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Abstract

One of the most challenging and clinically important goals in nanomedicine is to deliver imaging
and therapeutic agents to solid tumors. Here we discuss the recent design and development of
stimuli-responsive smart nanoparticles for targeting the common attributes of solid tumors such as
their acidic and hypoxic microenvironments. This class of stimuli-responsive nanoparticles is
inactive during blood circulation and under normal physiological conditions, but is activated by
acidic pH, enzymatic up-regulation, or hypoxia once they extravasate into the tumor
microenvironment. The nanoparticles are often designed to first “navigate” the body’s vascular
system, “dock” at the tumor sites, and then “activate” for action inside the tumor interstitial space.
They combine the favorable biodistribution and pharmacokinetic properties of nanodelivery
vehicles and the rapid diffusion and penetration properties of smaller drug cargos. By targeting the
broad tumor habitats rather than tumor-specific receptors, this strategy has the potential to
overcome the tumor heterogeneity problem and could be used to design diagnostic and therapeutic
nanoparticles for a broad range of solid tumors.
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1. Introduction

The in-vivo delivery of imaging and therapeutic nanoparticles to solid tumors is one of the
most important problems in cancer nanomedicine [1-6]. Current methods for systemic
delivery are mainly based on an “active” mechanism and a “passive” mechanism. In the
passive mode, nanoparticles without targeting ligands accumulate in the tumor interstitial
space through the enhanced permeability and retention (EPR) effect resulting from the
tumor’s leaky vasculature and impaired lymphatics [7-9]. The active mode adds molecular
ligands to the particle surface such as antibodies, peptides, or small molecules which bind to
specific receptors on the tumor cell membrane, often followed by internalization through
receptor-mediated endocytosis [10-12]. In both mechanisms, the nanoparticles in the
bloodstream must first move across the tumor blood vessels (usually leaky vasculatures),
and then move out or extravasate into the tumor interstitial space. Recent advances have also
developed stimuli-responsive nanoparticles to target the tumor habitats or
microenvironment, which takes advantage of both passive and active targeting while
overcoming their associated biological barriers [13-16]. As depicted in Figure 1, stimuli-
triggered activation of nanoparticles in the tumor microenvironment can lead to accelerated
drug release at the target site, improved cellular binding and internalization, and/or more
efficient drug perfusion throughout the tumor volume.

It is well known that the tumor microenvironment has unique physiological characteristics
such as acidic pH [17], hypoxia [18], and up-regulation of certain enzymes [19]. In
particular, the extracellular pH (pHe) of solid tumors is more acidic (pH 6.5 to 6.8) than that
of normal tissues because cancer cells rely heavily on glycolysis for energy consumption
(rather than oxidative phosphorylation) to increase biosynthetic functions, leading to an
increased rate of lactic acid production (also known as the Warburg effect) [20-22].
Hypoxia, or low oxygen supply, is typically a result of the aberrant vascular network not
being able to deliver sufficient blood supply to all the cells in a tumor mass. The
microenvironment also contains up-regulated enzymes such as matrix metalloproteinases
that are involved in tumor development and progression [23]. These endogenous stimuli
provide great opportunities for the development of activatable particles for targeted delivery
and activation of imaging and therapeutic agents.

In comparison with conventional passive and active targeting strategies, the ability to target
the tumor microenvironment has several important advantages. First, active targeting relies
on specific interactions between the targeting motifs on the nanocarriers and the receptors on
the tumor cells. However, the heterogeneous expression of membrane receptors among the
various cancer cell populations limits its broad applicability [24]. In contrast, targeting the
tumor microenvironment focuses on more general physiological features among all solid
tumors offering a relatively universal approach for cancer imaging and treatment. Second,
targeting ligands on the surface of nanoparticles can accelerate opsonization leading to
increased nonspecific cell uptake and reduced binding affinity as a result of the adsorbed
proteins blocking the ligand’s binding site [25-27]. Targeting the tumor microenvironment
avoids this problem as the particles can be designed to be inert during circulation until they
reach tumor tissues where they convert to actively targeted forms. Third, strong receptor-
ligand interactions can hamper the penetration of actively targeted nanocarriers into the
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interstitial space, due to a phenomenon called the “binding site barrier” at the tumor
periphery [28, 29]. Additionally, the sizes of particles optimal for EPR delivery have
negligible diffusion within solid tumors. In the following, we discuss strategies and recent
advances in designing activatable nanoparticles for targeting the tumor microenvironment.

