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The design and use of materials in the nanoscale size range
for addressing medical and health-related issues continues to receive
increasing interest. Research in nanomedicine spans a multitude of areas,
including drug delivery, vaccine development, antibacterial, diagnosis and
imaging tools, wearable devices, implants, high-throughput screening
platforms, etc. using biological, nonbiological, biomimetic, or hybrid
materials. Many of these developments are starting to be translated into
viable clinical products. Here, we provide an overview of recent
developments in nanomedicine and highlight the current challenges and
upcoming opportunities for the eld and translation to the clinic.

edicine is the science, engineering, and practice of
diagnosing, treating, curing, monitoring, predicting,
and preventing diseases. Most people associate
nanomedicine with pharmaceutical formulations, where soft or
hard particles of nanometer dimensions are injected into humans
for diagnosis and treatment. However, this field covers a broader
range of research and development. Nanomedicine di ers from
other types of medicine in that it involves the development and
application of materials and technologies with nanometer length
scales to function in all the ways described below.' ™
Properties of nanoscale objects are transitional between
molecular and bulk regimes. Nanoscale properties exist for all
materials, regardless of whether they are found in nature or are
synthetic. However, only synthetic objects are typically con-
sidered part of “nanoscience and engineering”, whereas the study
of biological nanoscale structures is often thought as part of
characterization without considering biological properties.
Because of the transitional nature of “nanoscale” materials, it is
di cult to limit a material’s reach and define its borders by
strict definitions and solid numbers (e.g., larger than atoms or
small molecules, but smaller than 100 nm). More importantly,
nanoscale particles can demonstrate new properties that can be
exploited for the design of new therapeutic e ects and diagnostics.
Nanomedicine is an interdisciplinary field, where nanoscience,
nanoengineering, and nanotechnology interact with the life
sciences. Given the broad scope of nanomedicine, we expect
it eventually to involve all aspects of medicine. Moreover,
nanomedicine, like medicine, can enter the clinics and can be part
of conventional clinical practice assuming all aspects of
translation are satisfied, including safety, regulatory, and ethical
requirements. It is expected that nanomedicine will lead to the
development of better devices, drugs, and other applications for
early diagnoses or treatment of a wide range of diseases with high
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specificity, e cacy, and personalization, with the objective being
to enhance patients’ quality of life. In this Nano Focus, we do
not attempt to define nanomedicine but rather to provide an
overview of recent achievements, materials, and technologies
belonging to nanomedicine.

Nanoparticles (NPs) are key components of nanomedicine,
and currently, a large variety of nanoparticle types exist. How-
ever, no standardized nomenclature exists in the literature;
therefore, terms such as engineered nanomaterials, nonbiological
complex drugs (NBCDs), nanomedicals/nanomedicines, etc. are
used freely. Many nanomaterials can replicate some functions
of globular biological macromolecules.® Examples are lipid
micelles,” di erent polymeric nanostructures® protein con-
structs,® ribonucleic acid (RNA) NPs (RNPs),** carbon dots
(C-dots),** nanodiamonds (NDs),*? carbon nanotubes
(CNTs),™ graphene,™ as well as inorganic materials such as
mesoporous silica NPs (MSNP), super?aramagnetic iron oxide
NPs (SPIONSs),*® quantum dots (QDs),*® plasmonic NPs,"” gold
nanoclusters (GNCS),*® upconverting NPs (UCNPs),™ etc.
Many of these nanoscale materials have unique size- and shape-
dependent optical, electronic, and magnetic properties, and these
properties are dependent upon methods to synthesize, to purify,
and to characterize them.””~>* Many researchers note that small
changes in size and shape can significantly a ect the properties of
the NPs. Precision syntheses are therefore necessary to produce
samples with tightly focused distributions in order to achieve the
targeted functions specifically and to correlate observed functions
with specific NP characteristics. Detailed characterization of NP
samples that are used in a medical application is also critical
because one must know and understand what is being injected into
the body. A sample of NPs may be heterogeneous with distinct
subpopulations after synthesis.?**> Microscopic imaging is
conventionally used, but this technique may be insu cient
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because it is limited to a small number of NPs that may or may not
be representative of the whole sample. Thus, microscopic imaging
may not provide su cient information about surface functional-
ization, composition, and other property-determining features.
Other techniques that are starting to become part of the
characterization scheme of NPs prior to use in humans are
dynamic light scattering, transmission electron microscopy, gel
electrophoresis, and -potential analysis. However, there are no
standardized characterization requirements of NPs*° prior to use
in humans, and this must be a focus for nanomedicine applications.
The main reason is that the biodistribution and interaction of NPs
with proteins is strongly size- and surface-dependent, and thus, in a
heterogeneous sample, many NPs will distribute di erently and
may exhibit undesired e ects or even toxicity. In addition to
characterization, there is also a need to develop new and improved
methods of NP separation and purification to produce optimal
samples for nanomedical applications and for studying NP
behavior inside the body®"*® (which is important to design
optimal NP formulations for medical use).

Despite the need to standardize characterization methods,
NPs are expected to improve the detection and diagnosis of
diseases. First, smart NPs can be designed to provide contrast at
the zone of interest and report information about the local
environment after administration into the body. This informa-
tion can aid in imaging the anatomical fine structures of organs
and labeling tissues with certain markers and enables local read-
out of the concentrations of molecules of interest, which helps to
analyze diseases directly inside the human body. Second, NPs are
key components of many high-throughput diagnostics machines
that can analyze extracted samples (such as blood, tissue, etc.)
outside of the body for rapidly detecting biological makers and
molecular alterations. The ability to analyze multiple biomarkers
simultaneously may improve diagnostic precision. Moreover,
multifunctional or theranostic NPs that can simultaneously
diagnose, treat, and even monitor therapeutic e cacy are being
engineered.”

Nanoparticles are also being developed for the treatment of
disease; NPs are used as delivery vehicles for pharmaceutical
agents,*” as bioactive materials, or as important components in
implants.®* In the case of delivery, NP-based carrier systems have
a unique ability to cross biological barriers. Thus, NPs can enter
tumors via their localized leaky vasculature and are retained due
to poor lymphatic drainage in the tumor microenvironment.**
This passive targeting is called the enhanced permeation and
retention (EPR) e ect.®® There is an ongoing debate in the
literature about the e ectiveness of active, i.e., ligand/receptor-
mediated targeting, versus passive targeting, but any carrier has
to be delivered to the designated site before it can bind to cell
surface receptors or be retained by other e ects.**

In addition to using nanomedicine to diagnose and to treat
diseases, it is also important to establish NPs’ e cacy and safety
in biological systems. After the NP has functioned as designed
after administration into the body, what happens to the carrier
particle when the drug has been delivered or the tissue imaged?
Elimination of the particles can potentially occur via renal or
hepatobiliary clearance. If they do not get cleared, the long-term
fate of the NPs is not clear. These particles may degrade and get
cleared renally because they are small enough to transport
through the kidney’s filtration slits,*>~*" or they may accumulate
in di erent organs and interact with o -target cells. The in vivo
fate of NPs can potentially be a dynamic process, and thus, there
is a need to understand nanobiokinetics (nanopharmacokinetics

2316

and pharmacodynamics), which may relate to unique and
interesting toxicological responses of NPs.

Nanomedicine is not limited to colloidal materials and
technologies to evaluate them for in vivo applications. Nano-
medicine developments go beyond the “magic particulate bullet”
concept.®® Nanomedicine could involve the design of new
sca olds and surfaces for engineering sensors or implantable
systems and electronics to aid in the regeneration of tissues
(i.e., regenerative medicine). Many of these concepts are still at
the early stages of development, but some have already reached
clinical practice.

This Nano Focus article is organized into four subsections
that are focused on specific applications of materials or systems
with nanoscale properties: (a) in vivo diagnostics, (b) in vitro
diagnostics, (c) in vivo therapeutics, and (d) implantable
nanomaterials.

A key focus in nanomedicine involves the use of nanomaterials as
contrast agents for anatomical and functional imaging. Using
nanomaterials as contrast agents enables visualization of struc-
tures inside the human body and helps clinicians to delineate
healthy from diseased tissues and to recommend proper treat-
ment. Nanoparticles can be engineered with di erent contrast
properties. The most common modalities are computed
tomography (CT); magnetic resonance imaging (MRI); imaging
of radioactivity, such as positron emission tomography (PET)
or single photon emission computed tomography (SPECT);
fluorescence imaging; and photoacoustic imaging. For all these
techniques, material development is crucial because the NPs are
contrast agents that enable visualization of biological tissues.
For this application, NPs can be engineered to localize in specific
tissues and potentially produce high contrast.

A key focus in nanomedicine involves
the use of nanomaterials as contrast
agents for anatomical and functional
imaging.

Computed Tomography. X-ray-based imaging enables
high-resolution anatomical and, in the case of CT also three-
dimensional (3D), imaging of mostly skeletal tissues at unlimited
depth in human applications. Computed tomography imaging is
the work-horse in clinical diagnostics due to the simplicity of
the technique, the comparable low demands on infrastructure,
the rapid image generating, and the low costs for a standard
examination.

In recent years, around 250 out of every 1000 people in the
United States underwent CT imaging.>® Classical X-ray imaging
harnesses the tissue-specific attenuation of X-ray energy to
generate contrast in the recorded radiographs. Therefore, bones
generate more contrast than soft tissue because of the larger
relative electron density of bone. In order to boost the low
contrast of soft tissue, contrast agents with elements such as
iodine and barium characterized by a high-electron density are
typically applied to visualize blood vessels in gastrointestinal
(GI) tract, tumors, and other soft tissues. In contrast to typical
functional imaging techniques such as PET and SPECT, in CT,
the photons/X-rays are produced outside the body and only
modulated by the tissues through which they travel. Thus, the
large photon flux enables a high signal-to-noise ratio, leading CT
to outperform other 3D imaging techniques in terms of spatial
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resolution. However, the weak interaction between tissue and the
incident X-ray beam results in comparably limited sensitivity of
CT, which might explain why specifically targeting contrast
strategies are virtually non-existent.

This poor sensitivity has encouraged nanomedicine research-
ers to develop nanoparticles as contrast agents for X-ray imaging.
Gold nanoparticles (AuNPs) are central to this development.
Due to its high atomic number and electron density (79 and
19.32 g/cm?®, respectively, versus the typical X-ray contrast agent,
iodine, with values of 53 and 4.9 g/cm®, respectively), AuNPs
have higher attenuation coe cients and can be used as contrast
agents for X-ray imaging, CT, and micro-CT.** The AuNPs are
typically coated with targeting molecules such as folic acid so that
they can highlight distinct tissue structures. Gold nanoclusters
(NCs), which are smaller structures than AuNPs, are also being
developed as CT contrast agents.®*° Folic-acid-conjugated
AuNCs with silica shells were demonstrated to exhibit good
biocompatibility and could actively target the folic acid receptor
(+) in vitro of MGC-803 cells and in vivo gastric cancer tissues
with 5 mm diameter in nude mice models. The researchers
showed that the use of NCs exhibited excellent contrast for
CT imaging. In addition to CT imaging, these NCs can also be
used for molecular imaging since red fluorescence emission
was observed.”>*? These NCs also penetrated the tumor and

were retained, but their small size enabled them to be cleared
renally.*** Thus, these NPs are promising candidates for future
clinical use.

Besides gold, NPs composed of other materials with a high
atomic number are also suited for CT. One example is NaGdF,-
based UCNPs. Besides providing contrast for CT, these NPs can
be imaged optically (see Figure 1). In addition to their ability
to provide contrast for CT, potential toxicity of NPs plays an
important role toward translation to clinics (vide infra).

In parallel to the development of new CT contrast agents,
there has also been progress in instrumentation relating to the
preparation and detection of the agents. Novel X-ray sources
such as synchrotrons provide tremendously more flux and a
higher degree of coherence and therefore enable the exploitation
of the wave nature of X-rays for imaging purposes. These novel
X-ray sources have led to new applications like phase contrast
CT, di raction enhanced imaging, and holotomography, to
name a few.**~*® For example, phase contrast CT provides
10—200 times more contrast in soft tissue applications than
classical absorption-based CT.*"*® This gain in contrast directly
translates into an increase in sensitivity. By coupling this
increased sensitivity with the use of target-specific contrast
agents, submicrometer-scale 3D spatial resolution can be
achieved. This technique can be applied to gather structural

() cTimages of solutions of NaGdF4 nanoclusters (I1) Control group images of nude mice
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Figure 1. (1) Invitro CT images of (2) lanthanide-doped NaGdF, upconversion “nanoclusters” (<5 nm) suspended in aqueous solution. (b) CT
attenuation plot (given in Houns eld units, HU) of NaGdF, NPs in dependence of the concentration of each sample from 0.2 to 10 mg/mL to
further investigate the CT contrast e ect. (I1) Images of a control group before injection of NPs: (c) photograph of a nude mouse loaded with
gastric cancer MGC-803 cells; (d) X-ray image, and (e—g) CT images of nude mice from the control group. (I11) (h—k) CT imagesand (1V) (I-n)
MRI images of mice after intravenous injection with NaGdF, UCNPs, making use of passive targeting (EPR e ect). The pulse sequence:
electromagnetic conversion (EC) = 1/141.7 kHz; repetition time (TR time) = 2000; echo time (TE time) = 65.6/Ef (echo frequency).
Parameters of transverse plane: the pulse sequence, EC = 1/141.7 kHz; TR time = 2000; TE time = 43.8/Ef. It took about 6 h to acquire one
image. The relaxivity value of NaGdF, UCNPs at 1.5 T is about 4.5 mMs ™. Adapted with permission from ref 43. Copyright 2015 Royal Society of

Chemistry.
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information indicative of asthma within the lung of a mouse.*
It can also be applied in the visualization of macrophages loaded
with barium sulfate after intracheal instillation.”® In a study by
Dullin et al.,, the researchers achieved 9 m resolution, which
enabled the visualization of macrophage function within the
local 3D environment.*® The spatial resolution could be further
improved to 400 nm by using holotomography (see Figure 2).*°

Figure 2. Three-dimensional localization of labeled macrophages
in a 500 m thick lung section of a healthy mouse, scanned by
holotomography. Three orthogonally oriented slices are shown,
together with automatically labeled barium clusters (green),
representing macrophages loaded with barium sulfate and alveolar
walls in a small region of interest (ROI, yellow). A part of a blood
vessel has been marked semi automatically (purple). Adapted with
permission from ref 50. Copyright 2015 Nature Publishing Group.

The NP-based CT imaging technologies can potentially change
the way we perform CT-based clinical diagnosis.”* Currently, soft
tissue imaging via CT requires a large dose of iodine- or barium-
containing contrast agents to overcome poor sensitivity. How-
ever, the high dose may not be well tolerated by patients.
Furthermore, it is di cult to design traditional contrast
agents to target specifically and to bind to cellular biomarkers
or accumulate in tissues of interest such as sites of inflammation or
primary tumors and metastasis. Combining targeted AuNPs
with the recent development of energy-resolved detectors,> the
discrimination of a multitude of di erent materials in a single
CT scan should be possible in the near future. Therefore, the
challenge facing the field is to design and to engineer small
NP probes of high-atomic-number materials like iodine, gold, or
barium, conjugated to targeting moieties that specifically label
certain cell types in vivo, similar to probes used in optical imaging.
Moreover, since novel CT techniques do not focus on X-ray
attenuation but on phase shift or scattering as sources of contrast,
other types of NPs like hollow spheres™ or NPs with X-ray
scattering properties will become increasingly important. Despite
the negative e ects of the applied X-ray dose, CT is the most
applied technique in clinical diagnosis (e.g, 50% of imaging-
based diagnostics performed in Germany in 2013 were by CT).>*
Improved detectors and the implementation of novel algorithms,
especially newly developed reconstruction techniques, have
already dramatically lowered X-ray doses.®> Techniques like
limited angle reconstruction and zoom tomography will further
aid in this development.>*°
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Magnetic Resonance Imaging. Magnetic resonance
imaging is widely used for in vivo applications, due to its safety,
spatial resolution, soft tissue contrast, clinical relevance, and
ability to record anatomical and functional information about
soft tissues and organs. Notably, MRI-responsive contrast
agents provide physiological information that complements
routine anatomical images. Since the technology is based on the
interaction of nuclei with surrounding molecules in a magnetic
field, MRI has no need for ionizing radiation and possesses
unlimited depth of penetration and unparalleled soft tissue
contrast.”” However, MRI has relatively poor sensitivity in
comparison to nuclear and optical modalities, thus leading to
longer acquisition time and use of large amounts of contrast
agents. Although the introduction of higher magnetic fields
(higher than 4.7 T) could increase the signal-to-noise ratio,
thereby permitting higher resolution and faster scanning, the
safety of high static magnetic field strengths on human health is
of great concern.”®*° The development of hyperpolarized MRI
(i, polarization of the nuclear magnetic moments far beyond
thermal equilibrium conditions)®® has improved the sensitivity of
the desired nuclei and enables quantitative in vivo imaging and
real-time metabolic profiling using stable isotope precursors.®
Current contrast agents such as paramagnetic agents or SPIONs
play important roles in enhancing contrast in T, or T, images,
which provide higher MRI sensitivity and accuracy for imaging
living subjects. These agents accelerate the rate of T, and T,
relaxation, thereby enhancing local contrast.®® Paramagnetic
agents (e.g., gadolinium-based agents) principally accelerate
longitudinal T, recovery, generating positive contrast, while
superparamagnetic agents (e.g., iron oxide-based agents such as
SPIONS) primarily increase the rate of dephasing or transverse
T, decay, resulting in negative contrast e ects.”* However, both
types of agents have been associated with toxic e ects, which
needs to be taken into account for their use on humans and in
veterinary medicine (vide infra).®**

