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Summary

Drug delivery systems (DDSs) face several challenges including site-specific delivery, stability,
and the programmed release of drugs. Engineered nanoparticle (NP) surfaces with responsive
moieties can enhance the efficacy of DDSs for /in vitroand /n vivo systems. This triggering
process can be achieved through both endogenous (biologically controlled release) and exogenous
(external stimuli controlled release) activation. In this review, we will highlight recent examples of
the use of triggered release strategies of engineered nanomaterials for /n vitroand in vivo
applications.
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Introduction

Engineered nanomaterials provide important tools for improving the effectiveness of
chemotherapeutics [1]. An ideal drug delivery system (DDS) would limit therapeutic
activity to diseased tissues and organs, maximizing efficacy while minimizing collateral
damage [2]. While DDSs provide a means of overcoming the drawbacks of free drugs, tissue
penetration and homogeneous distribution within the target tissues and organs still remain
formidable challenges [3,4]. Nanomaterials provide a promising platform for DDSs,
possessing biologically relevant size, molecular tunability, and high surface to volume ratios
[5,6,7,8]. Modification of the surfaces of nanoparticles (NPs) can be tuned to influence the
pharmacological behavior of DDSs [9,10] and the ligand density on drug delivery vehicle
surfaces can be controlled to attain desired tissue penetration and cellular uptake [11,12].
Ligand design can also enhance DDS efficacy by selectively binding to targeted tissues and
causing a conformational change of the vehicle, releasing its payload [13,14]. The
engineering of nanoparticle (NP) surfaces can endow DDSs with enhanced targeting,
improved solubility, extended half-life, reduced immunogenicity, and improved
biodistribution [15,16,17].

A further strategy for creating enhanced DDSs is the activation of therapeutics at the desired
site to provide spatiotemporal localization of treatment. NPs that can be activated either
exogenously (7.e., remotely) or endogenously (/.e., naturally) at the targeted site provide
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platforms for enhanced therapeutics (Figure 1) [18,19]. These attributes can be further
coupled with imaging and therapeutic moieties to generate theragnostic systems [20]. This
review will highlight selected strategies for triggered activation, providing examples of
studies in both /n vitroand in vivo systems.

Exogenous activation

Exogenous activation is the triggered onset of therapy through the use of an external stimuli
such as light or an alternating magnetic field. This external input provides the researcher or

clinician with non-invasive spatial and temporal modulation of therapeutics at the molecular
level, enhancing therapeutic efficacy.

Radio Frequency (RF) activation

The ability of RF radiation to penetrate deep into tissues with minimal energy loss has made
RF activation a promising therapeutic strategy [21]. NPs can be designed to absorb and
convert this energy into heat for therapeutic effects [22,23]. Mukherjee et al. observed gold
NPs (AuNPs) conjugated with anti-EGFR (epidermal growth factor receptor) moieties
induced cytotoxicity in Panc-1 cells when exposed to a RF field [24]. These fluorescently
tagged theragnostic particles featured targeting, therapeutic properties, and imaging
capabilities. More recently, a modified temperature-sensitive channel (TRPV1)-iron oxide
NP complex was developed to control insulin production as an initial step toward non-
invasive regulation of protein production [25]. The iron oxide NPs generated heat when
exposed to a low frequency RF field, opening the TRPV1 channel and causing an influx of
Ca?" ions that triggered downstream pathways. Their system provided on-demand insulin
production under RF stimulation, reducing the glucose level in mouse models.

Magnetic field induction

Analogous to RF fields, alternating magnetic fields (AMF) can be used to generate heat
from NPs featuring appropriate magnetically-active core materials [26]. AMFs readily
penetrate tissues and organs, making them excellent exogenous inducers. Recently, NPs
with a core-shell structure were synthesized to optimize heating properties, with efficacy
demonstrated by /n vivo hyperthermia treatment of nude mice xenografted with human brain
cancer cells (U87MG) (Figure 2(a),(b)) [27]. Over one month, the hyperthermia treated
group of mice showed the elimination of the tumor tissue, while rapid tumor growth was
observed using either control conditions or by using doxorubicin (Dox) (Figure 2(c)). A
magnetic field gradient has also been used to selectively enhance the accumulation of
anticancer drug-coated iron oxide NPs in cancer tissues [28]. Parak and co-workers reported
that strong magnetic field gradients zhelp accumulate iron oxide NPs bound with
mitoxantrone (an antineoplastic drug) at the tumor location using only 20% of the systemic
dose required for complete remission of the tumors [29].

