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A wide variety of chemotherapy and radiotherapy agents are available for treating cancer, but a
critical challenge is to deliver these agents locally to cancer cells and tumors while minimizing
side effects from systemic delivery. Nanomedicine uses nanoparticles with diameters in the range
of ~1-100 nm to encapsulate drugs and target them to tumors. The nanoparticle enhances local
drug delivery effciency to the tumors via entrapment in leaky tumor vasculature, molecular
targeting to cells expressing cancer biomarkers, and/or magnetic targeting. In addition, the
localization can be enhanced using triggered release in tumors via chemical, thermal, or optical
signals. In order to optimize these nanoparticle drug delivery strategies, it is important to be able
to image where the nanoparticles distribute and how rapidly they release their drug payloads. This
Review aims to evaluate the current state of nanotechnology platforms for cancer theranostics
(therapeutic and diagnostic particles) that are capable of noninvasive measurement of release
kinetics.
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INTRODUCTION

Today cancer persists as the second leading cause of death following cardiovascular disease
in the United States.:2 While nanoparticle (NP) controlled drug delivery systems have
significantly improved the clinical safety of chemotherapeutic drugs, effcacy of
nanomedicines in the clinic has shown variable results.3-> For example, albumin-bound
paclitaxel (Abraxane) has been shown to be significantly better than conventional paclitaxel
when administered as a second line therapy.® Furthermore, a single agent clinical study for
treatment of nonsmall cell lung cancer showed that Abraxane had clinical effcacy more
similar to literature results for paclitaxel-carboplatin combination therapy.3” BIND-014 is a
prostate-specific membrane antigen-targeting polymeric PLGA-PEG NP loaded with
docetaxel.# Preliminary clinical data showed disappearance or shrinkage of metastatic
cholangio-carcinoma tumor lesions in the lungs of a 51-year old male patient after two
treatment cycles with BIND-014 administered at 15 mg/m2. Similarly, a 63-year old male
with tonsillar cancer showed a 25% shrinkage in tumor lesions after two treatment cycles at
30 mg/m2. These results are significant because docetaxel was administered via BIND-014
at doses lower than the typical dose for solvent based docetaxel (75 mg/m?2). Furthermore,
docetaxel is expected to have minimal activity against cholangiocarcinoma, in the case of
the 51-year old patient with lung metastases. On the contrary, some NP mediated drug
delivery systems have shown variable improvements in treatment effcacy. Doxil, a
liposomal form of doxorubicin, significantly decreased cardiac toxicity associated with the
free drug. However, a phase |11 study of the clinical effcacy of Doxil compared to
conventional doxorubicin showed that liposomal doxorubicin effcacy was comparable to,
but not significantly better than, conventional doxorubicin.8 Paclitaxel polyglumex, a
macromolecule composed of paclitaxel conjugated to polyglutamic acid, also showed no
significant improvement compared to docetaxel as a second line treatment to nonsmall cell
lung cancer.%10 A number of other NPs such as CRLX101,11 NK105,12 Genexol-PM,513
and BIND-0144 have completed, or are enrolling, phase I/II/111 clinical trials. The results of
these studies are needed to further identify potential benefits or limitations of nanomedicines
in clinical translation.

Significant challenges facing chemotherapy include rapid drug clearance, poor
biodistribution, nonideal physicochemical properties of drugs (e.g., poor solubility), rapid
drug degradation, and systemic toxicity.14 Nanomedicine has been able to overcome some
of these challenges. Preclinical data and phase I/pharmacokinetic clinical studies have
shown that nanomedicines have been able to extend the circulation half-life of some
chemotherapy drugs. For example, paclitaxel was shown to have a biphasic plasma
elimination curve when administered with polyoxyethylated castor-oil, while Abraxane
showed a linear curve.15:16 NP formulations have also shown extended circulation time for
chemotherapy drugs.®12:15-17 Nanomedicines may also take advantage of inherent
physiological abnormalities in tumors such as the overexpression of certain proteins or leaky
vasculature. These abnormalities allow NP drug delivery systems to increase intratumoral
drug concentration via active targeting or the enhanced permeability and retention
effect.#18.19 However, as previously discussed, NP drug delivery systems have shown
variable clinical success. This is largely due to wide intratumoral and interpatient

Mol Pharm. Author manuscript; available in PMC 2014 June 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Moore et al.

Page 3

heterogeneity.29-22 Thus, a new paradigm is necessary to noninvasively determine the dose
of drug delivered into the patient’s tumor, and adjust further treatment.

Currently, treatment effcacy and disease progression are monitored via imaging (CT, MR,
ultrasound, X-ray, endos-copy/laparoscopy) and tumor markers in blood or in tumor
tissue.2324 These indirect approaches are not able to provide immediate feedback as to how
and where drug is released. Prolonging the local delivery of chemotherapeutic agents is
expected to increase therapeutic effcacy against solid tumors, and a modality capable of
monitoring drug biodistribution, intratumoral drug concentration, and therapeutic effcacy
would provide critical information regarding treatment progress. Moreover, chemotherapy
dosing is generally administered based on patient body surface area, and such a treatment
modality would offer more personalized treatment plans that could account for patient
heterogeneity, variation in diseases, variation in drug biodistribution, and differences in
treatment response.21:25 Herein we describe recent advances in nanoparticle systems capable
of not only improving intratumoral drug delivery, but also noninvasively and quantitatively
evaluating drug release Kinetics in vivo.

THERANOSTIC NANOMEDICINE

Theranostic nanomedicines, systems that combine therapeutic and diagnostic modalities into
a single package, are expected to provide real-time information of a drug delivery system’s
biodistribution, drug concentration, or drug release kinetics (Figure 1). The National
Institute of Health (NIH) Challenge Grants in Health and Science Research, part of the
American Recovery and Reinvestment Act of 2009, outlined the urgent goal of finding
effective systemic treatments that can validate the localization of drug at the tumor site in
real time, that is, smart, theranostic biomaterials.