2. Nanoparticle Activation by Acidic Tumor pH

As briefly noted above, solid tumors often have more acidic microenvironments than normal
tissues due to the Warburg effect, which can be exploited for tumor specific delivery by
several strategies. First, pH-sensitive nanocarriers have been designed by using molecular
moieties with pK; values near the tumor interstitial pH. In this case, a small pH drop (more
acidic) at the tumor site causes the protonation of multiple functional groups, disrupting the
hydrophilic-hydrophobic equilibrium inside the nanoparticle and triggering a dramatic
structural transformation. Typical examples of pH-sensitive groups include histidine-,
tertiary amine-, and sulfonamide-containing groups [15, 30]. The second strategy is based on
pH-sensitive linkages (chemical bonds) that are stable at neutral pH but are cleaved under
acidic conditions. An example is the acid-catalyzed hydrolysis of the 2,3-dimethylmaleic
amide bond [16]. The third strategy uses pH-responsive insertion peptides that have weak
interactions with the cellular membrane at neutral pH, but can penetrate and form stable
transmembrane complexes under slightly acidic environments [31].

Hydrophobic-hydrophilic transitions

A typical system based on this concept is that of poly-L-histidine polymeric micelles
developed by Bae and coworkers [32—-35]. The poly-Lhistidine (polyHis) has a pK; value
near pH 7.0 and shows reversible hydrophilic to hydrophobic transitions in accordance with
its protonated and deprotonated states. Bae and co-workers developed mixed micelles by
blending polyHis-b-PEG diblock copolymer with poly(L-lactic acid) (PLLA)-b-PEG. The
mixed micelles are stable at pH above 7.4, but becoming gradually destabilized below pH
7.0 due to the protonation of the polyHis block in the micelle core [32, 36]. The mixed
micelles can encapsulate the anticancer drug doxorubicin (DOX) through hydrophobic
interactions between DOX and deprotonated polyHis segments. At acidic tumor sites, the
mixed micelles dissociate and selectively release the drug, leading to an improvement in
antitumor efficacy as compared with their pH-insensitive counterparts [37]. PolyHis
polymers have also been utilized for pH-triggered cellular binding and internalization [35,
38]. In this strategy, the targeting ligand is shielded at physiological pH from protein
binding during blood circulation (stealth), but is exposed for cellular binding after transport
into the acidic tumor microenvironment.

The polyHis-based system can also be modified to coordinate with inorganic nanoparticles
such as iron oxide to fabricate pH-sensitive polymer-metal oxide hybrid superstructures, as
reported by Hyeon and coworkers [39]. Specifically, the PEG-polyHis polymer is
functionalized with catechol groups and chlorin e6 (Ce6), where the catechol groups anchor
the polymers to the iron oxide surface, while Ce6 acts as a fluorescent probe to track the
particles and as a photosensitizer for photodynamic therapy (PDT). At pH 7.4, the polyHis
chains are hydrophobic and are entangled to form superstructures containing multiple iron
oxide nanoparticles. The hybrid superstructures have a slightly negative charge, and both the
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fluorescence of Ce6 and the T1 relaxivity of iron oxide nanoparticles are suppressed. A drop
in pH leads to increased protonation of the polyHis segments, reversing the charge from
negative to positive. This charge reversal causes both particle swelling (leading to drug
release) and cellular internalization. When the polymers are further protonated at endosomal
pHs (5.5 - 6.0), the hydrophobic interactions between polymers are further diminished,
resulting in a complete dissociation of the superparticles and a recovery of the fluorescence
and T1 relaxivity. The recovery of Ce6 fluorescence simultaneously activates the production
of cytotoxic singlet oxygen upon light irradiation, leading to superior efficacies in treating
not only colorectal carcinoma xenografts but also highly heterogeneous drug-resistant
tumors.

Another type of pH-sensitive nanoparticle is based on the use of copolymer materials with
ionizable tertiary amine groups and covalently conjugated fluorescence dyes or encapsulated
cancer drugs. In particular, Gao and coworkers have reported a class of ultra-pH-sensitive
nanostructures that undergo a dramatic and sharp transition within the very narrow range of
pH (often less than 0.2 pH units) [30, 40]. This pH-induced transition leads to rapid and
complete dissociation of the nanomicelles, and as a result, the covalently linked dyes change
from a self-quenched "off" state to a highly emissive bright "on" state. This super-sensitive
and nonlinear response to external pH provides a new strategy in targeting acidic organelles
in cancer cells as well as the acidic microenvironment in solid tumors (see Figure 2) [41].
Another feature is that detection sensitivity is significantly improved because each
nanoparticle probe contains multiple copies of the dye, which are turned on (restored
fluorescence) in an all-or-none fashion, leading to amplified fluorescence signals many
times brighter than single dye molecules. A major limitation of optical imaging is that tissue
penetration of the light beam is limited to a few millimeters due to mainly light scattering
and absorption. However, this problem can be mitigated by adapting optical contrast agents
and devices for endoscopic and image-guided surgery applications in which the light is
brought to the tissue and tumor surfaces via an endoscope or a surgical incision. Overall, this
class of pH-activated and super-sensitive polymeric micelles has demonstrated a new
concept in designing novel nanoparticle probes and is expected to have broad applications in
cancer biology, endoscopic cancer screening, and image-guided interventions.