Photothermal therapy

As shown above, hyperthermic strategies provide a promising tool for exogenous particle
activation. However, most current hyperthermia methods require high-energy outputs and
can cause significant collateral damage. Light activation by engineered NPs provides very
rapid and hence localized heating. [30]. In one example, Tae and coworkers created a gold
nanorod based photothermal therapy using tumor bearing mice (Figure 3) [31]. Gold
nanorod loaded nanocarrier injections showed significant suppression of tumor growth when
paired with NIR laser irradiation. Complete tumor disappearance was possible after two NIR
laser irradiation treatments done at 24 hrs and 48 hrs after intravenous injection of the
nanorods.
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Photodynamic therapy

Photodynamic therapy (PDT) is a cancer therapy that uses the light activation of a
photosensitizer to convert endogenous oxygen to reactive oxygen species (ROS) capable of
killing cells [32,33]. Most of the efficient photosensitizers, however, are hydrophobic,
resulting in solubility and biodistribution issues that hinder therapeutic efficiency [34]. In a
recent report, a non-covalent hydrophobic silicon phthalocyanine photosensitizer was
encapsulated into engineered amphiphilic poly(ethylene glycol) (PEG) coated AuNPs.
Through passive targeting v7athe enhanced permeation and retention effect, the system
showed rapid drug release and deep penetration of the drug into tumors within hours in
mouse models [35].

Light activation

Radiation with light can also be used to break photo-cleavable bonds and produce chemical
responses from DDS materials [36,37]. Horiike et al. developed a photo-responsive DDS for
amine-containing biomolecules [38]. Irradiating these modified AuNPs with near-UV
irradiation released conjugated histamine molecules, eliciting a biological response. Rotello
et al. furthered this concept by using an engineered AuNP platform with a mixed monolayer
of zwitterionic moieties and photocaged chemotherapeutics [39]. The zwitterionic ligands
promoted solubility and limited cellular uptake while the photocaged ligands released the
anti-cancer drug (5-fluorouracil) upon irradiation with near-UV (365 nm), with no
significant cytotoxicity observed in the cells treated with only light or only AuNPs.

NPs with absorbance in the near-infrared (NIR) are particularly promising photoactivated
DDSs due to the deep tissue penetration and photothermal conversion of NIR light [40,41].
Hamad-Schifferli e/ al. demonstrated the controlled release of DNA oligonucleotides from
surface engineered gold nanorods using ultrafast laser irradiation at the longitudinal surface
plasmon resonance peaks of the nanorods [42]. Xia and coworkers developed an Au
nanocage/polymer DDS that was responsive to NIR irradiation (Figure 4(a)) [43]. The Au
nanocages were functionalized with thiol terminated polymers (Figure 4(b)).
Nisopropylacrylamide (NIPAAm) and acrylamide (AAm) were copolymerized controlling
the ratio of NIPAAmM to AAm to tune the release profile of the polymer shell. Upon NIR
irradiation, the nanocage heated the local environment causing the polymer to collapse,
releasing the encapsulated Dox through the pores of the nanocages (Figure 4(c)).

Supramolecular release

Functionalized nanoparticles can be engineered to assemble and disassemble spontaneously
in response to a range of supramolecular triggers. Rotello ef a/. used a supramolecular host-
guest system and an exogenous activator to provide triggered NP toxicity [44]. Toxic
diaminohexane-terminated AuNPs (Figure 5(a)) were incubated with cucurbit[7]uril (CB[7])
forming a host-guest complex that significantly reduced the toxicity of the NPs. These NPs
were rapidly taken up into MCF-7 cells, where they were trapped in endosomes and
remained harmless. Treatment with 1-adamantylamine (ADA) displaced the CB[7], resulting
in the NPs regaining their previous cytotoxicity (Figure 5(b), (c)).

Endogenous activation

Endogenous activation harnesses chemical differences between the heterogeneous
environments within living systems to trigger therapeutic activity. These differences occur
in healthy tissues; however tumors present multiple environments (e.g. pH, enzyme
expression, and hypoxia) distinct from normal tissues. Endogenous activation can provide
direct tumor targeting to precisely deliver drugs at a molecular level to the tumor site [45].
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pH-based release mechanisms

Nanomaterials are generally taken up through endocytic pathways and as a result are
exposed to the acidic environment of early and late endosomes and ultimately lysosomes
[46]. This increase in acidity has been used therapeutically to provide efficient release of
nitric oxide (NO) using AuNPs as carriers for the NO precursors [47,48]. NO was released
through the decomposition of N-diazeniumdiolate functionalities present on the surface of
the NPs. Further studies by Schoenfisch et al. went on to demonstrate the effective
suppression of tumor growth in ovarian cancer cells [49].

