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Systemic drug delivery relies on repeated dosing of large concentrations of poorly
targeted drug leading to off-target toxicity. Recently, nanoparticle (NP)-mediated drug
delivery (NMDD) has been developed as an approach to overcome the limitations of
traditional drug delivery. The unique size-dependent properties of NPs and their ability to
augment the activity of attached/loaded cargos makes them attractive drug delivery vectors.
NPs are classified into two categories (soft or hard depending on their material
composition) and our understanding of how to load and control soft NP materials currently
surpasses that of hard NPs. In this dissertation we seek to further our fundamental
knowledge of hard NP-based drug delivery systems. In Aim 1 we utilize a quantum dot
(QD)-cell uptake peptide complex as a central scaffold to append various responsive
peptide-drug constructs in order to modulate the toxicity of one of the most widely used
chemotherapeutics, doxorubicin. By doing a comparative study of four chemical linkages,
we determine the role played by attachment chemistry in controlling drug release. In Aim

2, we utilize the knowledge gained from Aim 1 to develop a system capable of overcoming



multidrug resistance in cancer cells, which is known to severely limit the efficacy of
chemotherapeutics. Our hard NP conjugate system is unique as it is one of the few systems
reported in the literature to bypass multidrug resistance pumps without the need for
exogenous drugs. Finally, in Aim 3 we append a peptide for membrane targeting and a
photosensitizing drug capable of generating reactive oxygen species to the QD. This
multifunctional system displays augmented therapeutic efficacy of the appended
photosensitizer by delivering it to the membrane of cells and controlling its actuation using
energy transfer. The work described here details basic concepts for the design of “smart”
hard NP materials for internally and externally-triggered, active release of surface-
appended drug cargos. Additionally, we hope to elucidate the important design
considerations that must be taken into account when designing hard NP systems for

controlled drug delivery.
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Chapter 1: Introduction

Therapeutic drugs are materials that are aimed at preventing disease or aiding the
restoration of health and drug delivery is the method of administering such a compound to
achieve a therapeutic effect. Throughout history, there have been many schemes for drug
delivery, dating back over 5000 years. As the fields of science and medicine have
progressed, there have been significant improvements in such schemes, both in terms of
improving the overall therapeutic efficacy as well as lowering the toxicity. Over the past
few decades, nanoparticles (NPs) have emerged as a novel scaffold to overcome some of
the historical limitations of earlier therapeutic methods. The goal of this dissertation is to
develop a fundamental understanding of one such NP scaffold in order to control drug

release and further improve the overall therapeutic efficacy of the appended drug cargo.

General Therapeutic Approaches

According to the earliest recorded texts from Indians, Chinese, Egyptians, Greeks,
Romans, and Syrians, the treatment of disease using drug therapy has existed for over 5000
years.!” Early examples of drug-based therapeutics comprise of extracts from natural
sources such as herbs, plants, roots, vines, and fungi and were known as herbal medicine
or phytotherapy.” 8 While some of these types of therapeutics, such as digitalis (foxglove)
and Atropa belladonna (nightshade), are still used in clinics today, the high toxicity and
low therapeutic efficacy of naturally-occurring therapeutics led to a transition to man-made
drugs.?® 2% In developing synthetic therapeutics, the overall goal has continually been to
improve the therapeutic index by maximizing efficacy and minimizing toxicity.
Additionally, the advancement of synthetic chemistry and an understanding of biochemical

mechanisms of action and biological structure/function has led to the creation of novel
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chemical structures.'® For example, the first synthetic drug used in clinics, chloral hydrate
(discovered in 1869) came about due to the observation of toxicity from alkaloid plants.
This led to the use of chemicals to synthesize drugs that could mimic the actions of such
plants in a more controlled manner. The pharmaceutical industry can also be traced back
to the manufacturing of textiles and synthetic dyes.!® In the mid-1880s, Paul Ehrlich
discovered the selective affinity of certain dyes for biological tissues, which led to the
recognition of chemoreceptors that could be exploited for therapy and the eventual
development of chemotherapy.?! Similarly, advances in biochemistry aided in the synthesis
of therapeutics through the discovery of enzymes and receptors that proved to be good
targets for drugs.??

Despite significant progress in drug therapy, there are still several roadblocks in the
development of therapeutics with maximum efficacy.? First, many highly active drugs
have limited solubility, poor tissue uptake, and/or minimal clearance from the body which
diminishes their bioavailability and efficacy.?® Second, most conventional therapy schemes
utilize systemic delivery which distributes the drug nonspecifically throughout the body,
often limiting the accumulated dose at desired target sites.?>? Third, dosing regimens in
traditional drug delivery typically use repeated doses of large concentrations of non-
targeted or poorly targeted drug, which increases costs and reduces uptake, leading to poor
clinical outcomes due to reduced patient compliance and efficacy. Lastly, diseased tissues
have developed mechanisms to defeat traditional drug delivery approaches. In many
cancers, for example, multidrug resistance (either through active pumping of the drug out

of the cell or direct drug neutralization) has become a considerable challenge.? Taken



together, these limitations of traditional drug therapies necessitate the need for new

strategies to improve the overall therapeutic index of drugs.

Advent of Nanoparticle-Mediated Drug Delivery

In recent years, nanoparticle (NP)-mediated drug delivery (NMDD) has garnered
significant interest and excitement as an approach to addressing the challenges involved in
conventional drug therapies.?®> Nanotechnology focuses on the design, synthesis,
characterization, and implementation of nanoscale-sized materials and seeks to take
advantage of the unique attributes of these materials for use in a variety of applications,
including medicine and drug therapy.?® NPs, which are 1-100 nm in at least one dimension,
come in various designs and configurations. Often they are comprised of a particle core, a
protective layer for biocompatibility, and a linker molecular layer for attachment
to/interfacing with biological moieties (such as drugs, targeting agents, imaging agents).
These composite hybrid materials have shown great promise in the improvement of drug
delivery system design.?®

NPs possess many advantages that make them ideal for use as the basis of improved
drug delivery systems. Chief among the unique attributes are NPs’ small size—as they
must be less than 100 nm in at least one dimension, they fall between molecules and cellular
organelles, meaning they are significantly smaller than mammalian cells.?® Their small size
enables extended bloodstream circulation, improved cell and tissue penetration, elicitation
of minimal immunogenicity and toxicity, and efficient clearance from the body through the
renal system.? 2628 Additionally, they are small enough to avoid aggregation in
microcapillaries and to escape capture by macrophages lodged in the reticuloendothelial

system. The size of NPs is often tunable which is important as particle size and distribution



can determine characteristics such as biological fate, stability, toxicity, targeting ability and
can influence drug loading and release from the NP.2% 24 2" Their small size also imbues
NPs with a large surface area to volume ratio meaning a large drug carrying capacity within
a single particle, thereby reducing the quantity of scaffold materials needed for sufficient
therapeutic efficacy per administration.?® Further, the drug cargo can be loaded in the core
and/or carried on the surface of NPs, depending on the structure and physicochemical
composition.

Another key feature of NPs is their multifunctionality— the capability to carry out
several disparate functions such as cellular targeting and uptake, intracellular localization,
sensing, imaging, and drug delivery - all on a single NP platform. The use of NPs as a drug
delivery system has the ability to overcome two key limitations of traditional drug
therapies: 1) they can target drugs to specific cellular organelles and/or specific subsets of
cells and 2) they can controllably release appended/loaded cargo. Targeted delivery, which
can be passive or active, can ultimately decrease the required drug dose and can improve
overall therapeutic efficacy. Passive targeting relies on the disease microenvironment or
pathophysiology to achieve accumulation of the therapeutic within the target population of
cells.?® 2° For example, the leaky vasculature of tumors due to neovascularization from
rapidly dividing cancer cells results in an imbalance of angiogenic regulators making tumor
vessels highly disorganized and dilated with large pores and gap junctions and a
compromised lymphatic drainage system. This leads to the enhanced permeation and
retention (EPR) effect, whereby NPs preferentially leak into and are retained within tumor
tissue, which can also be used for tumor targeting.? 2* 2Additionally, due to the high

metabolic rate of cancer cells and the use of glycolysis to obtain extra energy, tumors are



known to have an acidic microenvironment which can be used for targeting.?% 24 2% 30
Active targeting, on the other hand, involves the use of targeting moieties that are specific
to cancer cells. NMDD systems accomplish actively-targeted delivery through NP
functionalization (i.e. through conjugation of or coating with ligands on the NP that bind
to target cells or organelles). Active targeting can also refer to targeting of NP systems to
specific subcellular organelles for improved therapeutic efficacy. For example, the plasma
membrane can be a target of photodynamic therapeutics as it is susceptible to lipid
peroxidation and the nucleus of cells is a target for many chemotherapeutics in order to
hinder the DNA replication process.

The multifunctionality of NPs can also be used to control drug release through
actuation of the nano-matrix. In use of NPs as drug delivery systems, the drug of interest
can be adsorbed, attached, and/or encapsulated into or onto the NP scaffold.?” Much like
targeting, the actuation of NPs can follow two forms: passive or active.? Passive actuation
involves desorption (from the NP surface) or efflux (from the NP core) of a non-covalently
associated cargo, offering limited spatiotemporal control over drug release. Active
actuation, on the other hand, offers a high amount of spatiotemporal control and follows
either of two mechanisms: internal or external. In externally-triggered actuation, cargo
release is controlled through induction of an external stimulus such as light, a magnetic
field or ultrasound. Internally-triggered actuation, on the other hand, relies on innate
cellular or physiological processes such as change in pH, redox potential, and/or enzymatic
activity, to control cargo deployment.?

NPs can also be rendered biocompatible and non-immunogenic via coating with

various surface ligands, thus significantly reducing or eliminating drug carrier side



effects.?® Using a hydrophilic/polymeric surface on NPs can provide “stealth” resulting in
escape of macrophage capture thus improving bioavailability and circulation time, and
reducing nonspecific bindings.?® They can also be synthesized in such a way so they can
sustain release of drugs over time for systemic delivery and/or overcome multidrug

resistance, by bypassing membrane-resident multidrug-resistant pumps.23 24 27

NMDD Systems

For NMDD to succeed, there are four parameters that need to be addressed: 1) the
loading of the drug into or onto the NP, 2) the targeting of the NP to specific tissues, cells,
and/or cellular organelles and 3) the controlled release of the drug cargo from the NP and
4) elimination from the body or detoxification to avoid buildup and resulting side effects.
Additionally, it is crucial to develop a colloidally stable NP that is assembled with fidelity
and that causes minimal toxicity. Thus the critical issue in NP development is the ability
to make and control complex NP architectures that can “do more” all within a single NP
scaffold.

The nature of the NP (hard versus soft), including both its surface and core
determines both the type of cargo that can be loaded and when it needs to be incorporated
into the NP. Hard NPs, which have a solid non-flexible core, are characterized by having
only their external surface available for appending cargos, usually through passive
adsorption via electrostatic interactions or covalent attachment through pendant handles on
the NP surface. The attached cargo can be either hydrophilic or amphiphilic and is usually
appended after NP synthesis. Examples here include gold (Au) and silver (Ag) NPs, oxides
such as iron and graphene, and quantum dots (QDs) to name a few. Soft NPs, on the other

hand, have a flexible structure and more variety in their cargo carrying capacity due to a



central core that is available for cargo-loading as well as an external surface that is
amenable to cargo attachment. Examples here include micelles, liposomes, polymersomes,
and protein NPs. Cargo in soft NPs can be loaded during or after NP synthesis. 23
Currently, soft NPs are much better understood and implemented as compared to
hard NPs.% 3132 This is exemplified by the fact that DOXIL, a liposomal (soft NP)
formulation of the widely used cancer therapeutic doxorubicin (DOX), is one of the few
FDA approved NP formulations. While DOXIL has been shown to extend circulation time
of the loaded therapeutic and improve clearance, it utilizes passive actuation for sustained
release of cargo deployment. Although there are some hard NP formulations currently in
clinical trials, all FDA approved NP-formulations utilize soft NP scaffolds due to the
inherent properties of soft NPs. Chief among these is the ability to synthesize soft NPs
using biodegradable materials, thus improving the overall biocompatibility of the NP
system and their capacity for self-assembly, meaning a facile synthesis process.
Additionally, soft NPs have more flexibility in their cargo carrying capacity due to the
hydrophilic core and hydrophobic bilayer, thus making them attractive candidates for drug
delivery. As the core of the soft NPs is available for loading the cargo, they can also carry
large drug payloads. While soft NPs have many attributes, they tend to be larger than hard
NPs, making them ideal for taking advantage of the EPR effect of leaky vasculature, but
limits their ability to penetrate into more dense tissues, and they lack inherent optical
properties, such as luminescence.®*3 The goal of the work presented here is to use a model
hard NP scaffold to develop a fundamental understanding of controlled drug release from
the surface of hard NPs. We seek to further our understanding of how to utilize both internal

stimuli (such as esterases, pH, and reducing agents) and external stimuli (such as laser



irradiation) to modulate drug toxicity, overcome MDR, and improve the overall efficacy
of the therapeutics. Additionally, the lessons learned from developing these systems can
also be applied to other hard NP systems, to eventually develop a NP system with a more

complex architecture that can do more.?

Semiconductor QDs: A Prototypical Hard NP

First synthesized in colloidal solutions by Louis E. Brus in 1986, quantum dots
(QDs) are a type of hard NP that have garnered a great deal of interest for use as drug
delivery scaffolds in biological systems (cells, tissues, etc.) over the last two decades due
to their inherent optoelectronic properties that are directly tied to the small size (2-10 nm
hard diameter) of the as-synthesized materials.®® QDs are bright luminescent
semiconductor nanocrystals that possess a number of advantageous attributes for studying
many of the basic concepts required for the successful implementation of hard NPs in
NMDD. Since their discovery, many efforts have been made to explore the basic properties
of QDs, both for commercial and therapeutic processes.®” 3

One of the key features of QDs is their exceptional luminescence, which stems from
their large extinction coefficient (efficient light absorption) and high quantum yield (high
ratio of photons emitted compared to photons absorbed).*”-3 They emit high-intensity light
in a narrow spectral range and have a large “effective” Stokes shift, making it easy to
separate the fluorescence signal of the QDs from the light source thus reducing the
contribution of auto-fluorescence. Additionally, as they are resistant to photobleaching and
highly stable, they are an ideal scaffold for use in real-time, long-term imaging using

fluorescence microscopy.



As mentioned previously, a benefit of using NPs is the ability to fine-tune their size,
which often leads to changes in other properties such as aqueous stability and
fluorescence.® 4% 41 |n the case of QDs, the size of the core can be used to fine-tune the
emission maximum where smaller QD cores result in light emitted at shorter wavelengths
(blue shift) and larger QDs emit light at longer wavelengths (red shift). The fluorescence
emission spectral range of QDs is also determined by their elemental composition and their
size. QDs tend to be alloyed with multiple semiconductors as the resulting nanostructure
displays mixed or intermediate optoelectronic properties. CdS and CdSe QDs, for example,
emit light over the visible spectrum, whereas CdTe QDs exhibit near-infrared emission.
Thus the tenability of QDs make them an attractive candidate as a nano-matrix for use as
a drug delivery scaffold.

Another key feature of QDs is the ability to append various biomolecules and other
cargo using several mechanisms, such as direct covalent conjugation to the ligands on the
QD or through histidine-mediated assembly.*> 3 In order to be made dispersible in aqueous
solutions as stable colloids and thus biocompatible for use in biological systems, the
organic capping layer of the as-synthesized QDs are often replaced with a hydrophilic
layer. Covalent linkages can then be used to conjugate biomolecules to the surface of QDs
through use of coupling reagents such as EDC/NHS for conjugating carboxylic acids with
primary amines and SMCC for conjugating thiols and primary amines.** 4 While this
process forms a stable bond and allows for conjugation of a wide variety of molecules, it
can be complex often requiring multiple conjugation and/or purification steps. Histidine-
mediated metal-affinity, on the other hand, is a facile self-assembly process that allows for

high control over peptide-to-QD ratio due to the fact that histidines have high affinity for



immobilized metals, such as the Zn on the QD surface. Polyhistidine sequences can be
added to the end of any peptide sequence, thus making it easy to conjugate a variety of
biomolecules in this manner.*¢*® This metal affinity interaction is often used in protein
purification through binding of histidines to nickel in a purification column, and is unique
to QD-biomolecule conjugation in NMDD.

Due to their large extinction coefficient and high quantum yield, QDs also serve as
excellent Forster resonance energy transfer (FRET) donors.*® FRET is a photophysical
process where excitation of a donor results in energy transfer to an acceptor molecule
causing emission of the acceptor.*® The process is characterized by a decrease in donor
emission and an increase in acceptor emission when compared to emission of the molecules
alone. FRET is dependent on several factors: 1) the spectral overlap between the donor
emission and acceptor absorbance, 2) the distance between the donor and acceptor, 3) the
number of acceptors per donor, and 4) the quantum yield of the donor. The theoretical

FRET efficiency between two molecules can be calculated using the equation:

nR,°

FRET; = ———
E TDA+nR06

Where 154 is the donor-acceptor separation, R, is the donor-acceptor separation at 50%
transfer efficiency and n is the number of acceptors per donor.>® 5! To calculate the
experimental FRET efficiency, the following equation is used:

F
FRET; =1— %
D

Where Fp 4 is the fluorescence of the donor-acceptor complex and Fj, is the fluorescence
of the donor alone.>? While QDs can serve as both FRET donors and acceptors, for the

purposes in this dissertation, we only utilize them as donors.
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One important concern regarding the use of QDs as a scaffold for NMDD is their
biocompatibility. The core of QDs are generally made with heavy metals such as Cd and
Pb which have been shown to cause toxic side effects when interfaced with cells.*?
However, passivation with a shell and capping with biocompatible ligands, such as PEG,
has been shown to significantly improve the biocompatibility of QDs. A 2016 meta-
analysis on the cytotoxicity of QDs containing Cd by researchers in our group, in addition
to studies done by several other groups have shown that toxicity of QDs is highly dependent
on QD size, surface chemistry, and exposure time.>*® Additionally, most studies using
QDs in vitro report no significant changes in morphology, cell viability or development
when used within the nM to pM range.*> QDs can also be synthesized with non-Cd
containing cores using materials such as InP and CulnS, which are significantly less toxic,
but also have lower quantum yields.>” %8 Thus, while there are still some concerns regarding
the toxicity of these NPs, their many advantages still make them a powerful research tool
that can be utilized to develop a fundamental understanding of controlled release from hard

NP systems.

Specific Aims

This dissertation focuses on the development of a fundamental knowledge of
actively controlled drug release from the surface of hard NPs in order to address some of
the critical issues currently facing NMDD. We employ QDs as our model hard NP and we
develop three representative multifunctional NMDD systems to develop a better

understanding of controlled drug release.
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Specific Aim 1: Intracellularly-actuated quantum dot-peptide-doxorubicin
nanobioconjugates for controlled drug delivery via the endocytic pathway

As mentioned above, NMDD has emerged as a novel method to overcome the
limitations of traditional systemic delivery of therapeutics, including the controlled release
of NP-associated drug cargos. Currently, our most advanced understanding of how to
control NP-associated cargos is in the context of soft NPs, where there is little to no control
over drug release. The goal of specific aim 1 is to employ a QD as a prototypical hard NP
platform coupled with intracellularly-triggered actuation to achieve spatiotemporal control
of drug release and modulation of drug efficacy. To accomplish this, two species of peptide
are appended to the QD: 1) a cell penetrating peptide which facilitates uptake of the
bioconjugate into the endocytic pathway and 2) a display peptide conjugated to the
chemotherapeutic doxorubicin (DOX) via three different linkages (ester, disulfide, and
hydrazone) that are responsive to enzymatic cleavage, reducing conditions, and low pH,
respectively. These linkages were chosen due to their cleavage in conditions found within
the cellular environment (i.e. the acidity of endosomes and the reducing environment of
the cytosol). After delivery of the linkages, we expect to see significant differences both in
terms of nuclear localization over time and cytotoxicity. Overall, this project will
demonstrate the utility of hard NP-peptide bioconjugates as multifunctional scaffolds for
simultaneous control over cell drug uptake and toxicity and the vital role played by the

nature of the chemical linkage that appends the drug to the NP carrier.
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Specific Aim 2: Nanoparticle-peptide-drug bioconjugates for unassisted defeat of
multidrug resistance in a model cancer cell line

Multidrug resistance (MDR) is a significant challenge in the treatment of many
types of cancers as membrane-associated transporters actively pump drugs out of the cell,
limiting therapeutic efficacy. While nanoparticle (NP)-based therapeutics have emerged as
a mechanism for overcoming MDR, they often rely on the delivery of multiple anticancer
drugs, nucleic acid hybrids, or MDR pump inhibitors. The effectiveness of these strategies,
however, can be limited by their off-target toxicity or the need for genetic transfection. In
this aim, we describe a NP-peptide-drug bioconjugate that achieves significant cell killing
in MDR-positive cancer cells without the need for additional drugs. We do so by using the
QD-cell uptake peptide-ester-DOX bioconjugate from Aim 1 to facilitate endocytic
internalization and controllably release drug cargo near the nucleus in order to overcome
MDR. This approach relies on spatiotemporal control over drug release, where endosomes
traffic drug away from membrane-resident pumps and release it closer to the nucleus. We
expect to see a high uptake of the NP-drug complex and nuclear localization of the drug in
MDR-positive cells. Additionally, we expect to see high toxicity for the bioconjugate
compared to free drug, in order to confirm the utility of this system in overcoming MDR

in cancer cells.

Specific Aim 3: Proof-of-concept of an extracellularly-actuated nanoparticle-peptide-
drug-photosensitizer bioconjugate for targeted membrane delivery and improved
photodynamic therapy

Photodynamic therapy (PDT) involves light activation at a specific wavelength of

a photosensitizing agent which results in photochemical and photobiologic processes that
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cause irreversible damage to tissues through generation of reactive oxygen species (ROS)
and lipid peroxidation, causing cell death. As photosensitizers (PS) tend to be highly
hydrophobic, they often require delivery systems which can improve both solubility, as
well as targeting to specific locations within the cells, such as the plasma membrane, where
lipid peroxidation is most effective. In this aim, we describe a NP-peptide-PS bioconjugate
that can 1) facilitate targeted delivery of the PS to the cellular membrane through
attachment of a membrane tethering peptide, 2) achieve PDT through activation of an
attached PS (chlorin €6, Ce6), 3) indirectly excite the PS in a FRET configuration and 4)
improve the aqueous solubility of the PS. By appending both Ce6 and the membrane
targeting peptide to the surface of the QD, we can improve the solubility of the drug, target
it specifically to the membrane, and control activation. After delivery of this complex to
cells, we expect to see high colocalization of the NP bioconjugate with the plasma
membrane. Additionally, we expect to see higher lipid peroxidation, uptake of a membrane

impermeable dye, and toxicity for the PS in the complex compared to free drug.
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Chapter 2: Mechanisms of Actively Triggered Drug Delivery from Hard
Nanoparticle Carriers: A Review"™

Introduction

NMDD systems have garnered significant interest as an approach to address several
considerable challenges in traditional systemic drug delivery, which include the need for
repetitive dosing regimens, nonspecific drug targeting, and off-target toxicity. NPs are an
attractive delivery platform to help overcome these limitations as they provide the potential
for specific targeting and controlled release at the desired site, resulting in improved
therapeutic efficacy. NPs can be characterized as hard or soft, based on their
physicochemical composition and the manner in which cargo is loaded into/onto the NP.
Soft NPs are typically liposomal or micellar formulations and have both the core and
surface available for cargo loading resulting in extended release. Although these
formulations comprise the majority of NPs that are currently approved by the Food and
Drug Administration (FDA) for drug delivery, they often rely on passive uptake, which has
limited targeting capability. Conversely, hard NPs are comprised of a solid core (e.g., gold,
graphene oxides, and iron oxides), and due to their inherent optical properties, they provide
a method to track drug delivery in real time. Their small size enables elimination from the
body through renal clearance, and their amenability for surface functionalization enables

biocompatibility as well as active or passive targeted delivery of therapeutic cargo.