Sulfonamides have also been incorporated into polymers to develop pH-responsive
nanomicelles because the secondary amine (-NH-) group linked to the sulfone group has a
near neutral pKa. Thus, polymers of polysulfadimethoxine—PEG have been shown to
associate with polycations at pH levels greater than 6.8 due to electrostatic interactions
between the negatively charged sulfonamide and the positively charged polymer [42]. Once
in acidic environments (below pH 6.8), the sulfonamides are no longer charged, thus
eliminating the electrostatic association between polysulfadimethoxine—-PEG polymers and
polycations. This feature has been demonstrated to facilitate on-demand ligand exposure on
the surface of nanocarriers. One example is a TAT peptide-decorated micelle with a pH
triggered sheddable coating [43]. Another example is a zwitterionic gold nanoparticle with a
pH-sensitive sulfonamide ligand layer [44]. At pH 7.4, this nanoparticle is neutral because
of the zwitterionic property of the ligand. When the pH drops below 6.6, the sulfonamide
loses its negative charge, breaking the charge balance and making the gold nanoparticle
positively charged, which significantly increases the particle uptake and cytotoxicity.

J Control Release. Author manuscript; available in PMC 2016 December 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 6

Acid catalyzed bond cleavage

Although many acid-labile bonds have been exploited for pH-responsive drug delivery, most
of them can only respond to the more acidic environments of lysosomes (pH 5.5-5.0) [45].
One exception is the 2,3-dimethylmaleic amide (DMMA) linkage that can be selectively
cleaved at weakly acidic pHs of the tumor microenvironment [46]. Also, at neutral or basic
pH, DMMA bears a negatively charged carboxylate group; upon cleavage of the amide bond
at acidic pHs, an amine is left on the nanoparticle yielding a positive charge. This pH-
activated charge reversal endows the nanoparticles with extra functions for drug delivery
because surface charge plays an important role in determining the in vitro and in vivo fate of
nanoparticles [47]. Compared with negatively charged nanoparticles, positively charged
ones show higher affinity to negatively charged cell membranes, thus can be internalized by
cells more efficiently [48, 49]. However, positively charged nanoparticles often have strong
interactions with blood proteins, which causes aggregation and rapid elimination of the
nanoparticles from the circulation [50]. Thus, it is highly desirable to fabricate nanoparticles
that are resistant to non-specific protein adsorption in blood circulation, but alter their
surface property to become recognizable by cancer cells after accumulation at the tumor
target sites. This concept was first demonstrated by Wang and coworkers involving a cross-
reacted nanogel of poly(2-aminoethyl methacrylate hydrochloride) and 2,3-dimethylmaleic
anhydride (PAMA-DMMA) [46]. As shown in Figure 3, the nanogel has a negative charge
under physiological conditions, but the charge changes to positive within just 1 hour
incubation at pH 6.8, indicating effective cleavage of the amide bond. This charge reversal
contributes significantly to the enhanced cellular uptake of the nanogel. In addition, the
positively charged PAMA-DMMA nanogel can accelerate DOX release at acidic pH due to
the increased repulsive force between the positively nanogel and DOX.

In addition to the enhanced cellular uptake of nanoparticles through negative-to-positive
charge reversal, DMMA has been utilized to shed outer PEG layers from nanoparticles to
promote nanoparticle-cell interactions. PEG is well known to prevent opsonization and to
extend the circulation lifetime of intravenously administered nanoparticles. However, a PEG
layer can hinder the uptake of the nanocarriers within their intended cellular targets. This
situation has been referred to as the “PEG dilemma” [51, 52]. To overcome this problem, a
sheddable nanoparticle system for sSiRNA delivery has been designed by attaching a pH-
responsive PEGylated anionic polymer (mPEG-b-PAEP-Cya-DMMA) to the surface of
positively charged ssPEI800/siRNA complexes through electrostatic interactions [53].
Under physiological conditions, the PEGylated complexes showed minimal nonspecific
interactions with serum components and significantly improved their accumulation at tumor
sites through the EPR effect. Once at the tumor sites, the acidic extracellular pH caused
shedding of the PEGylated polymer and the siRNA-containing particles became positively
charged. This pH-triggered charge reversal resulted in a 2.5-fold increase the sSiRNA tumor
uptake and silencing efficacy in MDAMB- 231 tumor models.