In addition to the low pH values of the endocytic pathway, the limited delivery of oxygen
and nutrients to solid tumors located away from blood vessels leads to a lower extracellular
pH through the excess production of lactic and carbonic acid [50, 11]. Amiji et al. used
paclitaxel encapsulated in pH-sensitive poly(ethylene oxide) modified poly(beta-amino
ester) NPs to treat human ovarian adenocarcinoma bearing mice [51]. The NPs showed
significant tumor growth inhibition when compared to free paclitaxel. In another study,
Hammond and coworkers designed a pH sensitive layer-by-layer (LbL) NP based DDS [52].
Quantum dots (QD) were encompassed in trilayer architecture where a pH sensitive
neutravidin layer is sandwiched between poly-I-lysine modified with iminobiotin and PEG
modified with biotin. The iminobiotin-neutravidin interaction is highly pH dependent and
the outer stealth PEG layer was removed in acidic conditions revealing a positively charged
NP. This LbL thin film technique was used to control the retention time of NPs for /n vitro
and /n vivo applications (Figure 6). The NPs readily accumulated in tumor tissue and
demonstrated the ability to target hypoxic tumor environment through pH responsiveness.

Enzymatic release

Tumor environments also have markedly different levels of certain enzymes than those
found in healthy tissues [53]. For example, a matrix metalloproteinase (MMP) can be used
not only to overcome elevated interstitial fluid pressure (IFP) but also to enhance NP uptake
in solid tumors. The lack of functional lymphatic vessels and the vascular hyperpermeability
inside solid tumors, increases IFP levels, interfering with the uptake of cancer therapeutics
[54]. Fukumura et al. proposed a MMP-2 (high level of MMP-2 in tumor) responsive system
where 100 nm NPs aggregates are broken down to 10 nm particles, overcoming the elevated
IFP in solid tumors and allowing penetration deep into the tumor parenchyma [55]. MMPs
can also be used to enhance the uptake of NPs coated with neutralized cell-penetrating
peptides (CPPs) by activating the CPPs in the tumor parenchyma [56]. In an alternate
strategy using phosphodiesterases, Shieh et al. conjugated the anticancer drug paclitaxel to
Fe304 NPs through phosphate linkers as an enzymatically responsive prodrug [57].
Phosphodiesterases present in human cancer cells (OECM1) cleaved the linker releasing free
paclitaxel. The use of these linkers was also expanded in the report to include other
nanomaterials including AuNPs. In another report, Xing et a/. presented a DDS using a
protease-responsive, Dox—peptide coated, magnetic silica NP conjugate for intracellular
drug delivery in vitro [58]. Using cancer cell line HT-29 that highly expresses protease
cathepsin B, results showed that cells incubated with these particles had a significant
decrease in cell viability as compared to the control NIH/3T3.

Bhatia et al. engineered biocompatible polymer-coated mesoporous silica NPs to release
Dox in response to proteases present at tumor sites in an /in vivo model (Figure 7(a),(b))
[59]. To determine efficacy of treatment the tumors were harvested and the tumor cell
lysates were analyzed for caspase expression and cells were stained with terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) and 4',6-diamidino-2-
phenylindole (DAPI) (Figure 7 (c),(d)). The caspase levels and TUNEL staining of the
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tumor section showed the protease-sensitive polymer shell particle (HD-MMP) generated
higher Dox related cell death /n vivo in comparison to the controls.

Glutathione-mediated release

Free thiol concentration inside the cell (1-10 mM of predominately glutathione (GSH)) is
100-1000 fold higher than that found in the extracellular environment (cysteine 8 pM, GSH
2 UM) [60]. DDSs based on GSH mediated release mechanisms are promising vectors for
selective intracellular release [61,62,63]. Rotello and coworkers explored GSH mediated
monolayer release from the surface of AuNPs [64]. The AuNPs with mixed monolayers of
cationic ligands to improve cellular uptake and fluorescent BODIPY conjugated ligands
were engineered to monitor thiol exchange /7 vitro. The fluorescence of BODIPY moieties
is quenched when in close proximity to the core of the AuNP [65]. Upon incubation with
human liver cells (Hep G2), BODIPY fluorescence was observed in a dose dependent
manner to free GSH. Further studies probed the role of surface charge on GSH exchange
showing that NPs with cationic mixed monolayers had greater exchange levels relatively to
their anionic analogues [66].