- Reprinted with permission from Sangtani, A., Muroski, M. E., and Delehanty, J. B. (2019) Mechanisms
of actively triggered drug delivery from hard nanoparticle carriers, in Targeted nanosystems for therapeutic
applications: New concepts, dynamic properties, efficiency, and toxicity (Sakurai, K., and Ilies, M. A,
Eds.) pp 157-185, American Chemical Society. Copyright 2019 American Chemical Society.
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Currently, there are several hard NPs approved for clinical trials, including silica gold NPs
for plasmonic photothermal treatment of atherosclerosis (NANOM, NCT01270139) and
iron oxide NPs for the treatment of prostate cancer (Nanotherm®).

The goal of this chapter is to provide an overview of current systems of actively
actuated drug release that utilize hard NP carriers. Active actuation offers significant
control over cargo release from the surface of the NP as it can be controlled by internal
and/or external triggers. Conversely, passive actuation relies on the diffusion of
noncovalently associated cargo and often has limited control over drug release. We divide
our coverage of the active actuation modality based on whether it is mediated internally
within the cellular environment or externally (Figure 1). Internal actuation of NPs is
dependent on innate biologic states or processes such as pH, redox state, and/or enzymatic
activity to provide control over drug release. In pH-sensitive and redox-dependent release,
the low pH found in endosomes, or the reducing environment of the cytosol, as well as the
tumor microenvironment can facilitate drug release. Furthermore, enzymes overexpressed
in or on cancer cells or those found within specific subcellular compartments are also able
to trigger drug release. External actuation, on the other hand, provides spatiotemporal
control using an external force, such as a magnetic field, photothermal therapy (PTT),
irradiation, and/or ultrasound. For example, using an external magnet, drug delivery can
be guided and/or triggered at the site of interest. PTT and focused ultrasound utilize near-
infrared (NIR) light or ultrasonic waves, respectively, to locally increase the tissue
temperature, resulting in cell killing or the induction of drug release from the NP surface.

Finally, NPs have the ability to sensitize a specific area of treatment to radiation effects.
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Figure 1: Mechanisms of internal and external actuation of hard NPs. Schematic representing
methods of internal and external actuation of hard NPs. Internal methods rely on the innate cellular
environment to control release whereas external methods utilize external stimuli.
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Herein, we detail multiple examples of hard NP systems that employ these internal and

external techniques to improve delivery mechanisms and overall efficacy of therapeutics.

Internally-Triggered Drug Release
Low pH

The use of a low pH environment to trigger intracellular drug release is an attractive
delivery modality. It has emerged largely from the cancer field, where the tumor
microenvironment has a lower pH (~6) compared to normal tissue (~7.4) due to increased
lactate production and a shift to glycolytic metabolism in cancer cells.®® Additionally, in
mammalian cells, the endocytic pathway is known to acidify in a time- and spatial-
dependent manner. Endocytosed materials taken up by early endosomes are maintained at

near neutral pH (7.4) but are progressively exposed to the acidic environment of vesicles
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as early endosomal compartments fuse with late endosomes/ lysosomes, where the pH
ranges from 4.5.-5.0. Thus, many research groups have investigated the use of a variety of
hard NP systems for acid-sensitive drug delivery/release through the cleavage of moieties
on the surface of a NP, dissolution of the NP core, or dissociation of various capping agents
on porous hard NPs.

A number of covalent, acid-labile chemistries have been reported for the attachment
of therapeutics to the surface of hard NP carriers.®®® Ruan and coworkers conjugated
doxorubicin (DOX) to the surface of glioma cell-targeted ~25 nm gold NPs (AuNPS) using
a pH-sensitive hydrazone bond, which is naturally cleaved in acidic conditions, to achieve
drug delivery through the blood brain barrier (BBB) (Figure 2A).2 The NPs were also
decorated with polyethylene glycol (PEG)-angiopep-2 ligands to simultaneously increase
colloidal stability and to target low-density lipoprotein receptor-related protein 1, which is
overexpressed in glioma cells. Angiopep-2 has also been shown to be effective for the
translocation of cargos across the BBB.% ¢ In vivo biodistribution confirmed improved
uptake of the complex after intravenous injection in C6 glioma-bearing mice compared to
DOX alone, and survival curves showed a ~2-fold improvement in mean survival time,
demonstrating the benefits of pH-dependent drug release. Another example using an acid-
labile linker comes from Lee and colleagues, who synthesized 60 nm AuNPs for improved
drug delivery.®* Here the gold nanocarrier was bound to DOX via a 3-[2-pyridyldithio]
propionyl hydrazide (PDPH) linker and coated with PEG for stability. In vivo studies in
4T1 tumor-bearing mice demonstrated significantly lower tumor volumes for mice treated
with the complex compared to free drug. Similar methods of acid-labile chemistries for

pH-dependent release from the surface of hard NP carriers have been demonstrated for a
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variety of drug systems, including core-shell quantum dots (QDs), gold nanorods (GNRS),
and graphene QDs.52-%

Drug cargos can also be attached to the surface of hard NP carriers via noncovalent
acid-labile interactions.? 12 %869 Hyang and coworkers bound DOX to graphene oxide (GO)
NPs via hydrophobic interactions and n-n stacking.®® The NPs were further decorated with
folic acid (FA) for targeting folate receptors (as they are known to be overexpressed on
many types of cancer cells), and with diethylene triamine pentaacetic acid (DTPA) for
binding polyvalent metal ions to enable magnetic resonance imaging.”®"? In acidic
conditions, efficient release of the drug is achieved due to the high solubility of DOX,
which disrupts the hydrophobic interactions between DOX and GO. Experiments in buffer
demonstrated ~40% increase in drug release at pH 5.0 compared to pH 7.0. In vitro
functionality of the NPs was confirmed using cell viability assays on HelLa cells, which
showed increased toxicity after treatment with the complex, compared to free drug. HepG2
cells, on the other hand, which do not express the folate receptor, showed minimal toxicity.
In a similar study utilizing noncovalent interactions, Zhang and colleagues complexed the
chemotherapeutic daunorubicin (DNR) to ~25 nm titanium oxide (TiO2) NPs through the
combination of keto-phenolate Ti metal affinity and electrostatic interactions between the
negatively charged TiOzand positively charged drug (Figure 2B).2 When subjected to low
pH, protonation of the drug and neutralization of the TiO2 NPs resulted in dissociation of
the complex and release of the drug. In vitro cell viability assays in K562 leukemia cells
demonstrated improved apoptosis for the complex compared to free drug, as shown through

caspase 3 staining.

19



Dissociation of the NP core in acidic conditions can also be used to achieve pH-
responsive drug release. For example, Liu and coworkers synthesized ~40 nm ZnO NPs
wherein DOX is associated with the NP surface through electrostatic interactions. ZnO
NPs are ideal for pH-sensitive drug delivery applications as they are stable and nontoxic at
physiological pH but dissolve in acidic conditions (pH <5.5). In this configuration, ZnO
emission was quenched, and dissociation of DOX from the ZnO surface resulted in
increased emission of ZnO, allowing for real-time monitoring of drug release in multidrug
resistance (MDR) cells.”®"® In vitro experiments demonstrated improved cellular uptake
and increased cell killing in MDR* MCF-7 cancer cells compared to free drug as the lower
pH of late endosomes/lysosomes facilitated controlled release of the drug far from plasma
membrane-resident MDR pumps. As the surface of ZnO NPs is easily modified, the NPs
can also be targeted specifically to cancer cells. Cai et al. coated ~6 nm ZnO NPs with
PEG, hyaluronic acid (HA, a CD44 targeting moiety), and DOX through a combined
electrostatic and metal-drug complex interaction.” In situ release experiments showed
~70% drug release after 80 h in pH 5 buffer compared to only ~30% release in
physiological pH buffer (7.4). Cytotoxicity experiments in A549 cells showed comparable
toxicity for the complex compared to free DOX, thus further demonstrating the use of low
pH-mediated ZnO degradation for efficient intracellular drug delivery.

Finally, pH-sensitive drug release from hard NPs can be achieved through
dissociation of a capping agent leading to drug release from the core of a porous hard NP.1%
74,76, 77 For example, Yang and coworkers synthesized ~130 nm hollow mesoporous
upconversion NPs (UCNPs) (NaYF4:YB3*, Er**) coated with polyethylenimine (PEI)

ligands to impart biocompatibility and stability and to protect the NP in acidic conditions.®*
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Figure 2: pH-dependent drug delivery from hard NPs. (A) I. Schematic illustration of PEGylated gold
NPs (AuNPs) coated with angiopep-2 and appended with DOX via a pH-sensitive hydrazone linker for
delivery in C6 glioma bearing mice. I1. In vivo DOX accumulation was significantly higher in LRP-1 positive
glioma cells 4h after delivery of the complex compared to drug alone. I11. Survival studies showed improved
survival for mice treated with complex compared to free drug. Reproduced with permission from 2. Copyright
2015 Elsevier. (B) I. Schematic depiction of titanium dioxide NPs loaded with daunorubicin (DNR) via metal
affinity and electrostatic interactions. Low pH disrupts the attachment, facilitating rapid release of the drug.
I1. In vitro studies in K562 leukemia cells demonstrates higher toxicity of the complex compared to the free
drug and minimal side effects of the NPs without drug. Reproduced with permission from &, Copyright 2012
Dove Medical Press. (C) I. Schematic of mesoporous silica NPs (MSN) loaded with gemcitabine (GEM), and
capped with DOX-loaded Au nanocrystals (AuUNC) coated with bovine serum albumin (BSA). Il. In vivo
studies demonstrated improved uptake and fluorescence in MiaPaca-2 tumor-bearing mice. Reproduced with
permission from °.Copyright 2016 Elsevier.

In addition, DOX was loaded in the core and FA was conjugated on the surface for acti\ﬁ



cancer cell targeting. After internalization of the complex, low endosomal pH led to
protonation of secondary amines along the PEI backbone, resulting in dissociation and
dissolution of the PEI chain and pH-dependent release of the drug. Studies done in buffer
showed ~30% increase in drug release at pH 5.0 buffer compared to pH 7.4. Additionally,
cell viability assays showed comparable toxicity for the targeted complex compared to the
free drug. The authors attributed this to DOX’s ability to diffuse into cells faster than the
endocytosis-mediated internalization of the NPs. Similarly, Croissant et al. used
electrostatic interactions between negatively charged gold nanoclusters (AuNCs)
conjugated to bovine serum albumin (BSA) and ammonium-functionalized mesoporous
silica NPs (MSN) to trap the chemotherapeutic gemcitabine (GEM) in the pores of the
MSN (Figure 2C).}° DOX was incorporated at the AUNC-BSA surface through
electrostatic interactions between the drug and BSA. BSA has a pKa around 4.8, so low
pH (<5) facilitates release of both drugs through dissociation of the BSA layer from the
AUNC-BSA NP, releasing the DOX from the AuUNC and the GEM from the pores of the
MSN. Buffer studies confirmed the pH-dependent release of both drugs, and cell viability
assays in A549 cells showed improved toxicity for dual drug delivery compared to either
drug alone. Additionally, use of the fluorescent AuNCs in the shell allowed for in vivo
tracking and biodistribution studies in MiaPaca-2 tumor-bearing mice and confirmed the
preferential uptake of the complex in the tumor compared to other organs.
Redox state

The cellular cytosol is a strong reducing environment with glutathione (GSH)
concentrations as high as ~10 mM. Accordingly, disulfide linkages have been used in

various formats as the basis of reduction-mediated sensing schemes as well as for drug
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delivery.’®8 In addition, the GSH concentration is often much higher in the extracellular
matrix of cancer cells compared to normal blood plasma, and this has been proposed as a
mechanism for controlled drug release and also as a potential means by which to
preferentially screen for cancer cells within populations of normal cells.8:% The most
prevalent method for achieving intracellular, GSH-mediated drug release from hard NPs is
through the attachment of the therapeutic cargo to the surface of the NP via a disulfide
bond. Ding and coworkers fabricated paclitaxel (PTX) dual PTX/PEG conjugates of
AUNPs for drug delivery in the presence of both esterases and GSH (Figure 3A). In this
system, PTX was bound to PEG via an ester bond and PEG was bound to the surface of
the AuNP via a disulfide bond. The ester linkage afforded specificity for esterases present
in the cancer cell environment whereas PEG conferred NP stability. In vivo studies in Heps
tumor-bearing mice showed higher survival and slower tumor growth for the AuNP
complex compared to free drug or saline, confirming the therapeutic effect of dual-stimuli
release. Additionally, redox-responsive polymers have been used to simultaneously
encapsulate hard NPs and entrap drugs, resulting in a hybrid multifunctional NP for GSH-
responsive drug delivery. Parida and coworkers coated 50-60 nm GNRs with a redox-
responsive  block  copolymer, PEG-b-poly-N-hydroxylethylacylamide (PHEA),
functionalized with lipoic acid (LA) and FA.3* Also encapsulated was the highly
hydrophobic cervical cancer drug, GW627368X, which functions by inhibiting
proliferation and inducing apoptosis by interfering with prostaglandin E4 receptor
(EP4)/epidermal growth factor receptor (EGFR) interactive signaling. The extracellular
environment in the tumor milieu triggers cleavage of the disulfide bond, thus releasing the

chemotherapeutic. Use of GNRs enabled PTT (vide infra) in combination with drug release
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in murine models, resulting in minimal tumor growth for combination therapy, even after
4 weeks. In another example combining PTT and redox-triggered drug release, Zhang and
coworkers synthesized mesoporous silica-coated AuNRs loaded with a photosensitizer
(TMPyP4), where the MSN pores were gated with sulfide-bound silver (Figure 3B).° Close
proximity of the photosensitizer in the complex inhibits both its fluorescence and its ability
to generate reactive oxygen species (ROS), mediated by energy transfer. The presence of
GSH triggers drug release through cleavage of the silver-sulfide bond, resulting in a dual
PDT/PTT system. Additionally, attachment of the aptamer AS1411 ensures high targeting
specificity to cancer cells expressing nucleolin. In in vitro assays, delivery of the NP
complex and NIR irradiation demonstrated high toxicity in cancer cells and low toxicity in
control cells.

In addition to mediating drug release, high cytosolic GSH can also assist in the
reduction/conversion of nontoxic prodrugs into their toxic form. An excellent example of
this is reductive elimination of the axial ligands of platinum (Pt)(IV) to form Pt(ll) in the
potent anticancer drug complex, cisplatin.!? 7> 8 Although cisplatin is highly effective
against a wide variety of cancers, its use is often challenging due to significant off-target
toxicity and cellular drug resistance. The Pt(I\V) prodrug form of cisplatin, however, has
the potential for fewer side effects but is known to have poor uptake efficiency due to its
high hydrophobicity. Thus, NP-based strategies for the delivery of the Pt(IV) form of
cisplatin have been pursued to improve its solubility, achieve cellular targeting, and
overcome drug resistance. Dai and coworkers synthesized NaYF4:Yb3*/Er¥* UCNPs coated
with PEI bound to Pt(1V) and further coated with PEG/PEG-FA for stability and targeting

8. In late endosomes, the low pH facilitated the release of the drug into the reducing cytosol
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coupled with the conversion Pt(1V) to the active Pt(ll) form and DNA binding in the
nucleus. In vitro studies in HelLa cells demonstrated higher cell killing at lower
concentrations for the conjugate compared to the free drug after 48 hrs. Additionally, the
location of the complex could be tracked in vitro through fluorescence imaging of the
UCNPs. Yu and coworkers demonstrated the use of targeted multifunctional iron oxide
NPs (IONPs) to overcome cisplatin drug resistance in vitro and in vivo (Figure 3C).}2 The
~30 nm IONPs were coated with PEI for stability and conjugated to luteinizing hormone-
releasing hormone (LHRH) for targeting cancer cells. Onboard, siRNA directed at
suppressing drug resistance and the prodrug Pt(1V) were included. Synergistic effects of
the siRNA and cisplatin were demonstrated in vitro, where the ICsg value for the complex
in both drug-resistant and drug-sensitive A2780 ovarian cancer cells was low. The free
drug, on the other hand, had a ~2.5-fold higher ICso value for the drug-sensitive cell lines,
demonstrating the ability of the complex to overcome drug resistance. Additionally, mice
treated with the complex had a significantly lower tumor volume compared to mice treated
with free drug, confirming the improved therapeutic benefit of dual-drug delivery. Feng
and coworkers reported use of dual-activated 5-8 nm carbon dots (CD) conjugated to a
RGD peptide for cellular targeting/uptake and to Pt(1V) for anticancer drug delivery.®® The
RGD peptide was bound to PEG via a benzoic-imide bond such that in acidic environments
the PEG was cleaved from the complex, revealing the RGD motif to bind to cells and
facilitate endocytosis. Release and activation of the drug is then mediated through the low
pH in late endosomes/lysosomes and the reducing environment of the cytosol. In vitro
studies in MDA-MB-231 cells demonstrated a higher cytotoxicity of the complex when

incubated at pH 6.8 versus physiological pH, due to increased uptake after exposure of the
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Figure 3: Redox-responsive drug release using hard NPs. (A) I. Schematic of gold NPs capped with glutathione
(GSH)- and esterase-sensitive DOX for synergistic release of paclitaxel (PTX). Il. Survival studies in Heps xenograft
tumor-bearing mice showed improved survival for mice injected with the NPs compared to PTX alone. Reproduced
with permission from *. Copyright 2013 Elsevier. (B) I. Schematic of mesoporous silica NP (MSN) gated with AUNPs
via a sulfide bond and loaded with doxorubicin (DOX) for drug delivery. Il. Cell viability assays showed higher
toxicity of complex compared to drug in target HeLa cells, but lower toxicity in LO2 control cells. Reproduced with
permission from 8. Copyright 2015 ACS Publications. (C) I. Schematic of lutenizing hormone-releasing hormone
(LHRH)-targeted FesO4 NPs coated with a pH-sensitive polymer (PEI) and loaded with Pt(IV), a cisplatin prodrug
and siEZH2 (siRNA), to overcome cisplatin resistance. In the cytosol, Pt (IV) is reduced to the more toxic Pt (1)
promoting apoptosis and cell death. 11. T2 weighted magnetic resonance imaging (MRI) in A2780 cisplatin resistant
tumor-bearing mice demonstrated clear contrast enhancement within the tumor site (indicated by arrows) after tail-
vein injection of the NP complex. I1l. Tumor growth studies demonstrated smallest tumor volume for mice treated
with the targeted NP complex than for cisplatin alone. Reproduced with permission from 2, Copyright 2018 Elsevier.
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RGD ligand. Comparatively, control cells (MCF-7) that do not express the cognate ovf3
integrin for the peptide showed high viability even at pH 6.8.
Enzymatic cleavage

In addition to the above-mentioned methods of drug release, the cellular environment
contains a multitude of enzymes involved in protein digestion (proteases) and ester
hydrolysis (esterases), providing another mechanism to actively control cargo release from
the surface of hard NP carriers.®” Protein digestion can occur either through general
enzymes found within the cellular environment (such as in endosomes) or through the
action of specific enzymes, such as those overexpressed on the membrane or in the cytosol
of cancer cells. Cellular esterase enzymes, such as hydrolases, arylsulfatases, and acid
phosphatases, are involved in ester hydrolysis of a variety of substrates including ester-link
drug conjugates. These enzymes exhibit optimal catalytic activity in endosomes/lysosomes
due to the acidic environment found within. As a result, cleavage of the ester bond occurs
rapidly and more selectively in low pH compared to neutral environments, proving a ready
mechanism for controlled drug release.

Cathepsin-B (CTB), a lysosomal cysteine protease, is known to be overexpressed in
many cancer cells and is thus often used for enzyme-responsive drug release.®8-°! One such
example is demonstrated by Li and coworkers, who synthesized 40 nm mesoporous silica-
coated quantum dots (QDs) loaded with DOX for overcoming MDR (Figure 4A).* The NP
complex was appended with a nuclear targeting peptide (TAT) and a negatively charged
domain consisting of repeating glutamic acid residues. This zwitterionic approach served
to enhance NP colloidal stability and the DOX was attached to the QD by a CTB-cleavable

peptide linker. After endosomal uptake, CTB cleaved the CTB-responsive peptide,
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resulting in release of the negatively charged domain. TAT then targeted the QD to the
nucleus and released DOX. Drug release studies in buffer showed improved release both
in the presence of enzyme and in acidic conditions (pH 5.5). However, in the presence of
enzyme plus a CTB inhibitor, drug release was hindered. In vitro cellular uptake
demonstrated nuclear localization of both DOX and the QD after 24 hours in both DOX-
sensitive (A2780) and DOX-resistant (A2780/ADR) cells. Cell viability assays
demonstrated higher toxicity for the complex compared to free drug in multiple CTB-
expressing cell lines but lower toxicity in CTB negative cells, thus demonstrating specific
response of the complex to CTB. In another study that utilizes CTB, Tian et al.
noncovalently attached a photosensitizer, Ce6, bound to a CTB-sensitive peptide (PGFK),
to the surface of GO sheets.®! Coating with DSPE-PEG2000-FA lent stability and cancer cell
targeting capabilities to the complex. When in close proximity to the GO sheet, the
fluorescence and ROS generation capability of the Ce6 is quenched. After endocytosis, the
CTB enzyme cleaved the peptide, resulting in release of Ce6 from the surface, and under
660 nm irradiation, generated ROS, resulting in cell death. In vivo distribution in HelLa-
tumor bearing mice showed high uptake in the tumor and minimal uptake in other organs.
Phototoxicity studies demonstrated a decrease in tumor volume only for the complex plus
irradiation; all other controls demonstrated an increase in tumor volume.

In addition to CTB, proteases involved in apoptosis, such as the caspase family of
enzymes, have also been used as triggers for drug delivery.’® 92 Zhao and coworkers
(Figure 4B) fabricated UCNPs coated with a caspase-3 cleavable DOX prodrug, a
photosensitizer, and cRGD peptide attached to PEG for tumor targeting and stability.® NIR

irradiation of the UCNP resulted in generation of ROS, triggering the activation of caspase-
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3 and release of the drug intracellularly. In vivo studies in 4T1 tumor-bearing mice showed
a minimal increase in tumor volume for mice treated with complex plus NIR compared to
a significant increase for mice treated with drug or NIR plus photosensitizer alone.
Enzymes located on the plasma membrane of cells can also be exploited to control drug
release. Furin, a proprotein convertase that cleaves substrates at the Arg-X-Lys/Arg-Arg
domain, is known to be overexpressed on the membrane of malignant tumor cells,
providing another mechanism for both targeting and controlled release.®® Jiang and
coworkers synthesized a GO-based nanosheet loaded with DOX via pi-pi stacking for
furin-dependent drug release.®* In this system, tumor necrosis factor (TNF)-related
apoptosis inducing ligand (TRAIL) was bound to the GO nanosheet via a furin-cleavable
peptide attached to a PEG linker. The cytokine TRAIL is known to act on death receptors
on the cell membrane for induction of apoptosis and served as a second therapeutic and
targeting ligand for the nanocomposite. Upon delivery of the therapeutic, furin on the cell
membrane cleaves TRAIL, preventing it from entering the cells. The nanocomposite is
then internalized via the endocytic pathway, and the low pH of late endosomes/lysosomes
facilitates release of the DOX for nuclear delivery. Release experiments in buffer
confirmed furin-dependent release of TRAIL and pH-dependent release of DOX. In vivo
biodistribution in A549 tumor-bearing mice showed high uptake in tumor, and the complex
had decreased tumor volume compared to either drug alone.
Recently, our group reported on the esterase-sensitive release of DOX from the
surface of ~5 nm CdSe/ZnS core-shell quantum dots (QDs) (Figure 4C). Here, the DOX
moiety was attached to the peptide backbone via an ester bond that is amenable to cleavage

by cellular esterase enzymes. Also appended to the surface of the QD was a cell uptake
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Figure 4: Enzyme-mediated release from hard NPs. (A) I. Schematic illustration of mesoporous silica
coated quantum dots (QDs) appended with nuclear targeting peptide (TAT) and cathepsin B enzyme-
responsive peptide for overcoming multidrug resistance (MDR) in A2780 tumor cells. 1I. In vitro cell
viability assays in control cells (left) showed minimal toxicity of the NP (red), but high toxicity in both
DOX-sensitive (middle) and DOX-resistant (right) cells compared to drug alone. Therapeutic effect of the
complex is hindered in the presence of a cathepsin B inhibitor. Reproduced with permission from 4.
Copyright 2014 Wiley-VCH. (B) I. Schematic representation of caspase-sensitive upconversion NPs
(UCNPs) capped with cRGD (CFUN) for tumor cell targeting. After internalization into cells,
photodynamic therapy (PDT) was used to produce singlet oxygen, resulting in caspase-3 activation and
drug release. 1. NP delivery plus irradiation (NIR) in 4T1 tumor-bearing resulted in minimal increase in
tumor volume after 2 weeks. Reproduced with permission from 6. Copyright 2017 Elsevier.

peptide, JB434, to facilitate internalization of the QD.%® In situ experiments in buffer
confirmed drug release in the presence of esterase and cytotoxicity assays in HelLa cells
demonstrated comparable toxicity to the free drug. Additionally, the use of QD as the

scaffold facilitated in vitro tracking of the complex over time. Fernando and coworkers
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developed MSNs capped with poly(-amino ester) and loaded with DOX for esterase and
pH-dependent release.® Drug release studies in buffer resulted in a ~40% increase in DOX
release in acidic conditions (pH 5) and a ~50% increase in the presence of esterases,
confirming cleavage of the ester bond. Antitoxicity studies in MDA-MB-231 breast cancer
cells demonstrated comparable toxicity of the complex to free drug.

