including cancer. Liposomes may also be formed
through the rehydration of lipid films to form multilamellar vesicles (MLV), which undergo
further mechanical extrusions to form unilaminar vesicles.>8 The end structure of this
procedure produces a lipid bilayer having an inner aqueous core, with the capability of
carrying lipophilic and hydrophilic drugs, respectively. Liposomal drug loading can be
accomplished either through active extrusion or through passive diffusion.8 In the active
extrusion approach, drugs are suspended along with the phospholipids in aqueous solution.
The mixture of MLV and drugs-is then extruded through membranes with a defined pore
size to form drug-loaded liposomes.>® Liposomes are first prepared and then mixed with
solubilized drugs in the passive diffusion approach. The drug molecules then enter the
liposome by diffusion through the lipid bilayers. Liposomes loaded with multiple
chemotherapeutic agents can use either active or passive loading schemes for the
formulation of combinatorial nanoparticles followed by the removal of the unloaded drug.
For example, in the preparation of Cytarabine:Daunorubicin liposome injection (CPX-351),
a combinatorial liposome for leukemia treatment, cytarabine is hydrated and extruded with
the lipid components yielding cytarabine-loaded liposomes. These liposomes are then
incubated with daunorubicin to achieve dual-drug encapsulation.5® CPX-351 will be
described in greater detail in the liposome section of this article. Currently liposomes are the
only nanoparticle-based combinatorial drug delivery platform that has entered clinical
trials.59

The prevalence of MDR in cancer patients, both prior to treatment and de novo,%0: 61 fueled
the application of combinatorial chemotherapy to treat cancer as an alternative to increased
doses of chemotherapeutics associated with life threatening side effects.52-64

Chen et al. studied the co-delivery of 3 different siRNA and one miRNA.5% In their study,
liposome-polycation-hyaluronic acid nanoparticles (LPH-NP) were developed and targeted
by post insertion of DSPE-PEGGC4, the co-delivery of 3 different sSiRNA and one miRNA
was achieved. LPH-NP showed a 80% reduction in tumor volume as compared to control.
Their work allowed for the simultaneous study by targeting multiple pathways; proliferation
pathways with Cellular-myc (C-myc) siRNA and miR34a miRNA,%6:67 apoptosis with
mouse double minute 2 homolog (MDM?2) siRNA,%8 and angiogenesis using vascular
endothelial growth factor (VEGF) siRNA.59 Liposomal co-delivery of apoptosis resistance
inhibitor PD0325901 with siRNA against the apoptosis regulator myeloid cell leukemia
sequence 1 (Mcl-1) and the mitogen-activated extracellular kinase (MEK) resulted in
significant enhanced tumor growth inhibition as compared to each treatment alone.’® Chen
et al. group also developed trilysinoyl oleyamide (trilysine peptide linked to oleyamine by a
peptide bond) based PEGylated liposomes for co-delivery of Mcl-1 siRNA and the histone
deacytylase inhibitor suberoylanilide hydroxamic acid (SAHA).”! The PEGylated liposomes
were administered i.v. and-showed a significant reduction in tumor growth as compared to
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SAHA or scrambled siRNA loaded liposomes. Xiao and coworkers did a similar approach
by using targeted liposomes to co-deliver DOX and DNA encoding a dominant mutant of
survivin for the treatment of lung cancer.56 The liposomal drug delivery system conjugated
truncated basic fibroblast growth factor (tbFGF) peptides, that recognize the bFGF receptor
over-expressed in lung cancers, for a targeted approach along with DOX and pDNA
encoding for a dominant negative mutant of-survivin to counter survivin-mediated apoptosis
resistance.” Co-delivering both chemotherapeutic agents produced an increased therapeutic
response against Lewis lung carcinoma tumors—over liposomes with either agent alone.

Saad et al. took a further step in the combination of an anticancer agent with the modulation
of drug resistance by formulating peptide-targeted liposomes encapsulating DOX or
cisplatin together with oligonucleotides against Bcl-2 and MDR1, two main drug resistance
mechanisms of cancer cells.”3 The efficacy of combining a targeted chemotherapy with a
gene therapy were evaluated using xenografts established from human ovarian malignant
ascites.”3 Cisplatin or DOX-loaded targeted liposomes, with the inclusion of either Bcl-2 or
MDR1 antisense oligonucleotides, decreased primary tumor volume and intraperitoneal
metastases load. Tumor growth was further inhibited with targeted liposomes containing
DOX or cisplatin, Bcl-2 and MDR1 antisense oligonucleotides together resulting in the
complete prevention of the development of detectable intraperitoneal metastases or ascites.”
Saad et al. first proposed this liposomal system as a platform for personalized cancer
therapy. These liposomal formulations would contain antisense oligonucleotides targeting
individually relevant resistance mechanisms.

Sawant et al. formulated PEGylated liposomes co-loaded with a palmitoyl-ascorbate
conjugate and PTX.” The therapeutic efficacy of co-delivering both agents against 4T1
mammary carcinoma was evident at 10 mg/kg as compared to PTX or palmitoyl-ascorbate-
loaded liposomes alone. The liposomal formulation, Atu027, was developed by Silence
Therapeutics, London, UK and showed promising results in neuroendocrine and breast
cancer patients during phase 1 clinical trials.”® The liposomal formulation contains SIRNA
against protein kinase N3, a downstream effector of the mitogenic PISBK/PTEN pathway
involved in prostate cancer metastasis.’%’7 Atu027 was composed of 2-O-methyl-stabilized
siRNA encapsulated in cationic liposomes (50 mol% cationic lipid-Larginyl-2,3-L-
diaminopropionic acid-N-palmitoyl-N-oleylamidetrihydrochloride (AtuFECTOL1), 49 mol%
co-lipid 1,2-diphytanoyl-sn-glycero-3-phosphoethanolamine (DPhyPE), and 1 mol% DSPE-
PEG2000).”” This formulation showed tumor regression during phase I clinical trials and—
has entered phase 11 clinical trials with a focus on breast cancer patients.”8

Dai et al. co-delivered an antiangiogenic and anticancer agent using targeted PEGylated
liposomes.”® The combinatorial delivery of the antiangiogenic agent, combrestin A-4 in the
lipid bilayer, and the anticancer drug, DOX in the aqueous core, resulted in increased
therapeutic efficacy against breast cancer cells. Hu et al. also combined liposomal delivery
of honokiol with irradiation for maximal therapeutic efficacy against lung cancer.8% It was
hypothesized that the co-delivery of this formulation would combine the destruction of
tumor cells by irradiation followed by the inhibition of irradiation-induced neo-angiogenesis
by honokiol 81 These PEGylated honokiol-loaded and radiotherapy showed an increase in
survival of Lewis lung carcinoma-bearing mice as compared to honokiol or radiotherapy
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liposomes alone. The formulation resulted in an overall decrease of angiogenesis /in vivo.”
Maitani et al. followed a similar approach and also combined an anti-cancer agent with an
antiangiogenic agent. Maitani et al. co-loaded irinotecan, the anticancer agent, and sunitinib,
antiangiogenic agent within liposomes for the treatment of pheochromocytoma
neuroendocrine tumors 77 vivo.82 The co-delivery of both agents showed higher therapeutic
effectiveness within tumors versus administration of sunitinib liposomes plus irinotecan
liposomes alone. The co-delivery of both agents in a liposome also had higher drug
accumulation at the site of action as compared to free drug. Similarly, folate-targeted DOX-
loaded liposomes co-loaded with a bi-functional peptide capable of vascular disruption and
antitumor activities were more effective against KB human nasopharyngeal carcinoma /n
vivo than untargeted co-loaded liposomes than either monotherapy.83 RGD-targeted
liposomes co-loaded with DOX and the vascular disrupting drug combrestatin A-4 increased
tumor regression of B16F10 melanoma compared to untargeted co-loaded liposomes or
targeted liposomes with either drug.84

As mentioned earlier, CPX-351, a liposomal formulation developed by Celator
Pharmaceuticals Inc. (Princeton, NJ) co-loaded with cytarabine and daunorubicin (5:1 molar
ratio), was found to be effective in the treatment of acute myeloid leukemia (AML).85-88
The same company co-loaded the weakly acidic drug, 5-fluorooraotic acid and the
amphiphatic drug, irinotecan (CPT-11) at a 5:1 ratio within PEGylated liposomes. These
drugs showed synergism with increased therapeutic efficacy than free drug cocktails /in
vivo.88. 89 iposomes were first prepared before active loading of CPT-11 by a pH gradient
method, with protonated CPT-11 being retained in the liposomes after complex formation
with 5-fluoroorotic acid. An increase in mice survival was observed when treated with co-
loaded liposomes as compared to the combination with separate liposomes. However, the
therapeutic efficacy was—less than with liposomes loaded with 5-fluoroorotic acid only. It
may be because the 5-fluoroorotic acid content had to be lowered for CPT-11 co-loading.
This further demonstrates the difficulty of reproducing a synergy with liposomes relative to
free drugs. CPX-351 has been tested in phase I trial with acute leukemia patients with the
5:1 ratio being maintained in plasma for 24 h. CPX-351 induced complete responses in 9 out
of 43 patients during these trials.89 Celator Pharmaceuticals also developed CPX-1, a
liposomal formuulation co-loaded with irinotecan and floxuridine agents (1:1 molar ratio).
CPX-1is currently in phase I clinical trials with the drug ratio of 1:1 being maintained in
plasma for up to 12 h after infusion. Phase I trials showed a positive clinical response in
patients with colorectal cancer when treated with CPX-1.90 It should be noted that the high
therapeutic efficacy of liposome encapsulating two anticancer drugs was always correlated
with the maintenance of their synergistic molar ratio in plasma and therapeutic efficacy in
preclinical and®0 as well as clinical studies8”: 8% 90 which indicates that the optimization of
drug loading and liposomal stability are essential for effective combination therapy. Falcao
et al. co-delivered the Bcl-2 antisense oligodeoxynucleotide G3139 and the pro-apoptotic
peptide D-(KLAKKLAK)-2.91 The research group used the electrostatic properties of the
therapeutic molecules to their advantage. The authors formulated a negatively charged
complex between G3139 and the peptide before mixing with the positively charged
liposomes. Co-loaded liposomes were then injected intratumoral leading to enhanced tumor
growth suppression as compared to liposomes containing a single agent and free drug.
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Bajelan et al. co-encapsulated stealth nanoliposomes containing PSC 833 (Valspodar), an
efficient MDR modulator, and DOX in order to increase the effectiveness and decrease
adverse effects of the anticancer drug.%2 Different methods for liposome preparation were
tested in an attempt to increase the encapsulation efficiency of both therapeutic agents with
different parameters such as drug to lipid molar ratio, cholesterol mole percent and lipid
compositions, being investigated. The final formulation had a lipid composition of egg
phosphatidylcholine (EPC):disteroylphosphoethlamine (DSPE)-PEG2000:cholesterol
(60:5:30 %mol) that was prepared by the thin layer film hydration method. Empty liposomes
were fist prepared with DOX and PSC 833 loaded after using ammonium sulfate gradient
and remote film loading methods, respectively. An in vitro cytotoxicity study of various
liposomal formulations as well as drugs, solutions against the resistant human breast cancer
cell line, TA7TD/TAMR-6, were evaluated using MTT assay. The best formulation showed a
narrow size distribution with average diameter of 91.3 £ 0.2 nm with zeta potential of
—-6+1.2, and with the encapsulation efficiency for DOX and PSC 833-more than 95% and
65.5%, respectively. In DOX-resistant T47D/TAMR-6 cells, dual-agent stealth liposomes
showed significantly greater cytotoxicity (P <0.05) than free DOX and liposomal DOX plus
free PSC 833 treatments. Cell viability assays of dual-agent stealth liposomes showed an
approximate 60% decrease as compared to the control with free DOX and PSC 833 solutions
displaying a 40% decrease in cell viability. Co-encapsulation of DOX and PSC 833 presents
a promising anticancer formulation, capable of effective reversal of drug resistance, and
should be explored further in therapeutic studies with animal tumor xenograft models.

Finally, the co-delivery of magnetic fluid hyperthermia and photodynamic therapy
liposomes?®3 using magnetic fluid and zinc phthalocyanine as the photosensitizer
demonstrated superior activity /n7 vitro of combined light and magnetic stimuli over their
separate applications.®* This approach suggests a new treatment modality for enhanced
tumor therapy.

Polymeric Micelles Nanoparticles

Micelles are colloidal particles with a size of about 5-150 nm that consist of self-assembled
aggregates of amphiphilic molecules or surfactants.®> At low concentrations these
amphiphiles may exist as unimers in aqueous media.?® -As the concentration increases,
thermodynamic processes drive the formation of aggregates. These aggregates sequester
hydrophaobic regions into the core surrounded by a hydrophilic corona or shell. The critical
micelle concentration (CMC) is the concentration at which aggregation occurs.
Pharmaceutical formulations use low molecular weight surfactants (i.e., polysorbates,
sodium dodecyl sulfate, etc.) with relatively high CMCs in the range of 1073 to 1074 M,
primarily as excipients to increase the aqueous solubility of poorly water soluble drugs.%®
The core of these micelles encapsulate hydrophobic drugs which also-associate with the
hydrophaobic regions of the micelle. However, after administration, dilution of a given
pharmaceutical formulation occurs rapidly, and as the micelle concentration drops below its
CMC, its stability will be compromised.%®

Work by Kataoka,?® Kabanov,%” and authors demonstrated the potential use of amphiphilic
polymers as drug carriers. As described earlier, the polymeric micelles are mostly composed
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of block-copolymers with a hydrophobic and hydrophilic constituent that self-assemble into
a hydrophobic core surrounded by the hydrophilic shell (Fig. 1).98 Micellar unimer units can
be assembled in a variety of ways, such as-A-B diblock copolymers, A-B—A triblock
copolymers, and grafted copolymers. One of the major advantages to using polymeric
micelles, as compared to the traditional low molecular weight surfactant derived systems, is
their increased stability. Polymeric micelles commonly exhibit CMCs in the 1076 to 10~/ M
range.9® The ideal polymeric micelle should display the following-: higher drug loading
ability, controlled drug release, and suitable biological compatibility and stability. The
characteristics and lengths of the hydrophilic and hydrophobic block polymers primarily
determine the physiochemical properties of the polymeric micelles. The most commonly
utilized hydrophilic polymer is Polyethylene glycol (PEG). Due to PEG’s highly hydrated
nature, it is able to resist uptake by the reticuloendothelial system (RES).%? There are a
number of other hydrophilic polymer chemistries currently being applied for this very
reason-: poly(N-vinyl-2-pyrrolidone) (PVP),100 poly(vinyl alcohol) (PVA),101 and
poly(ethyleneimine) (PEI).102 PEG remains the polymer of choice due to its widespread
acceptance and availability. The hydrophobic core of the polymeric micelles uses a large
variety of hydrophobic block polymers, -which include-propylene oxide, L-lysine,
caprolactone, D, L-lactic acid, styrene, aspartic acid, f-benzoyl-Laspartate, and spermine
among others.193 More hydrophobic unimers, such as styrene, tend to form micelle cores
spontaneously, whereas less hydrophobic unimers (i.e., lysine) will first interact via
electrostatic interactions with hydrophobic drug molecules, before formation of a micelle.104
CMC tends to depend more on the type and length of the hydrophobic block, with lower
CMCs associated with greater hydrophobicity and increased hydrophobic block

length. 105,106

The majority of polymer micelles investigated-form no covalent bond between the drug and
the micellar carrier, as polymer drug conjugates do, and technically cannot be classified as
conjugates. There are, however, a number of polymeric micelles where the therapeutic agent
is covalently bound to the hydrophobic chains in the micelle core. For example, work by
Mikhail et al. focused on poly-(ethylene glycol)-b-poly(e-caprolactone) polymeric micelles
containing chemically conjugated DTX.107 Cationic ring-opening polymerization was
implemented to first synthesize PEG-b-polycaprolactone (PCL). Once polymerization was
complete, the terminal hydroxyl of PCL was reacted with succinic anhydride to form a
terminal carboxylic acid. The terminal end was-subsequently coupled to 2’ hydroxyl of the
therapeutic agent, DTX, a potent anti-mitotic chemotherapy agent. The conjugated DTX
coupled to its hydrophobic block polymer resulted in higher drug loading as well as
increased stability which was evident by a reduced release rate of DTX from the
hydrophabic core.