Membrane insertion

The acidic tumor microenvironment could also activate a class of peptides with specific
sequences for insertion into cellular membranes [31, 54]. As shown in Figure 4, one
common feature of the peptides is that they consist of two flanking sequences at each
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terminus and a transmembrane sequence in the middle. The flanking segments impart water
solubility to the protein, while the transmembrane sequence consists of aspartate (Asp) and
glutamate (Glu) residues which can become more hydrophobic at acidic pH values to
increase interactions with membranes. At neutral or basic pHs, the peptides exist as largely
unstructured monomers soluble in aqueous solution. In the presence of a lipid bilayer or a
cellular membrane, they are associated reversibly with the outside surface of the membrane
as monomers. When in acidic environments, the carboxyl groups of Aps and Glu residues
from the transmembrane and the C-terminus become protonated, which increases their
hydrophaobicity. The protonation of the residues also triggers the formation of an interfacial
helix which can insert itself within the hydrophobic bilayer of the cellular membrane. The
insertion is predominantly unidirectional as usually the C-terminus propagates across the
bilayer into the cytosol, while the N-terminus remains in the extracellular space [55, 56].
Studies have shown that the membrane insertion process is thermodynamically favorable
and estimated that the bilayer affinity of the peptides is 30-50 times higher at low pH than at
high pH. Using a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine vesicle as a model, the
authors determined that the free energy difference of the free and membrane-bound peptides
at low pH is -9 kcal/mol [57]. Additionally, the kinetics of the process is rather quick as the
time from forming an interfacial helix to moving across the membrane can be finished
within seconds to minutes [31, 58].

The pH dependence of membrane insertion has promoted studies on the use of these
peptides as cancer targeting agents. As a proof-of-concept study, near-infrared (NIR)
fluorescent dyes were conjugated to a wild-type (WT)-peptide and intravenously injected
into a breast adenocarcinoma mouse model [59]. The peptide-dye constructs were found to
light up tumors of various sizes, even those too small to see without a fluorescent signal.
The fluorescence signals achieved from tagged tumor tissues were approximately 5-fold
higher than in healthy tissues and remained stable for more than 4 days. Furthermore, newly
designed peptide variants also demonstrated excellent targeting of both metastatic 4T1
mammary tumors and spontaneous breast tumors in transgenic mice, whereas the staining of
nonmalignant tissues in transgenic mice was minimal, demonstrating their superiority in
selectively delivering fluorescent dyes to tumors [60]. Clinical imaging modalities such as
PET (positron emission tomography) and SPECT (single-photon emission computed
tomography) have also been delivered to tumor sites by using such peptides [61-63]. In
addition, this pH-dependent insertion has been used for translocation of polar cargo
molecules into the cytosol of cancer cells including phalloidin toxin [64], peptide nucleic
acids, and microRNAs [65]. Such molecules can be conjugated to the peptide C-terminus via
cleavable disulfide bond. The process for the cargo delivery is that the insertion peptides
provide direct translocation of disulfide linked molecules across the plasma membrane,
where subsequent cleavage of the disulfide bond in the cytoplasm’s reducing environment
results in the intracellular release of the cargos.

In addition to the intracellular delivery of small molecules within cells, the insertion peptide
technology can also assist in the tumor targeted delivery of nanoparticles. Yao et al. have
used this class of peptides for transporting intravenously injected gold nanoparticles (1.4
nm) to tumor tissues and enhancing their perfusion throughout the entire tumor mass [66].
The same group also fabricated fusogenic peptide-coated liposomes and demonstrated that
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the presence of peptides on the surface of liposomes enhanced membrane fusion and lipid
exchange in acidic tumor tissues which resulted in enhanced cellular internalization and
intracellular drug concentration [67]. Using a similar concept, the Tan group has developed
peptide-coated mesoporous silica nanoparticles (MSNs) as pH-targeted delivery of
nanocarriers [68]. In their system, the peptides were conjugated onto the surface of MSNs
with cleavable disulfide bonds. The peptides served two functions, acting as pH-targeting
moieties and as a gatekeeper by blocking drug diffusion out of the nanoparticle pores. Once
exposed to the tumor pH, the peptides rapidly inserted into the cancer cell membranes and
translocated the nanoparticles into the cytoplasm. Inside the more reductive environment of
the cytoplasm, the disulfide bonds are cleaved and trigger the detachment of peptides from
the nanoparticle surface, allowing more efficient drug release from the particle pores.

A potential problem in using the insertion peptides to target the tumor microenvironment is
that the transition pH of the wild-type peptide is around 6.1, which is lower than the typical
pH ranges found at the tumor interstitium (pH 6.5-6.8). However improvements on the
transition pH have been made as a result of an extensive structure—activity relationship study
for a series of peptide variants performed by the An group [69]. They found that by
replacing specific amino acid residues within the transmembrane domain, the transition pH
can be tuned from 6.1 to 6.9. These new variants showed comparable activity to the WT
peptide in their optimal conditions. Some specific modifications provided additional
advantages such as imparting more sharp pH-dependent transition curves. Certain new
variants showed improved insertion activity into the membrane at the tumor pH range of
6.5—7.0 than previously known insertion peptides. Using turn-on fluorescence assays and
anti-proliferation studies in A549 cells with paclitaxel as a model drug, a variant with
modifications at both 14 and 25 positions showed a considerable advantage over the WT
peptide in cargo delivery at the tumor pH 6.6. This new progress further increased the
usefulness of insertion peptides, with the potential to deliver more drugs into the cytoplasm
of cancer cells via plasma membrane insertion.