Externally-Triggered Drug Release

Magnetic field

Magnetic NP (MNP) drug delivery systems based on hard NP carriers utilize an
external magnetic field (MF) to either guide drug delivery or trigger drug release from the
NP to the targeted site of action. The most universally accepted type of hard NP used for
this application is iron oxide (e.g., FesOs and Fe203), which has been implemented in a
variety of uses, including advanced imaging and other biomedical applications, due to its
biocompatibility and superparamagnetic properties. In addition to iron oxides alone,
ferrites doped with Co2*, Ni?*, and Mn?* have also been developed for magnetic DDS.% "
9 Overall, MNPs are easily incorporated into a variety of DDS, as researchers are able to
conjugate drugs directly to the surface of the NP or incorporate them into different
nanostructures.

In order to target drug cargo, MNPs can be retained at a region of interest through use
of a magnetic field. Jeon and coworkers utilized a system that combined B-cyclodextrin-
conjugated superparamagnetic iron oxide NPs (SPIONs) and polymerized PTX in a nano-
assembly via multivalent host-guest interactions (Figure 5A).2 Through use of
magnetically guided drug delivery, the NP assembly demonstrated decreased cell viability

in vitro in three cancer cell lines (HeLa, MCF-7, and CT26), as well as high NP
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accumulation within the tumor site and decreased tumor mass in CT26 tumor-bearing
murine models. Furthermore, magnetically guided systems can be used to illicit immune
responses within the body. Mejias and colleagues encapsulated a ~9 nm magnetite core
SPION with dimercaptosuccinic acid as a delivery system for the electrostatically bound
antitumorigenic cytokine interferon gamma (IFN-y).2%° After magnetically targeting the
MNP to the tumor site, there was an increase in T cell and macrophage infiltration within
the tumor microenvironment, thus providing an antiangiogenic effect resulting in a
significant decrease in tumor volume in Pan02 tumor-bearing mice. Combined, these
examples demonstrate the versatility of magnetically guided NPs and their potential for
developing minimally invasive targeted systems to biological regions of interest.

The use of encapsulating agents to combine MNPs and chemotherapeutics allows the
magnetic feature to be applied to multifunctional systems. Lee et al. combined magnetic
iron oxide nanocrystals (MIONSs) with surface-appended DOX as the therapeutic and with
thiol-terminated PEG to facilitate crosslinking.®! Using magnetically guided brain tumor
targeting, the particles were systemically injected and preferentially accumulated to the
tumor area in 9L-glioma-bearing rats. During application of an external magnetic field, the
particles aggregated, thus increasing the retention of MION clusters within the tumor site,
allowing for more effective delivery of chemotherapeutics. In another study, Wei and
coworkers developed SPIONs clustered with multiblock polyurethanes (MPU), comprised
of PEG and poly(E-caprolactone) PCL, outfitted with a pH-sensitive benzoic-imine linkage
that acted as an on-off switch to deliver DOX payloads into tumor cells, as shown in Figure
5B (size, 57 nm).” These switchable particles utilize the acidic tumor environment to

effectively deliver DOX into the nucleus of HelLa cells. Furthermore, using magnetic
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guidance, the NPs demonstrated preferential targeting to specific tumors in murine models
implanted with HeLa cell tumors.

Developing multifunctional MNPs for biomedical applications often relies on the
magnetic field hyperthermic effect. Compared to other external stimulus techniques,
magnetic hyperthermia offers the advantage of localized heating of the tumor tissue,
thereby minimizing off-target toxicity. Oh et al. synthesized ~14 nm CoFe.Os NPs
functionalized with meso-2,3-dimercaptosuccinic acid in order to directly conjugate DOX
to the surface of the particle (Figure 5C). Application of an alternating magnetic field
(AMF) generated a synergistic effect in MDA-MB-231 cells in vitro, combining the
toxicity of the chemotherapeutic and hyperthermia of the CoFe204* In addition to direct
heating, MNPs can be used to trigger cargo release. In a recent study, Zheng and colleagues
developed an AuNR, mesoporous silica and graphene quantum dot (GQD) outfitted with
the cell-targeting ligand RGD.1%? Using PTT combined with NIR, the m-m interactions
between DOX and the GQD were disrupted, via the hyperthermic properties of the AUNR,
and demonstrated differences of release rates with different laser powers. The mesoporous
silica also provides a slow release mechanism, which can be coupled with PTT for quick
release, in order to control sustained therapeutic efficacy in Hela cells in vitro. In another
study, Griffete and colleagues used an 11 nm Fe>Oz a magnetic particle that was appended
to DOX and a molecularly imprinted polymer.t%® Using an AMF, Fe;Os3 induced local
hyperthermia in vitro facilitating release of DOX into PC3 cells without causing significant
heating to the surrounding media. Hua and coworkers stimulated fluidMAG-CMX
particles with covalently appended DOX using an oscillating magnetic field (OMF).1%

During treatment with an OMF, DOX was released from the fluidMAG-CMX particles.
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This effect was further demonstrated by growth inhibition in xenograft tumor murine
models.

MNPs have also been utilized for controlled release using the combined effects of both
MF-induced hyperthermia and pH to release drugs and other biological moieties from the
surface while utilizing the particle for magnetic targeting to the area of interest.103 105 106
Alphandery and colleagues recently demonstrated the use of natural endotoxin release in
murine glioma models using chains of magnetosomes (CM), a NP that is naturally
synthesized from magnetotactic bacteria.!’” Compared to commercially available iron
oxide, CM, under alternating magnetic fields, was able to significantly increase survival
rates through controlled endotoxin release via magnetic hyperthermia with as little as 10%
of the NP occupying overall tumor space. Kaushik and colleagues explored use of
magneto-electro carriers (MENCs), which is comprised of BaTiO3@CoFe204 particles, as
a method of crossing the BBB noninvasively with the future aim of easily transferring to
other drug constructs.%® It was confirmed that the MENCs could be magnetically guided
to the site of interest, and evaluation of toxic side effects and neurobehavioral function in
mice injected with the complex showed that the particles did not cause any deleterious
impairments. These studies demonstrate the importance of evaluating MNPs for potential
toxic effects and the potential constraints hindering use of these NPs in a translational
setting.

Photothermal therapy

In recent years, PTT has gained tremendous interest with the use of hard metal NPs,

such as Au, Ag, Pt, and Cu, which offer unique advantages due to their absorbance at NIR,

ease of surface modification, and ability to engage in hyperthermia/tissue ablation targeted
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Figure 5: Extracellularly-triggered drug release by applied magnetic field. (A) I. Schematic of the
polymerized paclitaxel B-cyclodextran conjugate (pPTX/B-CD)-SPION nano-assembly for magnetic drug
delivery/release. Il. In vivo images (21 days post inoculation) after magnetically guided drug delivery and
the tumor volume over 16 days. The arrow indicates injection of sample. Reproduced with permission from
2, Copyright 2016 Elsevier. (B) I. Schematic of PEG targeting and release properties of multiblock
polyurethane nanocarriers with magnetic guidance. Il. Relative T2 signal intensity as a function of time of
HeLa cell tumors in mice after intravascular injection of NPs loaded with SPIONs and application of an
external magnet aligned with the right tumor (left). In vivo T2-weigthed MR images of the mice (right).
Reproduced with permission from 7. Copyright 2017 Elsevier. (C) I. Schematic of CoFe,04@meso-2,3-
dimercaptosuccinic acid (DMSA)/DOX NPs for the release of electrostatically assembled DOX induced
by alternating magnetic field (AMF). Il. TEM of 13 nm CoFe204@DMSA/DOX (left). Scale bar, 20 nm;
scale bar (inset), 5 nm. Plot of flow cytometry fluorescence intensity of MDA-MB-231 cells incubated with
DOX, CoFe204@DMSA or CoFe204@DMSA/DOX with and without magnetic treatment (right). I11.
MDA-MB-231 cells after free drug/ NP treatment with or without magnetic field (MF). Reactive oxygen
species (ROS) generation was measured with the ROS indicator, 27,7 -dichlorodihydrofluorescein
diacetate, DCFH-DA and loss of mitochondrial membrane potential was measured with Rhodamine 123
(Rh-123). Nuclei are stained with Hoechst 33342 (blue). Reproduced with permission from 4. Copyright
2017 Elsevier.

to specific tissues/cell. Using a combinatorial approach of PTT and delivery of
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chemotherapeutics offers the benefit of providing both dosing and spatiotemporal control
at the target site, minimizing off-site effects. Poudel and coworkers used a ~69 nm
combinatorial hollow gold nanoshell to load bortezomib and GEM for PTT-mediated drug
release in pancreatic cancer cell lines in vitro (Figure 6A).> With the addition of NIR,
particles diffused into the cytosol, enabling efficient drug release in the cell. Wang and
colleagues engineered an AuNR with both targeting abilities through use of the peptide
sequence RGD and gene delivery through condensation of plasmonic DNA on the surface
of the NP.1 Laser irradiation of the AuNR facilitated both endosomal escape via the
proton sponge effect and release of plasmonic DNA once entering into the cytosol of U87
glioma cells. As these examples demonstrate, targeted release via NIR is a unique way to
overcome entrapment within endosomes, a common limitation in drug delivery techniques.

Another strategy for delivering hard NPs into tumors for PTT relies on the EPR effect.
These particles are designed to accumulate within solid tumors, based on their size, and
thus increase retention time, but are ultimately small enough (<5.5 nm) to undergo renal
clearance. In addition, NPs with hybrid structures, that often include micelles or liposomes,
have the ability to break down after PTT treatment, resulting in effective therapy and
limited long-term side effects. These structures differ from the decorated nanoshells, as
they typically implement a single nanoparticle for directed drug release from the surface.
Rengan and coworkers developed an NP that utilized 5 nm gold seeds on a liposomal
surface that induced a photothermal response to facilitate drug release in breast cancer cells
in vitro resulting in a significant decrease in viability.1%

Tumor targeting cells that are able to transport large quantities of hard NPs to the tumor

site can be used to increase PTT efficiency while minimizing off-target effects, such as
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retention of drugs in the liver and kidneys, where many NPs often accumulate in addition
to the tumor site. Yanlei Liu and colleagues loaded ~86 nm (length) AuNRs into human-
induced pluripotent stem (iPS) cells (Figure 6B).° The AuNRs were loaded with the
conjugated antibody of CXCR4, which is expressed on the iPS cell surface. The iPS cells
possess the ability to migrate to the tumor site, which increases retention time and
distribution of the cells within the tumor tissue. After establishing the iPS cells loaded with
the AUNR construct within the tumor environment, the tumors were subject to PTT, to
induce hyperthermia via the AuNR, thus killing the iPS carrier and the surrounding tumor
tissue in MCG-803 tumor-bearing mice. In another study, Zhibin Li and coworkers coated
silica AuNRs with BSA in order to increase uptake into macrophages.'!* The Au-loaded
macrophages were then directly injected into the tumor, which resulted in an increase in
apoptosis upon PTT treatment in addition to a complete regression of the tumor as
demonstrated in HepG2 xenografts.

NPs can also provide further control of drug delivery using pH-sensitive moieties. 12
Zhang and colleagues used Au@Sio2 embedded with poly(N-isopropylacrylamide
polymer nanocomposites, which were both thermal- and pH-responsive.'!® The polymer
undergoes condensation to a hydrophobic globule in the presence of heat via PTT, thus
providing the ability to control drug release from the NP, after particle accumulation within
the tumor site. In vivo studies in 4T1 tumor-bearing mice demonstrated an increase in tumor
inhibition rate compared to drug alone. In a similar study using low pH, Luo and colleagues
were able to demonstrate the effect of gold-coated liposomes to facilitate pH- and photo-

responsive release.''* Utilizing the EPR effect of the solid tumor, the gold nanoshell-coated

37



A

HAuCl,

L (D¢
Gahanie g 0,05
reaction

Silver nanoparticle
(AgNP)

ﬁ{' '3 Thlnﬂmhydmlon

J pH-gr:d ient
drug loading

Hollow gold nanoshell
(GNS)

Thermosensitive lipid-coated

LysoTracker Red

GNS-L/GB

Merged

MIA PaCa-2

hollow gold nanoshell for dual drug

Fe binati
S Fron comtinedon delivery (GNS-L/GB)

GNS-UGB
GNS-L/GB + NIR

Live cells (Calcein-AM)  Dead cells (EthD-1) Merged
[}

% Cell Viability

MIA PaCa-2

(Gometabine (4M) 10

__ Untreated
- PBS+Laser

..... YN,

o
) :‘H’: > — v vy + E 1500 — AuNRs@SiObLase
AuNR{ AuNRS@SIO,  AuNRs@Si0,-COOH AUNRS@SIOFCXCRE »s B . AuNRs+iPS+Laser
g 1000
................................... a AuNRs@SiO2 AuNRs-iPS e
Temperaturei ™, =2 PRy =2
“Increased NIR Laser l o %o
N Eradiated g
= AuNRs-IPS =

- - - T y
5 10 15 2 2%
Days after treatment

Figure 6: NIR-mediated extracellularly-triggered drug release. (A) I. Synthesis of lipid-coated, hollow
gold nanoshells loaded with with bortezomib and gemcitabine (GNS-L/GB). Il. Cellular viability of MIA
PaCa-2 cells treated with free drug combinations or NP with or without NIR irradiation (left). TEM images
of GNS-L (right). I11. Confocal microscopy images of fluorescein-labeled NPs in MIA PaCa-2 cells (green)
and stained with Lysotracker Red. V. With or without NIR treatment (dashed line) stained with Calcein-AM
(live cells, green) and EthD-1 (dead cells, red). Reproduced with permission from 5. Copyright 2017 Elsevier.
(B) 1. Synthesis of AUNRs@SiO2@CXCR4, loaded into Human iPS cells, and injected into mice for NIR
treatment. 1l. Two-photon laser scanning confocal microscopy images of a tumor section 5 days after
injection (left). Scale bar, 200 um. Tumor volume after laser irradiation (*P < 0.01, *P < 0.05 (right).
Reproduced with permission from ° . Copyright 2016 American Chemical Society.

oleanolic acid liposomes (GNOL) begin to disassociate due to the lowered pH of the tumor
environment. This effect, however, is enhanced in the presence of an 808 NIR laser, which
photothermally activates the gold shell to release the drug within the tumor. In vivo results
in U14 tumor-bearing mice demonstrated slowest tumor growth for mice treated with the
GNOL plus laser compared to the controls. To demonstrate the potential for direct drug
attachment to solid NPs, Zhang and colleagues appended DNA intercalated with DOX
directly onto the surface of an AuNR.**3 The AuNRs are able to release DOX through both

low pH within the tumor environment and photothermal effects from the PTT, providing a
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synergistic effect with model multidrug resistant (MCF-7/ADR) and drug sensitive (MCF-
7) breast cancer cell lines. These results suggest that dual stimuli-responsive release
provides an effective method to combat resistant tumors.

Understanding the long-term fate of plasmonic PTT is a critical issue that requires
evaluation of biological effects and interactions in vivo. To address this, Ali and colleagues
investigated the effects of PTT of two different-sized AuNRs conjugated to the
chemotherapeutic rifampicin for 15 months after initial administration in a head and neck
squamous cell carcinoma xenograft model.}*® Growth studies demonstrated minimal
increase in tumor volume for mice treated with the NP plus laser compared to the control.
In addition to in vivo studies, the group also implemented proteomics experiments to
measure differences in protein expression levels in tumor tissues, which indicated that
apoptotic-related pathways were significantly regulated after treatment with the NP
compared to control groups.

Ultrasound

The use of focused ultrasound has been FDA approved to ablate uterine fibroids and
has shown the potential for applications to a variety of diseased states as a targeted
noninvasive technique that could be used synergistically with other treatments.!'®!!8 Hard
NPs offer the added benefit of increased stability of the drug during treatment, in addition
to high efficacy at the site of interest due to enhanced sono-sensitization. Paris and
coworkers developed MSNs that release drug in the presence of ultrasound through coating
with a copolymer that was able to open or close upon ultrasound treatment (Figure 7A).!!
At low temperature, the copolymer allowed for loading with DOX to encase the

chemotherapeutic and upon ultrasound treatment in vitro, significant changes in the
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viability, demonstrated controlled release using an external field. Additionally, NPs
targeted to the region of interest have greater efficacy at lower powers compared to
ultrasound treatment alone.!"” This effect has been shown recently by Chertok and Langer,
who loaded heparin-functionalized iron oxide NPs on the surface of microbubbles
(MagMB) that are able to circulate systemically due to the presence of heparin, a
nonimmunogenic polysaccharide.'?’ Upon magnetic field stimulation, the NPs are directed
to toward the tumors and found to be concentrated within the tumor vasculature.
Furthermore, Cy5.5 dye delivery was triggered with applied ultrasound, resulting in
significantly enhanced accumulation at the tumor site in lung carcinoma—bearing mice,
thus demonstrating the potential application for enhanced delivery of therapeutics.

The use of focused ultrasound and microbubbles to temporarily disrupt the BBB to
enable passage of larger therapeutics for treatment of brain diseases has the potential for a
noninvasive and reliable method for drug delivery with clinical trials in progress 2123,
Fan and colleagues encapsulated SPION and DOX within microbubbles for enhanced
targeting across the BBB.!?* The NPs facilitated a 2-fold increase in delivery of DOX to
tumors in C-6 glioma-bearing mice in addition to the ability to be imaged using magnetic
resonance imaging (MRI) due to the presence of the SPION. Magnetic resonance—guided
focused ultrasound (MRgFUS) can also be utilized for targeted treatment. Timbie and
coworkers applied this technique to deliver brain-penetrating NPs outfitted with the
chemotherapeutic cisplatin.'?® Treatment in 9L and P98 glioma-bearing mice demonstrated
a significant increase in accumulation and decrease in tumor growth for mice treated with

the NP complex compared to the control
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Irradiation

Radiation therapy, specifically gamma and X-ray, is generally effective in the
treatment of solid tumors and is included in many cancer treatment regimens. Researchers
have used hard NPs with a high Z number, which can act as radio-sensitizers at the
treatment site; this offers the advantage of lower radiation dose, and due to the NPs inherent
characteristics provides an opportunity for simultaneous treatment options. AuNPs have
also been extensively studied for radiotherapies due to their capability for efficient EPR,
which can be used to facilitate NP accumulation within the target area. Kim and coworkers
used a core/shell NP to simultaneously deliver AuNPs and DOX coated with pluronic-F68,
atriblock copolymer of poly(ethylene oxide)— poly(propylene oxide)—poly(ethylene oxide)
(PEO-PPO-PEO) %, Delivery in squamous cell carcinoma-bearing mice demonstrated
enhanced tumor accumulation 3 days after injection and significant reduction in tumor
growth compared to the control. Su and colleagues developed ~45 nm PEG-covered
AuUNPs conjugated to a cyclic RGD peptide with radioactive iodine-125, as a tumor-
targeted radio-sensitizer 127, Treatment with the NPs directly at the tumor site of NCI-H466
tumor-bearing mice demonstrated significant decrease in tumor volume when compared to
radiotherapy alone. These results demonstrate the potential for combinational approaches
for tumor reduction. Song and colleagues implemented hollow tantalum oxide (TaO)
coupled with the chemotherapeutic drug 7-ethyl-10-hydroxycamptothecin (SN-38) (Figure
7B).1%8 X-ray radiation after delivery of the NP in 4TA murine breast cancer cells elicited
a radio-sensitization effect from the TaO while inducing cell cycle arrest after SN-38
release. In another application utilizing particles coloaded with a chemotherapeutic, Ma

and coworkers coated Bi>S3 NPs with mesoporous silica and loaded with DOX (BMSNSs)
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Figure 7: Ultrasound and Radiation triggered release. (A) I. Schematic of the loading and release system
of Dox loaded-MSNSs. 1. SEM images and TEM micrographs of NPs. 111. Fluorescence microscopy images
of LNCaP cells (nuclei in blue) with RhodamineB-labeled hybrid-MSNs (red) with loaded fluorescein
(green) before (top) and after (bottom) ultrasound irradiation. IV. Cytotoxicity assay of LNCaP cells with
different concentrations of DOX-MSNs with (red) and without (blue) ultrasound. Reproduced with
permission from 1. Copyright 2015 ACS Nano (B) TEM images of H-TaOx nanoshells. I1. SPECT images
of a representative 4T1 tumor-bearing post i.v. injection of NP complex. Reproduced with permission from
13, Copyright 2015 Wiley-VCH.

to establish a significant therapeutic effect against MDR cancer cells. In vitro studies
indicated that X-ray irradiation was significant enough to result in synergistic cytotoxicity,
and in vivo treatment resulted in decreased tumor sizes compared to the controls.*®
Additionally, under the effects of interstitial phosphorus-32 (P-32)-enriched gelatin
chromic phosphate colloid as an alternate method of radiotherapy, delivery of both P-32
and BMSNs simultaneously demonstrated increased toxicity against PC3 cells compared
to no significant toxicity with P-32 alone. These results suggest that combinatorial
treatments with chemotherapy and interstitial radiotherapy are a promising treatment

regimen for MDR cells.

Conclusion

Advances in the development and understanding of actively controlled release from the
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surface of hard NPs have the potential to improve therapeutic efficacy, due to the inherent
beneficial properties of these NPs. As clinical use of NPs currently relies on soft NPs and
passive methods of actuation, there is low spatiotemporal control over drug release. Active
actuation using novel “smart” DDS, however, has the potential to controllably release drug
cargo, thus minimizing toxic side effects to healthy tissue, which overcomes the limitations
of traditional therapy. Thus the goal of the work presented in this dissertation is to use a
model hard NP system in order to address some of the current challenges facing use of hard

NMDD and to develop a fundamental understanding controlled release from hard NPs.
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Chapter 3: Intracellularly-Actuated Quantum Dot-Peptide-Doxorubicin
Nanobioconjugates for Controlled Drug Delivery via the Endocytic

Pathway' %

Introduction

Due to the multitude of side effects that result from non-specific systemic delivery
of drugs, imaging agents, and other cargos, there has been a lot of interest in controlling
the release of NP-associated cargo in order to better modulate toxicity. We address this
issue here in the context of a prototypical hard NP carrier, a QD, which is used to control
the intracellular delivery and release of the chemotherapeutic DOX. The prototypical
system used here has direct relevance to cancer therapy and the fundamental lessons
learned here can be transferable to drug cargos directed against other therapeutic targets.

DOX is an FDA-approved cancer therapeutic that has been shown to be effective
for the treatment of a variety of cancers.!?® It functions by intercalating into DNA,
inhibiting the action of topoisomerase Il (the enzyme responsible for unwinding
supercoiled DNA), thus inhibiting DNA replication and eventually leading to cell death.!2*-
131 However, the repeated, systemic administration of DOX is problematic due to its
significant nonspecific uptake by non-cancerous cells and off-target toxicity. One of the
primary side effects of the systemic administration of DOX is cardiac toxicity, which limits
the utility of this otherwise very potent anti-cancer drug.3>** Thus, there is wide interest

in understanding to what extent DOX toxicity can be modulated once delivered to cells.