Polymeric micelles are undergoing continued advances in the nanotechnology field. A trend
has been shown towards the development of “smart” polymeric micelles, -with their ability
to recognize and target specific tissues and their response to various biological stimuli,
characteristics which-have been elaborated on—in the section dealing with polymeric
targeting-. Another use of polymeric micelles involves the formation of poly-ion complex
(PIC) micelles, wherein the micelle core is composed of a polycation block, for the delivery
of negatively charged DNA or small interfering RNA (siRNA).108:109 polymeric micelles
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based on N-(2-Hydroxypropyl)methacrylamide (HPMA) copolymers have also been
described. Poly HPMA can be generated either with the hydrophilic block comprising the
shell110-113 or as the hydrophobic core after chemical modification.114.115 Poly HPMA
micelles have shown to encapsulate a variety of hydrophaobic drugs; however, the majority of
the data on the activity of these systems to date have been obtained 77 vitrot1>-117 and more
in vivo data is needed to ascertain their potential as carriers.

Lee et al. employed cationic micellar nanoparticles as carriers to co-deliver PTX and
Herceptin for achieving targeted delivery of PTX to human epidermal growth factor
receptor-2 (HER2/neu)-overexpressing human breast cancer cells, and enhanced cytotoxicity
through synergistic activities.118 PTX-loaded nanoparticles had an average size less than 120
nm and a zeta potential of about 60 mV. Herceptin was complexed onto the surface of the
nanoparticles. The drug-loaded nanoparticle/Herceptin complexes remained stable under
physiologically-simulating conditions with sizes at around 200 nm. Their formulated
nanoparticles delivered Herceptin much more efficiently than BioPorter, a commercially
available lipid-based protein carrier, and displayed a much higher anti-cancer effectiveness.
Lee et al. daily treatment, twice-repeated, with Herceptin showed significantly higher
cytotoxicity especially in HER2-overexpressing breast cancer cells when compared to single
treatment. Anticancer effects of this co-delivery system was investigated in human breast
cancer cell lines with varying degrees of HER2 expression level, namely, MCF7, T47D and
BT474.118 The co-delivery of Herceptin increased the cytotoxicity of PTX and this
enhancement showed a dependency on their HER2 expression levels. Targeting ability of
this co-delivery system was demonstrated through confocal images, which showed
significantly higher cellular uptake in HER2-overexpressing BT474 cells as compared to
HER2-negative HEK293 cells. This co-delivery system may have important clinical
implications against HER2-overexpressing breast cancers.118

An advantage of polymeric micelles as compared to other polymeric drug carriers is their
relative ease of fabrication, due to their inherent self-assembly properties. This has resulted
in a number of polymeric micelles currently under clinical investigation.119 However, -
further investigations are -warranted to explore the use of micellar systems to co—deliver the
chemotherapeutic agents.

Poly(Lactic-Co-Glycolic Acid)-Based Nanoparticles

Poly(lactic-co-glycolic acid) (PLGA) is one of the most successfully developed
biodegradable polymers.120 Various polymers developed may be used to formulate
polymeric nanoparticles-; however, PLGA has attracted considerable attention due to its
properties:

I. biodegradability and biocompatibility,

II. FDA and European Medicine Agency approval in drug delivery systems for
parenteral administration,

[11. well described formulations and methods of production adapted to various types of
drugs e.g., hydrophilic or hydrophobic small molecules or macromolecules,

IV. protection of drug from degradation,
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V. possibility of sustained release,

V1. possibility to modify surface properties to provide —stealthiness and/or better
interaction with biological materials and

V11 .possibility to target nanoparticles to specific organs or cells.120

Schleich et al. developed dual PTX/superparamagnetic iron oxide (SP10O)-loaded PLGA-
based nanoparticles for a theranostic purpose (Fig. 2). Their formulation produced
nanoparticles with a spherical morphology and a size of 240 nm. The PTX and iron loading
were 1.84+0.4 and 10.4 + 1.93 mg/100 mg, respectively.12! Relaxometry studies and
phantom MRI demonstrated their efficacy as T2 contrast agent. Co-loaded PLGA-based
nanoparticles showed significant cellular uptake by CT26 colon carcinoma cells executed by
Prussian blue staining and fluorescent microscopy. While SP10 did not show any toxicity in
CT26 cells, PTX-loaded nanoparticles displayed cytotoxic activity. PTX-loaded
nanoparticles, at a concentration of 5 mg/kg, with or without co-encapsulated SP10O induced
in vivo a regrowth delay of CT26 tumors (colon carcinoma).12 Together these
multifunctional nanoparticles may be considered as future nano-medicine for simultaneous
molecular imaging, drug delivery and real-time monitoring of therapeutic effectiveness
within patients.

Zhu et al. report a strategy to make use of PLGA nanoparticles (PLGA NPs) for co-delivery
of docetaxel (DTX) as a model anticancer drug together with d-alpha-tocopheryl-co-poly-
(ethylene glycol) 1000 succinate (TPGS) (Fig. 3).221 Vitamin E TPGS plays a role as a pore-
forming agent in the nanoparticles which may result in smaller particle size, faster drug
release and a higher drug encapsulation efficiency. It also acts a bioactive agent that may
inhibit P-gp to help overcome MDR of cancer cells. DTX-loaded PLGA NPs were prepared
by the nano-precipitation method, encapsulating 0, 10, 20 and 40% TPGS and then
characterized for size and size distribution, surface morphology, physical status and
encapsulation efficiency of the therapeutic agent in the nanoparticles. It was found that all
four formulations had a size ranging from 100-120 nm and entrapment efficiencies between
85-95% with a drug loading level around 10%. /n vitro evaluation showed that the 48 h ICgq
values of free DTX and the DT X-loaded PLGA NPs of 0, 10, 20% TPGS were 2.619 and
0.474, 0.040, 0.009 g/mL respectively, which means that PLGA NPs formulations could be
5.57 fold more effective than free DTX. Also, DTX-loaded PLGA NPs of 10 or 20% TPGS
were 11.85 and 52.7 fold more effective than DTX-loaded PLGA NPs containing no TPGS
(therefore, 66.0 and 284 fold enhanced effectiveness than the free DTX alone). Nude mice
with HeLa cell xenograft tumor model and immunohistological staining analysis further
confirmed the advantages of the strategy of co-delivery of anticancer drugs with TPGS
utilizing PLGA NPs.122

Wang et al. reported core—shell nanoparticles that were doubly emulsified from an
amphiphilic copolymer methoxy poly(ethylene glycol)-poly(lactide-co-glycolide) (mPEG-
PLGA). These mPEG-PLGA nanoparticles offered advantages as described earlier; they
were easy to fabricate by the improved double emulsion method, biocompatible, and showed
high loading efficacy.122 The mPEG-PLGA nanoparticles were formulated to co-deliver
hydrophilic DOX and hydrophobic PTX (Fig. 4). Co-loaded nanoparticles possessed a lower
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polydispersity of 0.1, indicating the controlled size distribution of nanoparticles. Studies on
drug release and cellular uptake of the co-loaded system demonstrated that both drugs were
effectively internalized and released drugs simultaneously in the cells. Furthermore, the co-
loaded nanoparticles suppressed tumor cell growth significantly, as compared to-the delivery
of either free DTX or PTX at the same concentrations, indicating a synergistic effect.
Moreover, the nanoparticles loading drugs with a DTX/PTX concentration ratio of 2:1
showed the highest antitumor activity against three different types of tumor cells-: A549
human lung cancer cells, B16 mouse melanoma cells and HepG2 human hepatocellular
carcinoma cells. These mMPEG-PLGA nanoparticles may have potential in clinical
implications for co-delivery of multiple anti-tumor drugs with different properties.123

Roy et al. reported better tumor regression and enhancement of antitumor immune response
at the tumor microenvironment by co-delivering PTX and a toll-like receptor-4 (TLR4)
agonist using a PLGA based nanoparticle preparation (TLNP).124 TLR agonists have been
shown to activate macrophages and dendritic cells to generate an antitumor immune
response. TLR also plays a very crucial role-in inducing both innate and adaptive immune
response against cancer. The PLGA based nanoparticles entrapping both therapeutic agents
had a mean diameter of 255 nm with a polydispersity index of less than 0.1. Particle
characterization showed high encapsulation of PTX and TLR4, 87.43% and 62.14%
respectively, with retention of their biological activities. /n vivotumor regression studies
demonstrated the clear benefit of TLNP over free PTX and TLR4. B16-F10 melanoma cells
were inoculated into the right flank of 6 to 8-week old C57BL/6 mice. The mean tumor
weight of the TLNP treated animals was found to be 0.68 g, whereas that of PTX alone
treated animals was 1.8 g. Survival of the TLNP-treated tumor-bearing mice was also found
to be significantly higher than that of PTX treated animals. 70% of tumor-bearing mice
treated with TLNP survived 30 days after treatment, whereas only 50% of PTX-treated and
30% of TLR4 agonist-treated mice survived 30 days post-treatment. These data suggest that
combined chemo-immunotherapy with TLNP had better anticancer efficacy as compared to
commercial PTX. /n vivoresults are promising and could pave the way for novel chemo-
immunotherapeutic treatment-modalities.

Mesoporous Silica-Based Nanoparticles (MSNPs)

Kresge et al.125 described the means of combining sol-gel chemistry with liquid-crystalline
templating, creating a new class of ordered porous molecular sieves characterized by
periodic arrangements of uniformly sized mesopores (defined by IUPAC as pores with
diameters between 2 and 50 nm) incorporated within an amorphous silica matrix.125 The
controlled synthesis of spherical and other shaped mesoporous silica nanoparticles (MSNPs)
has since been achieved using solution routes or an aerosol based evaporation-induced self-
assembly (EISA) process,126:127 with surfaces of the pore being modified with a wide range
of chemical moieties based mainly on silane coupling chemistries. In any case, a successful
bio-compatible nanoparticle must exhibit low toxicity, size uniformity, large capacity for
diverse cargos, high traceability, colloidal stability, selective cell-specific binding and
internalization, and triggered cargo release.126:128
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Ma et al. described a hollow mesoporous silica nanoparticle (HMSNP) based targeted drug/
SiRNA co-delivery system, -aimed at overcoming MDR in ovarian cancer cells.12°
Perpendicular nanochannels connecting to the internal hollow cores were formed within the
HMSNPs, facilitating drug loading and release. It was shown that the extra volume of the
hollow core enhances the drug loading capacity by almost two fold as compared with
conventional MSNP. The surface of the HMSNPs were coated with folic acid conjugated to
polyethyleneimine (PEI-FA) under neutral conditions using electrostatic interactions
between the phosphate groups on the HMSNP surfaces and the partially charged amino
groups of PEI-FA, thereby blocking the mesopores and preventing leakage of the loaded
drugs. Folic acid not only prevents drug leakage but also acts as a target ligand that allows
HMSNP selective binding and internalization in the cancer cells. HMSNPs coated with PEI-
FA showed enhanced siRNA binding capability on account of electrostatic interactions
between the amino groups of PEI-FA and siRNA, as compared with that of conventional
MSNPs. This electrostatic interaction helped to achieve the pH-controlled release of loaded
drugs. /n vitro pH-responsive drug/siRNA co-delivery experiments were conducted with two
cancer cell lines-, HeLa cervical cancer cell lines having higher folic acid receptor
expression and MCF-7 breast cancer cell lines with lower folic acid receptor expression. The
pH-responsive intracellular drug/siRNA release greatly minimizes the prerelease and
possible adverse side effects of the delivery system and its payloads. The co-delivery of
DOX and siRNA against the Bcl-2 protein into HeLa cells was achieved via folic acid
receptor mediated endocytosis. It was shown that the expression of the anti-apoptotic protein
Bcl-2 was successfully suppressed, leading to enhanced therapeutic efficacy of DOX. Thus,
the multifunctional nanoparticle shows promising potentials for controlled and targeted co-
delivery of drug and gene in cancer treatment.12°

Meng et al. used a similar technique involving both chemo and gene therapy to effectively
overcome MDR in human breast cancer xenografts. Meng et al. developed a MSNPs co-
loaded with DOX and siRNA that targets the P-gp.126 For the selection of the siRNA that
targets P-gp, among a series of drug resistant targets, high throughput screening was
performed in a MDR breast cancer cell line, MCF-7/MDR. Formulated MSNPs displayed a
size of 50 nm with conjugation to polyethyleneimine-polyethylene glycol (PEI-PEG)
copolymer. This conjugation protected the co-delivery of bound DTX and P-gp siRNA to the
tumor site in MCF-7/MDR xenograft model. The effective biodistribution and reduced
reticuloendothelial uptake, as a result of the MSNPs design, allowed Meng and coworkers to
achieve an 8% enhanced permeability and retention effect at the tumor site. The co-delivery
of both therapeutic agents resulted in synergistic inhibition of tumor growth /n vivo as
compared to free DTX or MSNPs loaded with either drug or siRNA alone. Multiple analysis
of xenograft biopsies revealed significant P-gp knockdown at heterogeneous tumor sites.
These regions correspond to the intracellular release of DTX and induced apoptosis. Meng
and coworkers emphasized that the heterogeneity originates in the tumor microenvironment,
which influences the vascular access, rather than heterogeneous P-gp expression in the MDR
cells.126 Similar to Ma et al., these data provide proof-of-principle testing for the use of a
dual drug/siRNA loaded nanoparticles to overcome MDR in a xenograft model. This study
also provided the first detailed analysis of the impact of heterogeneity in the tumor
microenvironment on the efficacy of siRNA delivery in vivo.126
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MSNPs can have an array of multifunctional modular designs, suggesting that the next
generation of nanoparticles will have multicomponent cargos that deliver their payload to
target cells through the active recruitment of targeting ligands combined with biologically
triggered responses that actuate molecular valves. The combination of molecular machines
and increasingly complex and biomimetic supported lipid bilayers, -such as those derived
from red blood cells, may allow unprecedented engineering of nanoparticle/cellular
interactions and provide a universal platform for theranostics and personalized medicine.