Conventional T, contrast agents such as paramagnetic com-
plexes (based on Gd**, Mn?*, or Fe®") are small molecules
that leave the vascular system within minutes and are renally
cleared. The short circulation time makes it di cult to
acquire a high-resolution image of desired sites. Biocompatible
NP-based T, contrast agents have been developed because the%/
have a number of advantages over conventional T, contrast.®*®
Researchers can tailor the size, shape, and composition; circula-
tion time; target cells and tissues; and optical and physical
properties to meet the biological requirements for optimizing
imaging. For example, Gd(Ill)—nanodiamond conjugates
enable contrast enhancement with a much smaller amount of
Gd compared to other agents used.*® For example, melanin has
been intensively studied as a target for melanoma imaging and
was recently a major focus for designing a multimodal imaging
nanoplatform. Melanin NPs with diameters of 45 nm not
only retain their unique optical properties but also have natural
binding capability with various metal ions. After chelation with
Fe®* ions and subsequent conjugation with cyclic arginine-
glycine-aspartic acid (RGD) molecules, melanin NPs serve as Tg
contrast agents for targeted MRI of U87MG glioblastoma.®”®
In another example, a noncytotoxic asymmetrical cancer-
targeting polymer vesicle based on R-poly(L-glutamic acid)-
block-poly( -caprolactone) [R is folic acid or diethylenetriami-
nepentacetatic acid (DTPA)], as shown in Figure 3, was reported
as a T, MRI contrast agent with enhanced sensitivity, and it also
served as a delivery vehicle for cancer chemotherapy.®® Such
asymmetrical vesicles have a cancer-targeting outer corona
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Figure 3. lllustration of multifunctional asymmetrical polymer
vesicles for ultrasensitive T; MRI and e ective cancer targeted
drug delivery. Adapted from ref 69. Copyright 2015 American
Chemical Society.

coupled with a Gd(lIl)-chelating and drug-loading-enhancing
inner corona. Liu and colleagues demonstrated that such vesicles
exhibited an extremely high T, relaxivity (42.39 mM~*s™%, 8-fold
better than that of DTPA-Gd) and anticancer drug Ioading
e ciency (52.6% for doxorubicin hydrochloride, DOX:-HCI).°
Moreover, the DOX-loaded vesicles exhibited 2-fold better
antitumor activity than free DOX.%

As T, contrast agents, SPIONSs establish a substantial locally
perturbed dipolar field to shorten proton relaxation of the
surrounding tissues significantly. The magnetism of NPs under
normal magnetic field strengths is dependent on the magneto-
crystalline anisotropy and the size of the NPs. In comparison to
their spherical counterparts, for example, iron oxide NPs with an
octapod shape exhibit an ultrahigh transverse relaxivity value, and
dramatically increase the sensitivity of MRI for early stage cancer
detection, largely due to their e ective radius and the local field
inhomogeneity of the magnetic core.”® Because of the negative
contrast e ect and magnetic susceptibility artifacts, it is still a
major challenge to distinguish the region of signals induced by
iron oxide NPs from low-level background magnetic resonance
(MR) signals originating from adjacent tissues such as bone,
vasculature, calcification, fat, hemorrhage, blood clots, etc.
As a combination of paramagnetic and SPIONSs, eg., in core/
shell structures,”* dual-mode T,/T, contrast agents have
been developed for dual T, and T, mode MRI because they
help validate reconstruction and visualization of the data in
an accurate and reliable way. However, interference inevitably
occurs when both T, and T, contrast agents are integrated into
a single nanostructure in close proximity. The magnetic field
induced by the T, contrast material perturbs the relaxa-
tion process of paramagnetic T, contrast materials, leading to
undesirable quenching of the T, signal. Core/shell structures
can e ciently reduce their magnetic coupling by introducing
a separating layer between the superparamagnetic core and
paramagnetic shell. Such magnetically decoupled dual-mode
T,/T, contrast agents not only provide superior MR contrast
e ects in both modes, but also enable self-confirmation of
images and essentially function as an “AND logic gate” to reduce
susceptibility artifacts from the raw images to enhance accuracy
of the MRL.">"® In contrast to core/shell structures, dumbbell
hybrid nanostructures combine T, and T, contrast agents
together in a nanocomposite via a bridge NP, which spatially
separates two contrast agents at a certain distance to reduce
their magnetic coupling.” Unlike core/shell structures where
T, contrast agents are sequestered within a supporting matrix,
dumbbell nanostructures allow both T, and T, contrast agents to
be exposed to their immediate environment without compro-
mising their magnetic properties. Moreover, both surfaces of
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T, and T, contrast agents are available for subsequent surface
coating for targeting molecular imaging.

Besides being “mere” contrast agents for MRI,”>"® activatable
or “smart” NPs can respond to a change in tumor microenviron-
ment to instigate the therapeutic and diagnostic mechanism.””"®
The most common triggers for activatable NPs are stimuli
such as pH, temperature, redox reactions,”® metabolites, ions,
proteases, ultrasound, and light.®” The tumor microenvironment
regulates tumor progression and the spread of cancer in the body.
Responsive agents capable of reporting diagnostically relevant
physicochemical properties of the microenvironment in which
the contrast agent distributes have gained tremendous attention.
Various nanocarriers have been tested in combination with a
myriad of imaging contrast agents, payload drugs, and targeting
moieties, leading to the formulation of theranostic NPs capable
of delivering therapy concomitant with diagnosis. In the case of
MRI, di erent “smart” NP probes have been demonstrated.
The design of pH-responsive probes is of great interest, since it is
an important physiological parameter and pH dysregulation
can be a cancer marker. Gao and colleagues reported a smart
pH-activatable *°F-probe for detecting specific and narrow pH
transitions ranging from 5.5 to 7.4 in biological systems.** They
developed micelles composed of fluorinated polymers with
tertiary amines having di erent pK, values. The protonation of
such amines at pH below their pK, results in micelle disassembly
and °*F-MRI/nuclear magnetic resonance spectroscopy (NMR)
signal activation. They were able to determine the pH through
the identification of the corresponding activated *°F-reporter. In
another related example, hypoxia in the tumor microenviron-
ment results in lactic acid production and, hence, acidic
conditions. Zhou and colleagues fabricated pH-triggered NPs
for F-MRI and fluorescence imaging (MRI-FI) of cancer
cells.®? °F was attached to AuNPs by acid-labile hydrazone
linkers. Fluorescence imaging revealed highly selective uptake of
these NPs by lung cancer cells. The “trick” to these NPs involves
selective release of °F-MRI contrast agent after the NPs have
reached the tumor environment. In the acidic intracellular
compartments of cancer cells the *°F detached from the AuNPs
and appreciably enhances the intracellular *°F-MRI signal, as
shown in Figure 4.

Temperature di erences between tissues is a common feature
in pathological conditions, especially in tumors. Thus, a second
class of “smart” NP probes for MRI uses hypersensitive detection
of temperature changes in di erent tissues.®® Langereis and
colleagues® reported a combined temperature-sensitive lip-
osomal *H chemical exchange saturation transfer (CEST)®
and *F magnetic resonance (MR) contrast agent as a potential
carrier system for MRI-guided drug delivery. The liposomes
contain both a chemical shift agent as well as a highly fluorinated
compound. Upon reaching the melting temperature of the
agents’ lipid membrane, the lipo-CEST contrast enhancement
vanishes, due to the release of the chemical shift agent.
Simultaneously, the *F-MRI probe is freed from the influence
of the paramagnetic shift agent causing an appearance of a
F-MRI signal. The combined CEST and '°F-MR temperature-
sensitive liposomal carrier provides CEST-based contrast
enhancement, which can be switched on and o , to localize the
liposomes before release, while the °F-MR signal can potentially
quantify local drug release of drugs with MRI.

Redox reactions play crucial roles in biological processes, and
abnormal redox reactions are implicated in various conditions
including liver damage and human immunodeficiency virus
(HIV). A third class of “smart” NP probes for MRI uses redox
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Figure 4. (A) Synthesis of AUNPs capped with folic acid and °F
contrast agent. Folic acid with a high tumor a nity due to the
overexpression of its receptors on the cancer cells was conjugated
onto the surface of the AuNPs. 1°F contrast agent was covalently
conjugated onto the AuNPs via acid-labile hydrazone linkers.
(B) pH-triggered release of the °F contrast agent from the AuNPs
to the cytosol via the selective removal of the pH-labile cap in the
acidic intracellular compartments of cancer cells. Adapted with
permission from ref 82. Copyright 2014 Royal Society of Chemistry.

reactions in the tumor microenvironment for cleavage of atoms
from the NP structure. Kikuchi and co-workers designed redox
activatable NPs to image reducing environments.?® Gd**
complexes were attached to the surface of *°F containing NPs
by disulfide linkers. Vicinity of the Gd*" to °F reduces the
transveral relaxation time T, of the fluorine compounds by the
paramagnetic relaxation enhancement e ect, which attenuates
the °F NMR/MRI signal (see Figure 5). When the disulfide
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Figure 5. Design of redox activatable NPs. Adapted with permission
from ref 86. Copyright 2015 Wiley-VCH Verlag GmbH & Co.

bonds enabling attachment of Gd* are reduced, the Gd**
complexes are cleaved from the NP surface. Then, the T,
NMR/MRI signal of the encapsulated *°F compounds increases,
indicating the presence of the NPs in redox active environment.

Imaging Radiolabels. There has been rapid progress in
the development of NP-based radiolabels.®” Chelators such as
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)
and 1,4,7-triazacyclononane-1,4,7-trisacetic acid are commonly
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used to label diagnostic positron emitters, e.g., ®Ga or ®*Cu, or
therapeutic beta-emitters, e.g., 1’Lu or *°Y. The sequential use
of di erent poly(ethylene glycol) (PEG) -coated emitters, e.g.,
88Ga and 1""Lu enable multiplexed labeling, as well as improved
circulation time. For this purpose, micelle encapsulation was
introduced for combining a mixture of amphiphiles comprising
chelators bearing the radiolabels, ligands for targeting, and PEG
for surface passivation with originally hydrophobic NPs.*® The
same method could successfully be applied for di erent types of
NPs, such as SPIONs, plasmonic NPs, and core/shell UCNPs.
Sometimes the NPs can be Iabeled postsynthetically without the
use of chelators for radiometals.®® The resulting radiolabeled NPs
enable researchers to trace their biodistribution when adminis-
tered systemically, and to study fundamental NP in vivo process
(eg., determmlng the contrlbutlon of active versus passive tumor
targeting in mouse models).”

In fact, radiolabels are particularly suited for quantitative
biodistribution studies. -emission is barely absorbed by tissue,
and radioactivity is independent of the probe’s local environ-
ment, i.e., there are no substantial quenching e ectssuch asin the
case of fluorophores, which often exhibit pH-dependent
emission. Using radiolabels produces excellent signals and, there-
fore, a low dose can yield su cient image quality to make a
diagnostic interpretation. One additional advantage is the ability
for multiplexed read-out of radiolabels with di erent -emission
energies in parallel. This has been recently used for recording the
biodistribution of several compounds of NPs independently.*’
Most NPs are hybrid structures composed of their functional part
(i.e., contrast for imaging) and an organic surface coating that
provides colloidal stability and targetmg capability, as well as the
corona of adsorbed proteins. By adding radiolabels of
di erent energies to di erent parts of the NPs, the NPs could
disintegrate after in vivo administration, i.., the organic surface
capping may come o  the functional particle core.>” Such studies
in the future will enable imaging of the di erent NP components
to elucidate the fate of the di erent parts of the NP. This will be
important for understanding the biodegradability of all di erent
parts of a NP and their elimination. This is decisive for guiding
the design of NPs for use in in vivo delivery applications. How-
ever, when di erent labeling methods and radioisotopes are used
to label NPs to study their fate, it is crucial to ensure that the
radioisotopes are incorporated onto the NPs with little impact on
their original biological behavior.

Fluorescence Imaging. Fluorescence is a useful imaging
modality because the emission of the probes after excitation can
be visualized by the naked eye or at higher resolution with optical
microscopy. There is an abundance of available fluorophores that
can be tailored to specific applications. Many traditional organic
fluorophores su er from aggregation-caused quenching (ACQ),
thereby limiting design schemes where specific interactions
promote fluorophore localization. This has forced researchers to
use dilute solutions (often at the nanomole level) of fluoro-
phores. Given the minuscule amount of fluorophore, they can be
easily photobleached, which imposes a limit on the achievable
contrast. Contrary to ACQ, aggregation-induced emission (AIE)
is where increased aggregation yields a stronger fluorescent
signal.”® This makes AIE fluorogens (AlEgens) good candidates
for bioimaging applications.®* The accumulation of AIEgens at
regions of interest results in the formation of nanoaggregates
(AIE dots), which intensifies the fluorescence signal. The AIE
dots are resistant to photobleaching, enabling high-quality bio-
imaging over a wide time window. They are suitable for long-
term tracking of theranostic processes such as tumor-metastasis
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Figure 6. (A) Schematic model of a 5 nm ND with a uorescent NV center and a variety of surface terminations after oxidative puri cation is
shown. The diamond core is covered by a layer of surface functional groups that stabilize the NP by terminating its dangling bonds. The surface
can also be stabilized by the conversion of sp® carbon to sp? carbon. Adapted with permission from ref 118. Copyright 2012 Nature Publishing
Group. (B) Plot showing the strength of binding (K, ) versus the monolayer capacity (Ana) based on a Langmuir model for DOX, polymyxin B,
tetracycline, and vancomycin adsorbed on detonation-produced ND from two sources (ZH and ND) with di erent surface chemistries: the
as-received surface, like in the right picture, carboxylated (—COOH) and aminated (—NH,) surfaces. Adapted with permission from
refs 125 and 126. Copyright 2016 Elsevier and copyright 2013 American Chemical Society, respectively.

monitoring, drug delivery/release, and stem-cell therapy.”
Organic AIE dots enjoy almost all advantages of inorganic
QDs, " yet are free of the disadvantages of the latter (e.g.,
cytotoxicity®®“?). In addition, AIE molecules and nanoaggre-
gates can be decorated by functional groups with binding
specificity to particular receptors that enables active target-
ing.**9%“" Integration of an RGD unit with the AIEgen structure,
for example, has generated integrin-specific fluorescence turn-on
bioprobes for tumor cell targeting, image-%uided drug delivery,
in situ monitoring of therapeutic e ect, etc."*%*

Two decades ago, fluorescent semiconductor QDs were
introduced for the fluorescent labeling of biological molecules
and cells.>'% Due to their narrow emission bands, QDs are
suited for multiplexed read-out, as detailed below. %%
Semiconductor QDs are also bright and show reduced
photobleaching, which makes them suitable for long-term
imaging at the single-molecule level.*®*~*% However, semi-
conductor QDs can be cytotoxic toward cells due to the release
of metal ions®®°® and many researchers take this fact
into consideration in designing QDs for their long-term
imaging studies.’®~*** For example, CdSe QDs can be coated
with ZnS polymer shells or SiO, layers to suppress the
dissolution of possibly toxic semiconductor core materials.*®
Details about the mechanism for potential toxicity are still under
discussion.

Rare earth (RE)-based nanophosphors, which consist of a
host inorganic matrix doped with luminescent lanthanide (Ln)
cations, constitute another type of luminescent materials. Their
main advantages are their low toxicity, high photostability, high
thermal and chemical stability, high luminescence quantum yield,
and sharp emission bands.*** However, they normally show low
luminescence intensity, which is caused by the low absorption
of the parity-forbidden Ln®* 4f—4f transitions."™® The optical
properties of such NPs can be further modified by doping,
as shown recently in the case of Eu®, Bi** codoped REVO,
(RE =Y, Gd) NPs. Intense red luminescence was achieved by
using indirect excitation of the Eu* cations via the vanadate
anions. The incorporation of Bi** into the REVO, structure
resulted in a shift of the original absorption band corresponding
to the vanadate toward longer wavelengths, yielding nano-
phosphors excitable by near-ultraviolet and visible light.***
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Carbon dots are another class of fluorescent NPs. Carbon dots
are zero-dimensional carbon nanomaterials and possess the
advantageous characteristics of QDs over organic fluorophores,
such as high photostability, tunable emission, and large two-
photon excitation cross sections.** Moreover, C-dot fluorescence
does not blink. They are water-soluble, can be functionalized, can
be produced economically, and have excellent cell permeability
and biocomé)atibility, making them attractive for intracellular
sensing. "¢ Also, C-dots without heavy metal content are
environmentally friendly and can be much safer for biological
applications than traditional Cd-containing QDs.*"***'*® |n a
recent study, C-dots were subjected to a systematic safety evalua-
tion involving acute toxicity, subacute toxicity, and genotoxicity
experiments (including a mouse bone marrow micronuclear test
and a Salmonella typhimurium mutagenicity test).**” Carbon dot
dosages of 51 mg/kg weight body showed no significant toxic
e ects, i.e, no abnormality or lesions, and no genotoxicity in the
organs of the animals.

Nanodiamonds, another group of carbon NPs, are receiving
growing interest for drug delivery and other biomedical
applications because they have good biocompatibility."*® Intra-
venously administered ND complexes at high dosages did
not change serum indicators of liver and systemic toxicity."*°
Nanodiamond powder produced by detonation (5—6 nm, see
Figure 6) or other methods (20—50 nm) are readily available in
commercial quantities at moderate cost and are among the most
promising carbon nanomaterials for drug delivery, imaging, and
theranostic applications. Fluorescence of NDs due to nitrogen-
vacancy (NV) centers (see Figure 6) that are composed of a
substitutional nitrogen and a next neighbor vacancy enables
biomedical imaging.***** Fluorescent NPs can also be produced
by linking or adsorbing various fluorophores onto NDs. For
example, bright blue fluorescent NDs were produced via covalent
linking of octadecylamine to carboxylic groups on the ND surface
(ND-ODA).*?? In biomedical imaging, fluorescent NDs com-
bine the advantages of semiconductor QDs (small NP size, high
photostability, and bright multicolor fluorescence) with biocom-
patibility, lack of toxicity, and tunable surface chemistry. Therefore,
they are promising for in vivo imaging. Since the sizes of ND
particles can be smaller than 5 nm NPs, they can be removed by
renal excretion without leaving any toxic residue in the body.*#****
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Figure 7. Diagrammatic illustration of the real-time monitoring of cell apoptosis process by DEVDK-TPE, an AlE-active uorescent bioprobe.