"Reprinted with permission from Sangtani, A., Petryayeva, E., Wu, M., Susumu, K., Oh, E., Huston, A.L.,
Lasarte-Aragoneés, G., Medintz, I.L., Algar, W.R., Delehanty, J.B., (2017). Intracellularly Actuated Quantum
Dot-Peptide—Doxorubicin Nanobioconjugates for Controlled Drug Delivery via the Endocytic Pathway.
Bioconjugate Chemistry, 29(1), 136-148. Copyright 2018 American Chemical Society.
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The delivery of NPs into cells primarily occurs via the endocytic pathway, usually
through the attachment of a cell-penetrating peptide (CPP), leading to sequestration of NPs
within vesicles and ultimately limiting their therapeutic capabilities.®*>*° Thus, the chief
challenge currently facing the implementation of hard NPs in therapeutic drug delivery is
the design of drug attachment chemistries that can be actively triggered for temporal
control over drug release. In developing a hard NP-mediated, actively triggered cargo
delivery system, there are several desirable characteristics that the system should ideally
possess. These include: (1) ease of NP synthesis, drug introduction, and delivery to cells,
(2) intracellular stability and biocompatibility of the native NP (no drug payload), (3)
tracking of the NP—drug ensemble for real-time monitoring of drug delivery, (4) the ability
to mediate actively triggered drug release, and (5) the ability to controllably modulate the
toxicity of the on-board drug cargo. Of considerable importance here is the method of
bioconjugation used to control the number of “copies” of appended active drugs and
biologicals on the hard NP surface. Approaches here have ranged, for example, from the
use of electrostatic and hydrophobic interactions*® to the covalent attachment of discrete
numbers of antibodies to the surface of colloidal AuNPs. Equally important is the method
used to affect drug release and there are several examples demonstrating the controlled
release of drug cargos from the surface of hard NPs.4% 142 For example, Gollavelli et al.
bound the photosensitizer, silicon napthalocyanine bis (trihexylsilyloxide) (SiNca),
noncovalently to magnetic and fluorescent graphene nanocarriers.'*® Photoirradiation with
a halogen lamp caused activation of the drug resulting in generation of reactive oxygen
species, leading to cell death. Similarly, Niu et al. developed channeled mesoporous silica

nanocomposites containing UCNPs and Au nanocrystals noncovalently associated with the
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cancer chemotherapeutic, doxorubicin (DOX).1** NIR laser excitation of the UCNPs
caused a plasmonic-enhanced release of DOX from the Au nanocrystals. While both
examples demonstrate active actuation, they are dependent upon the application of an
external light stimulus, which is limited in terms of its depth of tissue penetration* and
can have potential phototoxic effects away from the point of drug delivery. Alternatively,
hard NP systems, wherein drug release is triggered by intracellular processes, could
circumvent these issues.

In this study, we have used a luminescent semiconductor QD as a prototypical hard
NP to develop a multifunctional hard NP—peptide-drug conjugate platform for combined
cell uptake and drug delivery. Our primary goal was to evaluate methods of intracellularly-
triggered actuation to overcome limited drug release due to sequestration of NP-appended
drugs within endosomes. Here, the QD serves as a central scaffold onto which are self-
assembled multiple copies of a CPP to drive uptake via endocytic pathway. Also attached
to the QD are drug attachment peptides bearing various chemical linkages (ester, disulfide,
and hydrazone) that are responsive to intracellular stimuli (esterases, reducing conditions,
and low pH, respectively) for the purpose of active release of DOX from endosomal
compartments. Both the CPP and drug-attachment peptides are appended to the surface of
the QD using histidine-mediated metal affinity, which allows for ratiometric tuning of the
number of peptides on the QD surface.*® This allows for the controlled tuning of the CPP:
drug cargo peptide ratio, enabling the use of a minimal number of CPPs while maximizing
the concentration of delivered drug. Finally, the fluorescence of the QD scaffold and DOX
cargo enables real-time monitoring of the intracellular location of the ensemble construct

and its dissociation.
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We present photophysical characterization of the QD—[peptide—DOX]—-CPP system
both in buffered solution outside the cellular environment and when interfaced with cells
in vitro. Our data clearly demonstrate that the toxicity of the drug can be controlled by
changing the chemistry used to append the peptide—DOX cargo to the surface of the QD.
Analytical gel electrophoresis and dynamic light scattering (DLS) demonstrated the
successful ratiometric assembly of the constructs and microplate-based Forster resonance
energy transfer (FRET) studies confirmed functionality of the peptidyl linkages. Cellular
delivery and uptake experiments tracked the residence of the complexes in the endocytic
pathway and distinct differences among the various peptide—-DOX conjugates are noted.
Cytotoxicity studies were performed to determine the modulation of drug toxicity by
varying the linkages. After endosomal uptake, the disulfide linkage showed negligible
DOX release, while the hydrazone linkage showed a modest degree of time-dependent
release of the drug. The ester linkage, however, demonstrated release Kinetics and
accompanying cellular toxicity that were comparable to free DOX delivered from bulk
solution. We interpret our findings in the context of previous studies that have utilized
various attachment chemistries to mediate active drug release, particularly from the surface
of hard NP carriers. The work described here details basic concepts for the design of
“smart” hard NP materials for intracellularly triggered, active release of surface-appended
drug cargos. Additionally, our results point to important design considerations that must
be taken into account when designing NP systems for delivery of drugs via the endocytic

pathway.
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Materials and Methods
Materials

Dulbecco’s phosphate buffered saline (D-PBS), Dulbecco’s Modified Eagle’s
Medium containing 25 mM HEPES (4-(2-hydroxyethyl)-1-piperazinethanesulfonic acid)
(DMEM-HEPES), phosphate buffered saline (PBS), and nickel-nitrilotriacetic acid (Ni-
NTA) agarose resin were obtained from ThermoFisher, (Carlsbad, CA). 96-well cell
culture cluster microtiter plates were purchased from Corning-Costar (Corning, NY).
Doxorubicin hydrochloride (DOX), N,N-dimethlyformamide (DMF), dimethyl sulfoxide
(DMSO), Tris-borate-ethylenediaminetetraacetic acid (EDTA) buffer solution, N-
hydroxysuccinimide  (NHS), diisopropylcarbodiimide,  4-(dimethylamino)pyridine
(DMAP), N,N-diisopropylethylamine ~ (DIPEA),  tris(2-carboxyethyl)phosphine
hydrochloride (TCEP), tetrahydrofuran (THF), 3,3’-dithiodipropionic acid di(N-
hydroxysuccinimide) ester (DSP), and imidazole were acquired from Sigma. All other

materials/reagents were obtained as noted in the text.

QD synthesis

CdSe-ZnS core-shell QD nanocrystals with emission maxima centered at 520 and
545 nm were synthesized using a high temperature reaction of organometallic precursors
and were rendered hydrophilic by exchanging the native
trioctylphosphine/trioctylphosphine oxide (TOP/TOPO) capping shell with CL4 or
dihydrolipoic acid DHLA-(PEG)7so-OMeligands, respectively, as described previously.14"
148 The QDs are identified by their wavelength of maximum emission, e.g., a sample of
545 nm QDs designates a population of QDs which exhibits maximum photoluminescence

centered at 545 nm.

48



Transmission electron microscopy

Structural characterization of as-prepared QDs was carried out using a JEOL JEM-
2100 FE-TEM, field-emission gun transmission electron microscope. Samples were
prepared by spreading a drop (~5 pL of 1 uM QD solution in deionized water) of the filtered
QD dispersion (0.25 um Millipore filter) onto ultrathin holey carbon support film on a 300
mesh Au grid (Ted Pella, Inc.) and letting it dry. Individual particle sizes were measured
using a Gatan Digital Micrograph (Pleasanton, CA); average sizes along with standard
deviations were extracted from analysis of ~100 nanoparticles.
Synthesis of peptides and peptide-DOX conjugates and characterization

For synthesis of all peptide-DOX conjugates (vide infra), the sequence of the
peptide used was GNNGAAAA-Aib-AAAA-Aib-GLGHHHHHH-amide (Biosynthesis,
Inc.) where Aib is alpha aminoisobutyric acid and the amide blocks the C-terminal
carboxyl group. In all cases, the doxorubicin used was doxorubicin hydrochloride. The N-
terminal amine on the peptide is available and reactive for conjugation to the cognate

modified DOX as described below.

DOX-amide peptide. The N-terminal primary amine on the peptide was conjugated
to the primary amine on DOX. The peptide was first pre-bound to Ni (I1)-NTA purification
media. The bound peptide was then activated with a 500-fold excess of the
homobifunctional linker BS®, bis(sulfosuccinimidyl)suberate (ThermoFisher), which was
dissolved in 70% PBS/30% DMSO and passed over the media using 5 mL syringes 20
times. The activated peptide was washed with PBS and then exposed to 100-fold excess
DOX dissolved in 70% PBS/30% DMSO for 15 mins by also passing over the media with

syringes. The labeled peptide was then washed with PBS, eluted from the Ni-NTA media
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with 300 mM imidazole in 30% DMSO and desalted as described previously.*The DOX-
labeled peptide was further purified and the conjugation confirmed using an Acquity ultra
performance liquid chromatograph (UPLC H-Class) System equipped with a SQ2 Mass
Spectral Detector (Waters, Milford, MA) as described elsewhere.'®

DOX-disulfide peptide. The N-terminal primary amine on the peptide was first
converted to a disulfide-COOH by sequential reaction of the peptide with DSP and borate
buffer. The converted peptide was purified on Ni-NTA agarose media and then reacted
with NHS and diisopropylcarbodiimide to conjugate the converted -COOH on the peptide

to the primary amine on DOX. The resulting product was purified on Ni-NTA media.

DOX-ester peptide. Glycolic acid (10 mmol) and NHS (11 mmol) were dissolved
in 30 mL of THF, the flask purged with argon, and cooled in an ice bath.
diisopropylcarbodiimide (11 mmol) in 20 mL of THF was added dropwise to the reaction
mixture, which was further stirred for 4 h at room temperature. The product was
recrystallized from isopropanol at —20 °C overnight, collected by filtration, washed with
ether, redissolved in 15 mL of dichloromethane and the filtrate collected and dried under
vacuum to yield glycolic acid-NHS ester. The peptide was dissolved in 100 pL of
anhydrous DMF and mixed with 50 pL of 0.1 M solution (5 pmol) of glycolic acid-NHS
ester. The reaction mixture was stirred for 4 h at room temperature and then diluted with 5
mL of PBS (pH 7.2) and purified using Ni-NTA as described above. The purified peptide
from the previous step was dissolved in 200 uL of DMF and mixed with succinic acid (17.2
mg, 0.147 mmol) dissolved in 800 uL of DMF. Diisopropylcarbodiimide (2 pL, 13 umol)
and DMAP (0.82 umol) where then added and the reaction was stirred at room temperature

overnight. The reaction mixture was diluted with 5 mL of PBS (pH 7.2) and purified with
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Ni-NTA. The purified peptide-ester-COOH was dissolved in 200 pL of DMF and mixed
with 3.87 pL of a 0.129 M solution of diisopropylcarbodiimide (0.5 pmol) in DMF and
2.4 uL of a 0.209 M solution of NHS (0.5 pmol) in DMF. The reaction was stirred for 2 h
at room temperature. After this time, 1 mg of DOX dissolved in 600 puL of DMF and 5 uL
of DIPEA were added and the reaction left in the dark to mix at room temperature
overnight. The reaction mixture was diluted to 5 mL with PBS and purified on Ni-NTA
media.

DOX-hydrazone peptide. The N-terminal primary amine on the peptide was first
converted to a thiol (-SH) function by sequential reaction with DSP and TCEP. The
modified peptide was then purified using Ni-NTA media. Hydrazone-maleimide-
functionalized DOX (suitable for reaction with the —SH on the modified peptide) was
generated by reaction of DOX with N-[e-maleimidocaproic acid] hydrazide, trifluoroacetic
acid salt (Thermo Fisher).?! The product was recrystallized from acetonitrile and dried in
vacuo. The peptide-SH was dissolved in 100 pL of DMF and mixed with the purified DOX-
hydrazone-maleimide (600 pL of DMF) and reacted overnight. The reaction was diluted
with PBS and the resulting product was purified on Ni-NTA media.

JB434. The CPP, JB434, (Ro\GGLA(Aib)SGWKHs) used in this study is described
elsewhere.'® The polyarginine tract (Ro) that mediates cellular uptake is separated from
the polyhistidine tract (Hs) (for peptide self-assembly to the QD surface) by a linker domain
(GGLA(AIb)SGWK). Peptide synthesis was performed using Boc-solid phase peptide
synthesis, purified by HPLC and characterized by electrospray ionization mass

spectroscopy. 4’ 153
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Assessment of QD-peptide-DOX bioconjugate assembly and functionality
To confirm the successful assembly of the peptide-DOX conjugates to the QD, gel
electrophoresis (1% agarose) was performed on the QD alone and the QD-peptide-DOX
complexes. To the individual wells of an agarose gel were added 520 nm CL4—capped QDs
(5 pmol) that was pre-assembled (20 min at RT) with varying ratios of peptide-DOX (up
to 60/QD). All samples were prepared in PBS buffer. Electrophoresis was performed for
30 minutes at 95 volts/10 cm. A BioRad ChemiDoc XRS+ imaging system was used to
image the gels. Dynamic light scattering (DLS) analysis was also performed to confirm
successful bioconjugate assembly. Measurements were carried out using a ZetaSizer
NanoSeries equipped with a HeNe laser source (A = 633 nm) (Malvern Instruments Ltd)
and analyzed using Dispersion Technology Software (DTS, Malvern Instruments Ltd). 545
nm PEG7s0-OMe-capped QDs (30 nM) were pre-assembled with a ratio of 50 peptide-DOX
for 2 h at RT and then loaded into disposable cells, and data were collected at 25°C. All
the samples were prepared in 0.1x PBS buffer pH 7.4. For each sample, the autocorrelation
function was the average of five runs of 10 s each and then repeated three to six times.
CONTIN analysis was then used to determine number versus hydrodynamic size profiles
for the dispersions studied.*>

The functionality of the assembled QD-peptide-DOX conjugates was assessed
using a microplate-based Forster resonance energy transfer (FRET) assay. 520 nm CL4—
capped QDs (7.5 pmol) were assembled with a varying ratio of peptide-DOX conjugates
(up to 40 per QD) in PBS for 20 min at RT. QDs with emission at 520 nm were used for
this assay as there is significant spectral overlap between the QD’s emission and DOX

absorbance. The QD-peptide-DOX conjugate system was excited at 400 nm (Tecan Infinite
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M1000) and spectra was collected between 450-650 nm. Appropriate control solutions of
QD donor alone and DOX acceptor alone were included to correct for the effect of the
various incubation conditions on QD donor photoluminescence (PL) and direct excitation
of the DOX acceptor, respectively. Results were analyzed using Excel and FRET efficiency

was calculated using the following equation:

F,
FRET; =1 — (%)
d

where Fqa is the fluorescence intensity of the QD donor (d) in the presence of the DOX
acceptor (a) and Fq is the fluorescence intensity of the QD donor (d) alone. After FRET
between the QD donor and DOX acceptor was confirmed, 520 nm CL4—capped QDs (7.5
pmol) were assembled with a ratio of 30 peptide-DOX. QD-peptide-DOX assemblies were
then subjected to reducing conditions (for DOX-disulfide), esterase enzyme (for DOX-
ester), or acidic pH (for DOX-hydrazone). A ratio of 30 peptides per QD was used because
preliminary studies showed efficient FRET at this peptide:QD ratio. For DOX-disulfide,
10 mmol of TCEP, a reducing agent, was added after complex formation. For DOX-ester,
0.03 pumole of esterase from porcine liver (Sigma) was added to solution after complex
formation. For DOX-hydrazone, the pH of the solution was reduced to ~5.0 by adding HCI
after complex formation. The DOX-amide was used as a control for each condition.
Cellular culture

HeLa cells (American Type Culture Collection (ATCC)) were cultured in complete growth
medium (Eagle’s Minimum Essential Medium (MEM; ATCC)) supplemented with 10%
(v/v) heat inactivated fetal bovine serum (ATCC), 1% (v/v) antibiotic/antimycotic (Sigma)

and 1 mM sodium pyruvate (Sigma). Cultures were maintained in T25 flasks and incubated
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at 37°C under a 5% CO> humidified atmosphere and passaged every 2-3 days at 80%

confluency. All cells used in this study were used between passages 3 and 15.

Cellular delivery of QD-JB434-peptide-DOX conjugates

For delivery experiments, HeLa cells were seeded on MatTek™ 14 mm dishes
(Ashland, MA) that were pre-coated with 30 pug/mL fibronectin (ThermoFisher) for 2h.
Cells were seeded at 6.5 * 10* cells/mL and allowed to adhere overnight. Prior to addition
of materials for cellular delivery, the cells were washed twice with DMEM-HEPES. Initial
cell delivery experiments were performed to determine the optimal QD concentration and
the minimum number of JB434 cell uptake peptides required to mediate efficient labeling
of endosomes with minimal cytotoxicity.*” 2 QDs (at concentrations of 100 nM or 200
nM) were assembled with varying ratios of JB434 peptide (up to 25 per QD) in DMEM-
HEPES for 30 min at RT. The QD-JB434 complexes were incubated on cell monolayers
for 1 h at 37°C. The cells were washed twice with D-PBS and fixed using 4%
paraformaldehyde then imaged using confocal microscopy (vide infra). Image analysis was
used to plot the pixel intensity of selected regions of interest vs. QD concentration. This
analysis revealed that a concentration of 200 nM QD and a ratio of 15 peptides per QD
provided sufficient cellular uptake, while still leaving ample room on the QD surface for
peptide-DOX conjugates. For DOX delivery, 200 nM QD was complexed with JB434
peptides (15 peptides per QD) and with peptide-DOX (30 peptides per QD) in DMEM-
HEPES for 30 minutes at RT.*" 152155 The complexes were then incubated on cells for 2 h
at 37°C. After 2 h, the cells were washed twice with DMEM-HEPES and incubated with

100 pg/mL of endosomal marker (transferrin conjugated to AlexaFluor-647 (AF647-Tf))
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for 30 min at 37°C. Cells were washed twice with DPBS and fixed with 4%

paraformaldehyde and then imaged.

Quantification of cellular cytotoxicity

Cellular cytotoxicity was determined using the CellTiter 96® AQueous One
Solution Cell Proliferation Assay (Promega, WI).2%6: 357 This assay is a colorimetric method
for determining the number of viable cells after incubation with a material of interest. HeLa
cells were seeded in a 96-well tissue culture microplate at a density of 5000 cells/well
(doubling time ~24hrs) and allowed to grow overnight. QDs were assembled with JB434
peptides (15/QD) and with peptide-DOX at ratios varying from 2.5/QD to 40/QD in
DMEM-HEPES for 30 minutes at RT (corresponding to DOX concentrations ranging from
0.5 uM to 8 uM). QD complexes were then incubated on cells for 2 h at 37°C. After
incubation, the QD-containing solution was replaced with complete media and the cells
were allowed to proliferate under standard culture conditions for 72 h. To each well, 20 pL
of a solution containing a tetrazolium compound, 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS), was added and
incubated with the cells for 6 h. Viable cells convert the MTS into a formazan product that
absorbs at 590 nm. Absorbance was read at 590 nm and 700 nm (for background
subtraction) using a Tecan Infinite M1000 dual monochromator multifunction plate reader
equipped with a xenon flash lamp (Tecan). Results were reported as a percentage of cellular
viability, normalized to control wells of cells cultured alone. QD alone, JB434 peptide
alone, and QD-JB434 complex (all at the same corresponding concentrations) were

included as controls.%6 157
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Microscopy and image analysis

All imaging was performed using a Nikon A1RSi Laser Scanning Confocal
Imaging system. The following imaging settings were used (laser excitation/ dichroic/
emission range): QD, 405 nm/488 nm/500-550 nm; DOX, 561 nm/561 nm/570-620 nm,
AF647-Tf, 639 nm/640 nm/663-738 nm. Each channel was imaged sequentially to prevent
bleed-through between the channels. Quantification of cellular uptake of QDs and
colocalization analysis was done using NIS-Elements AR (ver. 4.30.02). Images were
prepared for publication using the same software. Colocalization analysis was done using
Pearson’s correlation coefficient (PCC) and was used to determine colocalization between
QD and DOX, QD and AF647-Tf, and DOX and AF647-Tf. PCC, which ranges from -1 to
1, measures the strength of the linear relationship between two variables.*® It can be
applied to a variety of systems, but in the work described herein, it is used to measure the
overlap in signal between the two channels being tested. For image analysis, images were
taken as stacks to encompass the whole cell volume and colocalization analysis was
conducted on the entire stack.
Results and Discussion
Rationale of QD-peptide-DOX cell uptake/drug delivery system

Our goal in this study was to develop a hard NP-based bioconjugate drug delivery
platform that could cumulatively do the following: 1-enter cells via the endocytic pathway;
2-allow for tunable control over drug cargo concentration in the formed conjugate; 3-
actively release the appended drug cargo to the cytosol from within endosomes in response

to intracellular stimuli; 4-avail real-time tracking of both the NP carrier and the drug
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Figure 8: Schematic of the QD-peptide-DOX bioconjugate system. A) Schematic of CdSe-ZnS core-shell QD
capped with either DHLA-PEG75-OMe or CL4 ligands. QDs are appended with a fixed number of JB434 cell
uptake peptides and a varying number of peptide-DOX conjugates. PEGylated QDs were used for cell delivery
experiments while CL4-capped QDs were used to functionally test the reactivity of the cell-responsive chemical
linkages as described in Methods. B) Peptide sequences and chemical structures of the various peptide-DOX
conjugates used herein. The JB434 cell uptake peptide has been described elsewhere.® The linkage of DOX to the
N-terminal glycine of the assembly peptide varies between amide, ester, disulfide, and hydrazone. In both peptides,
the C-terminal his tag on the peptide mediates self-assembly to the surface of the QD.

payload, and 5-elicit minimal cytotoxicity prior to drug release. To achieve this, we
employed a QD as a central scaffold onto which was assembled two different species of
peptide (Figure 8A). The first peptide used was a CPP, JB434, to drive cellular uptake of
the bioconjugate via the endocytic pathway. This peptide, comprised of the sequence
RoGGLAA(AIb)SGWKHe, is based on the HIV-TAT peptide, bears an N-terminal
polyarginine tract (Rg) to promote electrostatic interactions with the negatively-charged
cell surface, and has been used extensively for the cellular delivery of various NP
materials.> 15° 159160 The second peptide species was a drug assembly peptide with the
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sequence GNNGAAAA(AiIb)AAAA(AID)GLGHsto which was attached (at the N-terminal
glycine residue) the chemotherapeutic, DOX, through various reactive/cleavable chemical
linkages. Importantly, both peptides have at their C-terminus a six-histidine motif (Hs) that
drives the self-assembly of the peptide to the QD surface via metal affinity coordination to
the ZnS shell.

The polyhistidine-based assembly process plays two important roles in the context
of the drug delivery system. First, it allows for ratiometric control over the number of each
peptide species assembled to the QD surface. This concept has been demonstrated
extensively in previous studies on the interfacing of QD-peptide conjugates with cells.*":
48, 152, 161-165 Thjs control is critical as it allows for optimal balance between a minimal
number of CPPs while allowing for the cellular delivery of a range of DOX concentrations
in the form of DOX appended to drug assembly peptides (vide infra). Second, we have
previously shown the QD:his-peptide association to be stable within the endolysosomal
pathway for up to 3 days in cultured cells.!> 152 1% This feature, coupled with the
fluorescence emission of the central QD scaffold and the DOX cargo, enables time-
resolved tracking of the NP-drug assemblies throughout the drug delivery process.