The first generation of theranostic nanomedicines focused on combining both therapeutic
and imaging modalities to image the localization of the drug delivery vehicle at the tumor.
Much literature exists evaluating the current state of these combined imaging and delivery
technologies.21:26-32 These systems generally rely on NPs with discrete imaging and drug
delivery components. In this approach, the imaging modality is independent of drug
delivery. By combining drug delivery and imaging, theranostics enables visualization of
drug biodistribution, and determination of the amount of nanoparticle drug delivery vehicle
accumulated at the disease site.21:28-31 First generation theranostic nanomedicines may be
composed of a number of different types of NPs. Magnetic NPs are of considerable interest
for theranostic applications due to their capacity for drug delivery, controlled localization in
vivo,33 and MRI contrast.34:3> Moreover, magnetic NPs may be combined with other
nanocarriers to impart optimal drug delivery properties.36:37 Other systems capable of
combined imaging and release include gold nanoparticles (AuNP),38 carbon nanotubes
(CNT),3%-42 quantum dots (QD),*344 polymeric NPs,*>-50 nanobubbles,®! and liposomes.26
While these technologies offer approaches to combine imaging and drug delivery, many lack
the capacity to quantitatively measure drug release kinetics in real time.

The appeal of theranostic approaches that can quantitatively measure drug release kinetics
exists, because such an approach would enable better understanding of intratumoral drug
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concentrations. Considering that therapeutic agents are, in general, inactive until released
from their respective nano-carriers, a theranostic modality capable of noninvasively
quantifying drug release would also provide a better indication as to the dose delivered to a
tumor by differentiating between encapsulated and released drug. Furthermore, research
aimed at developing triggered release systems (i.e., light, pH, heat) is expected to benefit by
enabling a noninvasive method for not only ensuring proper drug localization, but also
determination of released drug concentration. Such systems would also benefit preclinical
development of nanomedicines by improving means of optimizing release kinetics,
especially in complex in vivo models. Traditional pharmacokinetics approaches such as
quantification of radiolabeled drugs in tissue using positron emission tomography (PET),
single photon emission tomography (SPECT), or radiology are valuable for measuring total
drug accumulation rates in tissue. However, they cannot distinguish free drug that has been
released from a NP from encapsulated drug. Consequently, a frontier of theranostics is to
measure in situ release rates using imaging modalities that depend upon whether the drug is
encapsulated or free. Below, we describe methods to detect drug release through tissue using
MRI and optical techniques. Table 1 shows a summary of the technique’s advantages and
limitations.

OPTICAL APPROACHES TO MEASURING DRUG RELEASE

Theranostic nanotechnologies with the ability to quantitatively measure the release of drug
would provide critical data regarding delivered drug dose in real time. Noninvasive optical
methods are often used to monitor concentration of fluorescent drug in tumors.52-56 In order
to measure drug release rate independent of NP accumulation, the free drug must have a
different spectral signature when released versus when encapsulated. The most common
approach relies on fluorescence quenching of the drug when encapsulated in the NP due to
self-quenching at high concentration or energy transfer to a quencher such as another dye or
a gold NP. Release of the drug from the NP results in increased fluorescence intensity and
lifetime of the drug. Other methods rely upon distance dependent inner filter absorption
effects, changes in the local refractive index in photonic crystal structures, and methods to
magnetically modulate the dye only when it is attached to the particle.3:>7-60 Optical
techniques are widely used for measurements in cell studies and thin tissue histology
because the microscopes are widely available and provide rapid, sensitive, submicrometer
resolution images. However, imaging through thick tissue is more challenging because the
light is attenuated as it passes through the tissue, autofluorescence backgrounds can obscure
the analyte signal, and the diffuse scattering dramatically reduces image resolution.

Porous Silicon Photonic Crystals

Silicon is a biocompatible material that can be patterned with electrochemical and
lithographic technique to generate very versatile drug carriers. For example, silicon can be
electrochemically etched to generate nanopores that can be loaded with drugs. The width of
the pores can be controlled during electrochemical etching to produce rugate structures with
sharp spectral reflection features, similar to the photonic patterns in beetles and butterflies.61
The reflection spectrum depends upon the refractive index of the medium in the pores and
shifts as the drug is released from the pores. Porous silicon (PSi) microparticles have been
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shown to quantitatively measure the release of the anticancer drug daunorubicin (Figure
2).62 Plate-shaped microparticles approximately 12 pm by 35 um were loaded with
daunorubicin by covalently linking the drug to the microparticle surface via 1-undecylenic
acid. Dissolution of the PSi microparticle resulted in zero-order release kinetics of
daunorubicin and orthosilic acid. The colorimetric shift in Ayax could be directly correlated
with the release of daunorubicin. To further verify that daunorubicin release was mediated
by the dissolution of PSi microparticles, daunorubicin-conjugated microparticles were
incubated in pH 5, 7, and 9. More alkaline pH catalyzed the dissolution of PSi, and
daunorubicin release studies showed that increasing pH led to more rapid release of
orthosilicate and daunorubicin. Increasing pH also led to more rapid spectral peak shift.
Thus, porous PSi microparticles enable the quantitative measure of drug release.

PSi has also demonstrated inherent photoluminescent properties which may be amenable for
in vivo imaging applications.®3-67 Porous silicon NPs approximately 126 nm in diameter and
coated with dextran were able to load 4.4 wt % doxorubicin via the electrostatic interaction
between drug and the porous silicon nanoparticles.54 NPs mediated the release of
doxorubicin over a 10 h period. Furthermore, PSi NPs were photoluminescent with an
excitation wavelength in the ultraviolet region (370 nm) and emission maximum around 800
nm. PSi NPs were also biodegradable and dissolved within 8 h in phosphate buffered saline.
As PSi NP degraded, their photoluminescent intensity not only decreased but also exhibited
a blue shift of the luminescence spectrum. However, PSi NPs were not shown to enable
quantitative imaging of doxorubicin release.

Thus, PSi particles are a platform for imaging drug release. While use of photoluminescence
to image was not shown to quantitatively measure drug release from PSi NPs, spectral
reflectance was shown to directly measure the release of daunorubicin from PSi
microparticles.62:64 However, imaging reflectance in vivo to measure drug release would be
limited to relatively thin tissue depths or transparent tissues (e.g., intraocular drug delivery).