Adapted from ref 131. Copyright 2012 American Chemical Society.

Besides using fluorescent NPs as contrast labels for imaging,
“smart” fluorophores that change their fluorescence signal
depending on the local environment can be designed. By
integrating pH-sensitive fluorophores on the surfaces of NPs,
information about their local environment can be gained, for
example, whether they are located extracellularly in neutral
pH or intracellularly inside acidic endosomes/lysosomes.*?"*?¢
By combining analyte-sensitive fluorophores with NPs, the
concentrations of di erent analytes in the vicinity of the NPs can
be determined.*?***°

Fluorescent NPs based on AIE o er another concept in this
direction. The AIE process has been utilized to develop light-up
biosensors. Cell apoptosis, for example, has been followed in
real time by making use of the AIE process (see Figure 7).***
Tetraphenylethene (TPE), an archetypical AlEgen, has been
functionalized by a short oligopeptide (DEVDK) through
click chemistry, a ording DEVDK-TPE, a peptide—AlEgen
adduct. DEVDK-TPE is soluble in aqueous bu ers and hence
emits no fluorescence (i.e, no residual emission). It remains
nonfluorescent in intracellular media after cells internalize it.
During apoptosis, caspase enzyme cleaves the DEVD segment.
The residual segment (K-TPE) is not hydrophilic enough to
be dissolved in aqueous media and thus forms intracellular
nanoaggregates. The aggregate formation turns on the fluo-
rescence of TPE, which is gradually intensified with the progress of
apoptosis. This enables real-time and in situ monitoring of the
biological process of programmed cell death.**

For cellular and in vivo cancer imaging, Nie, Gao, and their
co-workers have developed a class of activatable NPs based on
the use of copolymer materials with ionizable tertiary amine
groups and covalently conjugated fluorescence dyes.****** The
self-assembled NP structures undergo a dramatic and sharp
transition within a narrow range of pH (often less than 0.2 pH
units). This pH-induced transition leads to rapid and complete
dissociation of the nanomicelles. As a result, the covalently linked
dyes change from a self-quenched “o0 ” state to a highly emissive
bright “on” state. This supersensitive and nonlinear response
to external pH enables targeting acidic organelles in cancer cells
as well as the acidic microenvironment in solid tumors. This
feature is important in addressing the tumor heterogeneity
problem, which is a major challenge for various imaging and
therapeutic approaches based on molecular or receptor targeting.
By targeting the common “hallmarks” of tumors (ie., the
acidic habitat or microenvironment and the growth of new
blood vessels or angiogenesis), this work has opened exciting
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opportunities in detecting and potentially treating a broad range
of human solid tumors. This approach leads to improved
detection sensitivity because each NP contains multiple dye
molecules, which are turned on (restored to fluorescence) in an
all-or-none fashion, leading to amplified fluorescence signals that
are many times brighter than those of single dye molecules.

Nanoparticles can also be used for detection of molecules,
cells, and tissues outside the human body. In this diagnostic
application, the function of the NP is to identify unique bio-
logical molecules in biological fluids that are associated
with the health of the patient. The NPs act as transducers
and are coated with ligands to enable the biorecognition of
unique biological molecules in the fluid in the in vitro sensing
applications. For example, AuNPs have been modified with
ligands that specifically bind to a complementary protein.
The presence of these proteins induces the cross-linking of the
NPs (i.e, agglutination). This controlled agglomeration can
be observed colometrically by the change of color of the NP
solution.**** These concepts have been later refined, for
example in rapid colorimetric DNA sensing.*****” This AuNP-
based diagnostic technology has advanced to testing of patient
samples and is now used in the clinic.*® Nanotechnology
presents an opportunity to improve the overall diagnostic process
by lowering the limit of detection, thus enabling high throughput
and multiplexed detections of biological targets with high
sensitivity.

Nanoparticles can also be used for
molecular detection of molecules, cells,
and tissues outside the human body.

Screening Based on Fluorescence Read-Out. Quantum
dots are frequently used as fluorescence labels in proteins or
nucleic acid assays. One example in this direction is a QD-based
fluorescence polarization assay for screening of antigen surface
epitopes.” In this example, a method for quickly screening
and identifying dominant B cell epitopes was developed using
hepatitis B virus (HBV) surface antigen as a target. Eleven amino
acid fragments from the HBV surface antigen were synthesized
by 9-fluorenylmethoxy carbonyl solid-phase peptide synthesis
strategy, and then CdTe QDs were used to label the N-terminals
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of all peptides. After optimizing the factors for this fluorescence
polarization (FP) immunoassay, the antigenicities of synthetic
peptides were determined by analyzing the recognition and
combination of peptides and standard antibody samples. The
results of the FP assays confirmed that 10 of the 11 synthetic
peptides had distinct antigenicities. In order to screen dominant
antigenic peptides, the FP assays were carried out to investigate
the antibodies against the 10 synthetic peptides of the HBV
surface antigen in 159 samples of anti-HBV surface antigen-
positive antiserum. The results showed that 3 of the 10 antigenic
peptides might be immunodominant, because the antibodies
against them existed more widely among the samples and their
antibody titers were higher than those of other peptides. Using
three dominant antigenic peptides, 293 serum samples were
detected for HBV infection by the FP assays. The results showed
that the antibody-positive ratio was 51.9%, and the sensitivity
and specificity were 84.3% and 98.2%, respectively. This
QD-based FP assay is a simple, rapid, and convenient method
for determining immunodominant antigenic peptides and has
potential in applications such as epitope mapping, vaccine
designing, or clinical disease diagnosis.

Another application of QDs is multiplexed detection, as
described by Nie and co-workers. Quantum dots have been
incorporated into microbeads to generate barcodes, where
unique optical emission for each bead can be generated by
di erentamounts and sizes of QDs.**° Fluorescent QDs are ideal
optical coders, because they have narrow fluorescence line
widths, size- and shape-tunable emission, photostability, and all
fluorescence emission can be excited with a single wavelength.
Thus, barcodes can be designed with high coding precision,
cost-e ective instrumentation can be used by simplifying the
optical components and excitation source for read out, and,
finally, it has been suggested that over 1 million unique barcodes
can be generated using di erent emitting QDs and intensities.
There are several methods to prepare QD barcodes: (a) the
“swelling” technique, where polystyrene beads are mixed in a
solvent to enable beads to increase in volume, which allows the
di usion of hydrophobic QDs into the outermost layer,**°
(b) layer-by-layer (LbL) assembly of di erent emitting QDs
onto the surface of the beads,"** (c) incorporation of QDs inside
a silica NP with a hydrophobic core,****** and (d) microfluidic
flow focusing to incorporate QDs inside the microbeads.*** =4
Each method of barcode preparation hasa di erent fluorescence
signal stability. Some formulations tend to expose QDs to small
ions in the bu er, which leads to high read-out variability.**’
Hence, careful selection of preparation method is required
for reproducibility in the biological assay. This optimization is
important for the use of barcodes in diagnosing patient samples
as outlined in the following examples.

To make use of barcodes for biological applications, the sur-
face of the barcodes typically needs to be coated with bio-
recognition molecules (e.g., oligonucleotides or antibodies).
Panels of di erent, uniquely emitting barcodes can be designed
for detecting “sets” of diseases. For example, a mixture of five
unique emitting barcodes with three distinct target proteins has
been designed for diagnosing patients with HIV, hepatitis B, and
hepatitis C. The two other barcodes were used as positive and
negative controls. These five barcodes can be mixed with a
patient’s plasma and secondary probes. If the patient presents
the antigen that recognizes the antibody on the barcode surface
and the secondary probe, molecular assembly forms sandwich
complexes of barcode—patient antigen—secondary probes.
The overall optical signal of the barcode for positive detection
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changes upon the assembly process, and can be distinguished
by using flow cytometry**® or a smartphone camera*® A
demonstration of the use of QD barcodes for diagnosing patient
samples was reported by Ming et al., who found that barcodes
could be used to detect the genetic targets of patients infected with
HIV and hepatitis B.**° Kim et al. described the clinical sensitivity
and specificity for QD barcode diagnostic analysis of hepatitis B to
be greater than 90%.™° This is a promising step for the clinical
translation of this technology. The QD barcode is an example of a
number of emerging nanotechnology-based diagnostic devices,
where multiplexing occurs by the design of the barcoding system
(e.9., Raman-based barcodes, graphic barcodes).***>?

Novel approaches in instrumentation have also been developed
to enable automation of barcode-based diagnostic assays. Micro-
fluidic chips are an ideal platform for high-throughput multiplexed
read-out. This approach has been demonstrated by coupling
microfluidics with traditional Western blots (WBs) in protein
identification.">* Parallel microfluidic channels are designed to
incorporate the internal molecular weight marker, loading
control, and antibody titration in one protocol. Compared to
the conventional WB that detects only one protein, the micro-
fluidic WB ( WB) can analyze at least 10 proteins simultaneously
from a single sample, while requiring only about 1% of the amount
of antibody used in conventional WB. For nucleic acid analyses,
microcapillary and loop-mediated isothermal amplification are
incorporated (cLAMP) to achieve straightforward, robust,
multiplexed, and point-of-care testing (see Figure 8). The
cLAMP uses capillaries (glass or plastic) to introduce and to
house samples/reagents, segments of water droplets to prevent
contamination, pocket warmers to provide heat, and a hand-held
flashlight for visual read-out of the fluorescence signal. It enables
the simultaneous detection of two regions of the HIV genome
from multiple plasma samples. As few nucleic acid detection
methods can be wholly independent of external power supply and
equipment, the cLAMP holds great promise for point-of-care
applications in resource-poor settings.”®* To enhance the
throughput for detection and to integrate the analysis of proteins
and nucleic acids into one protocol, barcode-based bioassays that
are capable of encoding and decoding are introduced. A single
barcoded microchip can carry out tens of individual protein/
nucleic acid assays (encode), and immediately yield all assay
results by a portable barcode reader or a smartphone (decode).
The applicability of barcoded microchips has been demonstrated
by HIV immunoassays for simultaneous detection of three targets
(anti-gp41 antibody, anti-gp120 antibody, and anti-gp36 anti-
body) from six human serum samples. However, the barcode-
based assay can also be applied for the simultaneous detection of
pathogen-specific oligonucleotides be/ a single chip containing
both positive and negative controls.*>

Another multiplex detection technology that is gaining interest
is “chemical nose” sensors.*® Array-based “chemical nose”
sensors have been designed where individual spots are coated
with chemical agents to recognize specific molecules in acomplex
analyte mixture. These systems use selective recognition of
analytes, a complementary approach to traditional biomarker-
based strategies. Nanoparticle-based chemical noses have been
used for sensing of sera,™’ cell-surface based discrimination
of bacteria,"*® and genotyping of cancer cells.”>® These systems
used separate recognition elements to generate the selectivity-
based pattern required for analyte identification. Recently,
an alternative multiplexing strategy was used to create a high-
throughput multichannel sensor that was able to determine the
mechanism of chemotherapeutics within minutes,*® instead of
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the weeks required for traditional biochemical approaches
(see Figure 9). The multiplexed platform complexed a single
AuNP with three di erent fluorescent proteins (FPs) to detect
drug-induced physicochemical changes on cell surfaces.
This result demonstrates the ability of nanomaterials to sense
minute changes in cell surfaces rapidly, enabling high-throughput
screening. These systems are promising for a wide variety of
applications, including diagnostics for wound biofilms.***
While in the above example, the fluorophores were merely
used as passive labels, they can also be used for active sensing in
intracellular assays. The functionalization of luminescent NPs
and their incorporation into cells provide versatile means to
image cells. However, the design of functional NPs that quanti-
tatively respond to specific cellular biomarkers or intracellular
conditions remains challenging. Several recent reviews have
addressed advances in the application of luminescent NPs for
intracellular sensing.*®>~*** Quantum dots have been widely
applied as luminescent transducers for the development of
optical biosensors.**>**® Quantum dots can be functionalized
with moieties that alter their fluorescence properties in response
to particular cellular conditions or cellular biomarkers. This
approach can be used to develop intracellular sensors. As an
example, core/shell CdSe/ZnS QDs were functionalized with a
dopamine-conjugated peptide monolayer to act as pH sensors
(see Figure 10A). Under aerobic conditions, the dopamine
ligands are oxidized to quinone units, which quench the transfer
of electrons. The quenching e ciency of the QDs is dependent
on the redox potential of quinone units, which, in turn, are

2324

pH-dependent.*®” By altering the pH, the quenching e ~ ciency of
the QDs can be tuned.*®” The ability of the QDs to respond to
intracellular pH changes was demonstrated experimentally by
Medintz et al.*®” By subjecting COS-1 cells loaded with QDs to
extracellular nystatin, which induces pH changes in the cells, the
intracellular pH changes could be quantified using an in vitro-
derived calibration curve (see Figure 10B).

Similarly, cytochrome ¢ functionalized CdSe/ZnS QDs can
be used for detection of the reactive oxygen species (ROS)
superoxide radical (O,"7). The O," -mediated reduction of
cytochrome ¢ enhances the fluorescence of QDs. The ability
of the QDs to respond to intracellular changes in O,” was
demonstrated experimentally by Li et al.*®® By subjecting HeLa
and HL-7702 cells to phorbol myristate-induced generation of
0,"7, the resulting fluorescence could provide a quantitative
measure of the time-dependent concentration of O, in the
cells.

Quantum dots can also be applied for the detection of
dihydronicotinamide adenine dinucleotide (NADH).**® CdSe/
ZnS QDs were functionalized with a monolayer of Nile Blue
(NB*), which quenches the fluorescence via an energy transfer
mechanism (see Figure 11A). Freeman et al. demonstrated
that NADH, a cofactor generated via the metabolic Krebs
cycle, induced reduction of NB* to the colorless NBH reduced
state, which resulted in the recovery of QD fluorescence (see
Figure 11B). The metabolism of HelLa cells can be inhibited
by anticancer drugs, eg., taxol, which substantially lowers
the intracellular NADH concentration to yield low fluorescence
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(see Figure 11C). This latter example highlights the potential The potential toxicity associated with the intracellular applica-
use of intracellular QDs biosensors for drug screening tion of QDs can be avoided by using alternatives such as C-dots.
applications.**° Figure 12 illustrates the application of fluorescein-modified
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C-dots as optical transducers in the fluorescence resonance
energy transfer (FRET)-based detection of intracellular pH.*"
Carbon dots serve as the donor in the FRET pairing with
fluorescein to provide a ratiometric detection of pH within a
region of pH = 4.0 to pH = 8.0 (Figure 12B). Similar experiments
have been performed with QDs modified with a pH-sensitive
fluorophore,*"* demonstrating that the concept of active pH
sensing can be carried out with a variety of di erent NP materials.
Du et al.*"® demonstrated the use of fluorescein-functionalized
C-dots in monitoring temporal and spatial intracellular pH
changes in L929 cells using fluorescence spectroscopy (see
Figure 12C).

In addition to the sensor mentioned above, several other
intracellular fluorescent C-dot-based pH sensors have also
been reported.*’>*"® The quantification of intracellular pH is
particularly interesting since abnormal pH values are often
associated with certain diseases such as cancer or Alzheimer’s
disease.”**"> Moreover, functionalized C-dots have been
modified for intracellular sensing of metal ions.®*"" For
example, quinoline-functionalized C-dots were applied to sense
Zn?* ions in the intracellular environment (see Figure 13).*’

Organic and inorganic polymer NPs have been implemented
as functional units for intracellular sensing applications. For
example, silica NPs have been widely used to transport fluoro-
phores for the intracellular sensing of oxygen levels,*"® pH,*"® or
metal ions.”®® In these systems, the fluorophore embedded
within the SiO, NPs responds selectively to the intracellular
analyte, thus providing an optical output in response to stimuli.
Often the combination of two fluorophores, where only one
fluorophore responds to the respective analyte, are integrated
with the NPs, to enable the ratiometric detection of the
analyte. For example, the pH-sensitive FITC and pH-insensitive
Ru(bpy),?* fluorophores were incorporated into SiO, NPs. The
labeled NPs were then applied for sensing the drug-induced
lysosomal pH changes in murine macrophages stimulated by
chloroquine, and for the dexamethasone-induced acidification in
apoptotic HelLa cells."®> A sense-and-treat SiO, NPs system
was demonstrated by the immobilization of Atto 647 dye and a
DOX-functionalized polymer on the SiO, NP. The func-
tionalized NPs were incorporated in Hep-G2 cells, and the
pH-induced release of the DOX in endosomal and lysosomal
domains of the cells was probed by the two fluorophores, while
releasing the anticancer DOX drug.

Organic polymer NPs exhibit several advantages for trans-
porting intracellular sensing moieties. Many di erent nontoxic
polymer matrices are available and their hydrophilic/hydro-
phobic properties can be tailored for optimal cell permeation.
Furthermore, the versatile methods available to modify polymer
NPs enable the functionalization of recognition ligands,
fluorophores, and cell-targeting ligands and functionalities,
and minimize nonspecific adsorption. Figure 14 illustrates two
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sensing: (I) NPs function as optically responsive ligands. (1)
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optical-transducing element. The recognition event activates the
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general strategies to assemble polymer-based NPs for intra-
cellular sensing applications. One type of sensing NPs involves
the incorporation of a fluorophore into the NP matrices where it
serves as both binding ligand and optical transducer, panel I.
The second type of intracellular optical sensors involves the
modification of the NPs with two functional elements: (i) a
recognition ligand that binds the analyte and (ii) a transducer
that responds optically to the recognition event, panel Il. This
two-element NP composite is known as an opt(r)ode, in analogy
to electrochemical sensing electrodes. In this approach, electro-
chemical reactions stimulated by the recognition complex or
intracellular environmental changes, e.g., pH changes, induced by
the sensing events, trigger the optical transducer in the NPs.