The specific reactive linkages used to attach DOX to the drug assembly peptide
included disulfide, ester, and hydrazone linkages as well as a nonreactive amide linkage,
used as a control (Figure 8B). These chemistries were specifically chosen to take advantage
of various cellular physiological states to mediate the release of DOX from the QD surface.
Disulfides can be efficiently reduced by the high cytosolic GSH concentration (~10 mM)."®

82, 166, 167 Ester linkages can be cleaved by cellular esterases such as those found in
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Table 1: Physicochemical properties of peptides used in this study

DOX
Assembly Amide- Disulfide- Ester- Hydrazone-
Properties/Sample  Peptide DOX DOX DOX DOX JB434

Molecular weight 2146.30 282999 2866.06 2831.92  2987.19 3159.36

pl? 8.2 13.0
Peptide charge at pH

7 423 0.6 10.5

Hydrophobicity

Index’s? -0.26 -2.29

Determined using GPMAW protein bioinformatics tool (www.expasy.org), “Determined
using PepCalc peptide calculator (www.pepcalc.com), 3Calculated by substituting alanine
(Ala) for aminoisobutyric (Aib)

endosomal compartments.®® 1% Hydrazone linkages can be hydrolyzed by the low pH
environment found in the endolysosomal pathway.'®°1* Additional information on the
physicochemical properties of the peptides used herein can be found in Table 1.
Assessment of QD-peptide-DOX assembly and functionality

We first sought to confirm the successful assembly of the DOX delivery peptides
to the QD surface. To do this experiment, we used 520 nm QDs capped with CL4 ligands.
This ligand bears two carboxyls and imparts sufficient negative charge to the QD surface
such that they migrate towards the positively-charged anode during gel electrophoresis.
Figure 9A shows the results of gel electrophoresis analysis of these QD complexes
assembled with increasing ratios of peptide-DOX. It was apparent that, across all four
peptide linkage chemistries, the degree of migration of the complexes toward the anode
tracked inversely with increasing numbers of peptide-DOX assembled onto the QD
surface, indicating successful attachment of peptides to the surface of the QDs.162164 172

Figure 10 shows TEM images of the QDs used in this study.
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Figure 9: Physicochemical characterization of the QD-peptide-DOX complexes. A) Gel electrophoresis of
CL4-capped QDs assembled with increasing ratios of peptide-DOX bearing different chemical linkages. White
arrows indicate the location of sample loading wells. The blue line shows the location of the migration front of the
QDs alone. B, C) Size distribution, average hydrodynamic diameter, and diffusion coefficient of DHLA-PEG7so-
OMe-capped QDs and QD-peptide-DOX complexes containing 50 peptide-DOX/QD as measured by DLS. QD-
peptide-DOX complexes were allowed to form for 2 h prior to analysis.

As a second method of confirmation of attachment, we performed DLS analysis
on the 545 nm QD-peptide-DOX conjugates. *’ In this instance, the QDs were capped with
DHLA-PEG750-OMe ligands. Ultimately PEGylated QDs would be employed for the
cellular drug delivery experiments and it was critical to confirm that the terminal
polyhistidine motif of the peptide-DOX conjugates could coordinate to the QD surface with
this ligand. As shown in Figure 9B, when ~50 peptide-DOX were complexed with the QDs
for 2 h, a significant increase in the hydrodynamic diameter of the resulting assemblies was
observed. In addition, there was a reduction in the diffusion coefficient for each of the QD-
peptide-DOX complexes (Figure 9C). This result is consistent with our multiple previous

studies that have shown the efficient self-assembly of a myriad of peptide species
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520 nm QD capped with CL, 545 nm QD capped with DHLA-PEG,5,-OMe
4.0+0.4 nm 44+0.5nm

Figure 10: Transmission electron micrographs (TEM) of QD samples used in this study. TEM analysis
of A) 520 nm-emitting QDs capped with CL4 and B) 545 nm-emitting QDs capped with DHLA-PEG7so-
OMe. The average diameter of the 520 nm and 545 nm QDs were 4.0 £ 0.4 nm and 4.4 + 0.5 nm,
respectively.

conjugated to the surface of PEGylated QDs via metal affinity coordination interactions.*™
152, 155, 157, 161

We next assessed the responsivity of the QD-peptide-DOX assemblies to their
intended respective cellular stimuli/conditions. To accomplish this, a FRET-based assay
system was developed wherein the peptide-DOX was assembled onto a QD donor that was
suitable for the pendant DOX acceptor. Here, 520 nm-emitting QDs capped with CL4
ligands were used as 1) they are bright (Quantum yield (QY) = 0.4), 2) their emission has
significant spectral overlap with DOX absorption, and 3) their small size (dia. 4.0 nm %
0.4; see Sl figure S1) and short CL4 capping ligands afford efficient FRET from the QD
donor to the DOX acceptor (Forster Radius (Ro) = ~3.5nm) (Figure 11A). Upon assembly
to the QDs, the peptide-DOX species exhibited FRET efficiencies that were higher than
that seen for QD with the free drug. Interestingly, the FRET efficiency for the hydrazone-
DOX (~40%) was higher than that of the other three linkages (disulfide, ester and amide,

~20%), suggesting closer association of the DOX moiety to the QD surface in the context
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of this peptide (Figure 8, Figure 11C). The attachment of DOX at a different site on the
drug and the accompanying spacer could result in folding that reduces the donor-acceptor
distance by bringing the DOX closer to the QD surface, yielding the increased observed
FRET efficiency. Functional assays showed the hydrazone- and ester-DOX conjugates to
be functional in response to their respective stimuli. Lowering of the pH from 7.4 to 5.0
resulted in a ~20% decrease in FRET efficiency for the hydrazone construct while for the
esterase construct, incubation with a porcine esterase enzyme reduced the FRET response
by more than 50% (Figure 11D). The disulfide-DOX conjugate system, however, showed
a negligible decrease in FRET in response to incubation with the reducing agent TCEP
(data not shown). In this instance, the free thiol-terminated DOX generated via reduction
could potentially rebind to the QD surface, maintaining efficient FRET.1"
Quantification and optimization of cellular uptake of QD-JB434 conjugates

Having confirmed the controlled assembly of the complexes and the functionality
of the various chemical linkages, we next sought to determine the optimal QD
concentration required for uptake and visualization of the QD-peptide complexes in living
HeLa cells. Here, it was necessary to balance a sufficient number of JB434 CPPs, to
facilitate cellular uptake, with adequate doses of DOX in the form of peptide-DOX, to
enable cell death. For this purpose we employed 545 nm QDs (final concentration, 200

nM) capped with DHLA-PEG75-OMe because PEGylation is known to improve the
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Figure 11. Spectral properties of QD and peptide-DOX and functional responsivity of QD-peptide
determined by FRET. A) Normalized absorption and emission spectra of 520 nm-emitting CL4-capped
QDs and DOX in water. The calculated Ro for the FRET pair is 3.5 nm. B) Spectral response showing
ratiometric-dependent FRET quenching of QD by hydrazone-DOX. C) Experimentally determined FRET
efficiency for the various QD-peptide-DOX systems. Experimentally determined FRET efficiency for (D)
QD-hydrazone-DOX complex in neutral (pH 7.4) and acidic (pH 5) environments and (E) QD-ester-DOX
in the presence and absence of esterase. The experiment was performed using assemblies that had 30
peptide-DOX per QD. All experiments were done in triplicate.

biocompatibility and stability of the QD in physiological environments and has been shown
to minimize nonspecific binding for a variety of NPs.}"*7° The slightly larger 545 nm QDs
were chosen as the delivery scaffold for the present study as they afford sufficient surface
area to balance the delivery peptides with the peptide-DOX drug cargo (see Figure 10 for
TEM images). In previous studies, we have shown that the maximal number of peptides
that can be assembled through his-mediated interactions onto the surface of 545 nm QDs
is ~50 + 10 peptides.®* Occupying the QD surface with ~15 JB434 peptides affords loading
of as many as 35-40 peptide-DOX peptides which corresponds to solution DOX
concentrations as high as 8 uM (for 200nM QD). This concentration is ~5-10-fold above

the reported 1Cso for free DOX in many cultured cell lines, including HeLa cells.176178
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Figure 12: Initial quantification of cellular delivery and uptake of QD-JB434 complexes. A) HeLa cells were
incubated with pre-formed QD-JB434 complexes at QD concentrations of either 100 nM or 200 nM and varying
JB434 ratio (0 — 25) for 1 h at 37°C. Images were obtained using confocal laser scanning microscopy. Scale bar, 20
pum. B) Comparative quantitative analysis of QD uptake. Fluorescence pixel intensities per cell were determined by
drawing an ROI around the plasma membrane of individual cells. Plot shows the average pixel intensity + SEM as a
function of increasing ratios of JB434 per QD for ~30 - 40 cells.

Thus, these ratios would be sufficiently high to cause cell death after incubation with the
QD-peptide-DOX complexes.

As evidenced by Figure 12 we observed robust, bright cellular labeling at a
concentration of 200 nM QD appended with a ratio 15 JB434 peptides per QD. Similar

observations have been made for other cell uptake peptide-QD complexes.*” Additionally,
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Figure 13. Quantification of cytotoxicity of QD, JB434, and QD-JB434 bioconjugates. Average cell
viability of PEG7500Me-capped QD, JB434 or QD-JB434 bioconjugates. QD, JB434, or QD-JB434
bioconjugates were incubated on HeLa cells for 2 h followed by 72 h proliferation and viability was
determined by MTS assay. For the QD + JB434 plot a ratio of 15 JB434/QD was used. The data is
presented as a percent cell viability £ S.D. of wells performed in quadruplicate relative to control cells.
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cytotoxicity studies performed on the QD-JB434 conjugates showed minimal cell death
using this combination of QD concentration and JB434 ratio (>90% cell viability (Figure
13)). These results are consistent with previous studies which have shown minimal toxicity

of QDs at the given ratios over a period of 72 hrs.#7: 152136,

Cellular uptake and fate of QD-peptide-DOX-JB434 conjugates

Having determined the optimal ratio of CPP:QD necessary to facilitate endosomal
uptake, we next sought to ascertain the fate of the conjugates after internalization via the
endocytic pathway. Confocal imaging and comparative colocalization analysis was
performed to determine the simultaneous location of the QD carrier, DOX, and the
endosomal compartments for the four different QD-peptide-DOX conjugates. For these
studies, 545 nm DHLA-PEG7s50-OMe-capped QDs (200 nM) appended with 15 copies of
the JB434 cell uptake peptide and 30 copies of the peptide-DOX conjugate was used.
Endosomes were labeled with an AlexaFluor 647-transferrin conjugate (AF647-Tf). We
examined the intracellular distribution of the complexes after 2 h incubation with cells.
Clear differences among the four peptide-DOX constructs were noted, in terms of both the
colocalization of the QD signal and the DOX signal with the endosomes as well as the
colocalization of the QD and DOX signals with each other.

Figure 14 shows representative images of HelLa cells to illustrate the nature of the
various signals upon cellular delivery. The amide-DOX peptide construct showed a
significant degree of punctate DOX signal that was highly colocalized with the punctate
QD signal (Pearson’s correlation coefficient (PCC) = 0.71) and the AF647-Tf endosomal
marker signal (PCC = 0.68) (see Table 2 for full colocalization quantification analysis).

This result is not unexpected given the stability of the amide bond used to attach DOX to
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Figure 14: Cellular uptake and distribution of QD-peptide-DOX-JB434 complexes in HelLa cells. HeLa cells
were incubated with pre-formed complexes (incubated at RT for 30 min to mediate QD-peptide assembly) for 2 h at
37°C and subsequently stained with endosomal marker Alexa647-Transferrin (Tf) (100 pg/mL) for 30 min at 37°C.
Images were obtained using confocal laser scanning microscopy. Shown are fluorescence images of the QD (green),
DOX (red), Alexab47-Tf (cyan) and merged QD and DOX channels. Images shown are representative of ~40 cells
per peptide-DOX variant. White arrow indicates nucleus. Scale bar, 10 um.
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Table 2: Colocalization analysis of endosomes and NPs using PCC*

Hydrazone-
Amide-DOX Ester-DOX Disulfide-DOX DOX

QD-Dox 0.71+0.07 0.60+0.09** 0.78+0.08 0.82+0.05
Endo-Dox 0.68+0.09 0.47+£0.15**** 0.73+0.08 0.73+0.08
Endo-QD 0.70+0.13 0.66 +0.12 0.76 +0.09 0.73+0.10

*PCC-Pearson correlation coefficient

the peptide backbone and the fact that previous work has shown that the his-mediated
attachment of the peptide to the QD is stable in endocytic compartments for up to three
days in cultured cells.’™® Similar trends were observed for the hydrazone-DOX and
disulfide-DOX linkages where a significant degree of overlap between the QD and DOX
signals (PCC = 0.78 and PCC = 0.82, respectively) was observed. Similarly, for both
linkages, the degree of overlap of the DOX with the endosome signal was high (PCC =
0.73), demonstrating that DOX was sequestered in endosomal compartments. That the
disulfide linkage showed essentially no release of DOX from within endosomal
compartments is consistent with the oxidizing environment found in early endosomes
which is topologically equivalent to the oxidizing environment of the extracellular
milieu.!”® Further, disulfide bonds have been shown to be stable even in the acidic
environment (~pH 5.0) of endocytic compartments.’® The lack of release seen with the
hydrazone-DOX as this 2 h time point was somewhat surprising given that this bond is
known to be cleaved in the pH range of 3-66% 171 18nd multiple studies have
demonstrated the utility of the hydrazone linkage to release NP-appended cargos from
within endosomal compartments via acid-induced cleavage.'’ 8183 |ndeed, our plate-
based FRET assay demonstrated the acid-labile nature of this linkage outside of the

context of cells.
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Nevertheless, the fact that we saw minimal release of the hydrazone-appended
DOX from the QD surface strongly suggests that it is the context of the NP itself (NP
material, ligand coating, steric shielding of the hydrazone linkage, cellular environment vs.
in buffer etc.) that plays a critical role in acid lability of the bond within cellular
environments. This result is consistent with previous studies where, in the context of
endosomal compartments, chemoselectively-ligated cell uptake peptides bearing
hydrazone bonds were used for cellular QD delivery. The peptides maintained their
function in cultured COS-1 cells, even 48 h after delivery, providing strong evidence that
the peptide integrity remained intact.*® Thus, our findings with the hydrazone-DOX
peptide in the current study are not wholly unexpected and strongly suggest that in the
context of the hard NP QD platform and under a relatively short incubation period, the
hydrazone bond remains intact.

Evidence from the literature also points to the fact that the environment of the NP
(buffer vs. cells) can play a key role in determining the kinetics of hydrazone bond
cleavage. Xiong et. al. developed DOX-loaded micelles assembled from copolymers that
were crosslinked with hydrazone, yielding stimuli-responsive NPs. In buffer at pH 5.0, the
micelles showed nearly 90% release of DOX after 48 h. Cytotoxicity studies, however,
showed an attenuated cell killing effect compared to free DOX, suggesting a less efficient
cleavage of the hydrazone bond in the context of cells. Studies have also shown that the
efficiency of hydrazone bond cleavage can vary based on the composition of the NP and
mixed results have been reported in the literature in terms of release of hydrazone-attached
cargos. Lee et al. synthesized AuNPs conjugated to DOX via a hydrazone bond and coated

with PEG to improve biocompatibility and stability of the complex. Release kinetic studies
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performed under acidic conditions (pH 4) showed a significant decrease in DOX release
(~4-fold) for AuNPs coated with PEG compared to AuNPs without PEG. Additionally, cell
viability studies showed more potent cell killing for free DOX compared to the NP form,
even after 72 h, demonstrating the role played by cellular context in attenuating hydrazone
bond cleavage.®! Prabaharan et al. synthesized AuNPs coated with a hydrophobic poly (L-
aspartate-DOX) inner shell and folate-conjugated PEG outer shell, where DOX was
conjugated to the inner shell via a hydrazone linkage. When studying release kinetics of
DOX from the surface of the AuNPs, it was determined that conjugates showed ~40%
release of DOX after 4 hrs.}™ Similarly, Savla et al. developed QDs coated with ligands
terminated with carboxyl groups and conjugated to mucinl aptamer, for targeting
capabilities, and DOX via a hydrazone bond. Release kinetic studies for these NPs,
however, showed only ~30% release after 4 h in acidic buffer.%? Patil and coworkers, on
the other hand, developed poly(B-L-malic acid) based nano vehicles with PEG conjugated
to the surface along with DOX, which was attached via a hydrazone linkage. In pH 5.0
buffer, the complexes showed ~65% release of drug after 4 h.1’® Taken together, these
results demonstrate that the composition of the NP can indeed play a significant role in
hydrazone-linked cargo release.

Of the four linkages, the ester-DOX linkage was the only one that showed a
significant degree of separation of the DOX signal from both the QD (PCC = 0.60) and the
endosomal marker (PCC = 0.47). Concomitant with this was the appearance of strong DOX
staining in the nucleus for the ester-linked DOX that was not observed for any of the other
QD-peptide-DOX assemblies (Figure 14). These findings are consistent with previous

findings demonstrating ester-based hydrolysis in the endosomes/lysosomes of cells due to
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the presence of acid hydrolases, such as acid phosphatases and cholesteryl ester acid
hydrolases.8* 185 Previous studies using the ester linkage for drug attachment to other NPs
have shown similar efficiencies in cleavage.'® For example, Fernando et al. developed
MSNs loaded with DOX and capped with poly(B-amino ester). Release Kinetics
demonstrated a significant release of DOX in the presence of esterase compared to the
control and cell viability assays showed comparable toxicity of the complex to free DOX
delivered from bulk solution.®® Similarly, Zhou et al. conjugated camptothecin (CPT) to
poly(ethylene glycol-co-anhydride) via an ester bond as an esterase-sensitive drug carrier
for cancer therapy. In buffer, it was determined that the complexes were relatively stable
in the absence of esterase, but were efficiently hydrolyzed in the presence of esterase in a
manner that was dependent on pH. Additionally, cytotoxicity assays demonstrated
comparable cell killing capabilities of the complex to free CPT at low concentrations and
promoted cell death of the complex at higher drug concentrations.®® Cumulatively, our
data provide strong evidence that in the context of the QDs, the ester linkage is sufficiently
available for cleavage by the esterases present within the endolysosomal pathway and that
endosomal release and nuclear accumulation are clearly evident under the 2 h experimental
window used here.
Cytotoxicity of QD-peptide-DOX-JB434 conjugates

In addition to the intracellular optical tracking of DOX release from the QD-
peptide-DOX bioconjugates, the comparative functional implications of DOX release were
also confirmed by cell viability assays. Cellular proliferation assays were performed in

which the delivery/incubation conditions emulated those of the delivery/imaging
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Figure 15: Quantification of cytotoxicity of QD-peptide-DOX-JB434 bioconjugates. Average cell
viability of PEG7s0-OMe-capped QD-peptide-DOX-JB434 bioconjugates with fixed JB434 concentration (15
JB434 per QD) and varying peptide-DOX concentrations. QDs (200 nM) were incubated on cells for 2 h
incubation followed by 72 h proliferation. Viability was determined by MTS assay. Plot shows average cell
viability at DOX concentrations ranging from 0 to 8 uM. The data is represented as a percent cell viability +
S.D. of wells performed in quadruplicate relative to control cells incubated with QD-JB434 alone (ho
peptide-DOX).

experiments described above followed by a 72 h period to allow for cell division. As DOX
is known to elicit its toxicity through the induction of apoptosis and the generation of
reactive oxygen species 18 187 processes that can take several cell divisions to manifest
their effects, we chose the 72 h time point at which to assay DOX toxicity as it provided
an optimal experimental window to allow for cellular proliferation. QDs decorated with 15
copies of JB434 were further appended with varying ratios of peptide-DOX conjugates
(from 2.5 to 40 per QD) such that the DOX concentration incubated with the cells spanned
the range of 0.5 pM to 8 uM. This range was purposefully selected to encompass the known
ICso of free DOX in cultured cells (1-2 uM).176178 Figure 5 shows the resulting cytotoxicity
plots for the various QD-peptide-DOX constructs. Consistent with previous literature
reports, free DOX exhibited an 1Csg of ~2 uM. In general, the toxicity results for the QD-
peptide-DOX conjugates mirrored those observed for the colocalization studies in that the

amide-DOX and disulfide-DOX showed negligible toxicity, consistent with the lack of
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Figure 16. Cellular uptake and distribution of QD-peptide-hydrazone-DOX-JB434 complexes in
HelL a cells after 8 h. A) HelLa cells were incubated with pre-formed QD-peptide-hydrazone-DOX-JB434
bioconjugates (incubated at RT for 30 min to mediate QD-peptide assembly) for 2 h at 37°C followed by
proliferation in complete media for 6 h at 37°C. Images were obtained using confocal laser scanning
microscopy. Shown are fluorescence images of the QD (green), DOX (red), and merged QD and DOX
channels. Images shown are representative of ~40 cells. Scale bar, 10 um. B) PCC value for colocalization
of QD and hydrazone-DOX after 2 h and 8 h. P-value <0.0001.

DOX release and its sequestration in endosomes (Figure 15). As discussed previously, this
result is due to the stability of the amide bond and oxidizing environment of endosomes,
respectively. That the hydrazone-DOX elicited a modest degree of toxicity (ICso = ~5 pM)
suggests that the longer time frame used for the cell proliferation assays (2 h initial
incubation on cells followed by a 72 h proliferation period), facilitates the cleavage of a
percentage of the hydrazone-linked DOX. In this context, the endosomal compartments
would have a longer time to acidify and release DOX, resulting in nuclear accumulation of
DOX that was not apparent in the 2 h time window used for fluorescence imaging. Indeed,

imaging performed at longer time points, for example at 8 h, did begin to show a
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statistically significant separation of the DOX signal from the QD carrier signal that was
indicative of a slower rate of cleavage of the hydrazone bond (Figure 16). Combined, these
results suggests a slower method of drug release for the hydrazone linkage compared to the
more immediate “burst” release seen for the ester-DOX linkage.

The ester-DOX linkage, on the other hand, showed similar toxicity to the free DOX,
suggesting that the ester bond is rapidly cleaved upon internalization. This result fits with
the functionality studies done in buffer, as well as with the fluorescence studies, which
showed clear signs of cleavage of the linkage and nuclear delivery after 2 h. Though the
ester-DOX and free DOX show similar toxicities, the use of a NP carrier to facilitate
delivery can ultimately have implications within the context of the cell type. For example,
multidrug resistance (MDR) is a known limitation of drug delivery, where membrane-
resident pumps work to remove free drug from cells. This is particularly true for DOX,
where MDR pumps can effectively lower the efficacy of free DOX.181% Delivery of drugs
as a NP complex via the endocytic pathway, on the other hand, could potentially mitigate
the rapid MDR-mediated efflux of DOX delivered from bulk solution. Taken together, our
data demonstrate the ability to modulate DOX toxicity by delivering it as an ensemble

complex using the CPP-decorated QD as a carrier through the endocytic pathway.

Conclusion

The overall goal in this study was to ascertain the degree of control that can be
achieved in NMDD by varying the intracellularly-responsive chemical linkage used to
attach the drug cargo to the surface of a hard NP. It has become generally accepted that the
primary route of cellular NP uptake is endocytosis, whether the NP is appended with a

targeting/uptake agent or not.* Differences in the rate of NP endocytosis primarily occur
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as a function of NP size and shape, surface coating, and presence of various moieties
(peptides and drugs) used to facilitate entry into the endocytic pathway. Compared with
other means of cellular delivery, such as microinjection (which has low throughput) or the
use of transfection agents (which can be toxic to the cells), the delivery of NPs via the
endocytic pathway is the most facile route for cellular entry, yet the endosomal
sequestration of the NP—drug cargo complex poses a considerable challenge for the
delivery of drugs to the rest of the intracellular environment.(1) Hence, there is a critical
need for the controlled release of drugs (and other cargos) from NP carriers from within
the endocytic pathway.™

Here, we have designed a series of peptide-DOX formulations that are appended
to QD—cell uptake peptide conjugates that are destined for endocytic uptake. In this
configuration, each formulation differs in the nature of the chemical attachment of the
DOX moiety to the central QD carrier. The stimuli-responsive linkages (ester, disulfide,
and hydrazone) were chosen specifically for their ability to be cleaved through intracellular
stimuli, resulting in the controlled modulation of toxicity of the drug that is driven by
intracellular physiology. By using histidine-mediated metal affinity to self-assemble both
the cell uptake peptide and peptide-DOX to the surface of the QD, we have shown the
ability to control the ratio of each peptide species, thus allowing us to tune the concentration
of drug delivered to cells. Importantly, from our data, it was evident that the nature of the
linkage has a profound effect on both the efficiency of drug delivery and the kinetics of
DOX cargo release.