Polymer-Drug Nano-Conjugates

Polymer-drug nano-conjugates-are the chemical conjugation of the therapeutic drug and
polymer by a covalent bond. Polymer-drug nano-conjugates-have been widely explored for
delivery of anticancer drugs for the treatment of various cancers.12? One of the major
advantages of polymer-drug nano-conjugates is the ability to escape filtration from the
kidneys, resulting in increased blood circulation time. Increased blood circulation times
allow for anticancer conjugates-to accumulate at the site of action, the tumor, by taking
advantage of the EPR effect.129 However, polymer-drug conjugates must also eventually be
eliminated from the body to avoid any potential long term adverse side effects-the drug or
polymer may elicit. Incorporating biodegradable systems allows for these conjugates, of a
sufficient size, to-evade renal filtration-while allowing subsequent degradation and
elimination from the body. These conjugates should have degradation rates slow enough to
allow adequate biodistribution and accumulation at the site of action. The degradation of
these conjugates should also result in the production of non-toxic degradation products that
are eliminated from the body. A number of biologically degradable bonds have been
described (Fig. 5(A)). The biodegradation of these conjugates usually occurs via hydrolysis,
enzymatic cleavage, or reductive degradation. Some biodegradable polymers have been
studied!30: 131 and include-poly-a-amino acids such as poly(L-lysine),132 poly(L-glutamic
acid),133 and poly((N-hydroxyalkyl)glutamine)3* as well as carbohydrate polymers such as
dextrins,135 hydroxyethylstarch (HES),38 polysialic acid,137 and the polyacetal
Fleximer®-138

OPAXIO™ (formerly branded XYOTAX) is a biodegradable polymer-drug nano-conjugate
currently under phase 111 clinical development in the United States. OPAXIO™ is a
conjugate of poly(L-glutamic acid) and the anticancer drug PTX.139 The selection of
poly(L-glutamic acid) was based on the biodegradation to L-glutamic acid which can then
enter normal cellular metabolism. PTX was conjugated via an ester bond to the j-carboxylic
acid side chains of poly(L-glutamic acid). Due to the conjugation via the 2’ hydroxyl of
PTX, the conjugate is unable to bind tubulin and elicit a pharmacological response,
rendering it inactive. In one particular example, the poly(L-glutamic acid) conjugate, having
a molecular weight of 48 kDa and containing approximately 37% PTX by weight, -
maintains water solubility. During preclinical investigation of this formulation, the conjugate
demonstrated a higher maximum tolerated dose (MTD) and was more efficacious than PTX
formulated in Cremophor EL/ethanol alone. Phase 111 clinical trials}40-144 are still
evaluating OPAXIO™ within prostate, breast, ovarian, colorectal, and lung cancer patients.
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Biodegradable derivatives are being explored for more commonly used polymers such as
PEG and HPMA copolymers. Biodegradable multi-arm PEGs containing ester bonds
between PEG chains have entered clinical trials.14> -Research has also been done to see if
biodegradable polymers consisting of small molecular weight PEG blocks can be linked
together via enzymatically cleavable oligopeptide groups while linked to DOX.146 Ulbrich et
al. utilized a variety of-approaches to synthesize biodegradable HPMA copolymer-drug
conjugates. Such approaches include graft systems containing oligopeptide sequences and/or
reductive disulfide bonds,47 and the generation of biodegradable star HPMA copolymer-
drug conjugates.1*8 In a similar technique, poly-(amido amine) (PAMAM) dendrimers were
modified with poly-HPMA grafts via enzymatically cleavable or reducible linkers. This
allowed for degradation of the high molecular weight polymer. These star polymer
conjugates displaying DOX showed prolonged blood circulation, increased tumor
accumulation, and anti-tumor efficacy in lymphoma tumor bearing mice.149

Biodegradable multiblock poly(HPMA) conjugates were also generated via a combination of
RAFT polymerization and click chemistry.150: 151 The synthesis of multiblock poly-
(HPMA) was performed in three major steps (Fig. 5(B)). RAFT polymerization of HPMA
was first performed using an enzyme-sensitive, Gly-Phe-Leu-Gly containing chain transfer
agent with a terminal alkyne. Following polymerization, a post-polymer modification was
performed to introduce a terminal azide, resulting in an a-alkyne, w-azido-telechelic poly-
(HPMA). In the final step, a biodegradable multiblock poly-(HPMA) was synthesized by
click chemistry in the presence of a copper catalyst. It was shown that the end product,
multiblock poly-(HPMA), had a molecular weight of 291 kDa and a polydispersity index of
1.11. Upon incubation with model lysosomal enzymes, poly-(HPMA) segments of similar
molecular weights (42 kDa) were formulated.1®! These results demonstrate how advances in
chemistry (i.e., RAFT polymerization and click chemistry) can be utilized to synthesize
newer biodegradable polymer-drug conjugates with well-defined physicochemical
properties. The polymer-drug conjugate and its derivatives can then be implemented for the
co-delivery of multiple drugs.

Wang et al. demonstrated the potential use of polymer-drug conjugates for combinatorial
chemotherapy.152 Their research group combined the bioactivities of both oxaliplatin and
demethylcantharidin (DMC) and co-delivered them via a polymer-drug conjugate system. It
has been shown that oxaliplatin was released from the polymer-drug conjugate within cancer
cell by reduction to attack nuclear DNA.152 At the same time, a dose of DMC was
hydrolyzed which block DNA damage-induced defense mechanisms by serine/threonine
phosphatase 2A inhibition. /n vitro studies showed that the polymer-drug conjugate with
dual modes of action displayed increased cytotoxicity against SKOV-3 ovarian cancer cells
than that of free oxaliplatin and DMC. The enhanced cytotoxicity of this polymer-drug
conjugate was attributed to the synergistic effect between oxaliplatin and DMC, as well as
the effective intracellular internalization of the micelles observed by confocal laser scanning
microscopy (CLSM) imaging.
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Dendrimer Based Nanoparticles

Dendrimers are branched polymeric macromolecules forming a star-like structure.
Dendrimers’ unique structures allow conjugation of drugs to the surface, allowing for—
maximization of the potential of biological interactions. The synthesis of dendrimers can be
done with a wide variety of chemistries, where the core, monomer units, and surface
functionality determine the physiochemical characteristics.153 The most important factor in
formulating dendrimers for drug delivery applications is-their biocompatibility. Other
physiochemical properties to be considered are-: solubility, surface group functionality,
surface charge density, and stability of the dendrimers. Tomalia et al. first described the
synthesis of PAMAM dendrimers in 1985.154 155 Synthesis of dendrimers for each
“generation” was performed in a step-wise fashion (Fig. 6(B)) resulting in dendrimers
having precisely defined structures. As each synthetic step proceeds forward, increase in the
generation resulted in a linear increase in radius and an exponential increase in surface
groups.156 For example, for the synthesis of PAMAM dendrimers an ethylenediamine core is
first generated which is then followed by a subsequent half-generation addition by reaction
with methyl acrylate. Ethylenediamine is used for the final and complete generation reaction
step before PAMAM dendrimers are produced (Fig. 6(C)). This precision in synthetic
production is one of the major advantages of dendrimers, as compared to most linear
polymers. The end product of these reactions often yields mono-dispered structures having
polydispersity indices (Mw/Mn) of less than 1.05.157 Another advantage dendrimers exhibit-
is the large number and density of functional groups displayed on their surface. These
functional groups provides opportunities for conjugation of drugs,198: 159 targeting
moieties, 160 imaging agents, 161 etc. (Fig. 6(B)).

Much work with dendrimers focuses on their use for the encapsulation and formulation of
drugs.162 Dendrimers often possess open cavities between adjacent branches of their hyper
branched structure. These cavities allow for the encapsulation of drugs'63 and —have been
found to improve the solubility of poorly soluble drugs. In addition, drugs which have been
formulated with dendrimers (physically mixing) have been investigated as both
transdermall®4 and oral6° delivery systems. It has also been investigated that dendrimers
with positively charged surface functionalities, such as PAMAM and poly-(ethyleneimine)
dendrimers, may act as gene carriers,156 due to their ability to complex with negatively
charged DNA.

The covalent attachment of drugs to dendrimers has been widely investigated.160-164 Many
chemotherapeutic agents have been attached to the surface of dendrimers to help increase-
the drug’s aqueous solubility and to provide specific delivery to tumor tissues.
Multifunctional drug delivery platforms have been investigated that utilize dendrimers
conjugated with imaging agents, drugs, and targeting moieties.160 As described earlier, the
synthesis of such conjugates begins with the ethylene diamine initiator core accompanied by
repeated addition of methyl acrylate followed by subsequent methyl ester condensation with
ethylene diamine to produce increasing generation PAMAM dendrimers (Fig. 6(C)). The
resulting generation 5 (G5) dendrimer showed 128 primary amino groups on its surface.
This will provide ample opportunity for further modification of the dendrimer’s surface. In
an effort to improve biocompatibility, partial acetylation of the primary amino groups has
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been conducted in order to reduce the positive surface charge. The reaction was then
followed by formation of a thiourea bond with fluorescein isothiocyanate (FITC) to enable
in vitroimaging.181 PAMAM dendrimers were conjugated with folic acid, a targeting
moiety, through the reaction of surface primary amines using an activated ester derivative of
folic acid. The remaining primary amines were transformed into hydroxyl groups using a
glycidolation reaction. Following this reaction, the chemotherapeutic agent, methotrexate,
was attached by the formation of an ester bond. The characterization of the formulated
dendrimers were carried out by-size exclusion chromatography coupled with multiangle
laser light scattering, nuclear magnetic resonance, and UV spectrometry. These methods
helped to determine the content of the drug, fluorescent probes, and targeting agent.167 /n
vitro analysis using confocal images revealed an increase in cellular uptake of tri-functional
dendrimers when exposed to folic acid receptor expressing cells as compared to the
untargeted controls.267 /n vivo evaluation was then performed in CB-17 severe combined
immunodeficiency (SCID) mice bearing human KB cancer cell (over-expressing folic acid
receptor) xenografts. A decrease in tumor growth and increase in survival were observed in
mice treated with the tri-functional dendrimer conjugate for up to 84 days as compared to
mice treated with equivalent doses of free methotrexate.168 These results demonstrate that
dendrimer-drug conjugates can be synthesized and utilized as a multifunctional drug
delivery platform.

There have been increased interests for the use of dendrimers as a potential drug carrier to
facilitate drug delivery across biological membranes. These biological membranes include-
skin (transdermal),164.169 intestinal epithelial,1”%171 human placenta,1’2 and the blood-brain
barrier.173-175 Bjodegradable dendrimers,14° glycodendrimers,176: 177 amphiphilic
dendrimers,178-180 and asymmetric dendrimers!8L were also investigated as potential drug
carriers. Dendrimers formulated as multifunctional drug delivery systems that are
functionalized with chemotherapeutic agents, targeting moieties, and imaging agents have
been the subject of several recent reviews.164: 182,183

There have been studies comparing dendritic carriers to more traditional polymeric carriers
such as HPMA copolymers and PEG. In one study, branched and linear HPMA copolymer-
DOX conjugates were evaluated for their anticancer activity against lymphoma and
colorectal carcinoma cell lines. Results showed that branched HPMA copolymer-DOX
conjugates demonstrated a 3 to 11 fold increase in anticancer activity as compared to linear
HPMA copolymer-DOX.184 Another study compared the anticancer activity of G4-PTX
dendrimers and PEG-PTX. G4-PTX demonstrated enhanced /n vitro anticancer activity
against breast cancer cell lines as compared to free PTX. However, PEG-PTX showed
significantly reduced anticancer activity as compared to free PTX.185 These results
demonstrate the unique potential of dendritic polymeric architectures as drug carriers.

Kaneshiro et al. have recently developed a new class of dendrimers, poly(I-lysine)
dendrimers with a silsesquioxane cubic core (nanoglobules). These dendrimers have highly
functionalized surfaces for attachment of various moieties along with compact globular and
well-defined structures. These dendrimers can be used as versatile carriers for biomedical
applications. In this study, a generation-3 (G3) nanoglobular dendrimer was used to
conjugate a peptide c(RGDfK) with a PEG spacer for the co-delivery of DOX and siRNA.

J Biomed Nanotechnol. Author manuscript; available in PMC 2016 March 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Glasgow and Chougule Page 19

DOX was coupled to the RGD targeted nanoglobule via a degradable disulfide spacer to give
G3-[PEG-RGD]-[DOX]. Results demonstrated that G3-[PEG-RGD]-[DOX] dendrimers had
higher cytotoxicity as compared to free DOX at high doses in glioblastoma U87 cancer cells.
For co-delivery, G3-[PEG-RGD]-[DOX] was further complexed with siRNA. These co-
loaded dendrimers were internalized by U87 cancer cells as shown by confocal microscopy.
The co-delivery of siRNA and DOX dendrimer complexes having the targeted conjugate
resulted in 50% gene silencing efficiency in U87-Luc cancer cells as compared to those of
control conjugates G3-[PEG-RGD] and G3-[DOX] with approximately 25% gene silencing
efficiency for each. These nanoglobules show potential as a carrier for the co-delivery of
nucleic acids and chemotherapeutic agents.