Fluorescent sensors for the intracellular detection of spe-
cific ions such as Cu?*, Mg?, and Zn*" were developed*®*~#*
using ion-responsive fluorophores embedded in polymer NPs
(Figure 14, panel I). An interesting optical sensor that follows the
principle shown in Figure 14, panel I, and probes intracellular
levels of H,0, is depicted in Figure 15. Polyacrylonitrile (BPAN)
NPs modified with the Schi base ligands of aminopyridine
boronate ester (50 nm diameter) were used as the sensor NPs
(Figure 15A). In the presence of H,O,, oxidative cleavage of
the boronate ester units occurred, leading to the formation of the
hydroxy-pyridine-substituted polymer nanoparticles, which
exhibited a characteristic fluorescence band at = 400 nm.
The intensity of the fluorescence band was correlated with the
concentration of H20825(F|gure 15B), and other ROS species did
not interfere with it.*

In yet another example, researchers developed bifunctional
polymer NPs that acted as optrodes to probe intracellular levels
of HZOZ, accordmg to the principle shown in Figure 14,
panel 11.*® They modified PEG hydrogel nanospheres
(250—350 nm) with horseradish peroxidase (HRP) and the
Amplex Red (10-acetyl-3,7-dihydroxy phenoxazine) transducer
(Figure 16A). In the presence of stress-induced and intracellular
formation of H,O,, the HRP-catalyzed oxidation of Amplex
Red proceeds, yielding the fluorescent resorufin transducer.*®®
The hydrogel NPs were introduced into macrophages, and
these responded to exogenous H,O, (100 M) or endogenous
peroxide stimulated by lipopolysaccharides (1 g-mL™%).
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Similarly, a nanosensor capable of monitoring intracellular
glucose levels is depicted in Figure 16B). Polyacrylamide NPs
were implemented as a carrying matrix for glucose oxidase, GOX,
and the Ru(11)-tris-bipyridine, Ru(bpy),?*, transducer. While the
Ru(bpy)s2* fluorescence is quenched by intracellular O, levels,
the O,-driven GOx-catalyzed oxidation of glucose depletes
the O, levels, resulting in the triggered-on fluorescence of the
Ru(bpy),?* luminescent probe. As the degree of O, depletion by
the biocatalytic process is controlled by the concentration of
glucose, the resulting fluorescence of the transducer provided a
quantitative measure for the concentration of glucose.*®” The
use of composite polymer NPs carrying enzymes and optical
transducers as bifunctional sensing elements is particularly
attractive since the products generated by many enzyme-driven
processes may activate optical (fluorescent) transducers. The use
of such intracellular nanosensors should be implemented with
caution, however, since intracellular environmental conditions,
e.g, changes in pH, might alter the enzyme activities, thus
perturbing the intracellular nanosensor performances.
Screening Based on Surface Plasmon Resonance.
Plasmonic NPs are also designed for optical read-out,***~ in
particular, in the form of colorimetric responses. The aggregation
of AuNPs shifts the absorption maximum to longer wavelengths.
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Aggregation can be induced by the selective binding of analyte
molecules to the functionalized surfaces of AuNPs.**® The most
popular example in this research direction is DNA detection,
as developed by Mirkin and co-workers.******'% There are now
many similar assays. For example, Stevens and co-workers used
AuNPs to detect the enzyme phospholipase A, at a concentration
of 700 pM.**® A more complex scheme was used by Pompa and
co-workers to detect cancer-related point mutations in the
Kirsten rat sarcoma viral oncogene homologue (KRAS) gene.*®
In this case, AUNP aggregates form when the target gene
hybridizes with the complementary single-stranded capture
probes functionalized to AuNPs. Subsequently, the AuNP—
target-gene complex undergoes a secondary binding event
with DNA-functionalized magnetic Fe;O, microparticles. In
addition to nucleic acid detection, AuNPs functionalized with
capture antibodies and patterned onto dielectric surfaces can
be used to fabricate a protein biosensor.*** The characteristic
surface plasmon resonance (SPR) of such AuNPs is shifted
by the binding of target proteins, and this spectral shift can
be detected using conventional SPR imaging spectrometers.
Tamiya and co-workers demonstrated a 300-channel version
of this device, capable of label-free detection of targets down
to 100 pg/mL.*
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Figure 17. (A) Scheme showing prion mutation and prion ultradetection in human blood. Surface-enhanced Raman spectra (SERS) of () natural
and (b) spiked human blood; (c) natural and (d) spiked human plasma; (e) spiked human plasma after spectral subtraction of the matrix (human
plasma); (f) the scrambled prion. Adapted with permission from ref 205. Copyright 2011 National Academy of Sciences. (B) (a) Optical spectra
and SERS (mapped at 1548 cm™, as marked with the arrow below) images of 3T3 cells in the presence of capsules. The SERS spectra (bottom)
show the signals for the colored circles in the image (top). (b) Optical images and intracellular NO formation over time (obtained through the
l15g3/ (11583 + l154g) relation) for three di erent samples upon NO induction with hydrogen peroxide (H,O,). A control sample without the
presence of H,0O, is also shown for comparison. Representative normalized SERS spectra obtained at di erent times are shown. The SERS
dashed (blue) and dotted (red) spectra represent the reference vibrational pattern for aminobezenethiol and hydroxybenzenethiol, respectively.
Adapted with permission from ref 212. Copyright 2013 John Wiley & Sons, Inc. (C) (a) Outline of the c-Fos/c-Jun dimerization on the metal
surface and the resulting deformation of the Raman label structure. (b) Details of the 1000—1100 cm™ spectral regions of the SERS of the
molecular spring (benzenethiol) interfacing the NP and the protein c-Fos.(c) Spectral shift of the benzenethiol band at ca. 1075 cm™ as a
function of c-Jun concentration (logarithmic scale) in HEPES bu er. Adapted from ref 215. Copyright 2013 American Chemical Society. (D) (a)
In vivo cancer targeting and SERS detection by using ScFv-antibody-conjugated AuNPs that recognize the tumor biomarker epidermal growth
factor receptor (EGFR). Top: Photographs showing a laser beam focusing on the tumor site or on the anatomic location of liver. Bottom: SERS
spectra obtained from the tumor and the liver locations by using (a) targeted and (b) nontargeted NPs. Two nude mice bearing human head and
neck squamous cell carcinoma (Tu686) xenograft tumors (3 mm diameter) received 90 mL of ScFv EGFR-conjugated SERS tags or PEGylated
SERS tags (460 pM). The NPs were administered via tail vein single injection. SERS spectra were taken 5 h postinjection. In vivo SERS spectra
were obtained from the tumor site (red) and the liver site (blue) with 2 s signal integration and at 785 nm excitation. The spectra were
background-subtracted and shifted for better visualization. The Raman reporter molecule was malachite green, with distinct spectral signatures
as labeled. Adapted with permission from ref 216. Copyright 2008 Nature Publishing Group.

Taking advantage of the high cross-section absorbance of di ers from that of red-blue plasmon coupling assays or
plasmonic NPs, their SPR can also be used in plasmonic-driven screening with Raman scattering based (see below). Polarization
thermal sensing. Qin et al. presented an improved lateral flow rotation in NP assemblies is primarily based on interactions
immunoassay using AuNPs, which improved the analytical of the electromagnetic field with asymmetric nanostructures
sensitivity of the method 32-fold, achieving similar sensitivity to rather than on the formation of so-called ‘hot spots’ or plas-
an enzyme-linked immunosorbent assay (ELISA).**® Further- mon coupling.?* This di erence is essential for biomedical
more, Polo et al. reported a SPR-based detection of carcino- diagnostics because it enables detection of long strands of
embryonic antigen (CEA) with a sensitivity 3 orders of DNA and large proteins. For instance, translation-inspiring sen-
magnitude better than standard ELISAs using anisotropic sitivity was obtained for prostate specific antigen using this
AuNPs.*’ method.?*” Most recently, this method in combination with

One of the emerging techniques related to plasmon resonance UCNPs also enabled dual detection of one of the most promising
that demonstrated high sensitivity and versatility is the chiro- diagnostic targets micro RNAs (miRNA) at the levels su cient
plasmonic method developed by Kotov and Xu.*®72%° This for its application in cancer diagnostics.”*
technique is based on the giant polarization rotation character- Screening based on surface-enhanced Raman scatter-
istic of nanoscale assemblies highly polarizable metallic nano- ing. Surface-enhanced Raman scattering (SERS) is another
particles. The chiroptical e ects in these structures are several class of NP-based molecular detection.”***°> Surface-enhanced
orders of magnitude higher than in small organic molecules due Raman scattering is an ultrasensitive molecular spectroscopy
to high polarizability of the inorganic nanomaterials and larger technique that benefits from the electromagnetic fields generated
dimension. Notably, the physics of chiroplasmonic detection upon excitation of plasmons in nanomaterials. Despite the
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impressive detection limits of SERS, down to the single molecule
level °° its application in diagnosis has been restricted until
recently by the inherent complexity of biological samples. Thus,
direct SERS detection of disease markers have typically been
carried out either in lab samples, where the marker was diluted in
a controlled solution, or in biological samples, where the marker
is characterized by an extraordinary a nity for the plasmonic
surfaces, such as the use of SERS detection for Creutzfeldt-Jakob
prionic diseases (see Figure 17A).2%° The use of chemoreceptors,
intermediary molecular species with selective a nity for the
molecular target (ie., the disease marker),”®” has notably
increased the applicability of SERS as an e cient diagnostic
tool. Surface-enhanced Raman scattering has therefore been
applied to ex vivo detection of drugs,?®® proteins,**® metabolites
indicative of disease,?'® or even toxic ions,”** but also to in vitro
monitoring of relevant small inorganic molecules such as nitric
oxide” or pH levels®*® inside living cells (see Figure 17B).
In this approach, SERS detection is achieved indirectly as the
spectral changes for the chemoreceptor are monitored before
and after reaction with the target analyte, rather than directly
detecting the analyte. Ideally, the chemoreceptor needs to show a
recognizable spectral change, either structural or electronically,
upon conjugation with its target. Although this property can
be found easily in small aromatic molecules, such as aromatic
thiols and amines, porphyrins, and dyes, macromolecules
such as peptides and proteins usually do not present spectrally
discernible di erences. In such cases, however, the use of
molecular springs as an interface between the metallic surface
and the protein chemoreceptor can be employed to monitor the
interactions with the analytical target. This strategy has been
demonstrated successfully in the quantification of the oncogenic
protein ¢c-JUN in cell lysates by using the transcription factor
FOS®** coupled with mercaptobenzoic acid as the molecular
spring (see Figure 17C).?*> An alternative approach to the use of
SERS for diagnostics and bioimaging relies on the highly intense
signals that can be obtained from plasmonic NPs labeled with
molecules featuring large SERS cross sections. This strategy,
pioneered by Shuming Nie, has been demonstrated extensively
for bioimaging of tumors in mice (see Figure 17D) and for use as
a contrast agent for the multiplex labeling in tissue prepara-
tions.”*” The use of di erent Raman labels in combination with
di erent antibodies can further expand the multiplexing
capability of these systems. Moreover, a variety of membrane
receptors can be targeted specifically to obtain pertinent spatial
information.”*® Surface-enhanced Raman scattering NP tags
have also been used for multiplexed detection of circulating
tumor cells and cardiovascular protein biomarkers in blood
samples.”*® Nie and co-workers developed a sandwich-type assay
involving magnetic capturing beads and SERS tags for measuring
a panel of four cardiac protein biomarkers (SVCAM-1, suPAR,
HSP70, and CRP). The magnetic beads enable easy purifica-
tion while the SERS tags enable simultaneous quantification.
Due to multiplexing, high sensitivity, and the large dynamic
range of SERS, multiple biomarkers can be assessed over a wide
concentration range in a single tube. Since this system removes
many purification and enrichment steps, SERS-based assays can
provide better positive and negative predictive values in high-risk
patients. In the context of coronary arterial disease, a major
clinical problem is the prediction of sudden cardiac events such as
plague rupture and myocardial infarction. Hence, it is important
to develop assays to distinguish high-risk populations for plaque
rupture that require immediate intervention and treatment.
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Screening Based on Electronic Read-Out. Nano-
wires??°=?* are enabling a novel class of biosensors that are
capable of detecting disease markers in blood, saliva, and urine,
and able to convert the detection events into electronic signals.
Semiconductor nanowire field-e ect transistors (FETS) make
use of nanowires that are sensitive to surface-binding events.**°
This sensitivity is derived from the proximity of the binding
sites to the charge carriers within the nanowire.”**~>** Nano-
engineered FETs di er considerably from conventional, micro-
lithography-based FETs for solution-based detection.”**~2*° For
example, nanoengineering enables miniaturization and also
enables the detector to be close to the target. Silicon nanowires
can detect proteins at 10 fM concentrations in low ionic strength
bu ers; however, the detection of analyte molecules by nanowire
FETs in high ionic strength (>mM) solutions, including all
physiological solutions of interest, has posed problems. In such
solutions, the Debye length is reduced to 0.2—2.0 nm and the
screening of analyte charge by the electrolytes either reduces
sensitivity or, more often, prevents detection of the analyte
altogether.??>?*" Andrews, Weiss, and Yang showed that
aptamer-functionalized FETSs can operate in full ionic strength
bu er, presumably because of the proximity of the charged
backbone to the gated semiconductor, and thus show promise for
in vivo measurements.”*®* A recent study demonstrated”*° that
backfilling antibody-functionalized silicon nanowires with a
PEG layer extends the Debye length, enabling the detection
of prostate-specified antigen at a concentration of 10 nM in
100 mM phosphate bu er.>*° Nanowires composed of con-
ductive polymers (e.g., polyaniline**°=>**) have also been
adapted for electrical biosensing using either FET-based
transduction®**?*®> or chemoresistive transduction.????° In
these systems, the binding sites are either antibodies or virus
particles displaying peptide motifs, both of which are capable of
recognizing and binding analyte molecules. Conveniently, either
of these two “receptors” can be entrained in the polymer from the
polymerization solution during nanowire fabrication. In contrast
to nanowire FETS, transduction of analyte binding to polymer
nanowires is not completely understood. Carbon nanotubes
have been also used as transducers for biosensing.>*® All these
biosensors are “label-free”  capable of providing a signal cor-
related to the concentration of analyte by immersion in a solution
without added reagents or process steps. Thus, these devices are
ideally suited for use in point-of-care disease diagnostics.

An electrically responsive NP sensing scheme requires
electrical contact. One approach described by Gadopadhyay
et al**® involves the incorporation of AuNPs into polyaniline
films on electrode surfaces.”*® In this case, AuNPs facilitate the
attachment of single-stranded DNA (ssDNA) capture strands to
the nanowire, using a thiol-based immobilization scheme.
Binding of target DNA to the ssDNA capture strands impedes
the redox responsiveness of polyaniline and reduces peak cur-
rents by providing an insulating layer to the electrode surface.”*
Gadopadhyay et al. demonstrated that target nucleotide
concentrations down to 108 M can be detected by monitoring
changes in peak currents. Similarly, QDs have been used as
transducer in electrochemistry based detection schemes.*’~2>*

Biological molecules can also act as transducers that directly
convert binding events into electrical signals. This action can be
in the form of ion channels, which open in response to binding
events and subsequently result in a signal cascade.” Olfactory
receptors, for example, can be used for the development of
sensitive and selective odor-sensing biosensors.”>®~>*® These
biosensors can screen numerous volatile compounds generated
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by the human body, such as exhaled breath and body odors, to
detect diseases and health conditions.*****° Olfactory receptors
have also been combined with various transducers such as quartz
crystal microbalance,®®* 2% SPR sensors,?**?®> microelectro-
des,?°°?%" NPs,**® graphene,®***"° and nanotubes*’*~?"" to
generate di erent types of read-outs. For example, a biosensor
with an electrical read-out was constructed by immobilizing
olfactory receptors on nanotubes.>”*"? Similarly, a nanovesicle-
based olfactory biosensor, where nanovesicles with surface
olfactory receptors were immobilized on nanotubes, was
successfully used for cancer diagnosis.?**2"®?"" In addition to
olfactory recegtors, others, such as hormone receptors,*®® taste
receptors,”’®%’® and peptides”® can also e ciently be used in
biosensors that can detect components of saliva, tears, blood,
urine, cerebral spinal fluid, mucous, and even tissues.?*"*%

Similarly, whole cells can be used as transducers, whereby
electric currents of electrically excitable cells are recorded.?®®
Primary cells®®* and stem cells?®® from patients have become
interesting targets that can be used as potential tools for per-
sonalized medicine. In addition to whole cells, specific ion
channels can also be used as transducers. lon channels are
involved in electrical signal conduction (such as in the nervous
or cardiac systems) as well as in other disease areas such as
oncology,?® cystic fibrosis,”®” diabetes,?®® and infection.”®® The
gold standard for monitoring ion channel currents is the patch
clamp technique,?®® which provides highly accurate functional
recordings from single or multiple ion channels in cells.
However, the low throughput and the need for highly trained
operators exclude the classical patch clamp technique from many
screening applications. This situation changed with the develop-
ment of the planar patch clamp technique.**?%* The latest
generations of planar patch clamp devices like the SyncroPatch
384PE (2013 by Nanion Technologies) enable recordings of up
to 768 cells at a time, and can be integrated into high-throughput
screening cascades of the pharmaceutical industry. Nano-
technology has had a leading role in shaping these technologies
by providing nanopores responsible for sealing the cell and
the detector surface. Such nanopores can be used not only for
electrophysiological measurements of cells, but also have
been used in the context of DNA detection.”® In most cases,
electrophysiological detection is used for monitoring over-
expressing ion channels, which has implications in primary drug
targeting or for eliciting dangerous side e ects. One prominent
example is the cardiac herG channel that plays an imfortant role
in heart arrythmia and QT-prolongation,®%*28°294~2%

At the tissue and organ levels, indicators like electro-
physiological signals have been widely employed for evaluation
of organ function. However, conventional electrodes are
confronted with the mismatch between rigid/planar electrodes
and soft/curvilinear tissues. By designing gold nanobelts with
sinusoidal structures on flexible tripod substrates, one is able to
create stretchable biointegrated electrodes for direct recording
of electrophysiological signals of rat cerebral cortex with
desirable sensitivity and stability.>®” The transfer of thin, flexible
electronics onto golymers also enables conformal placement and
measurements.””® Given the abundance of material can-
didates and nanofabrication techniques, more novel and smart
tools capable of monitoring function and quantity would emerge
and boost the development of nanomedicine and its transition
into practical applications.