Drug Accumulation and Singlet Oxygen Luminescence

In some instances, the drug itself serves as the imaging and therapeutic agent. This can be
attributed to inherent imaging properties of the drug. For instance, pH-sensitive NPs
composed of poly(ethylene glycol)-co-poly(#-amino ester) (PEG-PBA) were shown to
deliver the photosensitizer protoporphyrin IX (PplX) for combined photodynamic therapy
and imaging (Figure 3).58 In this system, PEG acts as a NP-stabilizing corona and PBA
loads the hydrophobic drug. PBA is protonated at its tertiary amine at lower pH, causing the
polymeric micelle to destabilize and release its PpIX payload. Aside from being a
photoactive drug, PplX is also a fluorescent molecule and can therefore be used for imaging.
The PplX fluorescence is quenched by molecular oxygen, thereby generating singlet oxygen
which is believed to be the primary effector responsible for killing cells. Three types of
information are available: the PplX can be localized based upon fluorescence microscopy
and optical tomography, the local dissolved oxygen concentration can be measured based
upon the fluorescence lifetime,8 and the amount of singlet oxygen generated during
photodynamic therapy can be measured by detecting the singlet oxygen luminescence at
1270 nm.%2:70 |n vitro fluorescence measurements showed a pH-dependent release of PpIX
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over a 72 h period with up to 60% of drug released within the first 24 h at pH 6.4. At
physiological pH of 7.4, only 20% of drug was released after 72 h. Fluorescent imaging of
SCC7 squamous cell carcinoma in vitro showed more uptake of PplX at lower extracellular
pH. This is ostensibly due to the destabilization of PBA-PEG micelles and release of the
PplIX payload when internalized via lysosomes. Subcutaneous SCC7 tumor xenografts
showed accumulation of PplX-loaded PBA-PEG NPs in tumors. Five milligrams of PpIX
per kilogram of mouse mass was injected via the tail vein as either free PpIX or PpIX
encapsulated in PBA-PEG NPs. PplX was imaged fluorescently using a 670 nm pulsed laser
diode excitation source. Kinetic fluorescent biodistribution studies showed an increased
accumulation of PpIX in tumor tissue over a 48 h period when delivered via the PBA-PEG
nanoparticles, as opposed to free PpIX. The relative fluorescent intensity of PpIX was
calculated as 10-fold higher in tumors when administered with PBA-PEG nanoparticles
compared to free drug. Explanted tissues showed an appreciable accumulation of PplXin
the liver tissue for the free PplX, while PpIX delivered via PBA-PEG showed strong
fluorescent signal in the explanted tumor. This platform shows potential for the quantitative
monitoring of drug delivery in vivo based on the fluorescent properties of the drug molecule.
This system was shown to be effective in SCC7 squamous cell carcinoma in superficial,
subcutaneous tumor grafts. However, feasibility of this therapy in a deeper tissue was not
explored and is likely to be limited because the 670 nm excitation wavelength is attenuated
by a factor of between 10 and 1000 per centimeter of tissue depth, depending on the type of
tissue.”! Treatment of tumor 1 cm and deeper would therefore require either an endoscopic
light source or a method to apply light over a period of days.

Fluorescent Nanoparticles

A different approach to employing fluorescence as a theranostic modality is to utilize
fluorescent NPs. A QD drug delivery system was reported in which fluorescence resonance
energy transfer (FRET) allows for fluorescent imaging of both NPs and delivery of drug.*3
Dox was employed as the drug model due to its inherent fluorescence (Figure 4). Here, the
QDs are functionalized with a double-stranded A10 RNA aptamer that intercalates Dox and
specifically binds prostate specific membrane antigen (PSMA). The QD-aptamer—-Dox
construct (QD-Apt(Dox)) is “turned off” because Dox quenches the fluorescent emission of
the QD, and the aptamer quenches the fluorescent emission of Dox. Upon the release of
Dox, both entities become fluorescent, allowing for the visualization of both NP and drug
location. PSMA is overexpressed in LNCaP human prostate cancer cells but not PC3 human
prostate cancer cells; therefore, LNCaP cells were qualitatively shown to uptake more QD-
aptamer (QD-Apt) conjugates than PC3 cells in vitro. After incubating LNCaP cells for 30
min with QD-Apt(Dox), cells were washed and imaged with confocal microscopy. At this
time, cells showed no fluorescence, indicating a lack of drug release. However, after
incubating for 1.5 h, more fluorescent signal could be seen in the cell from both Dox and
QD. Thus, the QD-Apt(Dox) conjugate could be used to image the release of drug in vitro.
Moreover, QD-Apt were sensitive to the quantity of Dox loaded. QD-Apt held at a fixed
concentration (1 uM) were incubated with increasing amounts of Dox, and maximum FRET
quenching was observed at a QD-Apt/Dox ratio of 1:7. As a chemotherapeutic agent, QD-
Apt(Dox) conjugates at 1.6 UM were approximately as effective as free Dox at 5 pM. A
similar system was employed to improve the delivery of free Dox to A2780/AD multidrug
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resistant human ovarian cancer in vitro and in female athymic nu/nu mice.”? QDs were
conjugated to an aptamer (MUC1) which targets mutated Mucin 1, a cell surface-associated
mucin overexpressed in late stage epithelial ovarian cancer. Dox was conjugated via an acid-
degradable hydrazone bond. Similar to the Bagalkot study, QD-MUCZ1(Dox) conjugates
displayed FRET extinction of QD fluorescence. Free Dox, QD-Dox, and QD-MUC1(Dox)
showed similar treatment effcacy in vitro. In vivo, targeted QD-MUC1 showed higher
uptake compared to untargeted QD. No tumor volume reduction data was reported for in
vivo effcacy. The primary utility of these two systems from a theranostic drug delivery
system standpoint is as an “on/off” switch indicating drug loaded or released. Compared to
polymeric systems in which drug is encapsulated, these systems load much lower amounts
of drug and have relatively quick release. One limitation related to in vivo imaging is
associated with poor penetration of excitation wavelengths through tissue. Although this
system is unable to measure the release kinetics based on FRET extinction, other systems
capable of dynamically measuring release rates have been developed.