It has been shown that microRNAs are deregulated in different types of cancer with miR-21
being a key player in the majority of cancers. Previous findings showed that the down-
regulation of miR-21 in glioblastoma cancer cells leads to the repression of cell growth
followed by increased cellular apoptosis and cell-cycle arrest. Taking advantage of these
findings, Ren et al. used PAMAM dendrimers as a carrier to co-deliver antisense-miR-21
oligonucleotide (as-miR-21) and 5-fluorouracil (5-FU) to human glioblastoma cancer cells
for enhancement of cytotoxicity in 5-FU antisense therapy. MTT assay was used to analyze
the inhibitory effect toward brain tumors and to quantify the measurements of cell apoptosis
and invasion using the U251 human brain glioma cell line. PAMAM dendrimers were
formulated and co-loaded with both therapeutic agents while still maintaining a complex
smaller than 100 nm in diameter. The co-delivery of as-miR-21 significantly improved the
cytotoxicity of 5-FU with an 80% reduction in cell viability with increased apoptosis of
U251 cells. The migration ability of the tumor cells was also decreased in the transwell
assay. These results suggest that this co-delivery system will have important clinical
applications for the treatment of miR-21-over expressing glioblastoma.

Clinical translation of dendrimers, used as drug delivery based systems, have been limited
mainly due to the concerns over their biocompatibility and toxicity. Some studies have
shown that dendrimers exhibit a high affinity for metal ions, bile salts, lipids, nucleic acids,
and proteins, that may disrupt biological processes and leading to toxicity.186 This molecular
toxicity primarily depends on their surface functionalization. Dendrimers having a higher
positive surface charge (~30+ mV) have been shown to elicit toxicities in vitro'87:188 and jn
vivo.189.190 Most work involving dendrimers currently focuses on surface modification to
design more biocompatible dendrimers to help increase biocompatibility. In addition, the
difficulty and expense associated with dendrimer synthesis needs to be addressed before
clinical translation can be achieved.

Miscellaneous Multifunctional Nanoparticles

Other multifunctional nanoparticles containing more than one therapeutic cargo for
combinatorial chemotherapy include-oil nanoemulsions,91: 192 and iron oxide
nanoparticle.42: 193 |n oil emulsions, the hydrophobic drug mixture is homogenized along
with oil. The drug will be loaded in the oil phase as a result of the nanoemulsion. The
inorganic cores of iron oxide particles are functionalized with additional polymeric matrices
to aid in carrying multiple drug payloads for combination chemotherapy. These
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miscellaneous nanoparticles are in the development stage with cytotoxicity studies
conducted to help validate them as potential drug carriers in the treatment of various cancers
and diseases.

Taratula et al. developed, synthesized, and tested multifunctional nanostructured lipid
nanocarrier-based system (NLCS) for the delivery of DOX or PTX and siRNA directly into
the lungs by inhalation.194 The formulated system contained-nanostructured lipid carriers
(NLC); a DOX or PTX anticancer drug; siRNA targeted to MRP1 mRNA as a suppressor of
pump drug resistance; siRNA targeted to BCL2 mRNA as a suppressor of nonpump cellular
resistance and a modified synthetic analog of luteinizing hormone-releasing hormone
(LHRH) as a targeting moiety specific to overexpressed receptors in the plasma membrane
of lung cancer cells. Dynamic light scattering and atomic force microscopy studies revealed
drug loaded NLC had a particle size of 110 + 20 nm in diameter with a polydispersity index
of 0.4. The NLCS formulations were tested /n vitro using human lung cancer cells and /n
vivo utilizing mouse ortho-topic model of human lung cancer. Signs of cytotoxicity were
seen against lung cancer cell lines for NLC displaying a positive charge (+60.3 mV). Cell
viability decreased by approximately 20% when incubated with NLC. NLC-siRNA
complexes showed a decrease in zeta potential, +45.5 mV, while caging with PEG almost
completely eliminated the charge of formulated nanoparticles. In contrast, nanoparticles
containing the drug were highly toxic /n vitro. Data revealed that PTX incorporated into
tumor-targeted nanoparticles increased toxicity to cancer cells overexpressing LHRH
receptors by 7.5-fold. Simultaneous suppression of BCL2 and MRP1 proteins by siRNA led
to the further enhancement of /in vitro cytotoxicity. In fact, cytotoxicity of LHRH-NLC-
PTX-siRNAs (MRP1 and BCL2) complexes was 120 and 16 times higher when compared
with free drug and LHRH-NLC-PTX, respectively. It was found that in untreated animals,
lung tumor progressively grew reaching 117.1+18.7 mm3. Mice with lung cancer underwent
inhalation treatment, 8 times within 4 weeks. -LHRH-NLC alone with no anticancer drug
did not change the progression of the lung tumor, leading to an increase in volume up to
113.6 + 1.5 mm3. Conjugated PTX to the NLC targeted to tumor cells by LHRH and local
delivery by inhalation significantly enhanced antitumor activity of PTX itself. After
treatment with LHRH-NLC-PTX, the tumor size decreased at the end of the experiment
down to 20.8 + 4.4 mm3. Finally, the suppression of both pump and nonpump cellular drug
resistance in lung cancer cells led to almost complete regression of the tumor. In fact, the
tumor size in animals treated with LHRH-NLC-TAX-siRNAs (MRP1 and BCL2) shrank
down to 2.6 + 3.0 mm3. These findings indicate almost complete disappearance of lung
tumors in experimental animals. The data obtained demonstrated high efficiency of proposed
NLCS for tumor-targeted local delivery by inhalation of anticancer drugs and mixture of
siRNAs specifically to lung cancer cells and, as a result, efficient suppression of tumor
growth and prevention of adverse side effects on healthy organs.

Yu et al. formulated cationic solid lipid nanoparticles (cSLN) co-delivering PTX and
SiRNA.195 Emulsification solidification methods were used to prepare 1,2-dioleoyl-sn-
glycero-3-ethylphosphocholine-based cSLN. PTX-loaded cSLN (PcSLN) did not
significantly differ from those of empty ¢cSLN without PTX (EcSLN), 140 nm and 151 nm,
respectively. The use of cSLN increased cellular uptake of fluorescent dsRNA by 34.8-fold
in human epithelial carcinoma KB cells, with PcSLN complexed to fluorescence-labeled
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dsRNA promoting the greatest uptake as compared to cells treated with naked fluorescent
dsRNA.195 Specifically, 2.8 + 0.3% of KB cells were fluorescence-positive after treatment
with naked dsRNA, whereas 96.6 + 1.0% and 91.3 + 1.2% of cells were fluorescence-
positive after the 4 h treatment with ECSLN and PcSLN, respectively. The co-delivery of
therapeutic SiRNA, human MCL1-specific sSiRNA (siMCL1) was complexed with PcCSLN
with luciferase-specific SIRNA (siGL2) complexed to ECSLN or PcSLN being used as a
control. MCL1 mRNA levels were significantly reduced by 50% in KB cells treated with
siMCL1 complexed to PcSLN, but not in groups treated with siMCL alone or siGL2
complexed to PcSLN. /n vitroresults showed that siMCL1 complexed to PcSLN exerted the
greatest anticancer effects in KB cells, followed by siMCL1 complexed to ECSLN, siGL2
complexed to PcSLN, PTX alone, and siMCL1 alone. /n vivo studies using KB cell-
xenografted mice, intratumoral injection of PCSLN complexed to siMCL1 significantly
reduced the growth of tumors. Control mice treated with saline had an average tumor
volume of 1373.1 + 241.0 mm3 on day 16 after inoculation. Intratumoral administration of
SiMCL1 complexed to ECSLN plus free PTX decreased tumor volume to 714.2 + 230.0
mm3. The highest inhibition of tumor growth was observed following intratumoral co-
delivery of PTX and siMCL1 using PcSLN, decreasing tumor volume to 172.0+73.7 mm3.
Taken together, these results demonstrate the potential of cSLN for the development of co-
delivery systems of various lipophilic anticancer drugs and therapeutic SiRNAs.

TUMOR TARGETED NANOPARTICLES IN COMBINATORIAL
CHEMOTHERAPEUTICS

The modification of nanoparticles with ligands has been widely accepted to enhance the
therapeutic efficacy of its payloads while reducing adverse side effects relative to
conventional therapeutics.196 -Ligand-conjugated nanoparticles not only have the ability to
actively target specific cells but may also outperform first generation, non-targeted
nanosystems. The necessity of targeted delivery depends on various-factors (e.g., disease,
drugs and the delivery vehicle); a vast array of important benefits have been

demonstrated.3: 197-199 |t has been shown-in cancer therapy that the presence of targeting
ligands enhances the cellular uptake of nanoparticles through receptor mediated endocytosis
even though the physiochemical properties of the nanoparticle determines its accumulation
at the site of action.196: 197 As a result, higher intracellular drug concentration with increased
therapeutic activity is observed, —as (?) bioactive macromolecules, such as DNA and siRNA,
require intracellular delivery for bioactivity.1%6 Nanoparticle localization for endothelial
targeting in cardiovascular diseases or immunological tissue targeting uses ligand-receptor
interactions rather than the EPR.198 Ligand-mediated targeting is also of importance for the
transcytosis of nanodrugs across endothelial and epithelial barriers (i.e., blood-brain
barrier).19% MDR have also been combated using targeted nanoparticles.3 Also, targeted
nanoparticles with a long systemic circulation may be able to locate and destroy cancers-
cells that have metastasized elsewhere in the body. The clinical translation of targeted
nanoparticles for treatment-has been slower with four-nanoparticle systems now in phase /11
clinical trials.3 The main barrier for clinical translation of these formulation systems is the
complexity behind the manufacturing of targeted nanoparticles. The fabrication of targeted
nanopaticles requires multiple steps such as-ligand coupling/insertion, purification and
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biomaterial assembly, -which may cause batch-to-batch variation. A single-step synthesis of
targeted nanoparticles was recently developed utilizing self-assembling pre-functionalized
biomaterials that provided a simple and scalable manufacturing strategy.3 290 Another
important consideration is targeting ligands. The targeting ligand itself must be taken into
consideration during formulation. The other variables that also must be considered are-cell
specificity of the ligand, ligand biocompatibility, mass production, binding affinity, and its
overall purity.291 The ideal ligand would be able to distinguish only the most overexpressed
receptors on the target cell relative to healthy cells in order to achieve maximal specificity.
There are other factors that could also influence cell targeting-: the ligand surface density
and arrangement, as well as spacer type and length dividing ligand molecules and the
nanoparticles.202 Nevertheless, with many advances in ligand engineering and screening,
and nanoparticle optimization during formulation, targeted delivery will become a common
therapeutic method in the next generation of drug therapy.

Targeting moieties are classified as proteins (mainly antibodies and their fragments),
peptides, nucleic acids (aptamers), small molecules, or others (vitamins or
carbohydrates).293 Targeted delivery of nanoparticles-has widely used monoclonal
antibodies (mAbs) as escort molecules, however, their utilization is hampered by large size
and inefficient conjugation to the carrier. In turn, smaller-sized ligands such as peptides have
attracted greater attention during formulation these days. The next sections discuss
multifunctional nanoparticles delivering chemotherapeutic agents, for chemo/gene therapy
or for imaging purposes, utilizing these targeting moieties. Their potential benefits and
drawbacks will also be discussed.

Antibodies and Antibody Fragment-Based Targeted Nanoparticles

Antibodies have been used over the past several decades as the ligand of choice when it
comes to a targeted ligand development. High selectivity and binding affinity for the target
of interest are a direct result of the presence of two epitope binding sites in a single
molecule. Some examples that have been developed and approved by the FDA for use as
therapeutic antibodies-are Rituximab (Rituxan®) for non-Hodgkin’s lymphoma treatment, 17
Trastuzumab (Herceptin®) for breast cancer treatment,18 Bevacizumab (Avastin®) designed
to inhibit angiogenesis,2%4 and Cetuximab (Erbitux®) for advanced colorectal cancer
treatment.29% The limitations associated with these therapeutic antibodies are the cost of
manufacturing, high molecular weight and having batch-to-batch variation with the potential
to induce an immunogenic response.2%3 To counter the immunogenic response, recent
developments have engineered antibodies yielding humanized, chimeric, or fragmented
antibodies.

A multifunctional targeted nanocarrier system was recently developed by Mi et al.206 The
formulation consisted of herceptin-conjugated nanoparticles of TPGS-cisplatin prodrug
(HTCP NPs) for the targeted co-delivery of cisplatin, DTX and herceptin for the
multimodality treatment of breast cancer of high HER2 overexpression.2% To stabilize the
prodrug and to help facilitate herceptin conjugation, co-polymers poly-(lactic acid)-TPGS
(PLA-TPGS) and carboxyl group-terminated TPGS (TPGS-COOH) were used in the
polymeric matrix. The nanoprecipitation method was used to prepare high, moderate and
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low DTX versus cisplatin ratio HTCP NPs. The HTCP NPs showed a pH-sensitive release
for both anticancer drugs. /n7 vitro analysis was conducted using SK-BR-3 human breast
adenocarcinoma and NIH3T3 mouse embryonic fibroblast cell lines to evaluate the
therapeutic effects of HTCP NPs compared with Taxotere® and cisplatin alone. The HTCP
NPs formulations of high, moderate and low DTX versus cisplatin ratios were analyzed with
HTCP NPs of high DTX versus cisplatin ratio having the highest efficacy against selected
cell lines. Using herceptin as a targeting ligand for HER2 overexpression, the value of
targeted HTCP NPs demonstrated a lower ICsg DTX (90.0201+ wg/mL) + cisplatin (0.00780
a/mL) + herceptin (0.1629 pg/mL) against SK-BR-3 cells (having high HER2
overexpression), than that of 1Csqg value of DTX (0.225+ pg/mL) + cisplatin (0.0875 pg/mL)
+ herceptin (1.827 pg/mL) against NIH3T3 cells (low HER2 overexpression), after 24 h
incubation.2% The similar approach of TPGS prodrug nanoparticles can also be applied for
targeted co-delivery of other hydrophilic and hydrophobic drugs.