Compared to the delivery of DOX from bulk solution, the ester linkage showed

comparable toxicity and clear signs of nuclear delivery after 2 h. The hydrazone linkage,
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however, showed intermediate toxicity, and the disulfide linkage and control amide linkage
showed minimal toxicity. For the disulfide linkage, the results were not unexpected, as
endosomal compartments are known to be an oxidizing environment. Interestingly, the
hydrazone and ester linkage both showed reactivity in plate-based assays done in buffer,
but within the cellular context, there were differences in activity that were not expected.
The ester linkage showed efficient cleavability, which was observed intracellularly in terms
of both nuclear accumulation and concomitant cytotoxicity. Intracellular delivery of the
hydrazone linkage, however, exhibited minimal release from within endosomes after 2 h
and moderate toxicity after 72 h. This points to a slower drug release time for the hydrazone
linkage, compared to release from the ester linkage. This attribute can potentially be
beneficial for sustained, yet differential, release profiles of multiple drugs from the same
NP carrier.

Cumulatively, our data points to the importance of design considerations one needs
to take into account, particularly in the context of hard NP carrier systems delivered via the
endocytic pathway. Namely, the chemical nature of the attachment of the drug cargo to the
hard NP surface plays a profound role in the ultimate efficiency of drug release, particularly
within the cellular environment. Going forward, the findings of this study can be used to
design NP composites with more complex architectures that use a combination of the
presented methods of drug release. For example, it is well-known that the extracellular
tumor environment is highly acidic (pH of ~5-6)%% 169 170,183 ‘and cancerous cells often
over-express esterases compared to normal cells.*® 19219 A combination of the linkages
presented here, such as the hydrazone-DOX and ester—DOX, could facilitate development

of multifunctional particles that exhibit dual release in response to multiple stimuli. Our

75



work shown here demonstrates that careful consideration must be given to the design and
display of these linkages if they are to be used in combination to facilitate efficient and

controlled drug release.
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Chapter 4: Nanoparticle-Peptide-Drug Bioconjugates for Unassisted
Defeat of Multidrug Resistance in a Model Cancer Cell Line*%

Introduction

Multidrug resistance (MDR), the ability of cancer cells to overcome the activity of
therapeutic drugs and reduce their efficacy, is a major challenge in the treatment of a
number of recurrent cancers. Blood cancers and solid tumors including breast, ovarian,
lung and lower gastrointestinal tract cancers are among the most prevalent examples of
cancers that display resistance to chemotherapeutics.%1% MDR arises through a number
of pathways including drug inactivation, suppression of apoptosis, and the active efflux of
drugs from the cell by membrane-resident pumps.t*®® The latter is mediated through the
action of ATP-binding cassette (ABC) drug efflux transporters (e.g., P-glycoprotein (P-
gp)) and breast cancer resistance protein (BCRP)) which utilize energy from ATP
hydrolysis to expel drugs out of the cell, severely limiting the utility of common cancer
drugs such as DOX and PTX.2% 201 Nanoparticles (NPs), however, have shown increasing
utility in a variety of drug delivery applications, including those aimed at mitigating MDR.
NPs’ small size (<100 nm) affords efficient tissue penetration and they can be
synthesized/modified to have excellent biocompatibility. Additionally, their
multifunctionality and drug loading capability have made them attractive vehicles for the

delivery of a myriad of drug cargos. 61202205

* Reprinted with permission from Sangtani, A., Petryayeva, E., Susumu, K., Oh, E., Huston, A.L., Lasarte-
Aragonés, G., Medintz, I.L., Algar, W.R., Delehanty, J.B., (2019). Nanoparticle—Peptide—Drug
Bioconjugates for Unassisted Defeat of Multidrug Resistance in a Model Cancer Cell Line. Bioconjugate
Chemistry. Copyright 2019 American Chemical Society.
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Recently, strategies employing NP-based therapeutics for overcoming MDR have
emerged including: 1) the combinatorial delivery of multiple anticancer drugs in an effort
to overwhelm the effectiveness of MDR pumps; 2) the use of NP-nucleic acid hybrids to
down-regulate expression of efflux pumps or to promote apoptosis; and 3) the delivery of
the NP-drug complex in combination with MDR pump inhibitors.2%: 27 Examples include
the work of Tian and colleagues who stabilized upconversion NPs with the surfactant a-
tocopherol polyethylene glycol succinate (TPGS), a common P-gp inhibitor, to
demonstrate a ~8-fold decrease in the 1Cso of DOX in MDR-positive MCF-7 cells
compared to drug alone.?®® Similarly, Yi and coworkers demonstrated a ~7-fold decrease
in I1Cso of DOX in DOX-resistant MCF-7 cells upon delivery of folate-coated micelles
containing DOX and the P-gp inhibitor, tariquidar, compared to free DOX.?%° Xue and
coworkers synthesized lipid-coated hollow mesoporous silica NPs co-loaded with a P-gp
expression-inhibiting mRNA, miR-375, and DOX, resulting in a significant decrease in
ICs0in MDR-positive HepG2 cells.?!® While effective, these aforementioned strategies are
not without liabilities including off-target toxicity or the need for genetic transfection.
Thus, NP-based drug delivery systems that can efficiently defeat the activity of MDR
pumps without the need for exogenous drugs or can do so without concomitant toxicity are
highly desired.

With this goal in mind, herein we sought to significantly extend our work from
Chapter 3, where we demonstrated the use of a multifunctional QD/cell-uptake
peptide/drug-release peptide bioconjugate to controllably modulate the toxicity of DOX.%
As mentioned before, QDs are bright, luminescent semiconductor nanocrystals that possess

many optical properties that are tied directly to their size and material composition that
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make them ideal for use as a prototypical scaffold. In the system utilized herein, the central
QD serves as a scaffold upon which two species of peptide are attached: (1) JB434, a cell-
uptake peptide that mediates QD internalization via the endocytic pathway and (2) a
peptide-DOX conjugate in which the DOX was attached via a cleavable linker for
controlled intracellular drug release.'® In the previous study, of the three cleavable linkers
tested (ester, disulfide, and hydrazone), the QD bioconjugate with the ester linkage (QD-
ester-DOX) displayed cellular toxicity and nuclear accumulation that were comparable to
free DOX in a DOX-sensitive cell line (HeLa), indicating rapid cleavage of the ester
linkage by endosomal esterases. Our working hypothesis in the current study, therefore,
was that the sequestration of the QD/cell-uptake peptide/drug-release peptide complex
within endosomes could effectively ‘hide’ the attached DOX cargo from plasma
membrane-resident MDR pumps in a multifaceted spatiotemporal approach where (1)
DOX is physically trafficked away from the plasma membrane (spatial), and (2) DOX is
released closer to the nucleus, its target destination, in a time-dependent manner (temporal),
as depicted schematically in Figure 17.

We present characterization of the QD-ester-DOX/JB434 system when interfaced
with MDR+ cells in vitro. Our data clearly demonstrate that delivery of the drug as part of
NP bioconjugate significantly augmented its uptake and toxicity in MDR cells. Cellular
delivery and uptake experiments confirmed significantly higher uptake of the complex
compared to free drug in MDR+ cells, and nuclear delivery of DOX in the complex after
48 h. Additionally, colocalization analysis demonstrated cleavage of the ester linkage and
separation of DOX from the QD over time. Finally, cell proliferation assays were

performed to confirm ability of the complex to overcome MDR pumps. Cell viability in
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Figure 17: Schematic depiction of QD-ester-DOX bioconjugates for overcoming drug efflux pumps in
multidrug resistant (MDR+) cells. (A) Representation of QDs appended with ester-DOX peptide (30
copies/QD) and JB434 cell uptake peptide (15 copies/QD). Both peptide species are assembled to the QD
surface by polyhistidine (H6) metal affinity interaction with the ZnS shell. (B) Free DOX enters cells from
bulk solution by crossing the plasma membrane where it interacts with MDR pumps and is effluxed out of
the cell. QD-ester-DOX bioconjugates facilitate cellular uptake of DOX via endocytosis, which sequesters
DOX away from MDR pumps and promotes the time-resolved release of DOX away from plasma membrane.
Combined, these two facets create a spatiotemporal strategy to defeat MDR that is independent of the use of
drugs that incapacitate MDR pumps.

MDR-cells showed comparable toxicity between the free drug and complex. However,
cytotoxicity in MDR+ cells demonstrated significantly augmented toxicity of the complex
compared to free drug. We interpret these findings in the context of previous studies, as
the system utilized herein is one of the few examples of NP-mediated drug delivery that
achieves defeat of MDR pumps without the need for exogenous drugs. As before, the work

described here details basic concepts in use of controlled release from hard NPs and points
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to important considerations when designing NP systems for overcoming MDR in cancer

cells.
Materials and Methods

Materials

RPMI-1640 Media, Dulbecco’s phosphate buffered saline (D-PBS), phosphate
buffered saline (PBS), Live Cell Imaging Solution (LCIS), and nickel-nitrilotriacetic acid
agarose resin (Ni-NTA) were obtained from ThermoFisher, (Carlsbad, CA). V-bottom and
flat-bottom 96-well cell culture cluster microtiter plates were purchased from Corning-
Costar (Corning, NY). Doxorubicin hydrochloride (DOX), N,N-dimethlyformamide
(DMF), dimethyl sulfoxide (DMSO), Tris-borate-EDTA buffer solution, N-
hydroxysuccinimide (NHS), diisopropylcarbodiimide (DIC), 4-(dimethylamino)pyridine
(DMAP),  N,N-diisopropylethylamine  (DIPEA),  Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP), tetrahydrofuran (THF), and imidazole were acquired from Sigma.

All other materials/reagents were obtained as noted in the text.

Quantum dot synthesis

CdSe-ZnS core-shell QD nanocrystals capped with DHLA-polyethylene glycol
(PEG)750-OMe ligands were synthesized as described previously. 147148 The QDs exhibit
maximum photoluminescence centered at 545 nm. Size was confirmed by TEM.%
Synthesis of peptides and characterization

DOX-ester peptide. The DOX-ester peptide was synthesized as described
previously. ® The sequence of the peptide used was GNNGAAAA-Aib-AAAA-Aib-
GLGHHHHHH-amide (Biosynthesis, Inc.) where Aib is a-aminoisobutyric acid and the

amidation blocks the C-terminal carboxyl group. The DOX used was doxorubicin
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hydrochloride. The N-terminal amine on the peptide was conjugated to the cognate
modified DOX. Conjugation of DOX to the peptide was done as described previously. %
Briefly, the peptide was dissolved in anhydrous DMF and mixed for 4 h at room
temperature (RT) with glycolic acid-NHS ester. The product was then diluted with PBS
and purified using Ni-NTA agarose resin. The purified peptide was dissolved in DMF and
mixed with succinic acid. Diisopropylcarbodiimide and DMAP where added and the
reaction was mixed overnight at RT. The reaction mixture was diluted with PBS and
purified using a Ni-NTA agarose resin. The purified peptide was dissolved in DMF and
mixed with diisopropylcarbodiimide and NHS for 2 h at RT. After this time, DOX
dissolved in DMF and DIPEA was added and the reaction was left in the dark to mix at RT
overnight. The reaction mixture was diluted with PBS and purified with Ni-NTA as before.

JB434. Synthesis of the cell uptake peptide, JB434, (ReGGLA(Aib)SGWKHEs;
Biosynthesis, Inc.) used in this study is described elsewhere.’® The peptide contains a
polyarginine tract (Rq) that facilitates endocytic uptake, a polyhistidine tract (Hs) that
mediates self-assembly to the surface of the QD surface, and a linker domain
(GGLA(Aib)SGWK). 12153
Cell culture

NCI-H69 cells (DOX-sensitive, non-adherent, American Type Culture Collection
(ATCC HTB-119)) were cultured in complete growth medium (RPMI-1640) supplemented
with 10% (v/v) heat inactivated fetal bovine serum (ATCC) and 1% (v/v)
penicillin/streptomycin (Sigma). Cultures were maintained in suspension in T75 flasks and
incubated at 37 °C under a 5% CO> humidified atmosphere. Media was refreshed every 2-

3 days and cells were passaged every 7 days. H69AR cells (DOX-resistant, adherent,
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ATCC CRL-11351) were cultured in complete growth medium (RPMI-1640)
supplemented with 20% (v/v) heat inactivated fetal bovine serum (ATCC) and 1% (v/v)
Penicillin Streptomycin (Sigma). Cultures were maintained in T75 flasks and incubated at
37°C under a 5% CO: humidified atmosphere and passaged every 3-4 days at 80%
confluency. All cells used in this study were between passages 2 and 15.
Cellular delivery of QD-ester-DOX-JB434 conjugates

For cellular delivery experiments, HG9AR cells were seeded on MatTek™ 14 mm
dishes (Ashland, MA) that were pre-coated with 30 pg/mL fibronectin (ThermoFisher) for
2h. Cells were seeded at 6 x 10* cells/mL and allowed to adhere overnight. Prior to addition
of materials for cellular delivery, the cells were washed twice with serum free media. QDs
(200 nM) were assembled with JB434 peptide (15 peptides per QD) and ester-DOX peptide
(30 peptides per QD, final DOX concentration 6 uM) in serum free media for 30 min at
RT. 15215 The complexes were then incubated on cell monolayers for 2 h at 37 °C. Control
cells were incubated with free DOX at the same concentration (6 uM). After 2 h, the cells
were washed twice with LCIS and retained within an environment-controlled incubation
chamber while being imaged using confocal microscopy (vide infra). Fluorescence signal
intensity of DOX was calculated by drawing a region of interest (ROI) around individual
cells. The data were statistically analyzed by a two-tailed Welch’s t-test at the 95%
confidence interval using Graphpad Prism 7.03 software (La Jolla, CA). After imaging, the
LCIS was replaced with complete media, and the cells were returned to the incubator and
imaged at 8 h and 48 h. After 48 h, the cells were stained with a live cell nuclear marker

(NucBlue; ThermoFisher) for 20 min at RT.
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Quantification of cellular cytotoxicity

Cellular cytotoxicity was determined using the CellTiter 96® AQueous One
Solution Cell Proliferation Assay (Promega, W1).1° 15" This colorimetric assay determines
the number of viable cells after incubation with a material of interest through conversion
of the tetrazolium compound (MTS) into formazan by live cells. NCI-H69 cells were
seeded in a v-bottom 96-well tissue culture microplate at a density of 2 x 10* cells/well and
H69AR cells were seeded in a flat-bottom 96-well tissue culture microplate at a density of
3 x 10° cells/well. Both cultures were allowed to grow overnight. QDs were assembled
with JB434 peptides and with ester-DOX peptides (vide supra) in serum free media for 30
min at RT. QD complexes were then incubated on cells for 2 h at 37°C. As controls, free
DOX, QD alone, and QD-JB434 complexes were also included at corresponding
concentrations. After incubation, the QD-containing solution was replaced with complete
media and the cells were allowed to proliferate under standard culture conditions for 72 h.
For non-adherent cells, to replace solution, the cells were spun down at 3000 rpm for 5
min. After 72 h, 20 pL of a solution containing MTS was added to each well and incubated
with the cells for 4 h. Non-adherent cells were transferred to a flat bottom 96-well tissue
culture microplate and absorbance for both cell lines were read at 600 nm and 800 nm (for
background subtraction) using a Tecan Infinite M1000 dual monochromator plate reader
equipped with a xenon flash lamp (Tecan). Results were reported as a percentage of cellular
viability, normalized to control wells of cells cultured alone.’®® " The data were

statistically analyzed by a two-tailed Welch’s t-test as before.
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Microscopy and image analysis

All imaging was performed using a Nikon A1RSi Laser Scanning Confocal
Imaging system. The following imaging settings were used (laser
excitation/dichroic/emission range): NucBlue, 405 nm/405 nm/425-475 nm; QD, 405
nm/488 nm/500-550 nm and DOX, 561 nm/561 nm/570-620 nm. Each channel was imaged
sequentially to prevent bleed-though between the channels. All imaging settings (i.e. laser
power, gain, exposure time) were kept consistent between experiments. Quantification of
DOX uptake and colocalization analysis was done using NIS-Elements AR (ver. 4.30.02).
Fluorescence signal corresponding to DOX uptake was calculated by drawing a ROI
around individual cells (n = 30 cells), and then averaging data across all cells. Images were
prepared for publication using the same software. Colocalization was statistically analyzed
by a two-tailed Welch’s t-test at the 95% confidence interval using Graphpad Prism 7.03
software.
Results and Discussion
Time-resolved cellular uptake and fate of QD-ester-DOX-JB434 complexes
To assess this hypothesis, we first investigated the cellular internalization and distribution
of free DOX and the QD-ester-DOX complexes in the MDR pump-expressing cell line,
H69AR (human small cell lung carcinoma), which is ~50-fold more resistant to DOX
compared to the parental cell line, H69.2* All materials and methods can be found in the
supplementary information. H69AR cells were incubated (for 2 h at 37 °C) with 200 nM
545 nm-emitting QDs that were preassembled with 30 copies of the ester-DOX peptide (6
uM DOX) and 15 copies of the cell-uptake peptide, JB434. Previous studies have

demonstrated that the maximum number of peptides that can be appended through
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histidine-mediated binding to 545 nm QDs is ~50 peptides.®* As a control, cells were
incubated under the same conditions with 6 uM free DOX. Live cell confocal laser
scanning imaging was performed immediately after incubation with the QD-ester-DOX
conjugates or free DOX (2 h) and after a 6 h incubation period in complete media (8 h).
HG69AR cells incubated with the QD-ester-DOX bioconjugates showed significantly
greater cellular accumulation of DOX compared to cells incubated with free DOX (Figure
18). To confirm that the observed differential DOX loading between the QD-ester-DOX
conjugate and free DOX in the H69AR cell line was due primarily to the cells’ drug efflux
activity, control experiments were performed wherein we compared the mean fluorescence
intensity of free DOX uptake in HG9AR cells to two DOX-susceptible cell lines (the parent
H69 cell line and HeLa cells). When incubated with 6 uM DOX, both DOX-susceptible

cell lines exhibited a significantly higher (~1.8-fold) degree of DOX internalization

A
Figure 18: Time-resolved cellular

uptake and distribution of QD-
ester-DOX/JB434 conjugates and
free DOX in H69AR cells. Cells
were incubated for 2 h with either
(A) 200 nM QDs complexed with
JB434 (15/QD) and ester-DOX
(30/QD) or with (B) free DOX (6
KM DOX in all cases). Images were
acquired using confocal
microscopy at 2 h and 8 h. Shown
are representative images:
differential interference contrast
(DIC), DOX fluorescence (red),
QD fluorescence (green), and
merge of QD and fluorescence
(yellow). Scale bar is 20 um. (C)
Graph  shows  colocalization
between DOX and QD after 2 h and
8 h. Data was obtained using
Pearson’s colocalization
2hr Ehe coefficient. (n = 30 cells + SD). A
statistically significant difference in
colocalization was noted between 2
hand 8 h (****, p<0.0001).
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Figure 19. Cellular uptake

of DOX in H69 (DOX-

susceptible) cells. A)

Cellular uptake of free DOX

in H69 cells. Cells were

incubated for 2 h with 6 pM

free DOX and images were
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compared to the DOX-resistant cells (Figure 19). As expected, colocalization analysis
(Pearson’s correlation coefficient (PCC)) revealed separation of the QD and DOX
fluorescence signals over the 8 h time period, indicating an increase in release of DOX
from bioconjugate. Interestingly, we observed no significant nuclear accumulation of DOX
for either treatment group, which is likely attributable to a slower DOX release rate for the
ester conjugate and the low retention of free DOX in the H69AR cell line. This was
confirmed by imaging the cells at 48 h after the initial 2 h incubation time (Figure 20)
where H69AR cells treated with the complex demonstrated clear signs of nuclear
accumulation (PCC=0.438; cells counterstained with NucBlue®) compared to cells treated
with free DOX. Additionally, late endosomes/lysosomes are known to be localized in the
area surrounding the nucleus, thus a portion of the DOX from the QD-ester complex was

perinuclear, further facilitating nuclear delivery. This nuclear/perinuclear accumulation
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Figure 20: Cellular distribution of DOX after 48 h. After 2 h delivery of complexes or free DOX and 48
h culture in complete media, H69AR cells were stained with NucBlue®, a live cell nuclear stain, for 20 min
and imaged using confocal microscopy. Shown are representative images of DIC, DOX (red), nucleus (blue)
and DOX plus nucleus (merge). Scale bar is 20 nm. PCC was used to determine colocalization between
DOX and NucBlue (n= 30 cells + SD). White arrows indicate perinuclear location of DOX.

time is consistent with other solid/hard NP systems that have utilized intracellular

mechanisms for drug release.?*?

Quantification of cellular cytotoxicity of QD-ester-DOX-JB434 complexes

Having characterized the cellular localization kinetics of the QD-ester-DOX
conjugates in H69AR cells, we next used a cellular viability assay to ascertain the anti-
proliferative effect of DOX delivered in the form of the QD-ester-DOX conjugate
compared to the free drug. H69 and H69AR cells seeded to the wells of a microtiter plate
were treated with the conjugate or free DOX as described for the imaging studies with QD
alone and QD complexed with only the cell uptake peptide included as controls. Following
an initial 2 h incubation with the materials and subsequent removal, the cells were cultured
in complete media for 72 h to allow for proliferation, after which an MTS tetrazolium

reagent was added to the wells. As shown in Figure 21, QDs alone and the QD-JB434
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Figure 21: Cytotoxicity of QD-ester-DOX-JB434 bioconjugates compared to free drug. Cell
proliferation of NCI-H69 (DOX-sensitive) and HG9AR (DOX-resistant) cells after incubation with
complexes vs. free drug was determined by MTS. Cells were incubated with QDs (200 nM)
assembled with JB434 (15/QD) and ester-DOX (30/QD) for 2 h followed by a 72 h culture period
in complete media. Graph shows percent cell viability £ SD of wells performed in quadruplicate
relative to control cells incubated with serum-free media. Free DOX, QD and QD-JB434 were
included as controls. A statistically significant difference in toxicity was noted between free DOX
compared to the bioconjugate in DOX-resistant cells (p<0.001;**, n.s.- not significant)

complex showed minimal toxicity in both cell lines, confirming the biocompatibility of the
QD delivery system.% %6 As expected, the free DOX and QD-ester-DOX peptide complex
had similar toxicity in the DOX susceptible cell line (H69), which agrees well with our
previous results in HeLa cells (also DOX-sensitive).”® In DOX-resistant HG9AR cells,
however, there was a ~40% improvement in cell killing for the QD-ester-DOX
bioconjugate system compared to free drug, clearly demonstrating the ability of the QD
complex to bypass the activity of the MDR pumps without the need for co-delivery of other

agents.
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Conclusion

Our results reported here are one of the few examples of a NP-based drug delivery
system to achieve significant defeat of MDR pumps without the need for augmentation
using exogenous MDR pump-incapacitating drugs or nucleic acids. Other studies utilizing
various NP composites to overcome MDR have demonstrated similar results but they have
required co-delivery with other agents aimed at abrogating MDR pump activity. For
example, Li et al. showed a ~60% decrease in cell viability (compared to free DOX) in
A2790 ovarian cancer cells bearing MDR pumps after delivery of their folic acid-
conjugated polymeric NPs containing DOX and BCL2-inhibiting siRNA.223 Oliveira et al.
demonstrated a 40% increase in toxicity after delivery of solid lipid NPs co-loaded with
DOX and the P-gp inhibitor TGPS in MDR-positive MCF-7 cells.?** Similarly, Zeng and
colleagues reported a 20% decrease in MDR-positive cell viability after delivery of
polyester dendritic NPs compared to free drug.?’® Still, other systems have required
unusually long incubation times with the targeted cells to achieve the desired therapeutic
effect. Such is the case, for example, in the nuclear-targeted mesoporous silica coated QD
system described by Li et al. where a 24 h incubation time was required for sufficient NP
uptake.* Similarly, Wang and colleagues required up to a 72 h incubation period to enable
sufficient uptake of their AUNP/DOX complexes.?!2 In our system, we were able to achieve
a ~40% increase in cell killing in MDR-positive cells with only a 2 h incubation time with
the QD complex. This significantly shorter delivery time is driven by the highly efficient
cell-uptake activity afforded by the JB434 cell-uptake peptide.