Biomechanical Assays. Nanoenabled tools can be designed
for diagnostics and therapies based on the mechanical properties
of cells.?®° At the subcellular and cellular levels, many biophysical
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properties have recently emerged as indicators of cell physiology
and pathology, as complementary or regulatory alternatives for
disease development. Cell migration, for example, can be traced
by removing the trail of adherent cells left on a substrate coated
with AuNPs*°2% or with QDs.**° The morphology of the trails
correlates with the metastatic potential of the cells.**” The force
that adherent cells exert on a substrate can also be measured. For
example, cell-traction-force microscopy based on the deforma-
tion of the polymer substrates on which cells are grown is able to
spatiotemporally map cell traction force as precise as a nano-
newton.***~3% [t can also be used to uncover previously hidden
details of drug—cell interactions and mechanical contributions
during cell migration.**~% For example, previously retarded
cell migration upon NP uptake was attributed to cytoskeleton
disruption. However, the uptake of the NPs actually transforms
cells from the motile phenotype into an adhesive phenotype, as
revealed by the increased cell traction force and altered patterns
of cell traction force.**® More importantly, ultrasensitive cell
traction force microscopy could be competitive to traditional cell
biology methods such as the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assays,**” WB, and flow cytometry,
since early changes can be readily observed under cell-traction-
force microscopy.

Nanoparticles have been designed to treat many diseases, but the
most prominent disease focus has been in cancer. The literature
is replete with large sets of in vivo data obtained from animals, and
some NP formulations for cancer treatment have already been
approved by regulatory agencies and have reached hospitals,
showing much reduced adverse e ects compared to bare
drugs.® However, their therapeutic e cacies are most often
not or only marginally improved.***** Thus, there are ongoing
e orts to develop systems with high therapeutic e cacies.**
The key in such developments is to improve the design of the
nanodelivery system by precisely controlling the functions/
properties of the materials.

Nanoparticles have been designed to
treat many diseases, but the most
prominent disease focus has been in
cancer.

Nanoparticles as Anticancer Drugs. The cancer drug
delivery process to a solid tumor consists of five critical steps,
termed the CAPIR cascade: circulation in blood, accumulation
and penetration into the tumor, cellular internalization, and
intracellular drug release. Thus, the overall therapeutic e ciency
of a nanomedicine is determined by its e ciency in each step
(see Figure 18).*'2 A nanomedicine e - ciently accomplishing the
whole CAPIR cascade should have a high therapeutic index.
Correspondingly, such a nanomedicine should have 2R2SP
properties, the abbreviation of “drug retention vs release (2R2",
“surface stealthy vs sticky (2S)” and “tumor penetration (P)”.>**
The 2R indicates the required properties of the nanomedicine in
terms of the loaded drug, ie., it must tightly retain the drug
without burst release during the transport in blood compart-
ments and tumor tissues, while e ciently releasing the drug
at the intracellular target to exert its pharmaceutical action.
Similarly, the 2S gives the needed properties in terms of the NP
surface, which should be stealthy while in blood circulation for
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(A) CAPIR Cascade
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(B) Needed Properties: 2R2SP
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Tumor Penetration

Figure 18. (A) Five-step CAPIR cascade in targeted cancer drug
delivery. Reprinted with permission from ref 312. Copyright 2014
John Wiley & Sons, Inc. (B) Needed properties of a nanomedicine
capable of accomplishing the cascade.

passive tumor accumulation, whereas it should become sticky
once nearby the tumor cells to interact with them for e cient
cellular uptake. Besides the 2R2S properties, the nanomedicine
should be able to penetrate in tumor tissues to reach remote
tumor cells from blood vessels. Only if a nanomedicine possesses
2R2SP properties will it be able to accomplish the CAPIR
cascade successfully and to deliver active drugs at the right
time and place to provide an overall high therapeutic e cacy
and favorable prognosis.****** Therefore, the current focus
on developing nanomedicines of high therapeutic index lies
on tailoring the basic physiochemical properties of NPs,
i.e, “size, surface properties, and stability (3S nanoproperties)”
to achieve 2R2SP properties to accomplish the CAPIR cascade
e ciently.

A demonstration of such a 2R2SP nanomedicine is a
dendrimer core—lipid shell nanoassembly mimicking a “cluster-
bomb”, which shows enhanced e cacy, as demonstrated by Sun
et al.**? The nanocomplex is able to cruise to a tumor, shed
“bomblets” to penetrate into the tumor, and then “fire” at tumor
cells to accomplish the CAPIR cascade. A sixth-generation
nontoxic degradable polyaminoester dendrimer with a diameter
of 5 nm was chosen as the “bomblet” because of its ability to carry
anticancer drugs and, more importantlg, its pH-dependent
2-(N,N-diethylamino)ethyl termini.******='> The lipid shell was
composed of fusogenic DOPE phospholipids, PEGylated DSPE-
PEG lipids, and cholesterol in order to keep the nanoassembly
stable and to provide a stealth surface in the blood compartment.
The 45 nm NPs contained 27 5 nm dendrimers surrounded by
a PEGylated lipid layer. The NPs could circulate in blood and
accumulate in the tumor via the EPR e ect. Once in the tumor,
the fusion of the lipid layer with the cell membrane released the
dendrimers intracellularly or extracellularly. The nearly neutral
dendrimers were shown to penetrate into tumor tissues easily
due to their size, where the extracellular pH is acidic (pH 6-7).
The dendrimers were then protonated and became positively
charged, e ciently triggering fast cellular uptake, and releasing
the drug inside the cells. The dendrimer—lipid nanoassembly
e ciently accomplished the CAPIR cascade and thus exerted
strong anticancer activity in DOX-resistant tumor compared
with typical PEG—PCL micelles.***
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Nanoparticulate Delivery Vehicles. A vast number of classes
of nanoparticulate delivery vehicles have been reported***~%*
As demonstrated by Huynh et al.**’ drug-loaded delivery
vehicles are attractive because they can be passively or actively
targeted to cancer tissues to improve anticancer drug selectivity
and thereby reduce severe side e ects. Liposomes®® are perhaps
one of the most advanced delivery vehicles concerning clinical
translation, with several formulations approved by the U.S. Food
and Drug Administration (FDA).**® Liposome-based systems
encapsulating drugs are already used in some cancer therapies
(e.g., Myocet, Daunoxome, Doxil). However, liposomes have
some significant drawbacks: they have a low capacity to
encapsulate lipophilic drugs, they are manufactured through
processes involving organic solvents, they are often leaky and are
unstable in biological fluids and aqueous solutions.®*’

Polymeric micelles embedded with drugs can also reduce
undesirable side e ects. Micelle formation involves the self-
assembly of amphiphilic molecules in which, upon separation
of hydrophilic and hydrophobic moieties, hollow capsules are
formed. In water, the interior of those micelles forms the
hydrophobic container, whereas the outside imposes the hydro-
philic interface. Encapsulation of anticancer drugs within micelles
can reduce toxicity and improve circulation.**83523%% For
example, nephrotoxicity is significantly reduced by loading
cisplatin into polymeric micelles.**® Shielding the cisplatin-
loaded core with PEG improves longevity in blood circulation by
reducing acute kidney accumulation of polymeric micelles. In this
regard, the secondary structure of the micelle core also plays a
critical role in stabilizing polymeric micelles in diluted conditions
in the blood. For example, since the core-forming segment in this
formulation is poly(L-glutamic acid) (PLG), cisplatin binding to
the side chain of the PLG segment induces -helix formation.
Regular assembly of cisplatin-bound helical bundles in the core
is key to keeping the micellar structure intact during blood
circulation.®*° Five di erent formulations of polymeric micellar
drugs based on poly(ethylene glycol)-poly(amino acid) block
copolymers, developed by Kataoka and colleagues, are already
in clinical translation in Asia and North America.**° Specifically,
a polymeric micellar drug loaded with paclitaxel is close to
completing its Phase 111 clinical trial, and is expected to be up for
approval soon. Polymeric micelles thus provide a mature plat-
form with numerous advantages to improve patient compliance
appreciably, including outpatient treatment without hospital-
ization.

Micelles can also be jointly fabricated with polymers as well as
lipids. Microfluidic chips can be used for the controlled pro-
duction of these micelles for the delivery of therapeutic
agents.***%? By adopting a microfluidic platform (see Figure 19),
NPs of varying water content and rigidity but with the same
chemical composition, size, and surface properties can be
synthesized. It is important to be able to vary the properties of
these micelles e ciently since cellular uptake can be entirely
dependent on these characteristics. For example, rigid or “hard”
NPs, with less interfacial water between the polymeric core and
lipid shell, can enter cells more easily than those that are flexible
(“soft”g. In contrast, bigger particles have poor accumulation in
cells.*?*32* In this regard, a hollow-structured rigid nanovesicle
(RNV) was fabricated to entrap various hydrophilic reagents
e ectively by multistage microfluidic chips in one step, without
complicated synthesis, extensive use of emulsifiers or stabilizers,
or laborious purification procedures. The RNVs contain a hollow
water core, a rigid poly(lactic-co-glycolic acid) (PLGA) shell, and
an outermost lipid layer. The entrapment e ciency of
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Figure 19. Scheme of a two-stage micro uidic platform for
assembling polymer—Ilipid hybrid NPs with varying amounts of
water. (a) Nanoparticles composed of the lipid shell and PLGA core
are produced by injecting the PLGA solution in the rst stage and
lipid—PEG solution in the second stage (mode 1, P—L NPs).
(b) Nanoparticles composed of the lipid shell, interfacial water layer,
and PLGA core are produced by injecting the lipid—PEG solution in
the rst stage and the PLGA solution in the second stage (mode 2,
P—W-L NPs). Adapted with permission from ref 322. Copyright
2015 John Wiley & Sons, Inc.

hydrophilic reagents such as calcein, rhodamine B, and small
interfering ribonucleic acid (siRNA? inside the hollow water core
of RNVs was approximately 90%."

Unlike micelles, polymer capsules provide a delivery platform
for encapsulating hydrophilic drugs. Polymer capsules can be
formed with entirely hydrophilic polymers, for example, the
LbL aﬂ)roach can form these capsules by templating parti-
cles. 32425354 While such capsules are often on the micrometer
scale, smaller polymer NPs can be obtained from polymer
capsules by thermal shrinkage.**” In this approach, hollow
capsules “filled” with a desired medicine with an even poly-
electrolyte layer number are subjected to elevated temperatures
(above the temperature of the glass transition temperature of the
polyelectrolyte complex, i.e, 40 °C). At temperatures above
60 °C, polymeric NPs are formed.

In contrast to the aforementioned NPs, where lab-made
synthesis is required, exosomes are naturally occurring nano-
sized-vesicles endogenously secreted by cells.*® They are
involved in intercellular and tissue-level communication by trans-
ferring biological material (i.e., microRNAs [miRNAs], siRNA)
among cells. Exosomes exhibit great potential as nanocarriers for
a wide range of therapies, including inflammatory diseases and
cancer,**° as well as for diagnosis.**

Nanocarriers are not always in the form of vesicles; there are
numerous other types of delivery vehicles including water-solu-
ble polymers, dendrimers, and even polysaccharides,***334340.341
Water-soluble polymers in a random coil conformation can be
e cient carriers of anticancer drugs.****** Recently, backbone
degradable N-(2-hydroxypropyl)methacrylamide (HPMA)
copolymer—drug conjugates synthesized by reversible addition—
fragmentation chain transfer copolymerization demonstrated
high e cacy in treating solid tumors. These conjugates contain
a degradable oligopeptide sequence (GFLG) in the backbone and
drug in the backbone and at the termini. This design permits the
use of high molecular weight, long-circulating polymer carriers
without impairing their biocompatibility (the carrier will degrade
into fragments that will be eliminated from the body).**
Consequently, as a result of maintaining the concentration
gradient (blood to tumor) for an extended period of time, the
EPR e ect is considerably more e ective: the drug can accu-
mulate in solid tumor to a higher extent. Conjugates with
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epirubicin,®* DOX,*** and a combination of conjugates with
gemcitabine (GEM) and paclitaxel® were highly e ective in the
treatment of experimental ovarian cancer using this platform.
Dendrimers®* are another form of polymeric NPs, which have
the advantage of being nearly monodisperse, in contrast to
polymerization products, while having a defined structure and
composition.***** Remarkably, dendrimers with adequate
hydrophilicity, unlike liposomes and polymer micelles, do not
have a critical micelle concentration.**® Therefore, dendrimers
should not “in principle” fragment upon dilution.**” Addition-
ally, the number of functional groups grows exponentially as
the number of generations increases. These features make
dendrimers a powerful platform for drug delivery. Drugs can be
loaded into the dendrimers in di erent ways, such as by
encapsulation or by covalent binding of the drug. Drug encap-
sulation can be realized in unimolecular micelles or in
supramolecular assemblies.**® This approach enables encapsu-
lation of the most widely used chemotherapeutic agents,
e.g, DOX, methotrexate, paclitaxel, and campthothecin.**> The
covalent binding of drugs is traditionally used to overcome
the encapsulation problems, and the drugs are linked to the
dendrimer surface using groups that will be cleaved following
. cis-aconltg/l or acyl hydrazine groups, ester
> All these characteristics distin-
guish these materials as potential carriers for di erent therapeutic
applications.**°
Another class of carrier vehicles is based on polysaccharides,
such as chitosan, which are promising carriers for oral delivery of
therapeutic proteins.**® The oral route is considered to be the
most convenient and comfortable means of drug administration
for patients.*>’ Chitosan is a biocompatible polysaccharide
derived from the shells of crustaceans. It is a mucoadhesive agent
and a permeation enhancer that is able to mediate the opening of
tight junctions between epithelial cells reversibly.**® A NP carrier
system formed by self-assembly of positively charged chitosan
and negatively charged poly( -glutamic acid) in an aqueous
milieu has been developed for delivering protein drugs
orally.>*®3** The as-prepared chitosan NPs are pH-responsive
in the intestines, because the pK, of chitosan is approximately 6.5.
The working mechanism for this oral delivery system is that the
mucoadhesive chitosan NPs adhere to and infiltrate the mucus
layer on the intestinal surface. The infiltrated NPs can transiently
open the tight junctions between epithelial cells while becoming
unstable and disintegrated, owing to their pH-responsiveness,
and releasing the loaded protein. The released protein then
permeates the paracellular pathway via opened tight junctions,
ultimately absorbing into the systemic circulation.**? However,
the enhanced absorption of therapeutic proteins, as delivered by
chitosan NPs, occurs mainly in the duodenum, most likely
because chitosan is insoluble in a neutral/basic pH environment
in the jejunum and ileum.*** Additionally, these chitosan NPs are
not able to protect the released protein from degradation by the
proteases present in the mucus layer. One strategy of inhibiting
intestinal protease activities is to remove essential metal ions
such as Ca®* from the enzyme structure using chelating agents
such as ethylene glycol tetraacetic acid (EGTA). Furthermore,
the use of chelating agents for removing extracellular Ca?* can
disrupt intercellular junctions and increase paracellular perme-
ability. According to reported experiments, EGTA-conjugated
chitosan NPs can significantly reduce enzymatic degradation by
the specific removal of extracellular Ca®* from the intestinal
lumen. This enhanced stability causes intracellular internal-
ization of junctional components, and thereby increases the
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absorption of protein throughout the small intestine.*** A recent
large animal study performed with beagle dogs revealed that
EGTA-conjugated chitosan NPs could successfully deliver
proteins into the plasma.®*®> Although chitosan-based NPs are
promising for oral delivery of therapeutic proteins, further
preclinical studies are required to test their e cacy and safety.