Similarly, miceller nanoparticles self-assembled from biodegradable and amphiphilic co-
polymer poly-P-(MDS-co-CES) were recently developed by Lee et al.118 These cationic
micellar nanoparticles have been shown to deliver small molecular drugs and bio-
macromolecules such as genes and functional proteins individually or simultaneously into
various types of cells.118 In this study, the cationic micellar nanoparticles co-delivered PTX
and herceptin to achieve a targeted delivery of PTX to HER2/neu-overexpressing human
breast cancer cells, thereby enhancing cytotoxicity through synergistic activities. Formulated
PTX-loaded nanoparticles had an average size less than 120 nm with a zeta potential of
about 60 mV. The surface of drug-loaded nanoparticles were then complexed with Herceptin
to target HER2 overexpressed cancer breast cancer cells. Under physiological conditions
drug-loaded herceptin complex remained stable displaying an average size of around 200
nm. BioPorter, a commercially available lipid-based protein carrier, was compared against
formulated PTX-loaded Herceptin complexed nanoparticles. Results showed that the
nanoparticles delivered Herceptin more efficiently than BioPorter and displayed an enhanced
anticancer effectiveness. Treatments were repeated twice-daily with Herceptin formulations
displaying significantly enhanced cytotoxicity in HER2-overexpressing breast cancer cells
when compared against single drug-alone treatment. Further investigation was done-to
evaluate the anticancer effects of co-delivered PTX-loaded Herceptin complex nanoparticles
against human breast cancer cell lines with varying HER2 expressions levels, namely,
MCF7, T47D, and BT474. It was observed that efficacy of co-delivered PTX and Herceptin
was dependent on the HER2 expression levels. Confocal microscopy images revealed higher
cellular uptake of formulated nanoparticles in HER2-overexpressing BT474 cancer cell lines
as compared to HEK293 cells which express no HER2 receptors. Targeting ability of this co-
delivery system was demonstrated through confocal imaging studies. This formulation may
have important clinical implications against HER2-overexpressing breast cancers in the near
future.

Hadjipanayis et al. co-delivered an anti-epidermal growth factor receptor (EGFR) deletion
mutant antibody fabricated to amphiphilic triblock copolymer-coated iron oxide
nanoparticles (IONPs) for targeted imaging and therapeutic treatment of glioblastoma.297 It
has been shown that the EGFR variant 111 (EGFRvIII) deletion mutant is not expressed in
normal brain tissue but is specifically expressed in malignant glioma cells. A polyclonal
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rabbit antibody was developed for the synthesis of the 14-amino-acid fusion junction
sequence (EGFRvVIIIAD) for the selective binding of the mutant EGFR protein. The purified
EGFRvVIIIAb was then covalently conjugated to the amphiphilic triblock copolymer-coated
iron oxide nanoparticles.2%8 The final formulation yielded a stable glioblastoma-targeting
theranostic agent (EGFRvIIIAb-IONPS) (Fig. 7(A)). Convection enhanced delivery (CED), a
continuous method of injection under a pressure gradient formed by the fluid containing the
therapeutic agent, was used to effectively deliver EGFRvIIIAb-IONPs to the intratumoral
and peritumoral regions in the brain.2%° This CED method helps to prevent nanoparticles
from becoming trapped in the spleen, liver, or within circulating macrophages after 1.V.
administration while also bypassing the blood-brain barrier. CED is a method that is
therefore used increasingly in the distribution of therapeutic agents for the treatment of
malignant gliomas.219-212 Human U87AEGFRuvIII glioma model tumors were implanted in
athymic nude mice were used to test the accuracy of MRI monitoring and the efficacy of
antitumor effects of EGFRVIII-IONPs. There was a decrease in the T2-weighted MRI signal
after CED of EGFRvIII-IONPs, with a total area signal drop being observed 7 days after
CED treatment, indicating the nanoparticles had dispersed from the area. Animals that
underwent CED treatment with either EFFRvIIIAb or EGFRVIIIAb-IONPs had a
significantly higher rate of survival, which may be a result of inhibition of EGFR-
phosphorylation, whereas the CED untreated control or IONPs groups did not display an
increase in survival rate (Figs. 7(B)—(F)). These results indicated that the MRI-guided CED
of multifunctional EG-FRvII1Ab-IONPs results in the specific targeting of devastating brain
tumors and may have potential for clinical applications.

Wei and Gao et al. used the similar targeted imaging and therapy method for delivery of
multifunctional nanoparticles in the treatment of prostate cancer. A single chain anti-prostate
stem cell antigen (PSCA) antibody (scAbP-SCA) is used as a specific ‘address tag’ for the
targeted therapy and imaging of prostate.213 The prostate stem cell antigen is a prostate-
specific glycosyl phosphatidyl-inositol-anchored glycoprotein that is marginally expressed
in normal prostate and overexpressed in prostate cancer tissues.?14 The multifunctional
nanoparticles were prepared by cleaving intact AbPSCA with mercaptoethylamine (MEA),
then linked to maleimide-PEG-carboxyl (MAL-PEG-COOH) with covalent conjugation to
multifunctional polymeric vesicles formed by entrapping SP10 nanoparticles and DTX by
amine-terminated PLGA. The final formulation yielded scAbP-SCA-DTX/SPIO-NPs having
a size around 147 nm with SPIOs and DTX in the polymer matrix around 23 wt% and 6.02
wit%, respectively. A higher drug encapsulation efficiency was obtained by partitioning DTX
into the oleic acid and oleylamine shell of the SPIOs, where it acted as a drug reservoir,
giving a triphasic drug release pattern versus the common two-phase kinetic release pattern,
which-includes burst effects of an initial release stage, as observed in vesicles without
SPI1Os. /n vitro cytotoxicity studies revealed the anti-proliferative effects of the formulated
multifunctional nanoparticles towards prostate cancer cell lines with an overall decrease in
80% cell viability as compared to non-treated cells. PC3 cells incubated with sScAbPSCA-
DTX/SPIO-NPs produced distinct darkened regions in the T2-weighted MRI as compared to
polymeric vesicles without sScAbPSCA or Endorem® (a commercial contrast, Guerbet,
France).213 These results demonstrated that the multifunctional scAbP-SCA-DTX/SPIO-
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NPs can be used as MRI contrast agents for prostate-targeted imaging and real-time
monitoring of therapeutic effects.

In a similar approach, Chen and Shuai et al. used scAb as a targeting ligand in the design of
multifunctional nanoparticles.21> Chen and Shuai et al. formulated a CD3 single chain
antibody (scAbCD3) functionalized non-viral polymeric vector for gene delivery to 7-
cells.25 As done by Wei et al., the polymeric vector was first complexed with SPIONS,
which was then used to condense the therapeutic agent, a gene plasmid, as a dual-purpose
probe (MRI contrast agent and T lymphocyte targeted gene delivery). -The engagement of 7
-cell antigen receptors, such as the CD3 receptors found on mature 7 -cells, may lead to the
initiation of anergy. These receptors can also potentially mediate targeted gene delivery to 7
-cells. Therefore, scAbCD3-conjugated, poly(ethylene glycol)-grafted polyethyleneimine
(PEG-g-PEI)-coated SPIONs (scAbCD3-PEG-g-PEI-SPION) were synthesized using bio-
conjugation and ligand exchange methods.?16 The targeting multifunctional polyplexes
(scAbCD3-PEG-g-PEI-SPION/DNA) then incorporated a diacylglycerol kinase (DGK )
gene that may potentially impair 7 -cell receptor (TCR) signaling, consequently resulting in
the anergy of 7 cells.?17: 218 T2-weighted MRI revealed that sScAbCD3-immobilized
polyplexes were efficiently taken up by target 7-cells (HB8521) through CD3 receptor-
mediated endocytosis. Flow cytometric analysis indicated high gene transfection efficiency
of the targeted polyplexes (81.95%) as compared to polyplexes without sScAbCD3
functionalization (7.39%). After DGK« genes were transferred into HB8521 cells, lower
levels of cell proliferation and IL-2 expression were observed. This is mainly due to the
response to immune stimulation in cells transfected with the targeted polyplexes-as
compared to cells that hadn’t been pre-transfected during stimulation. These data
demonstrate that MRI-visible targeted nanoparticles can dampen TCR-induced
diacylglycerol signaling.

Immunoliposomes (antibody-directed liposomes) are common pharmaceutical carriers for
targeted drug delivery having the ability to encapsulate both hydrophilic and hydrophobic
therapeutic agents using simple preparation techniques.?1® /n vivo lung cancer targeted
immunoliposomes were developed by Wu et al. using an anti-c-Met antibody.?19 It has been
shown that c-Met, the receptor for hepatocyte growth factor (HGF), is abundantly expressed
in 25% of non-small cell lung cancer patients. The activation of this protein has been
reported to trigger cancer cell proliferation, migration, and invasion.220: 221 Wy et al.
prepared individual targeted therapeutic vehicles and imaging probes. The anti-c-Met single
chain variable fragment (scFv) antibody was first identified by phage display (Ms20, Kd
value; 9.14 nM). Cysteine residues were then fused for a site-direct conjugation with
maleimide-modified PEG-terminated liposomal DOX. The final formulation resulted in
Ms20-conjugated liposomal DOX (Ms20-LD). Their study also utilized inorganic quantum
dots (QD) as a targeted diagnostic tool (Ms20-QD). Due to the fact that c-Met expression
appears in angiogenic endothelium as well as in tumor cells,222 dual targeting properties,
such as inhibition of tumor growth and prevention of angiogenesis, were observed in an
Ms20-LD-injected H460-bearing SCID mouse xenograft model. It was also shown that
Ms20-LD improved the chemotherapeutic drug delivery by inhibiting c-Met-transient or c-
Met-constitutive activation of cancer cells. This study showed the /in7 vivo tumor homing of
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Ms20-QD, and it supported that Ms20-provides selective delivery to solid tumors. —Thus,
Ms20 shows potential as a lung tumor targeted theranostic agent.

Peptide Based Targeted Nanoparticles

Peptides are attractive targeting molecules due to their small size, low immunogenicity, ease
of manufacture and -lower cost.223 There are several methods for identifying peptide-based
targeting ligands. One of the most common methods is obtained from the binding regions of
a protein of interest. The phage display techniques may also be used in identifying peptide-
targeting ligands. During a phage display screen, the bacteriophages—present a variety of
targeting peptide sequences in a phage display library (~1011 different sequences), with the
target peptides being selected by using a binding assay.22* The cyclic peptide, Cilengitide,
has an integrin binding affinity and is currently in phase Il clinical trials for the treatment of
non-small cell lung cancer and pancreatic cancer.22! Phase 111 clinical trials for the treatment
of advanced solid tumors and non-Hodgkin’s lymphoma-have also commenced for an
Adnectin for human VEGF receptor 2 (Angiocept), a 40 amino acid thermostable and
protease-stable oligopeptide. Peptides have limitations as well such as a low target affinity
and susceptibility to proteolytic cleavage. These issues may be improved by displaying the
peptides multivalently or using D-amino acids during the synthesis process.224 Recently,
peptides have been used to fabricate multifunctional nanoparticles for targeted cancer
imaging and therapy.

Medarova et al. specifically designed a breast tumor-targeted nanoparticle that would-deliver
SiRNA to human breast cancer while simultaneously allowing the siRNA delivery process
through noninvasive techniques.22® The co-loaded-nanoparticles were made of SPIONs for
MRI monitoring, and loaded with Cy5.5 fluorescence dye for near-infrared (IR) optical
imaging, and siRNA to target the tumor-specific anti-apoptotic gene BIRC5. The magnetic
iron oxide nanoparticles have been used extensively in combination with optical fluorescent
dyes as multimodal imaging probes for the benefits of rapid screening and higher sensitivity.
The tumor-associated under-glycosylated mucin-1 (uMUC-1) antigen has been shown to be
overexpressed in >90% of breast cancers and also in >50% of all cancers in humans.226
Therefore, researchers have decorated nanoparticles with uMUC-1-targeting EPPT synthetic
peptides for selective tumor targeting of breast cancer. Superparamagnetic iron oxide
nanoparticles with functionalized amine groups are cross-linked with a dextran coating
(MN) with Cy5.5 dye conjuagted to its surface to produce MN-Cy5.5 nanoparticles (Fig.
8(A)). A heterofunctional cross-linker, A/-succinimidyl 3-(2-pyridyldithio) propionate
(SPDP), was then used to couple the thiol-modified, FITC-labeled EPPT peptides and
SiRNA to the MN-Cy5.5 nanoparticle. The final multifunctional co-loaded formulation, MN-
EPPT-siBIRCS5, exhibited super-paramagnetic and fluorescence properties. /17 vivo studies
used mice with BT-20 tumors treated i.v. with the final formulation. The tumors were clearly
imaged using the nanoparticles, as verified simultaneously by T2 MRI and near-IR optical
imaging (Fig. 8(B)). It was shown that administration of the multifunctional nanoparticles
once a week over a two-week period induced considerable levels of necrosis and apoptosis
of the tumors themselves. This is a direct result of the siBIRC5-mediated inhibition of the
anti-apoptotic survivin proto-oncogene which-resulted in a significant decrease in tumor
growth rate (Fig. 8(C)). The tumor-targeted multifunctional imaging-capable nanoparticle
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displays the potential of MRI-guided tumor treatment. This application, along with other
MRI-guided tumor treatments described, can be used to quantify changes in the tumor
volume over the treatment schedule as well as guide selection of an optimal treatment
schedule.

Liu et al. evaluated porous silicon nanoparticles (PSi-NPs) as a potential carrier in multi-
drug delivery for the co-loading of the hydrophobic drug indomethacin and the hydrophilic
human peptide YY3-36 (PY'Y3-36).227 Their study showed that the sequential loading of
these two drugs into PSi-NPs enhanced the drug release rate of each drug and also their
amount permeated across Caco-2 and Caco-2/HT29 cell monolayers.22” Results showed that
regardless of the loading approach used, dual or single loading into PSi-NPs, drug
permeation profiles were in good correlation with the drug release behaviour. Permeation
studies helped to indicate the critical role of the mucus intestinal layer and the paracellular
resistance in the permeation of the therapeutic agents across the intestinal wall. It was also
observed that the loading PY'Y3-36 greatly improved the cytocompatibility of the PSi-NPs.
Conformational analysis revealed that the PY'Y3-36 still displayed biological activity after
release from PSi-NPs and permeation across the intestinal cell monolayers. These results are
the first to demonstrate the co-loading potential of PSi-NPs for simultaneous multi-drug
delivery of both hydrophobic and hydrophilic therapeutic compounds.