In a later study, Rotello, Vachet, and colleagues measured the intracellular stability of thiols
bound to QDs using a combination of mass spectrometric techniques (Figure 8(a)) [67]. QDs
with different core sizes were synthesized and then functionalized with the same cationic
ligand v/aa place exchange reaction [68]. These QDs were incubated with HeLa cells and
the stability of their monolayers was determined by comparing the intracellular
concentration of cadmium (determined by inductively coupled plasma mass spectroscopy)
versus the amount of ionized ligands (determined by laser desorption ionization mass
spectrometry). The results showed the larger the surface area of the QD, the less stable the
thiol ligand was to intracellular exchange (Figure 8(b)). Furthermore, bidentate ligands
showed enhanced stability over the monodentate analogue.

In research that integrates covalent and supramolecular approaches, Kim et al. engineered a
non-covalently loaded DDS through the use of cyclodextrin functionalized AuNPs [69]. The
surface of the AuNPs was further functionalized with anti-EGFR antibodies and PEG
ligands to target the DDS and prevent premature degradation of the DDS, respectively. The
anti-cancer drug B-lapachone, was loaded into the cyclodextrin moieties that decorated the
surface of the AuNPs and were released from the surface upon exposure to GSH. In another
study, Kotov et al. designed a 6-mercaptopurine-9-B-D-ribofuranoside conjugated AuNP
based prodrug DDS [70]. The antiproliferative effects of the drug were observed in K-562
leukemia cells after GSH-mediated release.

There is a large gap between the behavior of cells in the 2D environment found in cell
culture techniques and the complex heterogeneous environment found in tissues and tumors
[71]. Three-dimensional, multicellular tumor cylindroids that mimic the poor vascularization
of tumors /n vivo provide a useful /n vitro testbed to predict DDS properties /in vivo [72].
Real time observation of glutathione mediated release within these tumor cylindroids was
observed with Dox and fluorescein functionalized AuNPs [73]. These studies showed that
cationic NPs were taken into cells preferentially while anionic particles showed deeper
cylindroid penetration. This result provides an indication of how influential the role surface
engineering of NPs can be in determining tissue penetration of NPs. Pharmacokinetic (PK)
and pharmacodynamic (PD) factors also need to be considered when using tumor
cylindroids. Harashima and coworkers investigated the discrepancies between in vitroand in
vivo systems in terms of different PKs and PDs using octaarginine (R8) modified engineered
lipid NPs in mice for sSiRNA delivery [74]. These results showed a remarkable difference in
the PKs between the two types of systems. This contrast indicates that while /in vitro
approaches containing /n vivo parameters may be helpful during the early stages of
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preclinical development to eliminate potentially dangerous engineered NPs, there is no
simple test to predict the toxicity of an engineered NP in clinical applications [75,76].
Therefore, advances in cell culture systems reflecting /n vivo parameters (e.g., microfluidic
technologies that mimic the /n vivo conditions) are required [77].

Conclusions

Designing nanomaterials for triggered release through exogenous and/or endogenous
activation is a powerful strategy for the development of highly effective DDSs. The spatial
and temporal control yielded from triggered DDSs provides a potent platform for
personalized medicine. While the studies shown above are promising, many challenges
remain, including exogenous activation strategies with deep tissue penetration. Furthermore,
the highly heterogeneous environments found in tumors present a formidable obstacle for
controlled drug distribution and targeting efficiency. Nanomaterials are uniquely poised to
address these issues. Through appropriate engineering, NPs can control interactions with
biological systems and influence the pharmacodynamics and pharmacokinetics of
therapeutics. Further research into the structure of tumor environments, homogeneous tissue
penetration, and cellular uptake will expand the possible strategies to improve delivery and
overall patient health. Coupling of this enhanced understanding of cancer biology and
physiology with our increasing ability to engineer nanomaterials will be paramount in the
development of personalized chemotherapies for cancer and other diseases.
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Figure 1.
Triggered nanomaterials for endogenous and exogenous drug release /n vitro and in vivo.
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(d) Immunofluorescence images of the tumor region after nanoparticle mediated
hyperthermia treatment (upper image) and the control tumor region (lower image). (e) Dose
versus tumor volume measured 18 days after treatment. Reprinted with permission from
[27].

Nano Today. Author manuscript; available in PMC 2014 August 01.