Proteins can themselves form the basis of another class of drug
carriers.**® The abundant plasma protein, serum albumin, has
been successfully converted into a drug transporter and was
launched to the market in 2005 for delivering the anticancer drug
paclitaxel (Abraxane).**” Serum albumin is a nontoxic, non-
antigenic, and biodegradable material. In fact, albumins are
excellent charge-reversible materials. Albumins have character-
istic isoelectric points, due to the existence of both carboxylic acid
and amino groups. When the environmental pH is higher than
the pl, albumins have more negative charge on their surface,
otherwise albumins are more positively charged. In addition, the
pl of albumins can be adjusted by changing the ratio between the
carboxylic acid and amino groups through chemical modifica-
tions. By tuning charge, albumin NPs have been successfully used
to deliver ne%atively charged nucleic acids as biomolecules for
gene therapy.® Recent approaches broadened the applicability
of this successful platform and there is further development of
novel features that aims to advance intelligent drug delivery.
Boronic-acid-rich albumin NPs have been equipped with tar-
geting peptides cRGD on the surface and DOX encapsulated
inside the NPs.**® The boronic acid groups enhance the recog-
nition of NPs to cancer cells, since the boronic acids reversibly
interact with overexpressed sialic acid residues. Encouraged by
the success of albumin NPs, other endogenous proteins are being
investigated such as milk casein,®* or the iron-transport pro-
tein ferritin.>*° Proteins in their denatured form reproducibly
enable the attachment of PEG chains as well as drug molecules
to improve circulation times and solubility. In this way,
polypeptide—PEG copolymers of human serum albumin have
been obtained that can form small micelles. These micelles were
able to transport and to release multiple copies of the drug DOX
in leukemia cells via a two-step release mechanism.**

Similar to protein carriers, ribonucleic acid (RNA) nano-
technology has emerged as a potential platform for drug delivery
applications. This use is largely due to the ability to design
structures with high thermodgnamic stability, and favorable and
distinctive in vivo attributes.**° RNA can act both as a delivery
vehicle as well as an active therapeutic agent. As an example, Qiu
et al. combined the bacteriophage phi29 DNA packaging motor
pRNA three-way junction (3WJ) with folic acid, a near-infrared
(NIR) marker, and BRCAAL (breast cancer associated antigen 1,
AF208045) siRNA (see Figure 20).** These RNA NPs comprise
functionality for targeting, imaging, delivery, gene silencing, and
regression of gastric cancer. In vitro assays revealed that the RNA
NPs specifically bind to gastric cancer MGC803 cells. The siRNA
incorporated in the RNA NPs thereby significantly silences
the BRCAAL gene. The apoptosis of gastric cancer cells was
observed as a result of silencing the antiapoptosis factor BCI-2
and up-regulation of the proapoptosis factor Rb and Bax
expression. Animal trials using a gastric tumor-bearing nude mice
model confirmed that these RNA NPs could be used to image
gastric cancer in vivo, while showing little accumulation in crucial
organs and tissues several hours postsystemic injection. The
growth of the gastric tumor noticeably decreased during the
course of treatment. No damage to important organs by the RNA
NPs was detected. All results show that RNA nanotechnology
can overcome some conventional cancer therapeutic limitations
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Figure 20. Global structure of therapeutic RNA NPs with BRCAAL
siRNA. (A) Design of the RNA NPs. The left image shows the NP
structure as used in animal trials. On the right, an extended structure
imaged by atomic force microscopy (AFM) is shown. (B) AFM image
of extended 3WJ RNA NPs. The RNA complex as shown in (A) on
the left is estimated to be around 10 nm in size. Due to convolution of
the tip size ( 10 nm in diameter) in AFM images, features smaller
than the size of the tip cannot be resolved. To characterize the
structure of the RNA constructs, the 3WJ NPs were extended by
39—60 base pairs (in red color, A, on the right), which is within the
persistence length of dsRNA and will not a ect the 3WJ folding as
described before by Shu et al.,*®? to generate the AFM image as
shown. Adapted with permission from ref 360. Copyright 2015
Nature Publication Group.

and open new opportunities for specific delivery of therapeutics
such as siRNA, miRNA, and/or chemotherapeutic drugs to
stomach cancer. In recent work, siRNA attached to glucose-
modified AUNPs (AUNP@PEG@glucose@siRNA) were applied
in vitro to a luciferase-CMT/167 adenocarcinoma cancer cell line
and in vivo to the lungs of B6 albino mice.*** The siRNA-bearing
NPs induced the expression of pro-apoptotic proteins such as
Fas/CD95 and caspases 3 and 9 in CMT/167 adenocarcinoma
cells in a dose-dependent manner, independent of the inflam-
matory response. Moreover, in vivo pulmonary delivered siRNA-
bearing NPs were capable of targeting c-Myc gene expression
(a crucial regulator of cell proliferation and apoptosis) via in vivo
RNA interference (RNAI) in tumor tissue. This led to an  80%
reduction in tumor size without associated infllmmation. Over-
all, RNA NPs can improve therapeutic e cacy while reducing
toxicity and side e ects and therefore provide an avenue for use
in clinical tumor therapy in the near future.

Nanodiamonds are among the most promising carbon nano-
materials for drug delivery, as well as imaging and theranostic
applications. Nanodiamonds that are 5 nm have a large
accessible surface and tailorable surface chemistry, combined
with unique optical, mechanical, and thermal properties.**®
In drug delivery, the rational surface modification of NDs allows
for enhanced adsorption and chemical binding of the drugs for
sustained or triggered drug release. Both the amount of drug
adsorbed and the strength of adsorption can be controlled by
the surface chemistry. By attaching drugs to the surface of NDs
and by achieving controlled release, it is possible to renew the
potency of anticancer chemotherapeutics.**® Similarly, the devel-
opment of NDs for targeted delivery of antibiotics and other
drugs may also restore the drug e ciency and reduce systemic
toxicity. Currently, NDs are being investigated for the delivery
and sustained release of anticancer chemotherapeutics,*°>%*
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nucleic acids,*** and insulin.®®® Nanodiamonds have also been

demonstrated for covalent binding of proteins, sometimes
enhancing their activity.**®

Similarly, inorganic NPs are frequently used as delivery vehi-
cles. Among the inorganic nanocarriers, mesoporous silica nano-
particles (MSNPs) have emerged as a multifunctional platform
that enables the development of custom-designed treatment
modalities for disease-specific applications. One example is the
use of MSNPs to address cancer-specific challenges such as the
dysplastic stroma of pancreatic ductal adenocarcinoma (PDAC).
The stroma serves as a treatment barrier due to inaccessible
tumor blood vessels as well as the expression of cytidine
deaminase, which is responsible for rapid degradation of the first
line chemotherapeutic agent, GEM. It is possible to use a variety
of MSNP designs to address the stromal barrier, including
drug delivery to decrease the stromal abundance or negotiating
vascular access by interfering with the action of pericytes that
closely adhere to vascular fenestrations in the stromal blood
vessels (see Figure 21A).**"7*° In one formulation, a MSNP
carrier was developed to deliver a small-molecule inhibitor of the
TGF- receptor kinase, which is responsible for providing the
cellular signal for the adherence of pericytes to endothelial
cells>"* This was accomplished by placing a polycationic
polymer on the NP surface to interact with the small molecule
inhibitor via hydrogen bonding. Under acidic conditions, the
small molecule inhibitor was rapidly released in the tumor
stroma. When used as a first-wave carrier, this NP construct
opened vascular fenestrations within 1—2 h, thereby making it
possible for a second-wave carrier (e.g., a liposome) to deliver
GEM to the tumor site (see Figure 21B).>"* Another formulation
included the development of a dual delivery carrier, where a lipid-
bilayer-coated MSNP (LB-MSNP) was used to codeliver a
synergistic GEM/paclitaxel combination to the site of orthotopic
human tumor implants in the pancreas of a murine model.>"?
This dual-delivery MSNP carrier was 10x more potent than
Abraxane, which recently received FDA approval in combination
with GEM. Not only did the ratiometric-designed carrier
suppress the tumor stroma, but it also decreased the expression
of cytidine deaminase, enabling increased uptake of activated
GEM at the cancer site (see Figure 21C).*"? The LB-MSNP
could also be used with considerable e cacy to deliver irinotecan
to the pancreatic cancer site. This result can be achieved using a
remote loading method in which the drug is imported for high
loading e ciency across the lipid bilayer through the use of
a proton gradient.*”® This carrier was more e ective than a
liposomal equivalent that was recently approved by the FDA, but
it also improved safety because of its more stable drug retention.
Together, these examples demonstrate the use of multifunctional
MSNPs for the treatment of pancreatic cancer.

Naturally there are many more types of NPs used for delivery
applications, such as CNTSs, graphene, and also the already
mentioned inorganic NPs such as SPIONs, plasmonic NPs, etc.
However, due to their sheer number, it is impossible to describe
them all in this Nano Focus.

Targeting. Targeting of NPs refers to delivery to specific
tissues and cells in vivo. Nanoparticles can be designed to be
stealthy to escape immune clearance and avoid nonspecific cell
uptake but should also be capable of being sticky to target tissues
and interacting with and/or be taken up by desired cells.
Nanoparticles can passively or actively accumulate in the desired
tissue via transport through leaky vessels and unique intraorgan
pressures, or adhere to specific biological structures in the
targeted tissue via molecule recognition to surface-bound
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Figure 21. (A) Schematic to show the barriers and challenges that are
responsible for failed chemotherapy in PDAC. This includes
abundant dysplastic stroma, which serves as a physical and biological
barrier, interference in vascular access and the presence of a high
local concentration of deaminase activity, which leads to in activation
of GEM. Trichrome staining of human PDAC is also shown: blue
staining is collagen deposition. (B) Two-wave approach for PDAC
treatment. PEI/PEG-MSNP binds to the TGF inhibitor, LY364947.
The complexation is highly stable in the physiological conditions, but
can be disrupted in the acidic stromal environment. NIR-labeled
particles retention was increased 10-fold prior to injecting the TGF i
carrier into mice with BxPC3 xenografts (circle), with signi cantly
decreased pericyte coverage on endothelial cells in tumor blood
vessel. Reprinted from ref 371. Copyright 2013 American Chemical
Society. (C) Schematic describing GEM trapping in MSNP pores,
which are sealed o by the LB that contains a subtoxic dose of
paclitaxel (PTX). Ratiometric codelivery of GEM/PTX by LB-MSNP
inhibits PANC-1 orthotopic tumor growth through increased
delivery of GEM at the tumor site. GEM/PTX loaded LB-MSNP
leads to CDA inhibition in parallel with increased oxidative stress.
Adapted from ref 372. Copyright 2015 American Chemical Society.

ligands.>™ Recently, researchers designed smarter NPs that can
turn from stealthy to sticky. Switching between these two
properties may enhance the biodistribution and targeting of NPs
to diseased tissues.

Researchers have found inspiration in nature by using
principles of viruses, transport proteins and their interactions
with cell membranes, to achieve “stealthy and sticky” properties.
Mimicking envelope-type viruses, di erent envelope-type®>*®
or shell-sheddable nanocarriers®’’*"® have been explored to
enhance the distribution of NPs in target tissue. Polymers with
strong antifouling properties, such as PEG or zwitterionic
polymers, were tethered onto NPs by cleavable anchor groups
that are responsive to di erent stimuli, e.g, pH, redox, and
proteolytic enzymes. The NPs with the stealthy shell had
prolonged circulation times and enhanced accumulation in solid
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tumors due to the EPR e ect, i.e., passive targeting. The unique
stimuli within the targeting tissue enable the NP to release the
shell, thus converting from stealthy into sticky. In a similar
direction, zwitterionic surfaces containing mixed positive and
negative charges have received great attention due to their
unique stealthy properties and their similarity to proteins. Many
proteins behave stealthily to most cells and they can have long
circulation times in vivo. However, they can alternate between
“stealthy and sticky” under even a slight stimulus such as a minor
change in pH.*"" Although the detailed mechanism of this
change has not been elucidated and might indeed be complex,
the zwitterionic properties of amino acids and the mixed-charge
structures of proteins might contribute to this feature. By exploit-
ing pH changes in di erent structures (e.g., in tumor tissues,
6.5—6.8; in endosomes, 5.5—6.8; and in lysosomes, 4.0—5.0),
zwitterionic polymer-based NPs, capable of altering their charge
densities in di erent tissues, can be prepared. This responsive-
ness involves introducing a surface moiety sensitive to tumor
extracellular acidity (pH 6.8)°"° as the anionic part of the
zwitterionic polymer (see Figure 22).

Nanoparticles can also be covered by neoglycoconjugates, or
sugar-like functional groups and other functionalities such
as thiol groups, to convert the NPs from stealthy to sticky.
Though typically uncharged, such glycan-based ligands provide
extremely high stability in biofluids, while minimizing non-
specific cell internalization. Whereas much research has been
carried out with nanometer-size AUNPs,*®* these moieties have
only recently been shown to work for larger AUNPSs with various
morphologies, including nanorods.>">*** Interestingly, even
though the stealthiness was shown to be superior to that of
PEG ligands, specific protein-binding was retained, enabling the
AuNPs to target cell types that overexpress certain protein
receptors. The NPs thus exhibit prolonged circulation times due
to the pronounced antifouling properties of the zwitterionic
polymer. However, when the NPs are in an acidic tumor
environment, surface charges change from negative to positive,
leading to enhanced cellular uptake and accumulation of the NPs
within tumor tissue. Compared with the NPs that switch their
charge states by cleavage of the responsive covalent bonds,
charge conversion of weakly electrolytic groups at di erent pH
proceeds rapidly and better mimics the changes in charge density
of amino acid segments within proteins. Surface engineering of
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inorganic NPs via mix-charged ligands can enhance NP retention
in tumors by modulating the aggregation of NPs.*8933:38¢ The
mixed-charge modified AuUNPs present not only a transition from
stealthy to sticky under the acidic extracellular pH of solid
tumors, but also a significant aggregation of NPs with much
higher tumor accumulation, retention, and cellular internal-
ization. Aggregation of AuNPs can also shift the surface plasmon
band to the near-infrared wavelengths for photothermal
therapy.®®®> Moreover, recent studies on 3D spheroids of liver
cells made in inverted colloidal crystals demonstrated that
targeted nanotubes display unusually fast passive di usion in the
tissues.>® Such an e ect originates from the e ective two-
dimensional (2D) translation of nanotubes over the surface of
the cells in the tissues when the attractive forces between
nanotubes are balanced with electrostatic repulsion. This finding
suggests that nanoscale design of drug delivery vehicles can result
in deep and e ective penetration into the tumors.

In addition to tailoring the surface properties of NPs, opti-
mizing the sizes of NPs is also particularly important for tumor
accumulation, penetration, and finally treatment e cacy,’
particularly in targeting stroma-rich tumors.*®® By using micelles,
ranging from 20 to 300 nm with the same chemical structure and
physical properties, Wang et al. found that the blood circulation
time and tumor accumulation of micelles increased with an
increase in their diameters; with optimal diameters ranging from
100 to 160 nm. However, higher tumor accumulation of the large
micelles (100 nm) did not result in significantly improved
therapeutic e cacy, because larger micelles had poorer tumor
penetration than did smaller micelles (30 nm). An optimal size
that balances drug accumulation and penetration in tumors is
critical for imgroving the therapeutic e cacy of nanoparticulate
formulations.®®” Thesizee ect is more pronounced in pancreatic
tumors, which usually have thicker stroma and hypovascular
characteristics that limit NP penetration. In the same direction,
Kataoka and co-workers discovered that tuning the size of
polymeric micelles in the range below 50 nm significantly
improved the penetrability into stroma-rich pancreatic tumor
and consequently improved antitumor e cacy.*®’ In addition,
30 nm polymeric micelles loaded with cisplatin have proceeded
onto Phase I11 clinical trials for the treatment of pancreatic cancer
patients by extending survival times in Phase 1711 compared to
standard treatment using GEM.

Apart from passive targeting, as described above, there are also
exciting recent developments in actively targeting NPs. As one of
the early studies in designing integrin-targeted nanomedicines,
RGD-modified stealth liposomes achieved higher intracellular
levels of DOX.**° In recent years, more novel ligands against
various tumor targets have been employed by making use of
di erent targeting motifs, including alpha-conotoxin Iml,
PHSCNK, lanreotide, octreotide and chlorotoxin for alpha 7
nAChR, integrin 5 ;, somatostatin receptors, and chloride
channels.***~*°* However, receptor redistribution induced by
ligand binding decreases receptor a nity for ligands. A special
dimeric RGD with proper distance between two RGD motifs was
used to circumvent this problem.**® On the other hand, an
electrically neutral but hydrophobic penetration peptide was
introduced to modify NPs against di erent breast cancer cell
phenotypes irrespective of their receptor expression, displaying
lasting accumulation and better inhibition of the tumor.*® Still,
there are ongoin% discussions about the benefits of active versus
passive targeting.>*3%’

Besides ligand-mediated active targeting, active physical
targeting has also been demonstrated. Magnetic focusing can
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enrich iron oxide NPs in the tumor region. Materials most
commonly used for magnetic drug delivery contain metal or
metal oxide NPs, such as SPIONs. Superparamagnetic iron oxide
NPs consist of an iron oxide core, often coated with organic
materials such as fatty acids, polysaccharides, or polymers to
improve colloidal stabilitgy and to prevent separation into NPs
and carrier medium.**®*% For some applications, a permanent
magnet is placed in the targeted region prior to the
administration of magnetic NPs. This has been done for ferric
steel implants, which were placed in the subarachnoid space in an
in vitro human spine model prior to NP administration into the
spine.*®® Similarly, dilute microferrimagnetic wires implanted
within blood vessels in combination with an externally applied
magnetic field can provide specific enrichment of simultaneously
administered ferromagnetic NPs.“" The challenge of NP
enrichment in deeper body regions was addressed by He and
co-workers, who deployed Halbach-like magnet arrays.“** Nacev
et al. also developed a sophisticated approach based on fast
magnetic pulses on ferromagnetic rods that led to reversing the
sign of the potential energy term in Earnshaw’s theorem. This
process enabled a quasi-static, stable trap between magnets,
resulting in the concentration of ferromagnetic rods on a central
target.*® These concepts are still far away from clinics. Magnetic
drug targeting (MDT), based on intra-arterial administration of
drug-loaded SPION:Ss, is closer to application in patients. This
technology involves enriching SPIONS via a strong external
magnetic field. A proof-of-principle preclinical study was
conducted to demonstrate successful application of SPIONs
for cancer treatment.*** Simultaneous injection of Mitoxan-
tone—SPIONSs into the tumor-supplying vessel in rabbits and the
application of a strong external magnetic field over a VX2
squamous cell led to complete tumor remissions without side
e ects. By applying only 5—10% of the conventional chemo-
therapeutic dose, complete tumor remissions were achieved.
The distribution profile after MDT displayed 57.2% of the total
recovery of administered drug: with 66.3% of the particles
localized in the tumor region with magnetic targeting, compared
to less than 1% of drug and NPs reaching the tumor region
during conventional intravenous application. Magnetic drug
targeting enables better enrichment of drug formulations and,

consequently, enables more specific treatment. The majority of
magnetic material is based on magnetic NPs either encapsulated
or coated by di erent inorganic core/shell coatings’® or by
various polymer-based matrices, which are from natural*®®~*® or
artificial origin.**>*!° To translate these magnetic nanoparticles
for clinical applications, the development of methods for large-
scale synthesis is required. A promising approach to synthesizing
fatty acid-coated SPIONS, shielded with albumin and function-
alized with adsorptive mitoxantrone, was developed with easy
scale-up synthesis pathways in order to obtain antitumor-
e ective magnetic NPs.*** Nanoparticles derived from this
process have proven to be stable under appropriate storage
conditions.**?