Li et al. have reported that tetrandrine (Tet) effectively increases the stability of PTX-loaded
nanoparticles when Tet is co-encapsulated with PTX into mPEG-PCL nanoparticles.228
Their study demonstrated that the synergistic antitumor effect of Tet and PTX against gastric
cancer cells-provided the basis of co-administration of Tet and PTX using nanoparticles. It
has been reported that the cellular chemo-resistance to PTX correlates with intracellular
antioxidant capacity.228 Therefore, the depletion of cellular antioxidant capacity could
enhance the cytotoxicity of PTX. Tet effectively induces intracellular ROS production.228
Their study provides a novel therapeutic strategy-based on “oxidation therapy” that it could
amplify antitumor effects of PTX by employing Tet as a pro-oxidant. It was shown that more
intracellular Tet accumulation by endocytosis of PTX/Tet-NPs than equivalent doses of free
drug lead to more intracellular ROS induction, which efficiently enhanced the cytotoxicity of
PTX through the sequential inhibition of ROS-dependent Akt pathways along with the
activation of apoptotic pathways. The tumor inhibition is a result of synergistic action and
mediated superior cytotoxicity of PTX/Tet-NPs over free drug. The preliminary results
suggest that co-delivery of PTX and Tet via nanoparticles provided a novel therapeutic
strategy based on “oxidation therapy” against gastric cancer and may be applied to other
nanoparticle applications.

Taking advantage of the acidic extracellular tumor microenvironment (pH 5.8-7.1) may
provide another strategy for increasing tumor selectivity. The acidic conditions around the
tumor which-are caused by the hypoxic metabolic state, can provide a triggering signal for
cancer-targeted drug delivery of nanoparticles.22%-231 Zhang et al. designed a glioma
targeting pH-sensitive siRNA nanovector using Caltex (CTX) based-on this strategy.232 A
multifunctional iron oxide magnetic nanoparticle was coated with various types of
functional molecules; the primary amine group-blocked polyethyleneimine (PEI) acting as
the pH-sensitive layer, sSiRNA as a therapeutic payload with CTX as a tumor targeting
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ligand.232 Citra-conic anhydride (2-methylmaleic anhydride) was reacted with the primary
amine group of PEI, providing a terminal carboxylate, which could then be hydrolyzed
under acidic conditions. Under acidic conditions, the reversible charge conversion from
positive to negative in a pH-sensitive manner-may help in reducing the cytotoxicity of PEI
while minimizing nonspecific cellular up-take during physiological pH conditions.229 233
The nanovectors were then synthesized using iron oxide nanoparticles with amine-
functionalized previously coated with amine-terminated PEG. These primary amine groups
were then reacted with Trauts reagent, providing thiol-modified NPs. Amine groups of PEI
that remained unreacted after the citra-conylation reaction were activated with SPDP for
conjugation onto the surface of the NPs. The formulation, pH-sensitive PEI-coated NPs,
showed negligible cytotoxicity at pH 7.4 as a result of surface-exposed carboxylates on the
NPs. However, cytotoxicity was triggered under acidic conditions where the NPs surface
charge increased due to de-blocking of the primary amine groups and protonation of amine
groups remaining in the PEI. Further conjugation with thiol-modified CTX and siRNA using
succinimidyl ester-PEG-maleimide (NHS-PEG-MAL) linkages was-done to test the targeted
delivery and therapeutic properties of the NPs. /n vitro analysis of C6 cells using MRI scans
incubated with NPs-PEI-siRNA-CTX displayed higher intracellular up-take than that of NP-
PEI-siRNA, indicating that the presence of CTX on the surfaces of the NPs assisted in the
cellular internalization of the nanovectors themselves. CTX-conjugated NPs also mediated
selectivity in gene silencing effects. -Cells incubated with NP-PEI-siRNA-CTX at pH 6.2
showed a significant reduction in GFP gene expression as compared to gene expression
almost unchanged in cells treated with the same nanovector at pH 7.4. These results suggest
that the nanovector pH-based system shows a good safety profile and may potentially be
used as a brain tumor targeted theranostic agent in future studies.

Nanoporous silica shows potential as an attractive drug delivery system due to -its high
surface area and binding capacity for therapeutic and diagnostic agents as compared to
liposomes of similar size. Nanoporous silica cores easily load multicomponent cargos and
therefore produce nanocarriers that can potentially be used for targeted multicomponent
delivery of therapeutic agents. Ashley et al. synergistically combined the features of
mesoporous silica particles and liposomes by developing porous silica nanoparticle-
supported lipid bilayers (protocells) approximately 100-150 nm in diameter (Fig. 9). The
combination of these two distinct carriers helped to address the multiple challenges of
targeted delivery.234 An SP94-targeted peptide-was then conjugated to the protocells. The
SP94 peptide specifically binds to human hepatocellular carcinoma. Protocells were further
conjugated with a histidine-rich fusogenic peptide which assists in endosomal escape once
administered and also cytosolic dispersion of the encapsulated cargos. It was observed that
the nanoporous support resulted in improved stability and enhanced lateral bilayer fluidity as
compared to both liposomes and non-porous particles. As a result, it promoted multivalent
interactions between the protocell and the target cancer cells while using only a minimal
number of targeting peptides through peptide recruitment to the cell surface.234 A 1000-fold
higher loading capacity of the drug DTX was observed in protocells due to their high surface
area and porosity of their nanoporous cores when compared to liposomes of similar size.
Protocells’ unique properties help to solve the problem of achieving higher targeting
specificity with enhanced cytotoxicity against the target cancer cells while sparing normal
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healthy cells. Viability tests showed that protocells loaded with the therapeutic agent DTX
maintained a 90% normal hepatocyte while killing over 97% MDR1+ hepatocellular
carcinoma (Hep3B).234 Results also showed that protocells without fluidity on the surface or
DTX loaded liposomes, were less effective at killing Hep3B cells while showing high
cytotoxicity against non-cancerous cell lines. Protocells loaded with DTX demonstrated
targeted delivery while sparing healthy cells as compared with free drug and DTX-loaded
liposomes. The combination of two nanocarriers for a targeted multicomponent delivery of
therapeutic agents shows great promise in overcoming loading capacity of drugs with
increased therapeutic efficacy against target cancer cells.

As previously described, the combining of two different functional nanoparticles which
communicate with one another may be constructed to target a specific disease. Bhatia et al.
designed such a nanosystem in which they used ‘signaling’ modules (gold nanorods, NRs, or
tumor-targeted tissue factor, tTF) as tumor-activating agents for selective delivery and
‘receiving’ nanoparticles (magneto-fluorescent iron oxide nanoworms, NWs, or DOX-
loaded liposomes, LPs) for targeted imaging or therapeutic agents (Fig. 10(A)).30 These
NWs-are elongated nanostructures formed by the assembly of iron oxide cores that exhibit
strong magnetic properties and efficient tumor targeting.23> The multifunctional nanosystem
contained two ‘signaling’ modules which activated the coagulation cascade in tumors,
broadcasting the tumor’s location to receivers in circulation (Fig. 10(B)). External
electromagnetic energy was converted into heat by NRs in circulation. The NRs passively
target tumors and locally disrupt tumor vessels using the heat generated. Coagulation was
induced upon the binding of the tTF to the angiogenic av/33 receptors. Coagulation regions-
were then targeted by the receiving nanoparticles. Peptide substrates were then derivatized
on NWs and LPs for the coagulation of trans-glutaminase FXII1 or fibrin-binding. Results
showed that after injection of signaling modules into MDA-MB-435 bearing mice at 45 °C,
‘receiving” NWs or LPs displayed prominent extravascular accumulation around the tumor
which helped to amplify the therapeutic outcome (Figs. 10(C) and (D)). These results
demonstrated a heat-dependent increase in the passive accumulation and specific
biochemical recognition of the coagulation process.23® It was shown that the communication
coagulation cascade helped to improve the accumulation of the receiving modules by a
factor of 40 as compared to receiving modules without communication. The combining of
two different functional nanoparticles which communicated with one another improved
extravascular tumor accumulation while amplifying the therapeutic outcome. These results
show great promise in the field of combining functionalized nanoparticles as a co-delivery
method for the treatment of cancer.

Small Molecules-Based Targeted Nanoparticles

Small molecules are relatively inexpensive to manufacture and are capable of an infinite
array of diverse structures and properties.2%3 Folic acid (folate) is a heavily studied small
molecule that plays a major role as a targeting moiety for the delivery of therapeutic agents.
This small molecule is a water-soluble vitamin B6 that is essential in humans for growth and
rapid cell division, especially during embryonic development.224 Folate receptors are over-
expressed on various tumor cells, allowing folate, which has a high binding affinity for
folate receptors (K@= 1079 M), to be used as a targeting ligand for targeted delivery of
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imaging and therapeutic agents to tumors. Several cancer imaging agents and therapeutics
that use folate as a targeting moiety are currently being tested in clinical trials such as!! In-
DTPA-folate, 9 Tc-folate conjugate (EC20), folate-linked fluorescent hepten (EC17), and
diacetylvinyl-blastine hydrazide-folate conjugate (EC145).203 Folate is one of the promising
small molecule targeting ligands used for co-delivery of therapeutic agents using organic or
inorganic nanoparticles. Another class of small molecules which act as targeting ligands are
carbohydrates. These small molecule targeting ligands can selectively recognize cell surface
receptors such as lectin.23¢ Carbohydrates such as galactose, mannose, and arabinose may
serve as effective targeting moieties in the treatment of liver diseases as they readily bind to
the asialoglycoprotein receptor (ASGP-R) that is present only on hepatocytes at a high
density, approximately 500, 000 receptors per cell.237-240

Cellular metabolism requires an essential vitamin, riboflavin, and studies have shown that
the riboflavin carrier protein (RCP) is highly up-regulated in metabolically active

cells.241. 242 Therefore, flavin mononucleotide (FMN), which is an endogenous RCP ligand,
may be used as a small molecule targeting ligand for metabolically active cancer or
endothelial cells. Kiessling et al. synthesized a dual probe nanoparticle using FMN-coated
ultrasmall superparamagnetic iron oxide nanoparticles (FLUSPIO) as MRI/optical probes
for prostate cancer detection in vivo.243 Phosphate groups of FMN were used to coat USPIO
with guanosine monophosphate to impart stability to the nanoparticle. FLUSPIO had a final
hydrodynamic radius of 97 £ 3 nm with an intense fluorescence emission band observed at
530 nm due to FMN. PC3 prostate cancer cells and human umbilical vein endothelial
(HUVEC) cells were used for in vitro cellular uptake of FLUSPIO. Characterization was
analyzed by MRI (3T), TEM, and fluorescence microscopy. A significantly increased R2
relaxation rate of both PC3 cells and HUVEC cells after 1h incubation with FLUSPIO-was
observed compared to that of non-targeted USP10.243 Free FMN reduced uptake of the
nanoparticles considerably by competitive blocking of RCP. Fluorescence microscopy
revealed an enhanced green fluorescence in the cells after FLUSPIO incubation. Endosomal
localization of the nanoparticles is suggested due to the perinuclear fluorescence signal.
These data are consistent with TEM results and suggest that FMN may serve as a versatile
building block for tumor-targeted imaging and therapeutic modalities in multifunctional
nanoparticles.

A dual contrast agent (nuclear imaging/MRI) was developed by Jeong et al. using galactose-
conjugated SP1-ON's to target hepatocytes in a mouse model.244 After i.v. injection, SPIONs
are generally nonspecifically phagocytosed or endocytosed by the reticuloendothelial system
in the liver, spleen, lymph, and bone marrow. Therefore, the evaluation of hepatocyte
function under certain clinical conditions, such as partial liver transplant or hepatitis, is
essential, and there is need for hepatocyte-selective imaging. Jeong et al. synthesized
lactobionic acid (LBA) having a high affinity for ASGP-R. The LBA was immobilized onto
SPIONSs using amide linkages of the dopamine-modified SPIONSs bearing a primary amine
group and the LBA using 1-ethyl-3-(3-(dimethylamino)-propyl) carbodiimide/N -
hydroxysuccinimide (EDC/NHS) chemistry.244 Nanoparticles were radiolabeled with
99mTC via diethylene tri-amine pentaacetic acid (DTPA), which were further conjugated to
the remaining amine groups of dopamine-SPIONs. /n7 vivo micro-single photon emission
computed tomography (SPECT)/CT images and T2-weighted MR images analysis of
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99MTC-LBA-SPION, after tail vein injection, revealed that nanoparticles accumulated in the
liver within a few minutes. The blocking of ASGP-R using free galactose was conducted in a
competitive study showing a large decrease in liver uptake. These data suggest that ASGP-R
facilitated the uptake of 99mTC-LBA-SPIONSs. It was then confirmed by TEM imaging that
LBA-SPIONs were located within the mitochondrial matrix as well as the cytoplasm. This
indicated that ASGP-R helped to facilitate internalization of the nanoparticles into the
hepatocytes.

Small molecule-targeting ligands must demonstrate high specificity and affinity towards
cellular receptors. The development of such a targeting ligand has been proven to be a
challenging task.203 Multivalent binding effects may be a way to help improve the targeting
of small molecule-conjugated nanoparticles. This would entail conjugating multiple ligands
on the nanoparticle surface. High-throughput screening is another strategy for selecting
small molecule-targeting ligands having high affinity and specificity for specific receptors.
Weissleder et al. used high-throughput screening, with fluorescent magnetic nanoparticles,
against several small molecular ligands from a library of 146 small molecules (500 Da), that
specifically bind to endothelial cells, activated human macrophages, and pancreatic cancer
cells.245 Qverall, small molecules are relatively inexpensive to produce and are capable of an
infinite array of diverse structures and properties with great potential as a class of targeting
moieties.