Rare earth-doped nanophosphors are a class of inorganic materials that are able to convert
various forms of electro-magnetic radiation into visible light. Different classes of
nanophosphors can convert ultraviolet light (fluorescent phosphors), infrared light
(upconversion phosphors), or X-ray (radioluminescent phosphors) into visible light. Nano-
phosphors are advantageous compared with organic dyes because these rare earth-doped
inorganic phosphors have a high chemical stability and do not photobleach or fade.”3:74
Nanophosphors also have distinct spectral peaks with narrow fine structure (~1 nm line-
width) compared to 20-100 nm line width for quantum dots and fluorescent molecules,’®
and their low toxicity draws attention to their biological applications.3*75.76 NPs with short
ultraviolet (256 nm) excitation wavelength and emission of visible light (613 nm) were
employed to measure drug loading and release.”” NPs were composed of a spherical
europium-doped gadolinium oxide core (Gd,03:Eu3*) approximately 270 nm within a
mesoporous silica (@nSiO,@mSiO5,) shell approximately 50 nm thick. Dox is able to load
at 8.56 wt % within the pores of the mesoporous silica and quench the luminescent emission
signal of the Gd,03:Eu3*. Release studies revealed that Gd,03:Eu3* @nSiO,@mSiO, NPs
released 80% of loaded Dox over approximately 12 h. The photoluminescence of the
Gd,05:Eud* was measured as Dox was released. These simultaneous studies of NP
luminescence and Dox release showed a direct relationship between the amount of Dox
released and increasing NP photoluminescent intensity. These results indicate that the
Gd,03:Eud* quenching effect of Dox is mitigated as it is released from the mesoporous
silica shell, and photoluminescence returns. In vitro studies of Gd,O3:Eu3*
@nSiO,@mSiO, NPs in HelLa cervical cancer cells showed no concentration dependent
toxicity up to 2.5 pg/mL. Free Dox and Dox-loaded NPs showed equivalent effcacy in vitro
against HeLa cells. This system is limited for translation to in vivo diagnostics because the
UV excitation wavelengths are strongly absorbed by melanin in skin.”8-80 Furthermore, high
energy UV radiation has deleterious effects on DNA and may lead to protein—-DNA cross-
linking, oxidative damage, and gene mutations.8!
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Upconversion Nanoparticles

Visible and UV light phosphors are expected to have limited application for deep tissue
imaging due to light scattering and the poor penetration depth of shorter excitation
wavelengths.82 Recent research is focused on upconversion NPs, particles that can convert
longer near-infrared (NIR) wavelength light to visible light (Figure 5). Upconversion probes
capable of excitation at longer wave-lengths and emission within the optical transmission
window (650-950 nm) are promising due to low tissue autofluorescence, deeper tissue
penetration of excitation wavelengths, and lower light scattering. It has been shown that
upconversion particles can image as deep as 3.2 cm through pork tissue with excitation at
980 nm and emission at 800 nm.83 Upconversion NPs have been investigated as a means to
track drug release by measuring luminescent intensity.84:85

Theranostic upconversion NPs composed of sodium yttrium fluoride (NaYF,4) doped with
ytterbium and erbium (Yb3*, Er3*) have also been described.8° Similar to the previously
mentioned Gd,05:Eu3* NPs, the NaYF,:Yb3*/Er3* were coated with mesoporous silica
(@nSi0,@mSIOy). In this system ibuprofen (IBU) was chosen as a model drug and loaded
into mesoporous silica. The NaYF,:Yb3*/Er3* core was 120 nm in diameter and coated with
a tunable level of mesoporous silica (10, 20, or 45 nm). These NPs were capable of loading
11, 21, or 34 wt % IBU in the 10, 20, or 45 nm mesoporous silica coatings, respectively. All
three formulations demonstrated controlled release over a 10 h period, with changes in
release kinetics altered by coating thickness. Thicker coatings were hypothesized to slow
release time due to the IBU having to travel farther through the mesoporous silica pores.
IBU also effectively quenched the photoluminescence from the upconversion
NaYF4:Yb3*/Er3* @nSiO,@mSiO, nanoparticles. NPs were excited by 980 nm wavelength
light and had three emission peaks at 520, 550, and 650 nm. Release kinetics were directly
correlated to the return of photoluminescence, indicating that as IBU was released, the
quenching effect of IBU diminished. This system demonstrates a mechanism by which the
release of drug can be dynamically measured due to the quenching of NP luminescence by
the drug. This system successfully shows a robust method for quantitatively measuring drug
release based on the upconversion luminescence of NPs. However, as with most inorganic
delivery systems, the release kinetics are not optimized for controlled release. With the
thickest mesoporous silica coating, 75% of IBU was released within 12 h. Upconversion
NPs are expected to overcome some of the challenges for in vivo imaging associated with
fluorescent molecules or NPs, but will still be limited in the penetration depth of the
excitation and emission wavelength. Methods to improve drug loading and release kinetics
have been investigated using organic coatings on inorganic NPs.

Upconversion NPs have also been coated with organic layers to improve lipophilic drug
loading and aqueous dispersion.>? In this study, cubic 20-30 nm NaYF4:Yb3*/Er3* NPs
were capped with oleic acid and further functionalized with a-cyclodextrin (aCD). Oleic
acid was able to load lipophilic photosensitizers such as Chlorin e6 (Ce6), Zinc
phthalocyanine (ZnPc) and Methylene blue (MB). a-Cyclodextrin improves the aqueous
solubility of this system, and cyclodextrin has been used in clinical trials as part of a NP
drug delivery system.#849 |n this system, the upconversion particles were excited by a 980
nm laser, then they emitted strongly in the 650-670 nm range. Ce6, ZnPc, and MB had
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strong absorptions in this region. Loading capacity for all three photosensitizers was
dependent on the loading photosensitizer concentration, and total loading between drugs was
variable, possibly due to differences in chemical structure. Ce6, ZnP, and MB were able to
load at 0.158, 0.165, and 0.129 mmol/g, respectively. Luminescent intensity of the NPs was
quenched by loading the photosensitive drug, and the release of photosensitizer allowed for
a dynamic method to measure drug release. Release studies showed that approximately 10%
of drug was released in 48 h.

In vitro toxicity of photosensitizer-loaded upconversion NPs was shown in A-549
adenocarcinomic human alveolar basal epithelial cells. Photosensitizer-loaded NPs without
laser irradiation showed no significant toxicity in cells. When irradiated with the 980 nm
laser (1 W/cm?) for 3 min, upconversion luminescence activates the photosensitive drug,
creating reactive oxygen species. The irradiated NP showed dose-dependent toxicity in vitro,
and toxicity was also dependent on the duration of laser irradiation. This photodynamic
therapy was combined with traditional chemotherapy by loading Dox in the NP. The
combination of Dox and photodynamic therapy significantly improved therapeutic effcacy
of the NP. For example, NPs loaded with 0.077 mmol/g Ce6 and 0.082 mmol/g Dox
irradiated with 980 nm laser showed approximately 15% cell viability with A-549 cells in
vitro. This was significantly better than NPs loaded with Ce6 and Dox without irradiation
(~40% cell viability) or Ce6 NPs with irradiation (~40% cell viability). While these
treatments are effective in vitro, near-infrared and infrared wavelengths are still limited in
translation to deep tissue imaging because the penetration depth is on the scale of
millimeters.82 Technologies with greater potential to penetrate deep into tissue are expected
to improve theranostic modalities.