Delivery of Macromolecular Biopharmaceuticals
across Biological Barriers. Nanomedicines are also being
developed for diagnosing and treating infectious, neurodegener-
ative, or cardiovascular diseases.** Anticancer drugs are typically
small organic molecules; however, the number and impact of
macromolecular biopharmaceuticals (i.e., polypeptides and
polynucleotides) are increasing enormously. Their size and
complexity impose significant challenges to their use as safe and
e ective medicines, including fast elimination and poor metabolic
stability. Furthermore, this class of compounds notoriously
su ers from limited permeability across biological barriers, such
as cellular membranes or epithelial tissues (see Figure 23).*** On
the other hand, their medical use o ers not only the ability to
ameliorate symptoms, but also the opportunity to cure or to
prevent diseases, either by directly correcting hormonal disorders
(e.g., insulin in diabetes) or by correcting, inhibiting, or repro-
gramming genetically disordered cells. The delivery of macro-
molecular biopharmaceuticals, preferentially via noninvasive
(“needle free”) approaches, is therefore another important
future application of nanomedicines. This approach takes
advantage of the fact that NPs can both stabilize and protect
the therapeutic cargo, while translocating across epithelial tissue
barriers like those of the gastrointestinal (GI) tract, skin, or
lungs.**

Similar to the EPR e ect, which occurs at the endothelium of
tumor blood vessels, NPs can also accumulate in inflamed
mucosal areas. This phenomenon was demonstrated recently by
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confocal laser endoscopy in colitis patients.**° In several colitis
mouse models, oral administration of enteric-coated NPs that
encapsulated an anti-inflammatory compound showed signifi-
cant alleviation of symptoms and inflammatory markers
compared to the same dose of free drug and nanocarriers
without enteric coating. At the same time, adverse e ects elicited
by drugs can be reduced through targeted delivery, which reduces
the dosing frequency as well as adverse side e ects. "8

Nanoparticles can also accumulate in hair follicles and skin
folds after transport through the stratum corneum (SC). This
phenomenon depends on the NP size and shape. As a medical
application, it o ers the potential to reach the perifollicular
antigen-presenting cells without impairing the SC barrier.
Transfollicular delivery of ovalbumin using polymeric NPs was
recently shown to induce a significant cellular and humoral
immune response, without compromising the SC barrier by any
pretreatment, when combined with innovative adjuvants.***~***

Lastly, pulmonary delivery of inhalation nanopharmaceuticals
is an area of emerging interest for the treatment of both systemic
and pulmonary diseases. Market approval of several inhalative
formulations demonstrates the preference of the public for less
invasive means of drug delivery. However, the lung features
several biological barriers that normally protect our bodies
against potentially noxious substances, which need to be
overcome for e ective delivery.*”?

Transport of biomolecular pharmaceuticals across barriers
such as biofilms has also been a topic of focus. For example,
patientssu ering from cystic fibrosis, a genetic disorder, typically
get infections by opportunistic bacteria, most notably
Pseudomonas aeruginosa. These Gram-negative bacteria protect
themselves from attacks from the immune system by forming
biofilms. Interfering with their so-called quorum sensing
communication systems by novel types of anti-infectives may
prevent biofilm formation, therefore combatting the bacteria
while minimizing the development of resistance. Using solid lipid
NPs (<100 nm), researchers observed about a 7-fold increase in
potency to reduce the virulence factor pyocyanin compared to
the free drug.**® Nanoparticles can also be used to address
respiratory problems with implications for bacterial or viral
infections. Aerosolized chitosan-coated PLGA nanoparticles
have been used for in vivo genome editing by nuclease-encoding
RNA of a lethally deficient surface protein B. As opposed to viral
vectors, which caused lethal adverse e ects in clinical trials, the
nanotechnology-based nonviral carriers can be prepared by well-
controlled chemical processes and do not bear the typical risks of
viral vectors.*?*

Stimuli-Responsive Release. Controlled-release systems
can potentially reduce or alter toxicity by selectively controlling
the rate of drug release and directly killing diseased cells.
Researchers have thus far developed many di erent controlled-
release methods.*® For instance, transporter polymers containing
pH-sensitive groups are protonated or deprotonated in the
local microenvironment. This responsiveness again leads to the
disruption of the hydrophilic—hydrophobic balance of the
nanocarriers, triggering drug release. Alternatively, cleavage of
chemical bonds in response to pH can degrade the nanocarrier
and release drug molecules. Acid-sensitive polypeptide nanogels
have been reported for e cient DOX loading and release. Dual
pH-sensitive polymer—drug conjugates that reversed their
surface charges from negative to positive at tumor extracellular
pH ( 6.8) promoted cell internalization and DOX drug release
at pH 5.0 (endo/lysosomal pH) by cleaving acid-labile hydrazine
bonds.*?®
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Besides pH, redox potential has recently emerged as a
ubiquitous natural stimulus for intracellular drug and gene
delivery because of the large concentration gradient of
glutathione (GSH) in healthy ( 2—10 mM) and tumor tissues
( 10—25 mM). Glutathione-responsive nanocarriers have been
designed containing disulfide bonds,**®**" either in the hydro-
phobic block of amphiphilic copolymers,**® at the interconnec-
tion of two polymer blocks,** or as cross-linkers.**® The redox
potential di erences of disulfide and diselenide bonds*****?
could even facilitate a dual reduction-sensitive polyplex for
programmed gene transfection, by sequentially deshielding the
reductive conditions of tumor tissues and consequently
degrading in response. In addition, thioether bridges of higher
chemical stability have been introduced o ering better handling
and storage compared to disulfide bridges.*** Cleavage of the
thioethers is only triggered by high GSH concentrations above
10 mM, which maximizes the local specificity of redox triggered
drug release in tumor cells.

Another powerful stimulus to release NPs are enzymes, which
can be in overabundance under pathological conditions such as
cancer or inflammation. Elevated local concentrations of matrix
metalloproteinases (MMPs), phospholipases, or glycosidases
have been exploited to release drug molecules from drug
transporters containing the respective enzyme substrates. For
instance, MMP-sensitive nanocarriers have been designed l%y
conjugating DOX to silica NPs via a MMP-sensitive peptide.*”
The delivery of the nanocarrier to the tumor exposed the carrier
to the presence of MMPs in the tumor, which degrades the
peptide linker and causes rapid release of the drug DOX from the
silica NP.

Tumor cells are characteristically heterogeneous in many
aspects.*** As a result, nanocarriers responding to a single type of
signal would release the drug only in the fraction of tumor cells
overexpressing that particular signal but not in other tumor cells,
thereby decreasing the overall therapeutic e cacy of the drug
formulation.**® For instance, cancer cells may be under reducing
conditions as a result of their elevated intracellular GSH levels,
which may be several-fold higher than those of normal cells.**°
Also, many tumor cells are reported to overproduce ROS, e.g.,
perhaps more than 1 order of magnitude higher than healthy
cells,”*” and thus increase oxidative stress.**® These heteroge-
neous cells may exist in di erent tumors, but may also coexist in
di erent regions in one tumor. Tumor cells at di erent stages
may also have di erent GSH/ROS levels,*3°436:438-440
To compensate for this observed tumor heterogeneity, Wang
et al. proposed an amphiphilic SN38-prodrug formed nano-
capsule that could respond to both intracellular GSH and ROS to
release the carried drug (see Figure 24).*** The thioether linker
of the prodrug was designed to undergo thiolysis in the presence
of GSH or fast hydrolysis due to ROS oxidation of the linker,
giving rise to high in vitro cytotoxicity and in vivo anticancer
therapeutic activity. The nanocapsules had a SN38 loading
content of 35 wt % and were able to target the tumor passively via
the EPR e ect, making them ideal for translational nano-
medicine.***

The development of intracellular stimuli-responsive drug-
loaded NPs has recently attracted substantial research e orts.**?
Specifically, the intracellular release of drugs by biomarker
triggers or intracellular environmental conditions holds great
promise as a means to localize the drug in disease-carrying cells.
Consequently, this decreases the dose of drugs required
for treatment and reduces harmful e ects on normal cells.
The recognition and catalytic properties encoded in nucleic acids
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have been implemented to develop mesoporous SiO, NPs for the
intracellular controlled release of anticancer drugs. Figure 25A
exemplifies the controlled release of the anticancer drug
camptothecin (CPT) from mesoporous SiO, NPs (100 nm
diameter) using intracellular triggers.*** The system makes use of
the fact that adenosine triphosphate (ATP) is overexpressed in
cancer cells due to their enhanced metabolism, and the fact that
specific enzymes, such as the exonuclease EndoGl, are produced
in certain cancer cells. Accordingly, the mesoporous SiO, NPs
were loaded with the CPT anticancer drug, and the pores were
capped with bulky hairpin nucleic acid units. The hairpin
structures included programmed sequence-specific aptamer
domains, which recognize the ATP biomarker. The interaction
of intracellularly generated ATP with functionalized NPs
resulted in the reconfiguration of the hairpin units into ATP—
aptamer complexes that were recognized by the secondary
intracellular cancer cell biomarker EndoGl. The biocatalytic
digestion of the duplex domains of the ATP—aptamer complexes
resulted in the regeneration of the ATP biomarker, and the
EndoGlI-stimulated unlocking of the capped pores, leading to the
release of the CPT drug. Figure 25B shows the cytotoxic e ects
of the stimuli-responsive CPT-loaded mesoporous SiO, NPs on
MDA-MB-231 breast cancer cells, panel I, and on normal
epithelial MCF-10a breast cells, panel I1. After a time interval of
48 h, the cell viability of the MDA-MB-231 cells decreased by
65%, whereas the viability of normal cells only decreased by 20%.
The e ective cell-death of the cancer cells was attributed to the
ATP-EndoGl-driven release of CPT in cancer cells.
Mesoporous SiO, NPs were also loaded with anticancer drugs,
such as DOX, and capped with various other stimuli-responsive
nucleic acids responding to substances or environmental
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conditions existing in cancer cells. For example, the in vitro
release of DOX from mesoporous NPs was triggered by the
miR-21 biomarker present in cancer cells*** or by releasing the
i-motif locking units under the acidic conditions available in
cancer cells.**> Similarly, Zhang et al. reported the cleavage
of DNA-capped, DOX-loaded mesoporous SiO, NPs by the
ATP-promoted activation of a catalytic Mg?*-dependent DNAzyme
that was associated with the capping units.**® The intracellular
release of DOX from DNA-capped mesoporous nanoparticles
using photogenerated ROS species has also been demonstrated.**’
In order to realize the potential of these stimuli-responsive NPs
fully, toxicity must be evaluated in cells and animals.

Although numerous internal stimuli have been investigated,
it remains a challenge to receive a sharp response to subtle changes
in environmental conditions. As a result, many exogenous stimuli-
responsive drug nanocarriers have been designed to respond to
external stimuli such as temperature changes, magnetic or electric
fields, and light (i.e., electromagnetic waves) to control the spatial
location of drug release.**®*“° Particularly, magnetically responsive
transporters have been developed to target tumor tissue under
the influence of an external magnetic field.**° This concept has
demonstrated great potential in cancer therapy and increased
therapeutic e cacy at lower doses with fewer toxic e ects.
In addition, magnetic resonance imaging combines diagnostics
and therapy in the same system, as we will emphasize in the
theranostics section. Light is another attractive stimulus for the
construction of stimuli-responsive drug nanocarriers, since this
approach enables remote and spatiotemporal drug release by
tuning the wavelength, energy, and site of irradiation. The
advantages of phototriggered drug release are obvious; however,
accessibility of the body for light is limited.*>* Skin treatment is
the most obvious application of this technology, but there are
numerous other methods used for drug release on or through the
skin by epitopical methods. Interestingly, Sykes and co-workers
showed that QDs and AuNPs can accumulate and transit through
the skin after tail vein injection. Their results suggest that skin
may be a depot for light-activated NP drug release.*>
Photochemical drug release has also been studied in the lungs.
Practically all organs accessible by endoscopic tools may be
treated this way.*>> For the combination of light and interven-
tional therapy, fixed-point drug release can be realized by taking
advantage of optical fibers. Near-infrared laser-triggered drug
nanocarriers are particularly promising due to deeper tissue
penetration, lower scattering properties, and minimal harm
imposed on tissues. Thus, NIR-responsive systems are promising
platforms for clinical applications.***~**° Several studies have
demonstrated that upon NIR irradiation,**” AuNPs incorporated
in the wall of the polymer-based delivery container can convert
light into heat through a series of photophysical processes.
The heat can directly destroy cancer cells or facilitate disruption
of thermoresponsive NPs, resulting in the release of encapsulated
drugs.**®*>° Controlling this process by minimizing heat
accumulation can lead to nondestructive opening of capsules
and intracellular delivery of medicine.**®=*®* However, even
though these strategies have proven successful in several
examples, deep tissue penetration to reach less accessible targets
is still challenging and the accuracy is often low due to
complicated tissue and bone environments inside the body.
Thus, the future success of this strategy is not only dependent on
material design, but also on the development of advanced
instruments to position the therapeutic stimulus accurately.

In ophthalmology, there is a need to release drugs for the
treatment of secondary cataracts years after implantation of an
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artificial intraocular lens. In this case, since the cornea is a good
ultraviolet light absorber, the use of ultraviolet light is not
appropriate for treatment. Photochemical drug release from
polymers by two-photon absorption can potentially overcome
these problems. In addition to low molecular weight drugs, NPs
can similarly be released by two-photon absorption.*®® Examples
of such materials have been developed and successfully tested in
the lab and in animal models. Thermoresponsive drug nano-
carriers have been intensively investigated as drug delivery systems.
These transporters reveal high stability at body temperature
( 37 °C) but rapidly release their drug cargos within locally
heated tissue ( 40—42 °C).“®* This approach is particularly
attractive in combination with AuNP-assisted NIR plasmonic
photothermal therapy.

Alternative Delivery Strategies. An alternative delivery
strategy involves combining multiple antitumor drugs in
one carrier.**>*® The poor specificity of most drugs and the
complexity of tumors (e.g., multiple targets) contribute greatly to
the poor prognosis of chemotherapy. Passively or actively
targeted nanopreparations usually enhance the selectivity of
anticancer drugs while the combination of therapies against more
than one single tumor target improves the therapeutic out-
come.*®” Co-delivery of chemotherapeutic drugs and nucleic
acids has shown promising results in overcoming multidrug
resistance. Simultaneous delivery of small-molecule drugs and
nucleic acids is challenging due to the pronounced di erences in
their physicochemical properties, which may greatly a ect their
biodistribution and pharmacokinetics. The preparation of
delivery systems that enable the delivery of structurally di ering
drugs with comparable pharmacokinetics is attractive to inhibit
tumor growth e ciently. For example, Zhang et al. demonstrated
that the combined use of octreotide-modified paclitaxel micelles
and salinomycin micelles eradicated both breast cancer and
cancer stem cells.*®® Zhou et al. have shown that treatment of
prostate cancer with a combination of two nanoconjugates, one
targeting the hedgehog-signaling pathway of stem cells (HPMA
copolymer-cyclopamine conjugate) and the other di eren-
tiated cells (HPMA copolymer-docetaxel conjugate), improved
survival rates.*®® Dai et al. reported a strategy combining the
mTOR inhibitor, rapamycin, and DOX-loaded octageptide
liposomes to combat triple-negative breast cancer.*” Feng
et al. studied the synergistic inhibition of breast cancer by
codelivering VEGF siRNA and paclitaxel via vapreotide-modified
core/shell NPs.*”* Fan et al. found that the reduction of tumor
interstitial fluid pressure by liposomal imatinib improved the
antitumor e ect of liposomal DOX.*’? Finally, Wang et al.
demonstrated the sequential killing of tumor vasculature and
tumor cells via integrin-targeted polymeric micelles loaded with
both combretastatin A4 and DOX.*"®

In addition to intravenous delivery, nanomedicines can be
delivered locally. Most chemotherapeutics are delivered systemi-
cally, where high doses result in severe side e ects and only a
limited amount of drug reaches the tumor site. Intratumor or
peritumor delivery is thought to improve these issues but the
challenge is in simultaneously achieving high drug loading,
sustained and stable drug release, and long-term local drug
retention. One platform achieved these requirements by
incorporating micelles or nanocrystals of a hydrophobic anti-
tumor drug, such as docetaxel and paclitaxel, into a thermo-
sensitive injectable hydrogel.*”*#"

Tumor metastasis accounts for 90% of cancer-associated
deaths and is almost inaccessible by chemotherapy, surgical
operation, or radiotherapy. A nanomedicine modified with a
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peptide-targeting metastasis can facilitate DOX in inhibiting
metastatic tumor growth and prevent the initiation and
progression of tumor metastasis.*’® Its targeting to highly
metastatic tumors was demonstrated in a double tumor-bearing
model with both metastatic and nonmetastatic tumors in the
same mouse.*”’ Lymph-targeting peptides can enhance nano-
particle delivery to a highly metastatic tumor and its
lymphatics.*”® Chlorotoxin, a venom peptide previously used
for brain targeting, was found to inhibit metastatic tumor growth
and metastasis.*’” After intravenous injection, CPT NPs accumu-
lated in the lungs, a major metastatic site for many types of
cancers, which led to greater antimetastatic e cacy.*®" Finally, a
macrophage-based biomimetic delivery system inhibited meta-
stasis due to its tumor-homing properties.*®*

Regulating Cells with RNA. Targeting protein-coding
messenger RNAs (mRNAs) and regulating noncoding RNAs
by delivering therapeutic RNA e ectors or modified derivatives
has become an important research topic in nanomedicine. In
principle, there are four di erent strategies to deliver nucleic acid
e ector molecules: (i) through viral vectors that encode RNA
e ectors such as short hairpin (shRNAs), usually adeno-associated
viruses or lentiviruses;*®*~*®* (ii) via NPs based on liposomes
(lipoplexes), polycations, or polyamines (polyplexes);*®>*%
(iii) as conjugates with hydrophobic molecules (e.g., cholesterol
or tocopherol),*®"*%® N-acetylgalactosamine,*®® or aptamers;**°
and (iv) by gymnotic (“naked”) delivery of chemically modified
RNA, which means functional delivery into cells without any
further formulation.”** There are various possibilities to form
nanoplexes with nucleic acid e ectors. For example, chitosans,
dendrimers, polyethylenimine, atelocollagen, or cyclodextrin can
be used to produce polymeric NPs for delivery. Cationic or
neutral liposomes, as well as zwitterionic polymer micelles are
available options among liposome-based NPs. Several of
these nanoplexes are now in clinical studies, illustrating that
RNA-based therapeutics are considered promising for future
healthcare. Functionalization of nanoplex delivery sytems opens
many perspectives for a more specific delivery of NPs to their
target cells.