3. Enzymatic Activation

In addition to acidic pH, altered expressions of enzymes in tumors have important
implications for targeting the tumor microenvironment [70, 71]. Several enzymes within the
protease and lipase families have been reported to be over-expressed by cancer cells, which
can be exploited as endogenous triggers for cancer imaging and therapy [72, 73]. Having
enzymes act as triggers has the advantage of being highly selective for specific substrates.
Such specificity of enzymes for their substrates has sparked great interest in developing
enzyme-responsive nanomaterials for tumor-specific drug delivery. In particular, matrix
metalloproteinases (MMPs) are a class of proteases which break down components of the
extracellular matrix. These enzymes are important in normal physiological processes such as
tissue remodeling, inflammation, and angiogenesis. Additionally they are often
overexpressed in the tumor microenvironment and facilitate the migration of cancer cells
from the primary tumor leading to metastasis of other organs [70]. In particular, MMP2 and
MMP9 are observed to be overexpressed in several different types of cancers including
stomach, colorectal, breast, prostate, lung, and ovarian [74, 75]. Thus, MMP2 and MMP9
are the two most targeted types of MMPs for drug delivery.
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MMP-mediated site-specific drug delivery can be classified into four general methods. First,
anticancer drugs can be conjugated to either synthetic polymers or proteins through MMPs-
specific peptide sequences that are recognized and cleaved by MMPs for release. For
example, Mansour et al. developed a water-soluble derivative of doxorubicin incorporating a
MMP2 specific peptide sequence (Gly-Pro-Leu-Gly-lle-Ala-Gly-Gln) which was then
conjugated conjugated to albumin. Once the protein-drug complex reached the tumor
microenvironment, the cleavable peptide sequence was efficiently and specifically cleaved
by MMP-2 to liberate a doxorubicin tetrapeptide to kill tumor cells [76]. Similar ideas have
been expanded to other synthetic polymers like PEG [77] and poly(ethylene glycol)-b-
poly(L-lysine) copolymer [78] with MMP2 triggered drug release at tumor sites. One
shortcoming of this approach is that the released drugs are not the parent drugs as they will
have a peptide sequence attached. This peptide sequence might compromise the drug’s
efficacy in killing cancer cells.

A second delivery strategy is utilizing mesoporous silica nanoparticles (MSNSs) as drug
depots while introducing MMP cleavable biomacromolecules on the surface as gatekeepers
[79-81]. MSNs possess a highly porous interior structure, and are therefore capable of
loading a high dose of therapeutic drug, normally 200-300 mg, maximally about 600 mg
drug per 1 g silica [82]. Under normal physiological conditions, the gatekeepers are
maintained as caps over the pores of the MSNs preventing premature escape of the drugs
contained within. Once the nanocarriers reach the tumor site, the heightened presence of
MMPs digest the linkers and release the gatekeepers allowing drug release. In contrast to the
first type of MMP targeting method mentioned above, this strategy is able to keep the parent
drug structure intact, thus maintaining its anticancer efficacy.

A third design is to use MMPs to detach PEGylation stealth layers from nanocarriers once
they have reached the tumor sites. PEGylated nanoparticles, though having prolonged blood
circulation, have impeded cellular uptake once at the intended target site. Using MMPs-
activated deshielding of the outer PEG layer has the ability to gain the benefits of prolonged
circulation and greater tumor site accumulation while also allowing activation for greater
cell uptake. Such a nanocarrier has been developed by the Torchilin group [83]. In their
design, the MMP2-cleavable octapeptide (Gly-Pro-Leu-Gly-lle-Ala-Gly-GlIn) was used as a
linker to encapsulate a TAT targeted liposomal nanocarrier with an outer PEG layer. Using
in vitro cultures of 4T1 breast tumor cells, the use of MMP2-treated particles led to a 2-fold
increase in cellular internalization compared to non-treated controls (see Figure 5). The
same group has also extended this concept to in vivo studies [84]. They synthesized a self-
assembling drugpolymer conjugate, PEG2000-peptide-paclitaxel (PTX), using the MMP2-
cleavable octapeptide as a linker between PEG and PTX. PEG2000-peptide-PTX was mixed
with TAT-PEG1000-phosphoethanolamine (PE) (a cell-penetrating enhancer) and
PEG1000-PE (a nanocarrier building block) to prepared mixed micelles in aqueous solution.
Using the same concept, the mixed micelles expose the TAT peptide within the tumor site to
enhance the uptake of PTX-containing nanocarriers by cancer cells and results in
significantly improved efficacy in tumor suppression compared with the control group
without MMP?2 sensitivity. Another typical example is MMPs-sensitive multifunctional
envelope-type nanodevice (MEND) for tumor-specific nuclei acid delivery developed by the
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Harashima group [85]. Other MMP sensitive polymeric micelles with MMP2 cleavable PEG
deshielding have also been proposed for tumor-targeted siRNA delivery [86] or sSiRNA and
hydrophobic drug co-delivery [87].