Radioluminescent Nanoparticles

Radioluminescence is a phenomenon whereby radiation energy is converted into visible
light, and here we will focus upon X-ray radiation although some of the principles also
apply to other forms of radiation. The benefit of using this type of system for measuring
drug release is that X-ray has excellent soft tissue penetration. Radioluminescent
nanophosphors have been investigated for in vivo imaging and as quantitative sensors for
drug delivery.57:83.86 Theranostic radioluminescent NPs coated with poly(styrenesulfonate
sodium) (PSS) and poly(allyl-amine HCI) (PAH) via a layer-by-layer assembly were
designed for pH-sensitive drug release.?” The hollow NP was composed of gadolinium
oxysulfide (Gd,0,S) doped with terbium (Tb) and europium (Eu) (Figure 6). NPs were
ellipsoidal in shape with an average length of 420 nm and a width of 150 nm. Higher aspect
ratio NPs have been shown previously to extend plasma circulation time in vivo.87-8% The
Gdy0,S:Th-PSS/PAH NPs were able to load ~5 wt % Dox, and release measured by high
performance liquid chromatography directly correlated with peak quenching of the NP
radioluminescence. Moreover, Dox release was shown to be pH dependent with rapid
release at pH 5.0 and slow release at pH 7.4. The goal of pH dependent release is to exploit
intracellular release of drug in endosomes or lysosomes after endocytosis. NP uptake was
shown in MCF-7 breast cancer cells, and in vivo biodistribution showed the ability to
dynamically and noninvasively monitor radio-luminescent NP accumulation in the liver of
Balb/c mice. Previous studies have shown the ability of radioluminescent NPs for deep
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tissue imaging in chicken breast after injection deeper than 1 cm.83 This system offers a
promising platform for theranostic nanomedicine due to excellent penetration depth of X-
rays through soft tissue.

A key advantage of this approach is that there is almost no autofluorescence background,
and the radioluminescence is only generated where the X-ray beam irradiates the tissue. By
irradiating the tissue with a collimated or focused X-ray beam, it is possible to map the
spectrum point-by-point in order to generate high resolution images, limited in resolution by
the X-ray beam width. This is in contrast to fluorescence excitation, wherein the excitation
beam is scattered with a typical mean free path of ~100 um, and almost all the light passing
through more than 1 mm of tissue propagates diffusively providing a point spread function
with a width similar to the tissue depth.%0:91

The main limitation of the X-ray excited optical luminescence imaging is that
radioluminescent systems may be limited by the penetration depth of visible light emissions,
even though X-rays have excellent soft tissue penetration. In general, there is a trade-off
between the required X-ray dose and the scintillator concentration, the depth of the
scintillators in the tissue, and the spatial resolution of the image. For example, in a
numerical simulation, Carpenter and co-workers calculate picomolar (ng/mL) concentrations
of 10 nm X-ray phosphor are detectable for a mammographic-like dose with a signal/noise
level of 10.92 For applications such as tumor resection where the X-ray excitation angle is
limited by geometry, and where increased rapid acquisition is critical, a limited-angle X-ray
luminescence tomography (XLCT) can be applied based on a hybrid X-ray/optical
reconstruction. In XLCT X-rays, pencil-like X-rays are used to excite scintillators in a
narrow region defined by the beam diameter, and diffuse optical spatial discrimination for
the axial dimension along the beam. According to their model, microgram per milliliter
particle concentrations may be observed through 5 cm of tissue with ~10 mGy doses.?3 Even
more rapid images can be acquired using a cone-angle geometry with multiple angle views,
but the resolution will be limited by the optical scattering in the tissue.9

Nanophosphors (luminescent nanoparticles) exist as a potential platform for a theranostic
system able to quantitatively measuring drug delivery at the bench. These NPs can be
tailored to have excitation wavelengths over a broad range, from X-ray to near-infrared
light. Employing NPs with luminescence that overlaps with the optical properties of drugs
has been shown to quantitatively measure the release of drug. The use of these NPs in a
clinical sense is still limited by specific challenges, namely, nanoparticle-associated toxicity
and physical limitations. Currently, optical imaging in tissue is limited to the millimeter or
centimeter depth. Thus, identifying and addressing current imaging challenges will guide
decisions for future research.

MAGNETIC RESONANCE IMAGING (MRI) OF DRUG RELEASE

Magnetic resonance imaging (MRI) is particularly attractive as a theranostic imaging
modality. MRI is not limited by imaging depth, and can also be used to quantitatively
measure drug release. MRI works via the magnetization of hydrogen protons, generally from
water, in tissue. Briefly, a strong magnetic field is applied to the patient, causing protons to
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align in the direction of the magnetic field, and a short electromagnetic pulse causes the
perturbations to the proton’s spin. Protons release energy as they return to alignment, and
two measurements can be made: return to longitudinal magnetization (T, relaxation), or
decay of transverse magnetization (T, relaxation).%>:9 Since tissues are different
structurally, they will appear differently on an MRI image. In cancer imaging, magnetic NPs
localized at the tumor site may enhance the contrast of cancerous lesions by altering the spin
relaxation of neighboring water molecules.%’

Generally, theranostic MRI approaches have relied on drugs that are complexed with an
imaging agent, or drugs that can release at the same rate as an imaging agent. Externally
triggered drug release systems are therefore appealing, because simultaneous triggered
release of an imaging agent and drug is possible. The use of hyperthermia to control both the
timing and spatial location of drug release, via hyperthermia or some other modality, was
termed “dose painting.”?8 In the following approaches, MRI enables a means to
noninvasively determine drug dose and spatial location of release, giving a more clear
understanding of how drug is distributed within the tumor.

Theranostic MRI was enabled via liposomes that encapsulated two components: doxorubicin
(Dox), an anthracycline anticancer drug, and manganese sulfate, an MRI contrast
agent.80:98-100 Temperature sensitive liposomes less than 200 nm in diameter were prepared
to destabilize and release drug at hyperthermic temperatures (39 to 40 °C).191 In this study,
Dox molecules complex with manganese ions (Mn?*), and these ions are able to act as T-
shortening MRI contrast agents. Within the liposome, MRI contrast is diminished because
T1-shortening is dependent upon interaction of water with the Mn?*, and sequestration of
Dox-Mn2* within the liposomes reduces the interaction of Mn2* with water. The MRI
contrast is only actuated when the Dox-Mn?* complexes are released from the liposome
(Figure 7).