The QD scaffold-based system described herein is a facile, traceable platform that

affords multiple benefits in the ensemble drug delivery system. These include: (1) bright

90



QD fluorescence for bioconjugate tracking, (2) tunable drug loading that is controlled
through ratiometric assembly of peptide-drug conjugates to the QD surface, (3) easy entry
of the ensemble complex into the endocytic pathway, (4) negligible toxicity of the drug-
free conjugate, and (5) spatiotemporal control of drug release that effectively defeats the
effects of MDR pumps. This system represents a new paradigm in NP-mediated drug
delivery and will likely lead to new therapeutic approaches for the successful treatment of

MDR-positive cancers.

91



Chapter 5: Proof-of-Concept of an Extracellularly-Actuated
Nanoparticle-Peptide-Photosensitizer  Bioconjugate for Targeted

Membrane Delivery and Improved Photodynamic Therapy

Introduction

Photodynamic therapy (PDT) is an emerging modality for treating certain types of
disease and is currently used in the clinic as the fourth line of treatment for cancer. In PDT,
photoexcitation of a photosensitizer (PS) drug facilitates electron or energy transfer to the
surrounding oxygen molecules resulting in generation of reactive oxygen species (ROS),
such as singlet oxygen (*O) or free radicals (O>-), causing oxidative damage and eventually
leading to cell death.?!® 27 The PS is minimally toxic in the absence of light and
consequently PS accumulation in non-specific tissues confers minimal systemic toxicity.®
In addition, the activating light is non-ionizing (in contrast to light used in radiotherapy)
meaning the effect on tissues in the absence of the PS is minimal.?!8 In general, PDT is a
relatively inexpensive, noninvasive form of therapy, thus providing an attractive clinical
alternate to traditional drug therapy.

One common class of PS drug used for PDT is porphyrins.?*® Porphyrins are
complex, highly conjugated aromatic molecules with chemically stable structures.?? There
are several FDA-approved formulations of porphyrin and porphyrin derivatives including
Photofrin®, Metvixia®, and Visudyne®, all of which have been used for the treatment of
various types of cancers.?16-218. 221 \While useful for clinical treatment, porphyrins have
certain limitations that hinder their overall therapeutic efficacy, namely: 1) they are highly

hydrophobic and 2) they are typically delivered non-specifically to cells. The

92



hydrophobicity of porphyrins pose a major roadblock in the treatment of cancers as low
aqueous stability of the drug can result in aggregation in physiological conditions.???
Additionally, it has been shown that the subcellular localization of a PS can determine its
therapeutic efficacy in PDT.?2-226 The singlet oxygen that results from energy transfer after
excitation of the PS diffuses only tens of nanometers, such that damage produced is limited
to the subcellular location of the PS. Uptake of porphyrins usually limits them to
endosomes or the cellular cytosol, whereas directed delivery to the membrane of cells can
potentially be used to enhance the cytotoxic effect of ROS via spatially-localized lipid
peroxidation of the plasma membrane resulting in peroxyl radicals.?%2 223,227, 228

As mentioned in the previous chapters, QDs offer many benefits when used as a
central scaffold for NMDD. The surface of QDs can be coated with various hydrophilic
ligands, significantly improving the water solubility of appended cargos. The surface is
also amenable to attachment of various targeting ligands, as demonstrated in Chapters 3
and 4, where a cell uptake peptide was used to facilitate internalization into endosomes.
Additionally, due to their large quantum yield, high photostability, and size-tunable
photoluminescence, QDs are ideal Forster resonance energy transfer (FRET) donors, as
described in Chapter 3. Hence, by attaching both a porphyrin and a targeting moiety to the
surface of the QD, the photosensitizer can be specifically targeted to the membrane of cells
and excited by the QD in a FRET configuration in an effort to improve the efficacy of the
targeted drug.

In the past, several schemes have been developed to improve the therapeutic
efficacy of a porphyrin, chlorin e6 (Ce6).22°23 Li and coworkers loaded Ce6 onto iron

oxide nanoclusters functionalized with polyethylene glycol for targeted delivery using a
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magnetic field. In vivo results demonstrated minimal increase in tumor volume for mice
treated with the NP-Ce6 conjugate compared to a large increase for mice treated with drug
alone.??° Similarly Dou and colleagues showed an improvement in therapeutic efficacy of
Ce6 when conjugated to an upconversion NP.2® Other strategies utilize delivery with
oxygen-generating dots to improve therapeutic efficacy in the hypoxic tumor
microenviornemnt.?31: 24 While these studies utilize hard NPs for NMDD and show an
improvement in therapeutic efficacy, ours is the first study to explore membrane targeting
of Ce6 with a hard NP to augment cytotoxicity.

In this study, we use a QD as a prototypical hard NP scaffold to show a proof-of-
concept multifunctional hard NP—peptide-photosensitizer conjugate platform for combined
membrane targeting and PDT (Figure 22). Our primary goal was to evaluate augmented
therapeutic efficacy of the PS when delivered in combination with a QD and a membrane
labeling peptide. Here, the central QD serves several purposes: 1) a scaffold for attachment
of a membrane labeling peptide, JB858, 2) a scaffold for attachment and improvement of
aqueous solubility of a PS, chlorin e6 (Ce6) and 3) a donor molecule to engage in FRET
with the Ce6 acceptor. In this system, JB858 is self-assembled, via histidine-mediated
metal affinity (described in Chapter 3) and is used to drive membrane tethering of the QD
via insertion of the peptide into the lipid bilayer. Also attached to the QD is the well-known,
widely used PS, Ce6. The Ce6 is attached directly to amine-terminated QD ligands using
EDC conjugation chemistry. Finally, the fluorescence of the QD scaffold and Ce6 cargo
enables real-time monitoring of the localization of both the QD carrier and the PS cargo

present in the ensemble construct.
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Figure 22: Schematic of the QD-JB858-Ce6 FRET system. A) Schematic of CdSe-ZnS core-shell
QDs capped with DHLA-PEG7s0-Ome and a DHLA-PEG-Amine ligand. The amine ligand of the
QDs are conjugated to chlorin e6 (Ce6) and a membrane tethering peptide, JB858. Direct excitation
of the QDs facilitates fluorescence resonant energy transfer between the QD and Ce6 which leads
to generation of reactive oxygen species (ROS) by the Ce6. B) Chemical structure of the Ce6. C)
Peptide sequence of JB858. D) Chemical structure of the amine terminated capping ligand.
Chemical structure of the methoxy ligand is shown in Figure 8.

We present photophysical characterization of the QD—peptide—Ce6 system in
buffered solution outside the cellular environment. Analytical gel electrophoresis and
UV/VIS absorbance spectra demonstrated successful assembly of the constructs and long-
term stability and fluorescence spectra confirmed FRET between the QD and Ce6. Cellular
delivery experiments tracked the residence of the complexes on the plasma membrane of
cells, confirmed the maintenance of FRET in vitro, and demonstrated an increase in lipid

peroxidation and augmented destruction of the plasma membrane for cells treated with the

conjugate compared to Ce6 alone. Finally, cytotoxicity studies were performed to
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determine the comparative toxicity of Ce6 delivered as a QD complex versus as free PS
drug. After excitation with the laser, the QD-JB858-Ce6 complex showed augmented
toxicity indicating the benefit of the delivery Ce6 to the plasma membrane. Our in vitro
data clearly demonstrates that the toxicity of the PS can be augmented by localized delivery
to the membrane of cells. The work described here details basic concepts for the design of
hard NP materials for externally-triggered actuation of surface-appended drug cargos. The
principles developed here can be taken into consideration when developing other NP-based

drug delivery systems for the overall improvement of other PDT-based therapeutics.
Materials and Methods

Materials

Dulbecco’s phosphate buffered saline (D-PBS) and phosphate buffered saline
(PBS), were obtained from ThermoFisher, (Carlsbad, CA). 96-well cell culture cluster
microtiter plates were purchased from Corning-Costar (Corning, NY). Doxorubicin
hydrochloride (DOX), Dimethyl sulfoxide (DMSQ), Tris-borate-EDTA buffer solution, N-
hydroxysuccinimide (NHS), and 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC)
were acquired from Sigma. All other materials/reagents were obtained as noted in the text.
Quantum dot (QD) synthesis

CdSe-ZnS core-shell QD nanocrystals with emission maxima centered at 545 nm
were synthesized using a high temperature reaction of organometallic precursors and were
rendered hydrophilic by exchanging the native trioctylphosphine/trioctylphosphine oxide
(TOP/TOPO) capping shell (hydrophobic ligands) with 85% DHLA-polyethylene glycol
(PEG)750-OMe and 15% of a short amine ligand (structure shown above in Figure 22), as

described previously. The QDs are identified by their wavelength of maximum emission,
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so a sample of 545 nm QDs designates a population of QDs which exhibits maximum
photoluminescence centered at 545 nm.
Conjugation of QD to chlorin e6 (Ce6)

The primary amine of the DHLA-PEG-NH2 ligands on the QD was conjugated to
the carboxyl on the Ce6 (Frontier Scientific Inc.) using EDC/NHS chemistry. QD (1.9 uM)
was added to EDC (50 mM), NHS (5 mM), and Ce6 (9.5 uM dissolved in DMSQ) in a 1.5x
PBS solution and left to stir in the dark at r.t. After 2 h, the reaction was moved to 4°C and
left covered overnight. The QD-Ce6 complexes were then purified by centrifugation (3
times) at 1400 x g using a 10K centrifugal filter (Amicon). Conjugation and aqueous
stability of the complex was confirmed through UV/vis absorbance using a UV-1600PC
Spectrophotometer (VWR Inc.). Conjugation was also confirmed by gel electrophoresis on
the QD alone and the QD-Ce6 complexes as described in Chapter 3. Briefly, 5 pmol of
samples prepared in PBS buffer were added to the individual wells of an agarose gel. The
gel was for 15 minutes at 95 volts/10 cm and imaged using a BioRad ChemiDoc XRS+
imaging system. To confirm FRET, fluorescence spectra of the complex, QD, and Ce6
alone was taken using a RF-6000 Spectrofluorophotometer (Shimadzu Scientific
Instruments) at fixed concentrations by excitation at 488 nm for indirect excitation of Ce6.
Synthesis of JB858 peptide and characterization

The membrane-targeting peptide, JB858, (WG[Dab][Palm]VKIKKCPysGGHs)
used in this study is described elsewhere.> The palmitol ([Palm]) is an aliphatic carbon
chain which inserts into the membrane bilayer and is attached to the peptide backbone by
a diaminobutyrate moiety. The highly positively charged lysines (KIKK) mediate

interaction with the negatively charged membrane. The polyhistidine tract (He) at the C-

97



terminus mediates peptide self-assembly to the QD surface. Peptide synthesis was
performed by Bio-Synthesis Inc. using Boc-solid phase peptide synthesis, purified by
HPLC and characterized by electrospray ionization mass spectroscopy.*’ %3
Cell culture

HeLa cells (American Type Culture Collection (ATCC)) were cultured in Eagle’s
Minimum Essential Medium (MEM; ATCC) and human embryonic kidney cells (HEK)
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; ATCC). Both media
were supplemented with 10% (v/v) heat inactivated fetal bovine serum (ATCC), 1% (v/v)
antibiotic/antimitotic (Sigma) and 1 mM sodium pyruvate (Sigma). Cultures were
maintained in T25 flasks and incubated at 37°C under a 5% CO- humidified atmosphere
and passaged every 2-3 days at 80% confluency. All cells used in this study were used

between passages 3 and 15.

Plasma membrane delivery of QD/JB858/Ce6 bioconjugates

For membrane labeling experiments, HEK 293T/17 cells were seeded on
MatTek™ 14 mm dishes (Ashland, MA) that were pre-coated with 30 pug/mL fibronectin
(ThermoFisher) for 2h. Cells were seeded at 2 x 10° cells/mL and allowed to adhere
overnight. Prior to addition of materials for cellular delivery, the cells were washed twice
with DMEM-HEPES. QDs-Ce6 complexes (200 nM) were assembled with JB858 peptides
(30 per QD) in DMEM-HEPES for 45 min at RT. The cell monolayers were incubated with
QD-JB858-Ce6 for 45 min at 37°C and then colabeled with 8 uM of a plasma membrane
marker (Lissamine Rhodamine B 1,2, dihexadecanoyl-sn-glycero-3-phosphoethanolamine
(Rhod-PE); ThermoFisher) for 10 min at RT. Cells were then washed twice with LCIS

(live cell imaging solution, ThermoFisher) and imaged using confocal microscopy (vide
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infra). Image analysis and Pearson’s correlation coefficient was used to confirm QD, e6

and membrane marker colocalization.

Fluorescence lifetime imaging microscopy (FLIM)

To confirm FRET in vitro, FLIM was used to determine the lifetime of the QD
alone, Ce6 alone, QD in the QD-Ce6 complex and Ce6 in the QD-Ce6 complex. For FLIM
studies, HeLa cells were seeded at a concentration of 8 * 10* cells/mL and allowed to adhere
overnight. JB858 was complexed to QD and QD-Ce6 (ratio 30) and QD-JB858, QD-
JB858-Ce6, and Ce6 alone were delivered to cells. FLIM was done using an ISS™
FastFlim Imaging System (Champaign, IL) interfaced with a Nikon A1RSi confocal
microscope (vide infra). Phasor plot analysis was used to determine the lifetimes of the QD

and Ce6 and well as the contribution of QD and Ce6 in the QD-Ce6 complex.

Lipid peroxidation mediated by QD/JB858/Ce6 bioconjugates

For lipid peroxidation studies, HeLa cells were seeded at a concentration of 8 x 10*
cellssmL and allowed to adhere overnight. Complexes were formed and delivered as
described above. After delivery, cells were colabeled with 1 uM of a lipid peroxidation
senor (BODIPY™ 581/591 C11, ThermoFisher) for 30 min at 37°C. Cells were then
washed with LCIS and placed in an incubation chamber to be imaged using confocal
microscopy. QD-JB858 complexes and Ce6 alone at corresponding concentrations were
used as controls. This probe detects peroxyl radicals, such as those caused by lipid
peroxidation, wherein oxidation of the polyunsaturated butadienyl portion of the probe
results in a shift of fluorescence emission peak from ~590 to ~510, thus a loss in
fluorescence emission at ~590 indicates lipid peroxidation. Cells were sequentially

irradiated using a 488 nm laser at ~60 mW/cm? then imaged for a total of 16 minutes.
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Individual cells were selected as regions of interest (n = 40-50 cells) and image analysis
was used to determine change in fluorescence. Change in fluorescence intensity of the lipid
peroxidation probe after excitation was expressed as the percent decrease compared to the

fluorescence intensity at t = 0 min.

Quantification of membrane permeability (dead stain)

Changes in membrane permeability/structure was determined using the dead stain,
ethidium homodimer-1 (EthD-1), from a LIVE/DEAD® Viability/Cytotoxicity Kit
(ThermoFisher). EthD-1 is a membrane impermeable dye that detects cytotoxicity by
entering cells with compromised plasma membranes. Upon entering cells, the dye
undergoes a 40-fold enhancement in fluorescence, thus producing a bright red fluorescence
in cells with compromised membranes. For this study, the conditions used for the lipid
peroxidation experiment were emulated. The only difference was colabeling with EthD-1
(4 pM) instead of the lipid peroxidation sensor. EthD-1 was left in solution during
irradiation/imaging so that entry into cells could be tracked over time. After the 16 minute
irradiation period, cells were imaged every 30 min for 12 h. As before, individual cells
were selected as regions of interest (n = 30-40 cells) and image analysis was used to
determine a change in fluorescence. Increased uptake of the dye confirms cell death.
Change in fluorescence intensity of the EthD-1 dye was expressed as raw intensity with
arbitrary units over time (h).

Quantification of cellular cytotoxicity (MTS)

Cellular cytotoxicity was also determined using the CellTiter 96® AQueous One

Solution Cell Proliferation Assay (Promega, WI), which is a colorimetric assay that can be

used to determine the number of viable cells after incubation with materials of interest.1%¢
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157 HeLa cells were seeded in a 96-well tissue culture microplate at a density of 3000
cells/well (doubling time ~24hrs) and allowed to grow overnight. QD-Ce6 complexes were
assembled with JB858 peptides (30/QD) in DMEM-HEPES for 45 minutes at RT QD.
Complexes were then incubated on cells for 45 min at 37°C. QD-JB858 and Ce6 at
corresponding concentrations with and without irradiation were included as controls. The
solution was then replaced with DMEM-HEPES and wells were irradiated with a 488 nm
laser for a total of 15 min (laser power ~ 15 mW/cm?) . Cells were then placed in complete
media and allowed to proliferate for 72 h. After 72 h, 20 uL of a MTS solution was added
to each well and incubated with the cells for 4 h. Absorbance was read at 600 nm and 800
nm (to correct for background subtraction) using a Tecan Infinite M1000 dual
monochromator multifunction plate reader equipped with a xenon flash lamp (Tecan).
Results were reported as a percentage of cellular viability, normalized to control wells of
cells cultured alone with or without irradiation, respectively.
Microscopy and image analysis

All imaging was performed using a Nikon A1RSi Laser Scanning Confocal
Imaging system. The following imaging settings were used (laser
excitation/dichroic/emission range): QD, 488 nm/488 nm/500-550 nm; Lipid Peroxidation
Sensor/Membrane Marker, 561 nm/561 nm/570-620 nm, Ce6, 405 nm/640 nm/663-738
nm. Each channel was imaged sequentially to prevent bleed-though between the channels.

Image analysis and image preparation was done using NIS-Elements AR (ver. 4.30.02).

Statistical analysis
The data were statistically analyzed by the univariate analysis of variance

(ANOVA) using GraphPad Prism 7.0 software for Windows (La Jolla, CA). Average
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values were calculated + standard error of mean (SEM). A probability of significance of p
< 0.05 was accepted.
Results and Discussion
Rationale of QD-JB858-Ce6 drug delivery system

The goal of this study was to develop a hard NP-mediated drug delivery system that
could cumulatively do the following: 1-target the NP conjugate to the plasma membrane
of cells; 2-generate ROS and enable lipid peroxidation via excitation of an appended
photosensitizer in a FRET configuration; 3-improve the overall cell killing through
treatment with PDT; 4-avail real-time tracking of the NP scaffold, photosensitizer, and
therapeutic, and 5-elicit minimal cytotoxicity prior to laser-induced actuation of the NP
complex. To achieve this, we employed a QD as a multifunctional central scaffold to attach
a PS and a membrane labeling peptide, JB858 (Figure 22). We chose the PS, Ce6, as it is
a well-known and widely used porphyrin and is known to cause ROS generation leading
to apoptosis and eventual cell death. JB858, the membrane-labeling peptide, is comprised
of the sequence WG[Dab][Palm]VKIKKPsGGHs, and facilitates membrane tethering of
the QD complexes to cells.. The peptide contains an aliphatic palmitol [Palm] for insertion
into the lipid bilayer of membranes, a positively charged lysine tract (KIKK) to facilitate
electrostatic targeting to the negatively charged membrane of cells, a polyproline tract (Po)
as a spacer, and a polyhistidine tract (Hs) to drive self-assembly of the peptide to the ZnS
shell of the QD surface via metal affinity coordination. Additionally, the QD serves as a
FRET donor to the Ce6 acceptor in the QD-Ce6 complex, where excitation of the QD leads
to energy transfer to and excitation of the Ce6, resulting in generation of ROS. As discussed

in Chapter 3, FRET is a photophysical process where excitation of a donor molecule (QD)
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results in non-radiative dipole-dipole energy transfer to an acceptor molecule (Ce6), a
process that is dependent upon, in part, spectral overlap between the donor’s emission and
the acceptor’s absorbance as well as the center-to-center distance between the donor and
acceptor molecule. Overall, the system serves to show proof-of-concept for augmented
PDT when delivery of a photosensitizer in a QD bioconjugate.
Characterization and stability of QD-JB858-Ce6 complexes

Conjugation of the carboxyl moiety on the Ce6 to the amine ligands on the QD
surface was done using EDC coupling, as described elsewhere.?® After conjugation, we
first sought to confirm successful assembly of the Ce6 to the QD surface. Figure 23A shows
the results of gel electrophoresis analysis of the unconjugated QDs compared to QD-Ce6
complexes. As anticipated, the QD alone showed strong mobility towards cathode, while
QD-Ce6 complexes stayed within the well. This is due to the fact that the unconjugated
QDs contains free amine ligands that impart positive charge and migration in the gel,
whereas in the complex form, the amine is conjugated to the Ce6. As a second method of
confirmation of assembly, the complexes were analyzed using UV/VIS absorbance (Figure
23B). The absorption spectrum of free Ce6 has an intensive peak at 403 nm (Soret band)
and several weaker Q band peaks at 505 nm, 558 nm, 607 nm, and 652 nm with the most
intensive being at 652 nm (QD(1)). When Ce6 is conjugated to the QD, the resulting spectra
is not a simple superposition of the QD alone and Ce6 alone spectra. Instead, there is a

bathochromic shift in the Q(I) band from 663 nm to 655 nm and a broadening of the Soret
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Figure 23: Characterization of the QD-Ce6 FRET system. A) Gel electrophoresis of QDs
assembled with Ce6. Red line indicates the location of sample loading wells. B) UV/VIS absorption

spectra of QDs alone, Ce6 alone, and QD-Ce6 complexes. C) Fluorescence emission spectra of QD

alone, Ce6 alone, and QD-Ce6 complexes excited in a FRET configuration (all excitations done at

488 nm). D) Stability of the QD-Ce6 complex compared to Ce6 alone in aqueous media. Stability

was measured as a function of change in percent of absorbance at 655 nm (QD-Ce6) or 663 nm (Ce6

alone).

band (400 nm) which has been reported previously in the literature.?*¢-2%® To confirm FRET

between the QD and Ce6, fluorescence spectra was taken at 488 nm excitation. We chose
this wavelength due to the fact that here the Ce6 alone has minimal absorbance, while the
QD maintains significant absorbance, thus permitting excitation of the QD alone. Although
below 375 nm the difference between the QD and Ce6 absorbance is greater than at 488
nm, these wavelengths are toxic to cells, and thus would not be practical for in vitro
experiments. Fluorescence spectra in Figure 23C shows both a decrease in QD donor
fluorescence in the complex compared to QD alone as well as sensitized Ce6 emission
confirming FRET. The steady-state experimental FRET efficiency, using the equation from

Chapter 3, was determined to be 64%.
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In addition to confirmation of complex formation, the stability of the Ce6 when
appended to the QD was tested over time. Here, we used UV/VIS absorbance and focused
on the Q(I) band at 655/663 nm as the QD has minimal absorbance at this wavelength.
Figure 23D shows a percent change in absorbance over time. Even over a one week period
it is clear that the Ce6 alone shows a significantly higher decrease in absorbance compared
to the QD-Ce6 complex, indicating improved aqueous stability of Ce6 in the conjugate.
This difference can be attributed to the hydrophilic PEG coating of the QDs, which lends
aqueous solubility to the entire complex.240: 241
Plasma membrane labeling of QD-JB858-Ce6 conjugates and in vitro FLIM
measurements

Membrane labeling of the QD-JB858-Ce6 complexes was investigated in HEK
293T/17 cells using confocal laser scanning microscopy based on the green emission of
the QD, cyan emission of the Ce6 and red emission of the membrane marker, for
distinguishing plasma membrane resident NPs vs those inside the cell. After delivery of
the QD-JB858-Ceb6 conjugates to cells followed by delivery of a membrane maker (Rhod-
PE), confocal imaging and comparative colocalization analysis was performed to
determine simultaneous location of the QD carrier, Ce6, and the plasma membrane marker
as well as to confirm structural integrity of the complex after delivery to cells. As evidenced
by Figure 24, the plasma membrane displayed robust labeling with the QD-Ce6 complexes,
as confirmed by a Pearson’s colocalization coefficient (PCC) of 0.72 + 0.09 between the
QD and membrane marker. This result is consistent with our previous studies utilizing this
peptide motif where membrane tethering of QDs was seen for up to 48 hrs in mammalian

cells.™> 242 Additionally, the Ce6 signal was highly colocalized with the QD signal (PCC =
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to the plasma membrane.