Also relying on enzymatic cleavage is a class of activatable cell penetrating peptides
(ACPPs) reported by Tsien and coworkers [72]. In this approach, positively charged cell
penetrating peptides (CPPs) were fused with a negatively charged peptide through an MMP
cleavable linker. The negatively charged peptide inhibits the function of the cell penetrating
peptide by charge neutralization, so the intact constructs show little or no cellular binding or
internalization. However, when the linker is cleaved by up-regulated MMP enzymes at the
tumor site, the inhibitory peptide is removed and the function of the cell penetration peptide
is restored. For improved in-vivo circulation and tumor update, nanosized ACPPs have also
been produced by conjugation to high-molecular-weight dendrimers [88, 89]. These peptide
constructs can be further labeled with both a fluorescent dye and a gadolinium chelate for
simultaneous optical and MR imaging. Upon enzymatic activation, the uptake of such
nanoparticles in solid tumors was found to be 4-15 fold higher than original ACPPs (not
conjugated to dendrimers), allowing residual tumor and metastases as small as 200 um to be
detected and resected under a fluorescence microscope.

MMP activity has also been utilized in the mothership nanoparticle delivery method where a
larger nanoparticle encapsulates many smaller nanoparticles. Due to the limited vascular
channels, elevated interstitial fluid pressure, and dense extracellular matrix in the tumor
microenvironment, nanoparticles can only rely on slow diffusion for intratumoral transport
[6]. Particle size plays an important role in the ability of nanoparticle penetration into tumor
tissue as the diffusion rate scales inversely with particle size [90-92]. Smaller particles will
have greater tumor penetration depths, but small nanoparticles (< 10 nm) are readily
eliminated from blood circulation and have inefficient EPR delivery [93, 94]. Demonstrating
the mothership concept which benefits from efficient EPR and greater tumor perfusion,
Wong et al. developed nanocarriers which packaged 10 nm quantum dots inside 100 nm
gelatin nanogels [95]. The larger gelatin nanoparticles accumulated at tumor site by the EPR
effect, where the gelatin scaffold was then degraded by MMP2 and MMP9 present in the
tumor microenvironment releasing the smaller quantum dots. This work offers a proof-of-
concept demonstration of utilizing the tumor microenvironment to improve tumor
transportation of nanocarriers. A shortcoming in the design, however, is that the released
small particles do not have additional active targeting capability to promote cellular uptake.
More studies along this direction can be performed to further optimize the properties of the
released small particles, such as installing more cell-interactive moieties for cell entry or
endowing the small nanoparticles with therapeutic functions.

In addition to proteases, certain lipases are also up-regulated in the tumor
microenvironment, which can be exploited for nanoparticle activation as well. For example,
phospholipase A2 (PLAZ2) is overexpressed in the extracellular matrix of cancerous and
inflammatory tissue [96]. Andresen et al. have demonstrated long circulating liposomes
which release their contents upon activation by extracellular PLA2 [97]. Antitumor ether
lipids (AELS) are a class of potent anticancer drugs. However, their applications in cancer
treatment are hampered by the severe hemolysis activity. Andresen group prepared masked
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AELSs with a PLA2-activatable property. The masked AELs form liposomes in aqueous
solution and can encapsulate water soluble anticancer drugs such as DOX. PLA2 hydrolyzes
the ester bond of the masked AELs and leads to the rupture of the liposome, thereby
releasing both activated AELs and the encapsulated drug. The AELs themselves are
cytotoxic to cancer cells. Furthermore, the concomitantly generated fatty acids by PLA2
cleavage could function as permeability enhancers that promote drug uptake by the cancer
cells [98]. They further applied their discovery to create a lipid-capsaicin prodrug. The
prodrug was able to form small unilamellar vesicle (SUV), and the SUV was stable in the
bloodstream, but could specifically respond to PLAZ2 to release the covalently attached
anticancer drug by PLA2-promoted intramolecular cyclization [99].

Despite emerging progress made in enzyme-responsive drug delivery research, there are still
challenges that need to be addressed. One major concern is the heterogeneous expression of
a specific enzyme in different cancer types and even at different stages of one particular
cancer. Investigations are needed to obtain precise information of the target enzyme levels at
the specific tumor site. Furthermore, fundamental understanding of the spatial and temporal
patterns of enzyme expression offers an essential foundation for designing more effective
and precise delivery vehicles.