600

* & Untreated control —
- \.:: E" 8
= E
- - -
i — 2 & Core-shell nanoparticle
/ 2 - hyperthermia
e E
» 3 _g || -& Doxorubicin
o m /
/ - > o4 Feridex hyperthermia
- ow, &
Y = m
= =}
% P S
aque . S =
f g nu -] ®— Doxorubicin - 24 * T
,-:. formation ® - Core-shell * -
- gt : nanoparticle
Loew ® = hyperthermia) - 1
Lo I . 04 . a ~
4 8 12 16 20 24 28 m R & 8
- ™
Day
Dosage
(ug/100 mm* tumour)
Figure 2.




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Kim et al.

_—
U
S
)
(]
o
=]
)

—=— Saline

—a— GNRs

—a&— NC-GNRs

—<4— Chito-NC-GNRs|

L]

o

o

o
L

—

o

(=]

o
L

Tumor Volume (mms)
-
o
e

e —

R T TR N R
Time (day)
(b) Saline GNRs

NC-GNRs Chito-NC-GNRs

r\ ,«“
YL Y N

Figure 3.

Page 13

/—=— GNRs (1 irradiation)
—a— GNRs (2 irradiation)
2000 +|—*— NC (1 irradiation)

v— NC (2 irradiation)
—4— Chito-NC (1 irradiation)
—»— Chito-NC (2 irradiation)

3 —_—

Tumor Volume (mm®) K2 A
I
(=]
b

1000
500+
2 =
—F
0= £ . +<complete

¢ 2 4_ 6 8 10 12 gisappearance

0 2 4 [
Time (day) A

NC GNRs Chito-NC-GNRs

M

complete
appearance

Change in tumor size (a) and corresponding image (b) after one NIR laser irradiation (808
nm, 4W/cm2) at 24 hrs after injection with gold nanorods (GNR), polymer conjugated
nanocarrier GNRs (NC-GNRs), and chitosan conjugated NC-GNRs (Chito-NC-GNRs).
Change in tumor size (c) and corresponding image (d) after irradiation at both 24 hrs and 48
hrs after nanorod injection. Reprinted with permission from [31].
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Polymer coated Au nanocages for the controlled release of encapsulated Dox. (a) Structure
of Au nanocage with thermally responsive polymer upon laser irradiation. (b) Molecular
structure of p(NIPAAmM-co-AAm) co-polymer on Au nanocage surface. (c) Cell viability of
SK-BR-3 breast cancer cells exposed to: (C-1) 2 min of NIR laser pulse in the absence of
nanocages, (C-2) 2 min of NIR laser pulse in the presence of Dox-free nanocages, and 2/5
min of NIR irradiation in presence of Dox-loaded nanocages. Reprinted with permission
from [43].
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An exogenously controlled supramolecular nanotherapeutic. (a) Structure of AUNP-NH, and
CBJ7]. (b) Triggered cytotoxicity by the dethreading of CB[7] from the AuNP-NH, by
ADA. (c) Exogenous triggering of cytotoxicity using ADA. To MCF-7 cells incubated with
AuUNP- NH2-CBJ[7] complexes, different concentrations (0, 0.2 and 0.4 mM) of ADA in
medium were added generating cytotoxic AUNP-NH». Reprinted with permission from [44].
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Circulation profiles of pH sensitive NPs. (a) Amount of remaining NPs in circulation over
time. Quantum dot (QD), poly-I-lysine (PLL), PPL modified with iminobiotin (PPLib), PLL
functionalized with biotin (PLLb), neutravidin (nav), biotin end-functionalized PEG (PEG).
(b) Accumulation and clearance of LbL NPs in mice with induced MDA-MB-435 tumors
(left hind flank). Tumor (T), spleen (Sp). (c) LbL NP accumulation levels in tumors at 8 h.
(d) Rate of clearance of NPs from tumors. Reprinted with permission from [52].
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Figure7.

(a) Synthetic scheme for the NPs. (b) Protease triggered release from the loaded mesoporous
silica NPs. (c) Immunoblots for caspase protein levels as well as the GAPDH from tumor
lysates of animals 60 h after injection. (d) Staining for apoptotic cells in the collected tumor
sections. Scale bars are 50 pm. Reprinted with permission from [59].
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Figure 8.

Intracellular stability of QD monolayers determined by mass spectrometry. (a) Structure of
QDs studied. (b) Percentage of monolayers retained within HeL a cells at 3, 6, 9, and 24 hrs.
Reprinted with permission from [67].
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