Aptamer-Based Targeted Nanoparticles

Aptamers are small nucleic acid ligands (15-40 bases) that have high specificity to target
binding sites due to the molecules’ ability to fold into unique conformations with three-
dimensional structures.246 The systematic evolution of ligands by exponential enrichment
(SELEX) is the selection process used to identify aptamers.247-250 Through this process, it
is possible to select aptamers displaying high affinity and specificity for a target from
libraries consisting of more than 1015 random oligonucleotides. Aptamers as a targeting
moiety have many advantages over antibodies-: low immunogenicity, small size (~15 kDa),
and easy scale-up preparation without batch-to-batch variations. Approximately more than
200 aptamers have been isolated to date.251: 252 AS1411, a nucleolin targeted aptamer, is in
phase 111 of clinical development.253 Pegaptanib, a VEGF165 targeted aptamer, was
approved by the FDA in 2004 for the treatment of neovascular macular degeneration.254-256
Aptamers also possess several deleterious properties such as rapid clearance from the blood
due to nuclease degradation. To enhance aptamers’ bioavailability and pharmacokinetic
properties, chemical modification with PEG or pyrimidine modifications at the 2’-fluorine
position were conducted on the aptamer molecule itself.25” One of the best characterized
aptamers used for targeted delivery-is 2’-fluoropyridine-RNA. These aptamers are generated
against the extracellular domain of prostate-specific membrane antigen (PSMA).258 The
PSMA as targeting ligand was used for the delivery of DOX,259 incorporated into self-
assembled polymeric nanoparticles,16: 260. 261 and quantum dots.2% Recent studies utilize a
PSMA aptamer-siRNA chimera system that was extended at the 3’ end to contain a
complementary nucleotide sequence directed toward the antisense strand of the SiRNA.262
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Alexis et al. co-delivered DOX and DTX using bio-compatible and biodegradable PLGA-b-
PEG copolymer. The nanoprecipitation method was used to formulate DTX encapsulated
NPs (~1 wt% DtxI) having a diameter of 62 + 145 nm. The surfaces of the nanoparticles
were further functionalized with A10 PSMA aptamers which were pre-loaded with DOX.2
The final formulation, NP-(DTX)-Apt- (Fig. 11) was further analyzed for cellular uptake and
in vitro cytotoxicity. A hydrophobic dye, NBD-cholesterol, was used to visualize cellular
uptake of both drugs using fluorescence microscopy having a fluorescence emission
spectrum (excitation/emission = 460 nm/534 nm). Two cell lines chosen for analysis were-
LNCaP prostate adeno-carcinomas cells, which-express PSMA antigens on their plasma
membrane, as the target cell line and PC3 prostate adenocarcinomas cells, which show no
expression of the PSMA antigen acting as a negative control. It was shown that NBD-
cholesterol and DOX were effectively delivered into LNCaP cells via NP-Apt
bioconjugates. There was no uptake of NBD observed in PC3 cells, with only a relatively
small amount of DOX signal appearing in the PC3 nucleus which may represent a portion of
free DOX released from the NP-Apt bioconjugates during incubation with cells. /n vitro
cytotoxicity studies revealed that NP-(DTX)-Apt-formulations were significantly cytotoxic
in both cell lines as compared to all controls. The relative cell viability of NP-(DTX)-Apt-
was 54% in contrast to 58%, 86%, and 100% using NP-(DTX)-Apt, NP-Apt-, and NP-Apt,
respectively. Alexis et al. examined a novel targeted drug delivery system which consisted of
NP-Apt bioconjugates that simultaneously delivered both hydrophobic PTX and hydrophilic
nucleic acid intercalating DOX drugs to prostate cancer cell lines.? This targeted co-delivery
system may also allow for temporally distinct release of drugs, which may have implications
for delivery to distinct anatomical locations.

Kim et al. developed multimodal imaging probes that were capable of concurrent
radionuclide imaging, MRI, and fluorescence imaging /7 vivo.263 The multifunctional
nanoparticles used a magnetic cobalt ferrite core-encased by a silica shell which contained
the fluorescent rhodamine. The nanoparticles were further modified with various organo-
silicon compounds, such as (MeO)3Si-PEG or 3-aminopropyl triethoxysilane. An AS1411
aptamer was conjugated on the surface of nanoparticles and served as a nucleolin-targeting
ligand284 and p-SCN-Bn-NOTA for 67Ga-citrate incorporation provided MFR-AS1411.
Multimodal nanoparticles were injected into C6-bearing nude mice, and specific tumor
targeting of MFR-AS1411 was observed using radionuclide images via 67Ga radioactivity,
24 h post-injection. In contrast, nanoparticles containing mutant AS1411 (MFR-AS1411mt)
were rapidly cleared from the bloodstream following i.v. administration to mice. MFR-
AS1411-injected mice were further analyzed using MRI imaging techniques where T2-
weighted images displayed black spots at the tumor site. Ex vivo flu-orescence imaging, and
high fluorescence signals from the intestine, liver, and tumors further confirmed these results
that MFR-AS1411 demonstrated tumor-specific accumulation. The development of this
multimodal imaging system offers the benefits of complementary modalities and eliminates
the shortcomings of individual imaging modalities. Multimodal nanoparticles provides a
broad range of diagnostic and therapeutic imaging possibilities in human applications.26°

Ellington et al. identified a newly anti-EGFR aptamer and its specific ‘escort.” Conjugation
with gold nanoparticles (GNPs) demonstrates the internalization properties of this new
aptamer.266 A RNA pool spanning 62 random sequence positions-was used to identify
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aptamers specific to EGFR. One aptamer predominated (aptamer J18) having a Kd value of
7 nM and was obtained after round 12 when analyzing selective binding species. GNPs (~20
nm) was conjugated to aptamer J18 by coating the GNPs with capture ONTSs, followed by
hybridization of an extended aptamer complementary to the capture ONTs.266 A431 cells
incubated with aptamer J18-GNPs at 37 °C were analyzed by flow cytometry and
fluorescence microscopy with results indicating specific binding to the cell line. These
results demonstrated that the internalization of GNPs is due to the aptamer directed toward
cell surface EGFR, which could lead to internalization via receptor-mediated endocytosis.266
This finding suggests that receptor-specific nucleic acids can overcome non-specific
absorption and internalization of GNPs, which convey chronic disadvantages during
conventional therapy.

Miscellaneous Targeted Approaches

The copolymer of N-acetyl D-glucosamine and D-glucuronic acid, Hyaluronic acid (HA),
has been widely used as a targeting macromolecule for binding to cluster determinant 44
(CD44), -which is overexpressed in various tumors.267-269 Zhou et al. developed a thermo-
responsive hybrid nanogel with HA as a targeting moiety for simultaneous temperature
sensing, cancer cell targeting, fluorescence imaging, and combined chemo-photothermal
treatment (Fig. 12).270. 271 Templated Ag nanoparticle was used to prepare the spherical
hybrid nanogel through synthesis using a thermo-responsive non-linear PEG-based hydrogel
coating as a shell. Strong hydrogen bonding between HA and PEG oligomers on the shell
surface helped to immobilize HA, followed by the addition of AuCI*~ to the hybrid nanogel
to form an Ag-Au bimetallic core.2’? High drug loading capacity (46.5 wt%) was achieved
in the Ag—Aup—-PEG-HA hybrid nanogels mainly due to the stabilization by hydrogen
bonds between the ether oxygen atoms of the nonlinear PEG gel shell and the amide groups
of Temozolomide (TMZ), a model drug used in the formulation. Confocal imaging of Ag—
Au-PEG-HA hybrid nanogel-incubated B16F10 murine metastatic melanoma cells
(CD44+) revealed-significantly higher fluorescence intensity images as compared to nanogel
without HA, demonstrating selective tumor targeting. Near-IR irradiation generalized
localized heat during drug release profile studies and enhanced drug delivery by promoting a
gradual transition from a hydrophilic to a hydrophobic PEG network.27% The gradual
transition broke the PEG-TMZ bonds and also reduced the mesh size of the nanogels, further
facilitating diffusion of the drug molecules from the nanocages. This combined chemo-
photothermal treatment was investigated by measuring the cell viability of B16F10 cells
incubated with empty or TMZ-loaded hybrid nanogels after near-IR irradiation. The
combination of TMZ and photothermal treatment showed enhanced cytotoxicity as
compared to other chemotherapy or photothermal treatments alone. It was shown that the
combination therapy had significantly enhanced therapeutic efficacy—as compared with the
additive therapeutic index achieved from chemo-and photothermal therapies, suggesting that
the nanogels displayed synergistic effects.270
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THERANOSTIC MULTIFUNCTIONAL NANOTECHNOLOGY IN
CHEMOTHERAPY AND IMAGING

Theranostics, the combination of therapeutic and imaging methods on a single level, have
reached new possibilities thanks to recent advances in nanotechnology.2/2-274 These
nanotechnology advancements incorporate imaging probes for the enhancement of image
resolution and specificity towards target tissues. Nanoparticles conjugated to active targeting
ligands usually make up these imaging probes.2%3: 275 Nanoparticles having no active target
ligand coupled to-their surface will be passive targeting, mediated by the enhanced
permeability and retention effect (EPR).276: 277 Theranostic nanomedicine has the potential
for simultaneous and real time monitoring of drug delivery, trafficking of drug and
therapeutic responses.

Small molecule drugs often display many disadvantages including the lack of sufficient
specificity to the tumor, severe and toxic side effects in healthy tissues, limited delivery of
hydrophobic drugs to the tumor cells, and the development of drug-resistance.#2: 278 |t has
been described in this review that NPs can provide a potential solution to these problems in
traditional chemotherapy.42: 279. 280 One such solution is the development of theranostic NPs
which incorporates imaging agents and drugs such as DOX or PTX-used for simultaneous
imaging and targeted chemotherapy of diseases and cancers.281. 282

As described, theranostic NPs can simultaneously provide cancer detection, drug delivery,
and real-time evaluation of therapeutic efficacy. Kim et al. developed chitosan-based NPs
(CNPs) that were labeled with Cy5.5, a NIR fluorescence dye for imaging, and encapsulated
with PTX for cancer therapy (PTX-Cy5.5-CNP) to produce a multifunctional thernostic
NPs (Figs. 13(A) through (G)).283-286 SCC7 tumor-bearing mouse models-were treated
dose-dependently with PTX-Cy5.5-CNP to the tumor sites which-were then visualized
using optical imaging technology. Repeated injections at three-day intervals modulated and
increased the therapeutic efficacy of PTX-Cy5.5-CNP. Strong NIR fluorescence signals
were observed in the targeted tumors. This optimal protocol of repeated injections of PTX-
CNPs at three-day intervals greatly increased the drug concentration in targeted tumors
which resulted in enhanced therapeutic efficacy to tumor tissues while minimizing toxicity
to normal tissues. This demonstrated that the optimal dosage of the drug in question may be
identified using theragnostic NPs, thereby increasing both effectiveness and safety of the
drug. SCC7 tumor-bearing mouse models were also analyzed using NIR fluorescence
imaging for direct monitoring of tumor growth in response to PTX-Cy5.5-CNP
administration (Figs. 14(A) through (D)). The possibility-of determining the optimal dosage
of drug for the individual patient at the right time using theragnostic NPs may hold promise
in paving the way for personalized medicine.

Similarly, Chen et al. recently demonstrated pH-responsive NPs encapsulated with DOX to
better understand drug release behavior and intracellular localization (Fig. 15).287
Hydrophobic A -palmitoyl groups were conjugated to chitosan to prepare a PH-responsive
polymer then followed by attachment with Cy5.5. PH-responsive polymers were able to self-
assemble into NPs and encapsulate DOX within aqueous media, yielding DOX-Cy5-NPs.
DOX (donor) and Cy5 (acceptor) in NPs were sufficiently close for energy transfer to occur
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(FRET on) at pH = 7.0, whereas DOX and Cy5.5 were not in close proximity (FRET off) in
the protonated form of DOX-Cy5-NPs at low pH.287 No fluorescence of DOX was
observed, after internalization to cells, when DOX-Cy5-NPs was in the cavelolae/
caveosomes (FRET on with high efficiency) and having a weak fluorescence in the cytosol
when DOX-Cy5-NPs was in slightly acidic early endosome (FRET on with low efficiency).
However, strong fluorescence signals were observed in the cytosol when DOX-Cy5-NPs
was in acidic late endosomes/lysosomes (FRET off) (Fig. 16). This study indicated that
theragnostic NPs employing the FRET technique can allow intracellular monitoring of drug
release.287

Intravital-microscopy has had a great deal of-success when it comes to examining cellular
behavior and molecular signals under conditions simulating a natural environment in living
animals at subcellular resolution.288-290 \Whole body imaging using fluorescence or
bioluminescence usually provides only macroscopic resolution as compared to intravital
microscopy. Intravital-microscopy includes an /n vivo CLSM used to directly assess /n vivo
distribution of the drug carrier or drug across various cellular locations. Intravital
microscopy may also be used to understand the delivery mechanism of nanoparticles and-
their payload to the targeted tissue.2%1: 292 Cabral et al. fabricated drug-loaded micelles
composed of poly-(glutamic acid) and hydrophilic PEG block copolymer, and-used them for
intra-vital imaging.2% Highly permeable tumors (C26) and poorly permeable tumors
(BxPC3) were used to observe /n vivo bio-distribution and antitumor activity of drug-loaded
micelles having a range of diameters. Alexa dye-labeled micelles were used for in vivo
CLSM imaging. It was shown through real-time imaging via /n vivo CLSM of a mouse, that
various sized micelles (diameters of 30, 50, 70 and 100 nm) penetrated through highly
permeable tumors-; however, only 30 nm micelles accumulated in poorly permeable tumors
to achieve an antitumor effect (Figs. 17(A) through (G)). These results indicated that /in vivo
CLSM can contribute to the analysis of cellular internalization, tissue penetration and the
extravasation profile of NPs in living mice.287

During chemotherapy, theragnostic NPs are highly useful for providing real-time
information on its location, release or efficacy of the contained drug and detecting residual
tumor cells with various optical imaging techniques as shown in the above-mentioned
studies. In addition, they enable the identification of the optimal dosage of the drug in
question and may hold promise in the personalized medicines.