4. Hypoxic Activation

Hypoxia, a condition where the cells are deprived of oxygen, is another common feature of
the tumor microenvironment [18]. The vascular networks within solid tumors are highly
irregular and are unable to deliver sufficient oxygen and nutrients to all regions, resulting in
groups of cancer cells that are chronically or transiently deprived of oxygen. The cancer
cells in the hypoxic regions divide more slowly than their well oxygenated counterparts,
making them less susceptible to conventional antiproliferative agents that target rapidly
dividing cells [100]. Furthermore, hypoxic conditions can exacerbate the creation of cell
variants with acquired resistance to traditional chemo- and radiotherapy, ultimately resulting
in treatment failure and relapse [101]. The profound effect of hypoxia on cancer biology and
therapy has led to increased interests in developing agents which can target hypoxic regions
within the tumor tissue [100, 102]. A representative approach for hypoxia-targeted cancer
therapy is use of hypoxia activated prodrugs (HAP). There are several HAP candidates in
clinical trials, among which include TH-302 developed by Threshold Pharmaceuticals which
is currently in Phase 3 clinical trials under a Special Protocol Assessment with the United
State Food and Drug Administration [103, 104].

Recently, a few nanotherapeutic strategies have been developed for targeting the hypoxic
environments within solid tumors. For example, Zhu et al. [105] constructed a hypoxia-
activated phototriggered nanoparticles for highly selective release of anticancer drugs. The
authors achieved the combinatory light and hypoxia activation by incorporating
nitroimidazole, a hypoxia-responsive electron acceptor, and a coumarin-caged anticancer
drug into glycol-chitosan nanoparticles (see Figure 6). In normal tissues, photoexcitation of
the coumarin dyes were quenched via photoinduced electron transfer (PET) to the
nitroimidazole electron acceptor, resulting in no photocleavage, thus no drug release. Within
the anaerobic environment of solid tumors, the nitro group of the nitroimidazole is reduced
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to an amine which eliminates the PET quenching and activates the light induced cleavage of
the drug-coumarin linker. Typically photoactivated prodrugs need UV to blue excitation
sources which have little tissue depth penetration. However, the authors were able to
demonstrate photolysis of the drug-coumarin linker by two-photon absorption using 800 nm
wavelength excitation. Though two-photon adsorption is less effective for photocleavage
than one-photon (A = 400 nm) in direct excitation conditions, 800 nm excitation has
significantly less attenuation and greater penetration depth within tissues. This strategy is an
excellent example of highly localized treatment by combining physiological and user-
controlled methods. Another nanoparticle delivery system based on nitroimidazole moieties
focused on hypoxia induced disassembly of micelles [106]. In this system, the
nitroimidazole derivative was covalently conjugated to water soluble carboxymethyldextran
to generate an amphiphilic polymer, which could self-assemble into nanoparticles with the
encapsulation of hydrophobic anticancer drugs. These carriers were stable in physiological
conditions and capable of selectively releasing the hydrophobic drug under hypoxic
conditions due to the hypoxia-triggered hydrophobic-to-hydrophilic transition and the
resultant disassembly of the nanoparticles.

Biomacromolecules like small interfering RNA (siRNA) can also be delivered selectively to
tumors through hypoxia-activated strategies. Torchilin et al. have reported sSiRNA
nanocarriers that can be activated to disassemble within oxygen deprived environments by
introducing an azobenzene group between PEG and polyethyleneimine (PEI) polymer
segments [107]. When the particles entered the hypoxic tumor microenvironment, the
azobenzene bond is cleaved which deshields the PEG coating. The remaining PEI/siRNA
complex particles with their exposed positive charge are able to further facilitate cellular
uptake. Enhanced silencing efficacy was observed with the responsive nanocarrier in both in
vitro and in vivo experiments in comparison with its non-responsive counterpart.

Despite the advances in hypoxia-targeted strategies for tumor therapy, getting nanoparticles
to these regions is quite challenging. The reason is that the hypoxic regions are typically
distanced from the blood vessels, thus mass transport is limited to diffusion. For most
nanoparticle systems, their diffusion rates will either be insufficient or practically
nonexistent within solid tumors. Therefore, nanocarriers that can carry and release hypoxia-
activated prodrugs within the tumor microenvironment could be a better option due to the
higher diffusion rates of small molecules.