Rats were implanted subcutaneously with rat fibrosarcoma tumors, and liposomal treatments
were administered intra-venously.® Treatment groups included local hyperthermia (HT) +
temperature-sensitive liposomes (TSL), no hyper-thermia (nHT) + TSL, HT +
nontemperature-sensitive liposome (nTSL), and nHT + nTSL. T1-weighted MRI images
were compared to HPLC analysis, and fluorescent histological analysis of explanted tumor
tissues after treatment with liposomes. HPLC data showed a strong correlation in drug
concentration with image analysis of MRI contrast agents in tissue, indicating that MRI was
a sensitive, noninvasive modality to measure the hyperthermia-mediated release of Dox in
vivo. This approach was able to measure Dox release in vivo at pg/mL concentrations. This
approach has the benefit of being able to quantify drug release in deep tissue. Further studies
on the influence of hyperthermia treatment with TSL dosing showed that the highest amount
of Dox was delivered to tumors when TSL were administered during HT.% Rats that
received TSL before HT had a final mean Dox accumulation in tumors of 24.5 pg. A split-
dose regimen was administered by injecting half of the TSL dose prior to HT, and the
second half after the HT treated tumor had reached a steady state temperature. This split-
dose treatment regimen resulted in a final mean Dox accumulation of 33.5 pg. Finally,
administration of TSL during HT resulted in the highest mean Dox accumulation of 39.5 pg.
HT treatment regime also played a role in determining the spatial distribution of Dox release
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within the tumor. Dox dose location was measured via MRI. The source of heating was an
intratumoral catheter, thus administration of TSL during HT resulted in rapid release of Dox
at the periphery of the tumor. This is caused by the quick destabilization the TSL upon
reaching the preheated tumor. Administration of TSL in the split-dose treatment regimen
resulted in the most uniform distribution of Dox throughout the tumor, and administration of
TSL before HT treatment resulted in rapid release in the center of the tumor (near the HT
catheter). Tumor reduction studies showed that TSL administration during HT had the most
significant effect. Tumor inhibition was measured in time needed to reach a tumor volume
five times greater than the initial tumor volume. TSL administration during HT had a mean
time of 34 days, the split-dose regimen had a mean time of 22.5 days, and TSL
administration before HT had a mean time of 18.5 days. TSL administration during HT was
not significantly different than the split-dose treatment.

Because some research has raised questions about the cytotoxicity of manganese ions, work
has pushed for a gadolinium-based theranostic system.192.103 Gadolinium is in clinically
approved MRI contrast agents at concentrations as low as 0.1 mmol/kg body mass, and
several researchers have reported temperature sensitive liposomal formulations
coencapsulated Dox and gadolinium-based MRI contrast agents.194-108 For example, MRI
quantification was possible by measuring the corelease of Dox and gadolinium-diethylene
triamine pentaacetic acid complex (Gd-DTPA) (Figure 8).104 Here Gd-DTPA is not
complexed with Dox, rather Gd-DTPA models the release of Dox. Gd-DTPA showed
similar release kinetics to Dox in vitro. At 30 and 37 °C, there was no detectable release of
Gd-DTPA over 30 min, while at 40 and 42 °C there was total Gd-DTPA release within 3
min. Dox release showed similar results where 100% Dox was released within 3 min at 40
and 42 °C. Fluorescent readings of explanted tumor tissue showed a strong correlation
between Dox in tissue and Gd-DTPA content measured via MRI. Furthermore, liposomal
formulations combined with hyperthermia-mediated Dox release were able show a dose-
dependent inhibition of tumor growth in vivo.

While the previous temperature sensitive liposomal treatments employed either invasive or
indirect means for heating tumors, and consequently releasing TSL payloads, some
researchers noninvasively induced drug release via magnetic resonance-guided high
intensity focused ultrasound (MR-HIFU).105.106.108 T5) \vere coloaded with Dox and Gd-
HP-DO3A, an FDA-approved gadolinium-based MRI contrast agent. Dox and Gd-HP-
DO3A release were measured via fluorescence and inductively coupled plasma-atomic
emission spectroscopy, respectively. Differences in release profiles between these two
agents were shown to be less than 20%.198 MR-HIFU was also shown to enable a high
degree of control over the location of heating. Tissues mimicking agarsilica phantoms were
cast containing TSL. MR-HIFU was used to heat distinct geometric patterns in the gel,
which resulted in visualizing these distinct shapes. Furthermore, MR-HIFU induced the
release of Gd-HP-DO3A in vivo with New Zealand white rabbits bearing VX2 tumors in the
thigh. Focused ultrasound was able to generate a local temperature increase at the site of the
tumor, and result in an increase in MRI contrast due to the release of Gd-HP-DO3A from
TSL. Researchers were able to load Dox at clinically relevant concentrations (~25 mg/m2)
while also delivering Gd-HP-DO3A at a concentration that could effectively enhance MRI
contrast.
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Similarly, researchers showed that MR-HIFU enabled visualization of drug release from
TSL in vivo with 9L gliosarcoma tumor-bearing Fisher 344 rats.105106 MR-HIFU was able
to induce the release of Dox and Gd-HP-DO3A in tumors. However, researchers did find
widespread intersubject variability, which was attributed to differences in tumor
vascularization, tumor permeability, as well as the presence of a necrotic core. Importantly,
the authors note that in a complex biological environment the differences in cellular uptake
and intratumoral distribution of Dox and the contrast agent will be significant upon release
from the TSL. Thus, while a strong correlation was shown between Gd and Dox content in
tumors, more robust pharmacokinetic modeling of drug versus contrast agent behavior is
needed to better understand how these TSL may be employed in a clinically relevant manner
to measure drug content in vivo.

A nonliposomal approach was to encapsulate Gd-DTPA within a poly(acrylic acid)-coated
iron oxide NP (10-PAA) (Figure 9).199 Release was pH dependent due to the swelling and
degradation of PAA in an acidic medium. In this system, the iron oxide core affects Gd-
DTPA encapsulated within the PAA coating, effectively “quenching” the T, relaxation rate
Gd-DTPA. However, as Gd-DTPA is released, the T1 relaxation rate increases. Thus,
encapsulated Gd-DTPA was “off,” while released Gd-DTPA was “on.” In addition, the
particle concentration could be determined from the T2 contrast, which depends mostly on
the iron oxide core rather than the Gd-DTPA. When Gd-DTPA was coencapsulated with
another drug within the 10-PAA, it was possible to roughly approximate the release kinetics
of both agents based on the T, relaxation of Gd-DTPA as it is released. Paclitaxel (PTX) and
Gd-DTPA were loaded within IO-PAA. Release kinetics for PTX and T, relaxation were
measured at pH 7.4 and 5.0 over a 24 h period. At pH 5.0, both agents were totally released
after 24 h. Release of Gd-DTPA was slower than release of PTX, and the difference in
release was attributed to physicochemical interaction between the Gd-DTPA molecules and
the polymer coating.