We will focus our discussion on relatively small nucleic acid
e ectors, usually not exceeding 50 nucleotides (nt; U1 adaptors,
siRNA duplexes) and as short as 8 nt (tiny locked nucleic acids
[LNAs]). Such antisense oligonucleotide (ASO) e ectors are
routinely designed with strategic nucleotide modifications to
improve various features, such as stability in biological fluids,
cellular uptake, target RNA a nity, and specificity, or to
minimize toxicity, nonspecific immune stimulation, and o -
target e ects.”*> At present, the most e ective and widely used
chemical modifications are phosphorothioates, ribose 2'-OH
modifications (e.g., 2-O-methyl, 2’-fluoro or 2’-O-methoxyethyl
modifications), and LNA residues with their ribose moiety
locked in the 3’-endo conformation by a methylene bridge con-
necting the 2'-oxygen and the 4’-carbon atom (see Figure 26A).
Locked nucleic acid modifications make ASOs nuclease-resistant
and increase duplex stability with target RNAs more than any
other known nucleotide modification, without compromising
target specificity as long as immune stimulatory sequences are
avoided.*¥*“%* Gapmers are ASOs carrying an internal stretch of
at least 6 DNA oligonucleotides for the recruitment of
endogenous RNase H activities that cleave the target RNA
in the RNA:DNA hybrid region. The 5'- and 3'-terminal
nucleotides of gapmers preferentially modified with LNA
residues (termed LNA gapmers)*®® to optimize target a nity
and to confer nuclease resistance (see Figure 26B). Such LNA
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Figure 26. (A) Chemical nucleoside modi cations frequently used for
nucleic acid e ectors. In many cases, phosphorothioate (PS)
modi cations (one of the two nonbridging oxygens of the
phosphodiester replaced with sulfur) are incorporated, to improve the
pharmacokinetic properties and cellular uptake. (B) LNA gapmers
composed of terminal LNA residues and at least 6 central DNA
nucleotides enable cleavage of RNA target strands as part of RNA:DNA
hybrids by endogenous RNase H activities. (C) In the Ul adaptor
approach, a U1 small nuclear ribonucleoprotein (snRNP) (an abundant
spliceosomal RNP) is guided to the 3 -terminal exon of a target
pre-mRNA via a dual antisense oligonucleotide that simultaneously
anneals to the 5 -end of U1 RNA. This blocks polyadenylation via an
inhibitory interaction between poly(A) polymerase (PAP) and the
U1-70K protein. As a result, the pre-mRNA is still cleaved but not
polyadenylated, which induces its degradation. E cient down-
regulation by “U1 interference (U1i)” was observed with target domains
of 12—15 nt (with up to 15 LNA residues) and 10—13 nt in the U1 RNA
binding domain (good e ciency observed with eight 2 -O-methyl and
ve LNA residues). A PS backbone was also found to be compatible with
U1i.*%9%% y1A, U1C, U1-70k and the Sm ring proteins are integral
components of the Ul snRNP. PAP: poly(A) polymerase; CPSF:
cleavage and polyadenylation speci city factor (including the
endonucleolytic subunit 73); CA: cleavage site. Adapted with permission
from ref 500. Copyright 2009 John Wiley & Sons, Inc.
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Figure 27. Exogenous RNA e ectors utilizing the RNAi machinery of mammalian cells (sSiRNA duplexes, sShRNAs, miRNA mimics) or interfering
with the function of endogenous miRNAs (antimiRs). siRNA duplexes, 19 bp long, mimicking the processing products of the RNase Dicer, are
incorporated into the RNA-induced silencing complex (RISC). One of the two siRNA strands (termed the guide strand) is selected by RISC to
guide the complex to complementary mRNAs sequences that are cleaved by the endonuclease Ago2 followed by mRNA decay. This catalytic
process is highly e cient as one siRNA-programmed RISC can cleave many complementary mRNA molecules. In the case of small ShRNA
expression vectors, a single or multiple sShRNAs are usually transcribed from RNA polymerase 111 promoters after the DNA vector has reached the
nucleus; alternatively, miRNA polycistrons can be transcribed from RNA polymerase Il (Pol 1) promoters. The miRNA primary transcripts
(termed pri-miRNAs), vector-encoded shRNAs or polycistronic miRNA transcripts are processed by Drosha and DGCR8 and are exported as
precursor intermediates (pre-miRNAs or shRNAs) from the nucleus by the export factor exportin 5 (Exp. 5). The nal maturation to short
duplexes is catalyzed by the RNase Dicer in the cytoplasm. siRNA and miRNA pathways di er after guide strand selection by RISC: whereas
siRNAs are fully complementary to the target mMRNA and induce its cleavage, miRNA strands guide the RISC primarily to the 3 -UTR of their
target mRNAs where they form only partial base pairing interactions. The prevailing biological miRNA e ects are inhibition of the
5 -cap-dependent initiation of protein biosynthesis and/or induction of mMRNA transfer into cytoplasmic “processing (P) bodies”, where the
mRNAs are stored or degraded; m’G: 7-methyl-guanosine-5 ,5 -triphosphate cap at the 5 end of mRNAs; A,: poly(A) tail at the 3 -end of
MRNASs.

gapmers are applied to knocking down mRNAs and long nucleotides of the miRNA single strand and are modified with
noncoding RNAs (IncRNAs) which have emerged, like miRNAs 2'-O-methyl groups and PS internucleotide bonds.”" Recently,
(see below), as an abundant class of regulators of gene expres- Miravirsen (Roche Innovation Center Copenhagen A/S), a
sion.*®® Aberrant expression of IncRNAs is often causatively 15-meric miR-122-specific anti-miR with a PS-modified back-
linked to pathological processes.*®” % bone and a mixture of LNA and DNA residues,* % suc-
The classical RNAi e ectors are siRNAs, usually delivered in cessfully passed a phase 2 clinical trial after significantly reducing
the siRNA duplex format (19 bp plus 2 nt overhangs at the hepatitis C virus replication in liver cells.***~>° As a peculiarity
3'-ends; see Figure 27), although other formats have been of miRNAs, the essential base-pairing interaction with target
reported, often combined with strategic chemical modifica- mRNAs is confined to the so-called seed region comprising the
tions.**” siRNAs can be delivered indirectly by using viral vectors 5'-terminal 6—8 nt of the miRNA. In fact, there are families of
(e.g., lentiviral vectors) that encode one or a few shRNAs (see miRNAs whose members share the same seed sequence and are
Figure 27). Such approaches have been explored for anti-HIV likely to interact with the same target mRNASs. For the sake of a
therapy,*®*°%* as they permit controlled expression of ShRNAs strong therapeutic e ect, in many cases it appears reasonable
and increase the duration of the RNAI e ect. to inactivate all miRNA members of the same family. This inacti-
The miRNAs, representing the endogenous RNAI e ector vation is achieved by a class of anti-miRs termed “tiny LNAS”
branch, are interesting targets because their aberrant expression which are uniformly PS- and LNA-modified 8-mers directed
(down- or up-regulation) is also causatively linked to many against the miRNA seed region. Tiny LNAs specific to miR-122
pathological processes such as tumorigenesis. Here, two di erent have been successfully delivered without any formulation to the
therapeutic strategies have emerged: (i) delivery of so-called livers of primates and nonprimates, where they down-regulated
miRNA mimics (aiming at restoring the normal levels of a cholesterol levels.>® In addition, 14-meric fully LNA-modified
miRNA), and (ii) ASOs that sequester overexpressed mature anti-miRs, termed antiseeds, carrying a natural PO backbone and
single-stranded miRNAs, called anti-miRNAs as the overarching covering the seed region plus the central part of the target
term. Classical anti-miRs are complementary to 15 or more miRNA, were shown to exert a remarkably persistent inhibition
2342 DOI: 10.1021/acsnano.6b06040
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e ect against miRNA families. Such antiseeds can also be
delivered as NPs with a branched low-molecular-weight poly-
ethylenimine (PEI LMW-25), whereas tiny LNAs can not.*"’
More e cient formulation of longer antiseeds relative to tiny
LNAs may be of advantage for NP-based delivery into tissues not
accessible by gymnotic delivery. A PO instead of PS backbone
may reduce spurious interactions with extra- and intracellular
proteins.

Another promising ASO strategy is based on U1 adaptors,
which are dual antisense molecules that base-pair with the
3'-terminal region of U1 RNA as part of the highly abundant U1
snRNPs, and with an accessible sequence in the last exon of the
target MRNA>® This recruitment of the U1 snRNP blocks
polyadenylation of the mRNA (but not its cleavage), which
consequently results in its degradation by exonucleases**’
(see Figure 26C).°°® It will be interesting to see if the U1l
adaptor strategy is applicable to pathologically overexpressed
IncRNAs that also undergo polyadenylation.

Here, we have described short nucleic acid e ectors. Their
potential advantages are (i) cost-e ective synthesis, (ii) modu-
lation and control of their properties by introduction of chemical
modifications, and (iii) facile incorporation into many NP
platforms. Of course, more complex RNA-based therapeutics
have been conceived. As an example, Qiu et al. combined the
bacteriophage phi29 DNA packaging motor pRNA 3WJ with
folic acid targeting, a NIR marker for imaging and a BRCAA1
(breast cancer associated antigen 1, AF208045) siRNA for
RNAI*® (see Figure 20).

Inorganic NP-Mediated Cell Death. Most nanoparticle
formulations for cancer treatment act as delivery vehicles of
cytotoxic agents to induce a cytostatic e ect on tumors. Another
emerging application of nanomedicine is the direct use of NPs as
highly e cient and low-toxic drugs without carrying drug
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molecules: the inorganic NPs themselves are used as the
therapeutic agent. For example, Gd@Cg,(OH),, with a dose
level as low as 10~" mol/kg exhibits an antineoplastice ciency in
tumor-bearing mice.”®® The Gd@Cg,(OH),, NPs directly
possess a strong capacity to improve immunity>*®>** and
interfere with tumor metastases in vivo,”*~>**> with tolerable
toxicity in vivo and in vitro. The high antitumor e ciency of these
NPs is not due to direct toxic e ects induced on tumor cells,
indicating that the anticancer mechanisms are di erent from
classical cancer therapeutics. Results from recent studies suggest
a new concept of “caging cancer” with Gd@Cg,(OH),, NPs, versus
“killing cancer” by classical therapeutics. The *“caging cancer”
concept>*>>*° refers to rendering the tumor microenvironment
inhospitable for tumor growth by forming an induced fibrous
layer around the surface of a solid tumor, while using the
Gd@Cg,(OH),, NPs to regulate the diverse components of
the tumor microenvironment. By employing this concept, the
Gd@Cg,(OH),, NPs were able to prevent tumor resistance to
therapeutic drugs™ while reducing ROS production in tumor-
bearing mice. Furthermore, these NPs mitigated damage to the
main organs by decreasing all metalloprotease enzyme activities,
while restoring other parameters, such as oxidative stress, close to
normal levels.>*">*® These NPs also induced dendritic cells to
become functionally mature and increased their capacity to
activate allogeneic T cells in tumor-bearing mice.>0°*51
Tumor angiogenesis can also be inhibited by simultaneously
down-regulating more than 20 angiogenic factors.”™® More
interestingly, Gd@Cg,(OH),, NPs were found to be capable of
inhibiting triple-negative breast cancer cells by blocking the
epithelial-to-mesenchymal transition, resulting in the e cient
elimination of cancer stem cells (CSCs) in vitro and in vivo.>*°
In comparison, the use of classical anticancer drugs like paclitaxel
resulted in a relatively high enrichment of CSC and promoted
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Figure 28. (A) Relative catalytic activity of galactosidase in the presence of three di erent shapes of ZnO NPs. The relative catalytic activity of
galactosidase with each of the ZnO NPs was normalized with respect to free enzyme activity. (B) Pictorial representation of pyramid-shaped NPs
interacting with the active site of galactosidase. (C—E) Lineweaver—Burk plots of galactosidase activity with various concentrations of ZnO
(C) nanopyramids, (D) nanoplates, and (E) nanospheres. Adapted from ref 524. Copyright 2015 American Chemical Society.
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tumor sphere formation and abrogation of tumor initiation and
metastasis, probably due to its selective toxicity to regular
tumor cells only but not to CSCs.”?° However, the nontoxic
Gd@Cg,(OH),, NPs selectively target CSCs but not regular
tumor cells under hypoxic conditions. Such e ects have not been
observed in normal stem cells. The direct use of nontoxic
nanomedicines with new acting mechanisms like “caging cancer”
instead of killing cancer can be considered a potentially
revolutionary shift in cancer therapeutics in clinical applica-
tions.”** In the future, such strategies based on shutting down the
tumor infrastructure will gain more importance due to their
reduced side e ects. Despite the broad medical utility of this NP
system, the use of Gd-based nanomedicine has recently faced
controversy related to potential toxicity issues.”?*°*

In another example, Cha et al. proposed ZnO NPs as a
therapeutic agent since these NPs can be engineered to specific
shapes that act like biomimetic enzyme inhibitors.*** The ZnO
NPs were able to inhibit the activity of beta-galactosidase
reversibly in a shape-dependent manner (see Figure 28A).
That inhibition was not the result of protein denaturation, but
rather a subtler conformational frustration of the enzyme that
more closely resembles the mechanism of naturally occurring
enzyme inhibitors. Furthermore, Cha et al. demonstrated that the
NP-based enzyme inhibition can be characterized using the
classical Michaelis—Menten and Eadie-Hofstee formalisms
(see Figure 28C—E). As many traditional pharmacological thera-
peutics are enzyme inhibitors, this work opens the door for
the design of a new class of degradation-resistant inorganic
NP enzyme inhibitors that can be particularly suitable for
antibiotic resistant bacteria exemplified by methicillin-resistant
Staphylococcus aureus (MRSA, see below).

Another approach used to design NP-based drugs to induce
apoptosis in malignant cells is based on the cross-linking
induction of the surface noninternalizing receptors. Receptor
cross-linking involves the biorecognition of high-fidelity natural
binding motifs with cell receptors or with side chains of water-
soluble polymers. The general design concept of drug-free macro-
molecular therapeutics is shown in Figure 29. An important feature
of these designs is the absence of low-molecular-weight cytotoxic
compounds. The concept was validated for the treatment of non-
Hodgkin lymphoma (NHL) using nanoconjugates that target
CD20 (noninternalizing) receptors on B cells. The system is
composed of two nanoconjugates: (a) an anti-CD20 Fab’ frag-
ment covalently linked to a biological moiety (oligopeptide or
oligonucleotide) and (b) a polyHPMA grafted with multiple
copies of the complementary oligopeptide/oligonucleotide.
Exposure of human NHL Raji B cells to anti-CD20 Fab’-Motif 1
decorates the cell surface with peptides/oligonucleotides.
Further exposure of the decorated cells to graft copolymer
P-(Motif 2), results in heterodimerization or hybridization and
triggers the cross-link between CD20 receptors and initiat ng
apoptosis in vitro and in a NHL animal model in vivo.**>~>?
Magnetic resonance imaging and flow cytometry analysis
indicated that no residual cancer cells were detectable in long-
term survivors (125 days).>*’ Multimodality imaging studies
investigating the interaction between cellular membranes and
nanoconstructs confirmed that self-assembly plays a critical
role in this highly specific therapeutic system.>*®°?° This new
paradigm demonstrated activity in the treatment of cells isolated
from patients with chronic lymphocytic leukemia and mantle cell
lymphoma.>***** This interdisciplinary strategy has potential
to overcome rituximab-related resistance and become a new
drug development pipeline for the treatment of NHL and other
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Figure 29. Schematic of overall design and possible mechanism of
drug-free macromolecular therapeutics for treatment of NHL.
Adapted from ref 527. Copyright 2014 American Chemical Society.

B-cell-derived hematological neoplastic diseases and auto-
immune disorders.>*?

Killing Cells with Inorganic NPs upon External Stimuli.
Inorganic NPs can respond to external stimuli to elicit tumor cell
death. In the following section, we describe three common
examples of external stimuli-driven NP therapies, including
photodynamic therapy (PDT?, photothermal therapy (PTT),
and magnetic hyperthermia.>®*~>%

In its simplest form, PDT relies on the interaction between a
photosensitizer (PS), a light source, and oxygen. A PS is a
nontoxic compound capable of absorhing light and producing
ROS upon de-excitation, producing ROS. Photosensitizer
excitation is usually achieved via one-photon transition between
its ground state S, and a singlet excited state, S;. At this point, the
molecule may return to its ground state via emission of a photon
(fluorescence), but the excited PS may also generate a triplet
state T, by intersystem crossing. The lifetime of T, is longer
(microseconds) than S; (nanoseconds), enabling the system to
react in one of two ways, called the Type | and Type Il
mechanisms. The Type | mechanism involves electron transfer
between the PS and a substrate, yielding free radicals that can
then react with oxygen to form ROS, such as superoxide radical
anions. In the Type Il mechanism, singlet oxygen is generated via
an energy transfer between the PS and triplet oxygen.>*®

Desirable characteristics of PSs are (i) high absorption
coe cientin the spectral region of the excitation light, preferably
in the NIR emission range if PSs are to be used in PDT of cancer
states; (ii) a triplet state of appropriate energy (ET > 95 ki mol™)
to enable e cient energy transfer to ground state oxygen;
(iii) high quantum yield (QY) for formation of the triplet state
and long triplet state lifetimes ( > 1 s); and (iv) high photo-
stability. Organic dyes and aromatic hydrocarbons are one
class of molecules that possess these properties. They include
dyes such as rose bengal, eosin, and methylene blue that are
e ective PSs because they possess triplet states of appropriate
energy. They have high singlet oxygen yields, with rose bengal
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