5. Concluding Remarks

The ability to target the tumor microenvironment provides an important strategy to
overcome the problem of tumor heterogeneity and could be exploited to design diagnostic
and therapeutic strategies for a broad range of solid tumors. This is most important for
naturally occurring human tumors because they are especially complex and show a
multitude of molecular and cellular heterogeneity [108]. At the molecular level, human
cancer cells are heterogeneous both in their genetic mutations and in their phenotypic
expression profiles. At the cellular level, malignant tumors are characterized by a
complicated mix of benign cells, malignant cells, fibroblasts, and other stromal cells,
vascular cells, and infiltrating inflammatory cells (such as macrophages and lymphocytes).
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Also, a small number of stem cells and progenitor cells are believed to be embedded in the
perivascular region and could be responsible for tumor growth and recurrence [109-111]. To
improve the tumor targeting specificity and sensitivity of nanoparticle systems, we believe
that two directions are particularly promising in the near future. First, there is a need to
develop ultrasensitive nanoparticles that can be activated for tumor imaging or therapeutic
applications within a very narrow range of acidity or enzymatic activity. Pioneering work by
Gao and coworkers has developed a new class of fluorescent nanoparticle probes that can be
switched on and off by a pH change of only 0.1 — 0.2 units [40]. Second, more efforts should
be made to improve the tumor penetration and cellular internalization of imaging and
therapeutic agents. The abnormal vasculature and lack of functional lymphatics of tumor
tissue provides an opportunity for nanocarriers to accumulate at tumor sites, but also lead to
elevated levels of interstitial fluid pressure, which together with the dense extracellular
matrix imposes tremendous obstacles for nanocarriers to transport to the poorly perfused
regions. This is especially true for nanoparticle delivery systems, whose dimensions are
often much larger than small molecules. Locally activated size-shrinkage system responding
to the tumor microenvironment provides a solution to this problem, as reported by Wong et
al [95]. Recent work in several groups [39, 112-114] has also demonstrated that the
development of stimuli-responsive and multistage nanoparticles could ultimately lead to
intelligent nanoparticle delivery systems with superior therapeutic and imaging results.
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Figure 1.
Schematic illustration of stimuli-responsive nanoparticles for targeting the tumor

microenvironment. Nanoparticle activation can lead to (a) accelerated drug release, (b)
enhanced cellular binding and internalization, and / or (c) improved drug diffusion and
tumor penetration.
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Figure 2.
Schematic diagram showing nanoparticle fluorescence activation in the acidic tumor

microenvironment (pH 6.5 — 6.8) and inside the more acidic organelles (pH 5.0 — 6.0).
Adapted from Ref [41] with permission from Nature Publishing Group.
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Figure 3.
(a) Schematic illustration of chemical bond cleavage and charge reversal in pH-sensitive

nanogels. In the acidic tumor extracellular environment, the nanogel is activated to become
positively charged and is efficiently internalized by tumor cells. (b) pH-activated chemical
structure and zeta potential change of the nanogel. (c) Confocal fluorescence microscopy
image showing the nanogel distribution in the tumor tissue following intratumoral injection.
The white arrows indicate the locations of the nanogels. The nanogel was labeled with
fluorescein isothiocyanate (FITC; green), while F-actin and nuclei of the cells were stained,
respectively, with rhodamine phalloidin (red) and 4’,6-diamidino-2-phenylindole (DAPI;
blue). Figure adapted from Ref [46] with permission from Wiley-VCH.
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Figure 4.
(a) The amino acid sequence of a pH-responsive insertion peptide. (b) A schematic

representation of the peptide in solution and interacting with a lipid bilayer at neutral (pH
7.0) and acidic pH (below pH 6.0). State | refers to the peptide in solution at normal and
basic pHs. Upon addition of lipid, the unstructured peptide is adsorbed on the membrane
surface (State I1). The drop of pH leads to the protonation of Asp/Glu residues, increasing
peptide hydrophobicity, and resulting in the insertion and formation of a transmembrane a-
helix (State I11). Adapted from Ref [59] with permission from the National Academy of
Sciences.
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Figure 5.

MMP2-responsive multifunctional liposomal nanocarrier and its drug delivery strategy. The
multifunctional liposomal nanocarriers are retained in the tumor site due to the EPR effect as
well as the active targeting effect of mAb 2C5. The up-regulated MMP2 in the tumor
microenvironment cleaves the MMP2-sensitive linker and removes the protective long-chain
PEG, resulting in the exposure of TAT peptides (TATp) for the enhanced cellular
internalization. Figure adapted from Ref [83] with permission from the American Chemical
Society.

J Control Release. Author manuscript; available in PMC 2016 December 10.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Duetal. Page 25

Hypoxia activation h” ‘ﬂ/®
/ ™

0, Hypoxia
‘& (_Y\()! —.» 7,6" )
: ne
Locked state Unlocked state

. No drug . | Photo-
%hu release @ = Nanoparticle S\hu release

5 Nt 5 g =

SRR =
o\ \_\\
Normal cell unharmed Cancer cell killed
Figure 6.

Hypoxia-activated phototriggered nanoparticles specifically release drug to tumor cells. In
this design, an electron acceptor, nitroimidazole, was incorporated into the coumarin
phototrigger that has an intrinsic property of photo-S N 1-dependent cleavage and a
sufficiently high two-photon absorption cross section. In normal tissues, photoexcitation of
the coumarin dye relaxes via photoinduced electron transfer (PET) to the adjacent
nitroimidazole group, resulting in the inactivation of fluorescence, photocleavage and drug
release. In contrast, in the hypoxic environment of the solid tumors, the nitro group of the
nitroimidazole is reduced to an amine, which activates the coumarin phototrigger by
eliminating the PET process and leads to the recovery of fluorescence and the efficient drug
release. Figure adapted from Ref [105] with permission from Wiley-VCH.
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