These studies illustrate methods by which drug release kinetics could be measured by the
release of an imaging agent—drug complex, or by measuring the corelease of separate drug
and imaging agents. Moreover, release could be triggered due to physiological changes (e.g.,
differences in pH), or through external stimuli such as temperature. MRI was effective for
imaging drug release at better than millimeter resolution through thick tissue. However
limitations include cost, possible differences in release rates for drugs and imaging agents
when coencapsulated, and different pharmacokinetic and pharmacodynamic behavior
between released drug and imaging agent.

CHALLENGES IN THERANOSTIC NANOMEDICINE

Real challenges exist with the development of theranostic nanomedicines to enable
noninvasive measurement of drug delivery. Nanomedicines must demonstrate reasonable
safety. Many particles used for imaging have shown success in vitro for cellular labeling but
are limited in translation to more complex living systems due to toxicity. Furthermore,
theranostic particles must overcome physical limitations with respect to penetration depth of
light due to scattering, and developing sensitive methods to image drug or NP.
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Preclinical Challenges

A fundamental understanding of nanomaterials is necessary to develop practical theranostic
technologies. This includes an understanding of material choice, limitations and advantages
due to physicochemical properties, and potential nanomaterial related toxicities. Hesitance
to employ nanomaterials for medical applications often stems from concerns regarding
nanomaterial toxicity. Although NP toxicity is an important concern, several NP
formulations have reached clinical trials. NP toxicity may generally be attributed to
nanoparticle’s material, degradation, size, shape, and in vivo stability.

One of the primary challenges surrounding the use of NPs for in vivo imaging and
diagnostics pertains to the materials selected for use. For example, quantum dots (QD) have
garnered much excitement for use as in vitro fluorescent tags; however, concerns about their
toxicity arise because QDs are generally made out of heavy metal elements such as
cadmium selenium (CdSe), cadmium tellurium (CdTe), and zinc selenium (ZnSe).110
Generally QDs have a core-shell structure to reduce cytotoxicity, but studies have shown
that QD toxicity is still related to heavy metal ions.11! CdSe QDs oxidized in air or with UV
light showed a red shift in fluorescence, indicating a change in size because of the leaching
of surface atoms due to oxidation. QDs kept in an inert environment, that is, no oxidation,
showed no toxicity in vitro against primary rat hepatocytes. However, when oxidized in air
for 30 min, cell viability decreased to 21% at a QD concentration of 62.5 pg/mL. Free Cd2*
concentrations were determined from oxidized QD samples via inductively coupled plasma
optical emission spectroscopy. QD oxidation in air resulted in a 21-fold increase in Cd2*
concentration, from 6 to 126 ppm. Thus, QDs generally require coatings, such as ZnS, to
prevent leaching of toxic heavy metals. In a recent study, primates (rhesus macaques)
injected with 25 mg/kg of phospholipid micelleencapsulated CdSe/CdS/ZnS QDs showed no
evidence of toxicity over a period of 90 days. However, longer term studies will be needed
to evaluate long-term effects, because the initial cadmium dose was cleared slowly from the
liver, spleen, and kidneys.112:113 More recently, Pluronic-encapsulated silicon quantum dots
also showed no toxicity for 90 days in rhesus macaques in doses up to at least 200 mg/kg.114

Some nanomaterials have a historic track record for biocompatibility and have entered
clinical trials. Gold, for example, has long been used as a biomaterial because it is relatively
bioinert and stable.11® Gold nanoparticles (AuNPs) have been employed as a therapeutic
since the 1930s as treatment for rheumatoid arthritis.116:117 Magnetic iron oxide NPs
(IONPs) have also shown promise as nontoxic hanomaterials. While in vitro studies with
RAW 264.7 rat macrophages indicated that 9 nm IONPs induced oxidative stress, cell
viability and growth was not hindered.118 Thus, nanomaterial stability in vivo seems to be
key to determining a material’s toxicity. AuNPs are considered bioinert and relatively
nontoxic. QDs, however, have been shown to leach toxic metal ions, leading to cytotoxicity.
Thus, the stability and degradability of a nanomaterials will be pertinent to prevented
unintended toxicity.

NP size and shape also determine toxic response. Altering NP size and shape has been
shown to greatly influence circulation time, biodistribution, toxicity, and cellular
uptake.87:88.119.120 Carhon nanotubes (CNTSs) are a prime example of nanomaterials in
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which toxicity is closely related to size and morphology. Several studies indicate that carbon
nanotubes are safe when injected intravenously, and it appears that toxicity, fibrosis, and
chronic inflammatory response are closely tied to the size and morphology, route of
administration, dose, and surface functionalization.121-127 Carbon-based nanomaterials such
as carbon nanocapsules (CNCs), Cgg fullerene (Cgp), multiwalled carbon nanotubes
(MWCNTS), and single-walled carbon nanotubes (SWCNTS) reportedly had different
toxicity profiles due to differences in size and shape.128 Carbon nanomaterials were
dispersed in 1 wt % polyvinyl alcohol (PVA) and administered via tail vein injection. In
both MWCNTSs and SWCNTSs, no mice survived after receiving 50 pg/g; however, 50% of
mice receiving Cgg and 91.7% of mice receiving CNCs survived at this dose.

Gold nanoparticles, on the other hand, show little toxicity associated with size and shape. In
vitro studies with 4, 12, and 18 nm diameter NPs tested against K562 leukemia cells showed
no toxicity up to 250 uM concentration.12® Moreover, shape does not seem to play as large a
role in AuNP-mediated toxicity. PEGylated gold nanorods approximately 65 nm long and 11
nm in diameter were injected at a concentration of 0.9 mM Au atom into male ddY mice,
and at various time points mice were euthanized and organs were collected.130 Gold content
was quantified via ICP mass spectrometry, and gold nanorods had a circulation half-life of
approximately 1 h, and were found up to 24 h in the blood. At 72 h, nanorods were absent
from blood and 35% of initial injected dose had accumulated in the liver. In summary,
nanoparticle-mediated toxicity appears to vary significantly between nanomaterial, size,
shape, aggregation, and degradability. Thus, robust preclinical testing of nanomaterial safety
and effcacy is required. However, aside from these fundamental materials challenges that
exist, there are also clinical challenges in the translation of theranostic nanomedicines from
bench to bedside.