CONCLUSION AND FUTURE PROSPECTS

Considerable effort has been made toward the research and development of multifunctional
co-loaded chemo/gene therapy nanoparticle systems for cancer targeted imaging and
therapy. Magnetic nanoparticle-based theranostic systems showed particular promise. The
intrinsic magnetic properties lend themselves to diagnostic MRI applications, with their
surfaces easily modified using a variety of targeting moieties, such as antibodies, peptides,
small molecules, aptamers, or therapeutic agents utilizing a number of conjugation
strategies. Also, magnetic nanoparticles can be degraded to Fe ions in the body particularly
in the acidic compartments of cells (e.g., lysosomes), relieving potential toxicity of long-
term residence of the nanoparticles themselves as compared to other inorganic nanoparticles
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such as gold-and carbon-based formulations. The newer and advanced characterization
methodologies are also needed, including pharmacokinetics and long-term toxicity studies.
It is critical to be aware of the design parameters discussed in this review for preparation of
nanoparticles for potential clinical uses. The costs required to integrate multiple components
for co-loading or multifunctional properties-are an additional consideration for commercial
viability. One must also consider the regulatory hurdles encountered during clinical trials.
The required regulatory processes become more-complex with the multifunctionalities of the
nanoparticles as they consist of multiple additional components and also claim multiple
indications with a single nanoparticle. Nonetheless, there is high probability that—
multifunctional chemo/gene therapy nanoparticle systems for cancer-specific treatment-will
be used in the clinic setting in the near future. The multifunctional chemo/gene therapy
approaches will help to meet unmet medical needs for effective cancer treatments with
minimal adverse effects.
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<> and £} represent different types of drugs

Figure 1.
Schematic illustration of nanoscale drug carriers used for combinatorial drug delivery: (a)

liposome, (b) polymeric micelle, (c) polymer-drug conjugate, (d) dendrimer, (e) oil
nanoemulsion, (f) mesoporous silica nanoparticle, and (g) iron oxide nanoparticle. Reprinted
with permission from [98], C. M. Hu and L. Zhang, Nanoparticle-based combination therapy
toward overcoming drug resistance in cancer. Biochemical pharmacology 83, 1104 (2012).
© 2012, Elsevier.
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Figure2.
Schematic representation of SPIO/PTX-loaded PLGA-based nanoparticles. Reprinted with

permission from [277], N. Schleich, et al., Dual anticancer drug/superparamagnetic iron
oxide-loaded PLGA-based nanoparticles for cancer therapy and magnetic resonance
imaging. /nt. J. Pharm. 447, 94 (2013). © 2013, Elsevier.
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Figure 3.
Schematic graph of TPGS functions as a pore former and promotes anti-tumor activity of

DTX-loaded Nps. Reprinted with permission from [110], H. Zhu, et al., Co-delivery of
chemotherapeutic drugs with vitamin E TPGS by porous PLGA nanoparticles for enhanced
chemotherapy against multi-drug resistance. Biomaterials 35, 2391 (2014). © 2014, Elsevier.
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Figure 4.
Illustration of biodegradable amphiphilic copolymer NPs loaded with both DOX and TAX

using improved double emulsion method. Emulsification procedure used to generate double
emulsions. Step (1), generating water-in-oil for encapsulations of DOX; Step (1), generating
water-in-oil-in-water for encapsulations of TAX. Green represents the oil phase containing
amphiphilic copolymer and red the aqueous phase containing DOX. Reprinted with
permission from [111], H. Wang, et al., Enhanced anti-tumor efficacy by co-delivery of
doxorubicin and paclitaxel with amphiphilic methoxy PEG-PLGA copolymer nanoparticles.
Biomaterials 32, 8281 (2011). © 2011, Elsevier.
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(A) Examples of bonds utilized in the synthesis of biodegradable polymer-drug conjugates.
Biodegradation typically occurs via hydrolysis (via reduction for disulfides). (B) Overall
strategy for the synthesis of multiblock polyHPMA copolymers. HPMA copolymer blocks
are linked together via lysosomally degradable Gly-Phe-Leu-Gly (GFLG) linkages
introduced via a combination of RAFT polymerization and click chemistry. Reprinted with
permission from [137], J. Yang, et al., Synthesis of biodegradable multiblock copolymers by
click coupling of RAFT-generated heterotelechelicpolyhpma conjugates. Reactive and

Functional Polymers 71, 294 (2011). © 2011, Elsevier.
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Figure6.
(A) Dendrimers are hyperbranched, star-link polymers. Drugs can be either conjugated to

the dendrimer surface or encapsulated within “void” spaces between adjacent branches. (B)
Dendrimers grow linearly in size and exponentially in surface area with each successive
“generation.” They can be utilized as multifunctional nanocarriers, bearing drugs, imaging
agents, and/or targeting moieties. (C) Synthesis of poly(amido amine) (PAMAM)
dendrimers occurs from a ethylenediamine core with alternating reactions with methyl
acrylate and ethylenediamine to produce each generation. Reprinted with permission from
[278], N. Larson and H. Ghandehari, Polymeric conjugates for drug delivery. Chem. Mater.
24, 840 (2012). © 2012, American Chemical Society.
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Figure7.
(A) Schematic diagram showing EGFRVIII-IONPs. (B)—(F) Survival studies of nude mice

implanted with the US7AEGFRVIII glioma model. (B) T2-weighted MRI showing a tumor
region with a bright signal 7 days after tumor implantation (arrow). (C) A tumor is shown
(arrow) after injection of a gadolinium contrast agent (Gd-DTPA). (D) The MRI signal
decreased (arrow) after CED of EGFRvVIIIAb-IONPs. (E) EGFRvIIIAb-IONP dispersion and
T2 signal decrease (arrow) 4 days after CED. (F) Survival curve of the nude mice bearing
U8B7AEGFRuVIII cells after a treatment regimen of MRI-guided CED: the untreated control,
IONPs, EGFRVIIIAD, or EGFRVIIIAb-IONPs. Reprinted with permission from [194], C. G.
Hadjipanayis, et al., EGFRvVIII antibody-conjugated iron oxide nanoparticles for magnetic
resonance imaging-guided convection-enhanced delivery and targeted therapy of
glioblastoma. Cancer Res. 70, 6303 (2010). © 2010, Cancer Research.
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Figure 8.
(A) Schematic diagram showing the synthesis of MN-EPPT-siBIRCS. (B) Representative

pre-contrast images and 24 h post-contrast T2-weighted images (top), and color-coded T2
maps (bottom) of the tumor-bearing mice i.v. injected with MN-EPPT-siBIRC5 (10 mg/kg
Fe). (C) Relative tumor volume measurements of MN-EPPT-siBIRC5- and MN-EPPT-
siSCR-injected animals over the course of treatment. Reprinted with permission from [212],
M. Kumar, et al., Image-guided breast tumor therapy using a small interfering RNA

nanodrug. Cancer Res. 70, 7553 (2010). © 2010, Cancer Research.
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Figure9.
Schematic illustration of the silica nanoporous particle-supported lipid bilayer, depicting the

disparate types of therapeutic and diagnostic agents that can be loaded within the
nanoporous silica core, as well as the ligands that can be displayed on the surface of the
nanoparticle. Reprinted with permission from [279], C. E. Ashley, et al., The targeted
delivery of multicomponent cargos to cancer cells by nanoporous particle-supported lipid
bilayers. Nature materials 10, 389 (2011). © 2011, Nature Publishing Group.
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Figure 10.
(A) Schematic representation of nanoparticle communication to achieve amplified tumor

targeting. Tumor-targeted signaling nanoparticles (blue) broadcast the tumor location to the
receiving nanoparticles (red) present in circulation. (B) Shown are the harnessing of the
biological cascade to transmit and amplify nanoparticle communication and the molecular
signaling pathway between the signaling and receiving components. (C) Thermographic
images of the photothermal NRs with heating. Seventy-two hours after NR or saline
injection, mice were co-injected with FXI11-NWs and untargeted control-NWs, and their
right flanks were broadly irradiated (top). Twenty-four hours post-irradiation, whole-animal
fluorescence imaging revealed the distribution of the receiving nanoparticles (bottom). (D)
Amplified tumor therapy with communicating nanoparticles. Tumor volumes following a
single treatment with the communicating nanoparticle systems and controls. Reprinted with
permission from [280], G. von Maltzahn, et al., Nanoparticles that communicate /n7 vivoto
amplify tumour targeting. Nature Materials 10, 545 (2011). © 2011, Nature Publishing
Group.
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Figure 11.

Page 63

Schematic illustration of (A) the intercalation of a hydrophilic anthracycline drug, such as
DOX within the A10 PSMA aptamer; (B) the encapsulation of a hydrophobic drug, such as
Dtxl, within the PLGA-b-PEG nanoparticles using the nano-precipitation method; and (C)
nanoparticle—aptamer (NP-Apt) bioconjugates comprised of PLGA-b-PEG nanoparticles
surface functionalized with the A10 PSMA aptamer for co-delivery of Dtxl and DOX. Both
drugs can be released from the bioconjugates over time. Reprinted with permission from
[281], J. Zhou, et al., Current progress of RNA aptamer-based therapeutics. Frontiers in

Genetics 3, 234 (2012). © 2012, Cancer Research.
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Figure 12.
Schematic illustration of multifunctional core—shell hybrid nanogels. The Ag—Au bimetallic

NP (10 £ 3 nm) core is NIR resonant and highly fluorescent. The thermo-responsive
nonlinear PEG-based gel shell cannot only manipulate the fluorescence intensity of Ag-Au
NP core, but also trigger the release of drug molecules encapsulated in the gel shell under
the local temperature increase of targeted pathological zones or the heat generated upon NIR
irradiation. HA, a known targeting ligand, can be readily semi-interpenetrated into the
surface networks of gel shell at a light penetration depth. Reprinted with permission from
[254], W. WU, et al., Core-shell hybrid nanogels for integration of optical temperature-
sensing, targeted tumor cell imaging, and combined chemo-photothermal treatment.
Biomaterials 31, 7555 (2010). © 2010, Elsevier.
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Figure 13.
(A) Conceptual description of a theragnostic nanoscale particle designed for cancer imaging

and treatment. The theragnostic chitosan-based nanoparticles (CNPs) can preferentially
accumulate at the tumor tissue by the enhanced permeation and retention (EPR) effect due to
their unique properties, such as stability in blood, deformability, and fast cellular uptake. (B)
Chemical structure of the glycol chitosan conjugates labeled with Cy5.5, a near-infrared
fluorescent (NIRF) dye, and modified with hydrophobic 54-cholanic acid. (C) A TEM image
of Cy5.5-labeled CNPs (1 mg/ml) in distilled water. (D) Bright field and NIRF images of the
Cy5.5-labeled CNPs in PBS. The NIRF image was obtained using a Cy5.5 filter set (ex =
674 nm, em = 695 nm). (E) Time-dependant size distribution of Cy5.5-labeled CNPs in PBS
at 37 °C was confirmed using dynamic light scattering. (F) Filtration of water-soluble glycol
chitosan (GC), CNPs, and polystyrene (PS) beads through filters of different pore sizes (0.8
4m, 0.45 tm, and 0.2 zm). The amount of each particle passed through the filters was
guantified through NIRF intensity of the filtrate. (G) /n vitro stability of the Cy5.5-labeled
CNPs was determined using an SDS-PAGE test. Cy5.5-labeled GC polymers and CNPs
were incubated in 10% serum for 6 h at 37 °C and their migratory positions were monitored
using a Cyb.5 filter set. Reprinted with permission from [265], K. Kim, et al., Tumor-
homing multifunctional nanoparticles for cancer theragnosis: Simultaneous diagnosis, drug
delivery, and therapeutic monitoring. J. Cntrl. Release 146, 219 (2010). © 2010, Elsevier.
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Figure 14.

(A) /n vivo biodistribution of Cy5.5-labeled CNPs in SCC7 tumor-bearing mice. After tumor
diameters reached 7-8 mm, 3.3 umol of Cy5.5-labeled CNPs (5 mg/kg) were i.v. injected
into the tumor-bearing C3H/HeN nude mice. (NIRF signal scale: 45-2680). (B) Time-
dependent tumor contrast after administration of Cy5.5-labeled CNPs into tumor-bearing
mice (7= 3). (C) NIRF images of the dissected major organs harvested from Cy5.5-labeled
CNP-treated mice. The first row represents the bright field images of individual organs. A
strong NIRF signal was observed in tumor tissues at all experimental times. (D) Ex vivo
imaging of SCC7 xenograft tumor showed higher NIRF signal than other organs at all time
points. A quantification of /n vivotargeting characteristics of Cy5.5-labeled CNPs was
recorded as total photons per centimeter squared per steradian (p/s/cm?2/sr) per milligram of
each organ at all time points (n7= 3 mice per group). All data represent mean * s.e. Reprinted
with permission from [265], K. Kim, et al., Tumor-homing multifunctional nanoparticles for
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cancer theragnosis: Simultaneous diagnosis, drug delivery, and therapeutic monitoring. J.
Cntrl. Release 146, 219 (2010). © 2010, Elsevier.
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Figure 15.
Schematic illustrations of the concept of the study. pH-responsive DOX (DOX)-loaded

nanoparticles (NPs), made of A~palmitoyl chitosan bearing a Cy5 moiety (Cy5-NPCS),
were prepared as an anticancer delivery device. Using the technique of Forster resonance
energy transfer (FRET), the drug release behavior of DOX-loaded Cy5-NPCS NPs can be
monitored/imaged intracellularly. Reprinted with permission from [269], K. J. Chen, et al.,
Intracellularly monitoring/imaging the release of doxorubicin from pH-responsive
nanoparticles using Forster resonance energy transfer. Biomaterials 32, 2586 (2011). ©
2011, Elsevier.
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Figure 16.
Dual-emission fluorescence images of HT1080 cells; cells were incubated with DOX-loaded

Cy5-NPCS nanoparticles (NPs) for distinct durations and fluorescence images were then
taken by CLSM in optical windows between 560-600 nm (DOX imaging channel) and 660—
700 nm (Cy5 imaging channel) when irradiating NP suspensions at 488 nm. Reprinted with
permission from [269], K. J. Chen, et al., Intracellularly monitoring/imaging the release of
doxorubicin from pH-responsive nanoparticles using Forster resonance energy transfer.
Biomaterials 32, 2586 (2011). © 2011, Elsevier.
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Figure 17.
In vivo real-time microdistribution of DACHPt/m with different diameters in tumours. (a),

(b) Microdistribution of fluorescently labelled 30 nm (green) and 70 nm (red) micelles 1 h
after injection into C26 (a) and BxPC3 (b) tumours. Their colocalization is shown in yellow.
Right panels in (a) and (b) show fluorescence intensity profile from the blood vessel (0-10
mm; grey area) to the tumour tissue (10-100 mm) in the selected region (indicated by a
white rectangle) expressed as a percentage of the maximum fluorescence intensity attained
in the vascular region (%Vmax). (c), (d) Z-stack volume reconstruction of C26 (c) and
BXxPC3 (d) tumours 1 h after co-injection of the fluorescent micelles. (e) Magnification of
the perivascular region (indicated by a white trapezium) of the z-stack volume image of
BxPC3 tumours. (f), (g) Distribution of 30 and 70 nm micelles 24 h after injection into C26
tumours (f) and BxPC3 tumours (g). White arrows in (g) indicate 70 nm micelles localizing
at perivascular regions. Right panels show fluorescence intensity profile from the blood
vessel (0-10 mm; grey area) to the tumour tissue (10-100 mm) in the selected region
(indicated by white rectangle). Reprinted with permission from [275], H. Cabral, et al.,
Accumulation of sub-100 nm polymeric micelles in poorly permeable tumours depends on
size. Nature nanotechnology 6, 815 (2011). © 2011, Nature Publishing Group.
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