Figure 24: Plasma membrane
labeling of QD-JB858-Ceb6
complexes in HEK cells. A)
HEK cells were incubated with
pre-formed complexes
(incubated at RT for 45 min to
mediate QD-peptide assembly)
for 45 min at 37°C and
subsequently  stained  with
membrane marker Lissamine
Rhodamine B (Rhod-PE; 8 uM)
for 10 min at RT. Images were
obtained using confocal laser
scanning microscopy. Shown are
fluorescence images of the QD
(green), Ce6 (cyan), Rhod-Pe
(red) and merged  plus
transmitted light. Images shown
are representative of ~40 cells.
Scale bar, 50 um. B) Image
analysis was performed using
Pearson’s colocalization
coefficient (PCC) to determine
amount of colocalization
between each of the channels.
Colocalization is represented as +
SD.

Table 3: Fluorescence Lifetime

membrane  delivery

(nsec)
QD 16.9
QD in QD-Ceb 10.6
complex
Ceb 4.8
Ceb6 in QD-Ceb 77
complex

conjugates, we also determined

In addition to confirming

FRET efficiency after delivery by
measuring  the  change in
fluorescence lifetime of QDs in vitro
using fluorescence lifetime imaging

microscopy (FLIM). Table 3 shows

FLIM data from samples of QD alone, Ce6 alone, and QD-Ce6 complexes. It is clear that

the QD in the complex (10.6 nsec) has a significantly lower lifetime than QD alone (16.9
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nsec), whereas Ce6 in the complex (7.7 nsec) has a significantly higher lifetime than Ce6
alone (4.8 nsec). Previous studies have shown similar results where adding Ce6 to QDs in
a FRET configuration decreased the lifetime of QD fluorescence.?*® 244 Using the lifetime
measurements of the fluorophores in cells and the modified FRET efficiency equation:

T
FRET; =1 -— (%)
a

where 1,4, is the lifetime of the donor in the donor-acceptor complex and z is the lifetime
of the donor alone, the FRET efficiency was calculated to be 38%. FRET efficiency
differences calculated using emission versus lifetime is not unexpected as the method used
to calculate FRET is different.’>” Additionally, this change in FRET efficiency from the
steady-state measurements done in a cuvette and calculated using the change in
fluorescence of the QD is likely due to the fact that FLIM measurements were done in a
different, more complex environment (cells vs. buffer), with different ion concentrations
and pH, all of which could contribute to a change in the quantum yield of the QD, resulting

in changes in its efficiency of energy transfer to the Ce6 acceptor.24%-247

Lipid peroxidation mediated by QD-JB858-Ce6 complexes

Having confirmed successful assembly of the complex, effective tethering to the
plasma membrane, and FRET within the complex in the context of cells, we next sought to
determine the ability of the complexes to produce ROS and facilitate lipid peroxidation.
HeLa cells were incubated with Ce6, QD-JB858, or QD-JB858-Ce6 complexes for 30
minutes and then placed in an incubation chamber and imaged using confocal microscopy.
For these experiments, we switched to HeLa cells due to the fact that they are a cancer cell
line, and thus are a better model for treatment efficacy. Generation of ROS and peroxyl
radicals in HelLa cells was recorded and imaged using a red fluorescent probe, BODIPY
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Figure 25: Lipid Peroxidation after treatment with complexes in HelLa cells. A) HeLa cells were
incubated with either QD-JB858, QD-JB858-Ce6, or Ceb6 alone as before. Cells were colabeled with a lipid
peroxidation probe (BODIPY™581/591 C11) and then sequentially irradiated for 30 seconds with a 488 nm
laser and then imaged using confocal microscopy for a total of 16 minutes. Shown is the change in
fluorescence of the probe over the 16 minute period. Images shown are representative of ~40 cells. Scale bar,
50 um. B) Image analysis was performed to determine the change in fluorescence intensity of the sensor and

is plotted as a percent decrease compared to the intensity at t=0. **** P<0.0001

581/591 C11. The presence of peroxyl radicals causes oxidation of the polyunsaturated
butadienyl portion of the sensor, resulting in a fluorescence emission peak shift from ~590
nm to ~520 nm. As the 545 nm QDs have strong emission in the ~520 nm range, we
monitored the change in emission in the ~590 nm window, where a decrease in
luminescence confirms the presence of ROS/peroxyl radicals indicating lipid peroxidation.
Cells were sequentially imaged, then irradiated for 30 seconds with a 488 nm laser at a
power of ~60 mW/cm? for a total of 20 minutes. In these tests, the QD alone concentration
and Ce6 alone concentration was kept the same as that in the complex and QD-JB858, Ce6
alone, and QD-JB858-Ce6 without irradiation were included as controls. As shown in
Figure 25, there was minimal change in fluorescence intensity of the probe in cells treated

with Ce6 after laser irradiation, indicating minimal generation of peroxyl radicals. This is
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due to the fact that Ce6 is spread throughout the cytosol, instead of being localized to the
membrane, where lipid peroxidation occurs. Additionally, as the cells were treated with a
488 nm laser, there is minimal direct excitation of the Ce6. For cells treated with the
complex, on the other hand, there was a significant decrease in fluorescence intensity of
the probe in the red channel, confirming generation of peroxyl radicals. Additionally,
minimal change was observed in the fluorescence intensity of the probe after treatment
with QD-JB858 plus laser irradiation, confirming peroxyl generation was due to Ce6 on

the membrane and not due to the presence of the QDs.

Assessment of changes in membrane permeability/structure

In addition to optical tracking of delivery of the QD-peptide-Ce6 bioconjugates to
the plasma membrane and confirmation of cellular lipid peroxidation, changes in
membrane permeability/structure after delivery of the QD-JB858-Ce6 conjugate system
were examined using a dead stain, ethidium homodimer-1 (EthD-1), from a LIVE/DEAD®
assay kit. EthD-1 exhibits a ~40 fold increase in fluorescence when inside cells and it is
known to only enter cells with a compromised plasma membrane, thus distinguishing dead
cells from viable cells. Staining was performed in a manner where the delivery/imaging
conditions emulated those of the lipid peroxidation experiments described above followed
by time-resolved imaging using confocal microscopy for 12 h. QD-Ce6 conjugates
decorated with 30 copies of JB858 were delivered to HeLa cells for 30 minutes as described
above. QD-JB858 complexes without drug were included to evaluate the feasibility of the
QD-JB858 bioconjugate as an anticancer platform and Ce6 alone at a corresponding
concentration was included to assess changes of the drug alone. All treatments were done

with and without laser irradiation to confirm laser effect in ROS generation, lipid
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Figure 26: EthD-1 uptake in HeLa cells. A) HeLa cells were incubated with either QD-JB858, QD-JB858-
Ce6, or Ceb6 alone as before. Cells were colabeled with a dead stain (ethidium homodimer-1 (EthD-1)) and
then irradiated for 30 seconds at a time with a 488 nm laser for a total of 16 minutes. After irradiation cells
were imaged for 12 h. Shown is the transmitted light (DIC) as well change in fluorescence of the stain (red)
over a 2 h period. Images shown are representative of ~40 cells. Scale bar, 50 um. B) Image analysis was
performed to determine the change in fluorescence intensity of the stain and is plotted as arbitrary units.
*Hxx. P<0.0001

peroxidation, and improvement of toxicity. After incubation with the constructs, cells were
colabeled with EthD-1. After co-staining, the cells were excited as before and then imaged
every 30 minutes to determine EthD-1 uptake within the cells. As seen in Figure 26, cells
treated with QD-JB858-Ce6 system plus irradiation had significantly higher uptake of the
dead stain than cells treated with Ce6 plus irradiation or any of the controls, as expected.

Additionally, transmitted light (TD) images of the cells treated with the complex after just

2 h, showed morphological signs consistent with compromised membranes including blebs
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in the membrane (protrusion of the plasma membrane that is known to be a marker of cell
death)?*8. Previous studies examining delivery of the photosensitizers to the membrane of
cells show similar results, both in EthD-1 uptake as well as morphological changes in the
membrane.?*2%2 Taken together, these results authenticate our lipid peroxidation
experiments that demonstrated augmented ROS generation for irradiated cells treated with
the complex compared to cells treated with the free drug.
Cytotoxicity of QD-peptide-DOX-JB434 conjugates

Although EthD-1 is used as a dead cell marker, the cellular internalization of EthD-
1 is dependent on a change in membrane integrity as it is known to preferentially enter cells
with a damaged plasma membrane. As our construct is known to affect the membrane
through lipid peroxidation, the significantly improved uptake of the EthD-1 dye is probably
attributable to compromised membrane structure prior to cell death. Thus, as an additional
method of testing viability that was not dependent on membrane integrity, an MTS cell
viability assay was used. MTS is a colorimetric assay that determines cell viability by
assessing cellular metabolic activity. Viable cells contain enzymes that reduce the MTS
dye into an insoluble formazan product, which has a purple color. Hence, generation of the
formazan product is dependent on cellular activity and not on changes in membrane
integrity. After initial delivery of the complexes, followed by 15 minutes of irradiation and
a 72 h cell culture period to allow for proliferation, MTS tetrazolium reagent, a colorimetric
metabolic activity indicator, was added to the wells. As with the EthD-1 viability
experiment, all the appropriate controls were included to confirm the effect of the laser and
membrane delivery mechanism in augmenting therapy, as well as to verify

cytocompatibility of the QD-JB858 system. Figure 27 shows the resulting cytotoxicity
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Figure 27: Quantification of cytotoxicity of complexes with and without irradiation. Average cell
viability of QD-JB858, Ce6, and QD-JB858-Ceb bioconjugates with and without laser treatment. Complexes
were incubated on cells for 45 min followed by laser irradiation for 15 min and proliferation for 72 h.
Viability was determined by MTS assay. Plot shows average cell viability for each construct. The data is
represented as a percent cell viability £ S.D. of wells performed in triplicate relative to control cells with and
without laser irradiation, respectively. *; P<0.05, ns; P>0.05

graphs for the various constructs. Laser irradiation of cells alone and delivery of QD-JB858
with and without laser treatment displayed negligible cytotoxicity, proving
cytocompatibility of the nanoplatform as well as the laser.'> % Additionally, delivery of
both Ce6 alone and QD-JB858-Ce6 bioconjugates alone (without laser irradiation) had
high viability. At this laser power, even the Ce6 alone plus laser showed minimal toxicity.
The only sample to show significant toxicity was the QD-JB858-Ce6 NPs with laser
treatment, confirming the cell-killing effect after delivery in the conjugate form. It is
important to note that while the laser intensity used in the MTS experiments were ~4-fold
lower than in the EthD-1 uptake study and the lipid peroxidation experiment, we still saw
a significant difference in toxicity between laser-irradiated cells treated with Ce6 alone
compared to Ce6 in the bioconjugate form. This is consistent with results from both the

lipid peroxidation experiments and well as the EthD-1 uptake study. Previous studies
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without membrane targeting of the QDs showed comparable toxicity of Ce6 in the complex
form compared to free drug. For example, Charron and colleagues synthesized InP/ZnS
QDs conjugated to Ce6 using EDC chemistry. In vitro delivery in MDA-MB-231 breast
cancer cells showed comparable toxicity between the free drug and the hybrid.?2 Similarly,
Song and colleagues found comparable toxicity in 4T1 cells treated with polypyrrole (PPy)
NPs coated with bovine serum albumin (BSA) and loaded with Ce6 compared to Ce6 alone
with an without laser.?>* Additionally, while other studies do show improved therapeutic
efficacy of the photosensitizer after delivery with a NP bioconjugate complex, the
improvement in therapeutic efficacy is attributed to other factors such as improved uptake
or generation of Oz in a hypoxic environment.?3% 2% 255 Thys, our work shown here
demonstrates that delivery of the photosensitizer specifically to the membrane can
significantly improve its therapeutic efficacy.
Conclusions

The goal of this project was to show proof-of-concept of a prototypical
multifunctional NP-photosensitizer bioconjugate platform for augmented PDT in cancer
cells. The complex consists of a central QD for real-time tracking of the complex in cells,
aqueous solubility, and FRET excitation of the Ce6 photosensitizer, a targeting peptide for
tethering of the NP-complex to the plasma membrane of cells, and a photosensitizer for
PDT.

Here, the QD, as a delivery platform imparts several features of note. First, as the
QD itself is fluorescent, it enables real-time tracking of the complex in cells. This allows
us to determine membrane localization of both the QD and Ce6 and to confirm stability in

vitro. Second, the QD is highly soluble in aqueous media, thus, it imparts solubility to the
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Ce6, a highly hydrophobic drug. Cuvette analysis showed improved solubility of this drug
over time, when delivered in conjunction with the QD-JB858 bioconjugate. Third, the QD
can be used as a central scaffold to append other biomolecules. In the study, we appended
a peptide, JB858, capable of tethering the complex to the plasma membrane of cells.
Looking forward, we expect the QD-JB858-Ce6 to be utilized as a multifunctional scaffold
to afford drug delivery in addition to mediating lipid peroxidation. A collaborator has
recently developed a ROS-responsive chemical linker attached to the chemotherapeutic
DOX.%® Thus, after conjugation to a his-tagged peptide, the second drug could also be
appended to the QD scaffold in order to develop a combinatorial ROS-generation/drug
delivery therapy system. Finally, we use the QD in a FRET-based system to indirectly
excite the Ce6. FRET is facilitated by the overlap between the QD emission and Ce6
absorbance, as well as the high quantum yield of the QD. While in this case, excitation of
the QD is actually at a lower wavelength than direct excitation of the Ce6 would be, use of
a FRET based system has implications that can be used to augment therapy. QDs are known
to be one of the best two photon excitation donors and possess a large two photon
absorption cross section, where the wavelength max is size dependent. Two photon
absorption of porphyrins is on the order of 1,000 GM (for monomers), whereas two-photon
absorption for QDs is on the order of 30,000 GM. %" %8 Therefore, delivery of this system
with FRET excitation could be used to further improve the overall therapeutic efficacy of
the drug.

Overall, we have shown augmented PDT of a photosensitizer after delivery in a
QD-JB858-Ce6 complex. Cuvette analysis and in vitro studies confirmed FRET between

the QD and Ce6. Experimental evidence showed both improved stability of the complex in
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aqueous media as well as membrane tethering and maintenance of structural integrity of
the complex in cells. In vitro, the QD-JB858-Ce6 bioconjugates resulted in both improved
lipid peroxidation and ROS generation as well as improved cytotoxicity compared to free
Ceb, indicating an overall improvement in PDT. The system developed in this study utilizes
NMDD to improve the stability and therapeutic efficacy of a well-known photosensitizer,
Ce6. The concepts developed here can be applied to other hard NP systems for

development of more effective anticancer therapies using PDT.
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Chapter 6: Conclusions

Conclusions Overview

The development of an effective hard NMDD system requires the careful
consideration of many components including the composition of the NP (hard vs. soft),
targeting of the NP to specific cells or cellular organelles, controlled release of cargo from
the NP, and stability and biocompatibility of the NP system itself. This project has
specifically focused on expanding our understanding of controlled release of appended
cargos from hard NP carriers and targeting capabilities of these NP-cargo complexes to
specific subcellular organelles. We have examined both intracellularly and extracellularly-
actuated systems of drug release and determined important design considerations that need
to be taken into account as well as potential applications of such systems in vitro. For all
the systems described herein, we utilize a QD as a prototypical hard NP due to its
optoelectronic properties such as its exceptional luminesce, small size, amenability to
surface modification and attachment of biomolecules, and long-term cytocompatibility.

In Chapter 3 and 4, we examined an intracellularly-actuated QD drug delivery
system, where release is controlled by the innate cellular environment. First, in Chapter 3,
we performed a comparative study of four different internally cleavable linkages in order
to modulate the toxicity of a well-known cancer therapeutic, DOX. Here the QD served as
a central scaffold onto which was appended both a cell uptake peptide to facilitate
internalization within the endocytic pathway, as well as a drug display peptide that was
conjugated to DOX via three cleavable linkers (ester, disulfide, hydrazone) and a control
non-cleavable linker (amide). As uptake of the complexes was within the endocytic

pathway, the presence of esterases and low pH within endosomes/lysosomes can facilitate
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cleavage of the ester and hydrazone linkages, respectively, inside endosomes where they
would normally be trapped. Thus toxicity studies revealed high toxicity of the QD-ester-
DOX-JB434 complex and moderate toxicity of the QD-hydrazone-DOX-JB434 complex.
Additionally, localization studies revealed that the ester linkage had “burst-type” release
kinetics, where nuclear localization was seen after just 2 h, but the hydrazone showed
increased release over an 8 h period, indicating a slower release time. As endosomes are
known to be oxidizing environments, the disulfide linkage, which is only cleavable in the
presence of reducing agents remained intact and resulted in no toxicity in vitro. Clearly,
the nature of the linkage has a profound effect on the kinetics of cargo release as well as
the efficiency of drug delivery within the cellular environment. The linkage of drug
attachment must, therefore, be chosen with care to overcome limitations of uptake within
the endocytic pathway of cells. A comparative understanding of these linkages with respect
to hard NPs helps to broaden the range of potential applications of such complexes and
could lead to designs including combinations of such linkages for the development of
higher architecture hard NP drug delivery systems.

Second, in Chapter 4 we utilized the knowledge gained in Chapter 3 to produce a
novel NMDD system for overcoming MDR, a phenomenon that is known to severely affect
the therapeutic efficacy of many anticancer drugs. Here, we used the ester linkage from
Chapter 3 to spatiotemporally control release in MDR positive cells, so that the drug is
trafficked away from membrane resident pumps and released closer towards the nucleus,
its target destination. While this chapter describes a potential use of the system developed
in Chapter 3, it also elucidates potential mechanisms to improve the overall drug

therapeutic efficacy in MDR cells. This system is unique in that 1) it does not require the
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use of exogenous drugs such as combinatorial chemotherapeutic agents, nucleic acids, or
MDR pump inhibitors, all which introduce the potential for off-target toxicity and 2) it
requires a short incubation time (2 h) compared to similar systems that utilize much longer
incubation times (24-72 h) to achieve comparable defeat of MDR. The novelty of this
system and the general concepts discovered, could be used in conjunction with other hard
NP systems as a mechanism for overcoming MDR and improving the therapeutic efficacy
of drugs in treatment of various cancers.

Finally, in Chapter 5, we used a method of extracellularly-controlled actuation to
improve the therapeutic efficacy of an attached drug. This system, overall, is unique from
the other two described here as it uses two other properties of the QD: the ability to
participate in FRET and its hydrophilicity to improve the aqueous solubility of a
hydrophobic drug. Here, a photosensitizer and a membrane targeting peptide were
appended to the surface of the QD in order to generate ROS through excitation of the
photosensitizer and to direct tethering of the complex to the plasma membrane, where the
ROS generated are most effective as they participate in lipid peroxidation. Delivering the
Ce6 in conjunction with the QD was shown to significantly improve its aqueous solubility
over time. Additionally, lipid peroxidation and cytotoxicity data made it clear that
membrane localization of the Ce6 has a profound effect on the therapeutic efficacy of the
drug and that excitation in the FRET configuration further separates efficacy of the Ce6
alone compared to Ce6 in the complex. Much like the systems developed and utilized in
the other two chapters, concepts from the complex developed here can be used in
conjunction with other hard NP systems to improve the overall therapeutic efficacy of PSs

for use in PDT.
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The work completed as part of this dissertation contributes substantially to our
understanding of how to actively control the release of appended cargo from the surface of
hard NPs both intracellularly and extracellularly. The work presented here has expanded
on knowledge of previous systems that utilize similar concepts as the ones developed here.
While internally controlled release of hard NP systems has been shown before, a
comparative analysis of different internally cleavable linkages on the same platform has
never been done before, as was done in Chapter 3. Additionally, application of such a
system for overcoming MDR without the need for exogenous drugs and with a short
incubation time has not previously been shown, as was shown in Chapter 4. Finally,
Chapter 5, developed a novel FRET-based system for improved PDT by specific delivery
to the membrane of cells to improve overall therapeutic efficacy. All the complexes
presented herein utilize multifunctional systems that are capable of visualizing the complex
in cells, targeting the complex to specific subcellular locations, and controlling therapy,
either through release or activation of an appended therapeutic. Additionally, all the
systems presented outline basic fundamental design concepts that need to be taken into
consideration and that can be applied to other hard NMDD systems for a variety of
applications. Overall, we feel the work presented here outlines the potential utility of hard
NPs in improving the therapeutic efficacy of NMDD systems and further overcoming the
roadblocks in traditional systemic therapy.

Future Directions
As mentioned before, the systems presented here can be applied to other
hard nanoplatforms such as AuNPs and metal oxides, however, there is still some

understanding that can be achieved using the prototypical NP complex utilized here. For
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example, Chapter 3 and 4 developed a bioconjugate capable of controlling release
internally and elucidated modulation of toxicity that was dependent on the type of
intracellularly cleavable linkage used to release the drug. However, the influence of other
factors such as the coating of the NP, size of the NP and cell type were not specifically
examined but they likely play a role in determining the efficacy of the QD-drug cargo
system in vitro. Additionally, the experiments focused on release and cytotoxicity over a
72 h time period (the standard for assays like MTT which was used in the studies detailered
here). Yet, from the results of Chapter 3, it was clear that length of time did have an effect
on the percentage of drug released. Thus, longer studies could help elucidate more about
the role the linkages play in internally controlled drug delivery. In Chapter 5, we developed
a bioconjugate capable of engaging in FRET with a PS and generating peroxyl radicals
leading to cell death and improvement of the therapeutic efficacy of the drug. It is well
known that QDs have a much larger two-photon extinction coefficient when compared to
that of many PS.2°% 260 Hence a future study looking at two-photon excitation could further
improve PDT. Additionally, recently, a university collaborator developed a ROS-cleavable
linkage attached to DOX that can append DOX to the DOX display peptide or to the termini
of the QD capping ligands.?® Consequently testing this linkage in conjunction with the
complex developed here could be used to develop a combinatorial PS/drug delivery system
that can controllably induce ROS generation while releasing DOX using external stimuli.
Finally, all three chapters focused on delivering the complex to subcellular organelles,
however, a limitation in current use of NMDD systems is non-targeted delivery in terms of

delivery to specific subsets of cells (i.e. cancer cells vs. normal cells). Accordingly, a future
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project could be focused on utilization of novel peptide sequences for distinguishing

between such groups of cells.

Application Outlook

Overall, the objective of this dissertation was to address some of the critical
parameters that need to be taken into consideration when designing hard NP systems and
to outline proof-of-concept systems for controlled drug delivery. While the systems
detailed here help develop a fundamental understanding of actively controlled drug release,
the overall goal is eventual translational application of these systems to in vivo use. Thus,
the goal of this section is to address some of the remaining challenges that need to be
addressed in order to apply these systems as therapeutics in the clinic.

All three systems described herein are capable of targeting the hard NP to a specific
subcellular location (endosomes in the case of Chapter 3 and 4 and plasma membrane in
the case of Chapter 5). However, as the in vitro systems used here contain only one cell
type, targeting the constructs to specific subsets of cells was not addressed. Hence one
future challenge in application of these systems could be targeting specific cells in vivo.
One potential method to address this limitation could be conjugation/co-delivery with
ligands that target specific receptors expressed only on the desired cell.

Another potential pitfall in the application of the first system described is active
exocytosis by the same endosomes that helped facilitate cellular internalization of the NP-
drug complex. A number of studies have shown the efficient exocytosis of internalized
NPs.261-263 To prevent exocytosis from affecting the therapeutic efficacy of the NP, the
drug release rate needs to be monitored to ensure that the drug is released before the

vesicles containing the NP-drug complex are exocytosed from the cell. Additionally,
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exocytosis can be prevented by co-delivery with certain inhibitors, such as Vacuolin-1,
which is a known lysosomal exocytosis inhibitor.?%4

Finally, the hard NP system used here were QDs, which pose some challenges for
in vivo applications due to their cadmium containing core. While for in vitro studies,
extensive research has shown that surface ligands and multiple layers of the ZnS shell play
a large role in improving biocompatibility and preventing leeching of the Cd from the core,
there are much fewer studies examining long term biocompatibility of CdSe/ZnS QDs in
vivo. Thus for translational purposes, the concepts developed here would need to be
translated to a non-toxic QD core, such as CulnS2 or InP, or to other hard NP materials

currently in clinical trials such as AuNPs and IONPs.2%°
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