Clinical Challenges

The previously described theranostic approaches are limited by drug modification,
interaction of NPs and drugs, and optical imaging capabilities in deep tissue. With optical
techniques in tissue imaging, viable wavelengths are generally restricted to the “biological
window,” a range of wavelengths from 650 to 1400 nm; we will refer to the spectral region
from 650 to 1000 nm as the first optical window, and the region from 1000 to 1400 nm as
the second optical window.42:82.131-134 \wayelengths < 650 nm are strongly absorbed by
hemoglobin, and those >950 nm light begin to be absorbed by water.131:135 |n addition to
probe brightness and tissue penetration depth, optical signal must be larger compared to the
background, especially if the background is large and variable. Reflected light spectroscopy
(e.g., for the porous silicon rugate sensors) is thus especially challenging because of the
large and variable background generated from the skin, although studies have succeeded in
measuring the spectrum through at least 1 mm of human hand tissue because the peaks are
narrow and distinct.136 Fluorescent probes have far less background than reflection probes.
However, autofluorescence background remains a problem, especially for low
concentrations of dyes deep in tissue, and/or dyes with low quantum yields and absorption
cross sections.82 Imaging in the second optical window has shown promise with low
incidence of autofluorescence and less tissue scattering. Single-walled carbon nanotubes are
capable of sensitive in vivo imaging in the second optical window, and QDs which emit
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within the second optical window showed significant improvement compared to imaging in
the first optical window.4142.134 Alternatively, upconversion NPs for deep tissue imaging
have been developed which are capable of imaging as deep as 3.2 cm through tissue.83
However, approaches to image drug release in the biological window must rely on drugs and
NPs that are either photoactive or absorb within this range of wavelengths. In the previously
stated examples of NP systems that measure drug release based upon fluorescent resonance
energy transfer, the NPs must be excited by a light which can penetrate deep into tissue. The
drug must also be such that its absorption profile overlaps with the nanoparticle’s emission
wavelength within this window. To get meaningful data from a complex and dynamic in
vivo system, the emitted light must overcome tissue scattering and be detected with enough
sensitivity to measure drug release. The power of the excitation wavelength source and its
distance to the NPs, the spatial distribution of the NP drug delivery system within the
patient, and the sensitivity of the luminescent detection will complicate detection sensitivity
in a deep tissue living system. Thus, while imaging limitations pose significant challenges to
an optical theranostic approach, they also have important applications, including the clinical
use of photosensitizers in photodynamic therapy.137

Phase I/11 clinical studies are also required to validate the correct dosage, safety,
pharmacokinetics, and biodistribution of nanomedicines. Since nanotechnology is relatively
“new,” less is known about long-term toxicity or complications compared to more
conventional therapeutics. Nanomedicines may also vary significantly due to differences in
manufacturing, and behavior may vary due to differences in physicochemical properties.138
Nevertheless, companies have begun to enter the field in order to determine the feasibility of
nanomedicines. Ensyce Biosciences, Inc. is currently researching carbon nanotubes as
means for cancer therapy. While carbon nanotubes have traditionally been viewed as
controversial biomaterial, mounting evidence suggests that appropriate surface coatings may
mitigate toxicity associated with carbon nanomaterials.139 Nanospectra Biosciences, Inc.
has developed gold nanoshells meant to mediate hyperthermia, and has begun clinical trials
of AuNPs for thermal ablation of solid tumors.140-142 Tumor necrosis factor a (TNFa)-
bound AuNPs functionalized with PEG have also been clinically tested and showed no
adverse events in human clinical trials with concentrations from 50 to 600 pg/m2.143
Finally, clinical trials for superparamagnetic and ultrasmall IONPs exist. The Food and Drug
Administration (FDA) has approved Ferumoxtran-10 (AMAG Pharmaceuticals), a
formulation of monodispersed 5-10 nm IONPs with a ~15 nm coating of dextran, for MRI
contrast. Phase Il clinical studies of intravenously administered Ferumoxtran-10 showed no
significant events with doses up to 1.7 mg Fe/kg.144145 These are a handful of companies
which have developed inorganic nanomaterials therapies aimed at translational, intravenous
clinical use.

Noninvasively determining drug concentrations is becoming possible through increasingly
sensitive imaging techniques.146 Preclinical studies with the cyclodextrin polymer based
nanoparticle (CRLX101) with polymer-conjugated camptothecin showed that biodistribution
could be monitored using $4Cu-labeled polymer.#® While CRLX101 has advanced to early
clinical trials, no efforts to pursue the positron emission tomography (PET) imaging aspect
for a theranostic drug delivery approach have been reported. Use of PET is also limited due
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to cost and the short half-lives of radioisotopes: from 2 min with 1°0 to 109.8 min

with 18F.147.148 positron emitters with longer half-lives (e.g., 8.3 h for 52Fe and 4.2 days
for 1241 are less commonly used because these elements are not found in many drugs and
require a higher energy synchrotron to produce. Ideally, a theranostic nanomedicine to
measure drug release will avoid modification of the drug, as this may affect release kinetics,
biodistribution, and activity. Measuring the release of drug using MRI required complexing
Dox with manganese ions, and the study employing modified gadolinium only modeled the
release of Dox but did not measure its release from liposomes directly.89107 However,
Dox/Gd-HP-DO3A TSL were loaded with clinically relevant concentrations of both Dox
and the Gd-HP-DO3A imaging agent.1%8 Thus, finding new ways to noninvasively measure
drug release will need to not only overcome the latent challenges of nanomedicine (i.e.,
nanomaterial toxicity), and must also overcome translational issues such as imaging
sensitivity.

CONCLUSION

Theranostic nanoparticles for noninvasive measurement of in situ drug release are being
realized in laboratory studies. Current approaches are able to utilize drugs complexed with
MRI contrast agents or take advantage of optical properties of drugs to measure drug release
noninvasively. Nanotechnologies offer a platform to realize noninvasive measurement of
drug concentrations, improve drug delivery and imaging of solid tumors, and improve drug
biodistribution and effcacy. However, significant challenges in theranostic nanomedicine
must be overcome, namely, the physical limitations of optical methods, complexities in
imaging sensitivity and resolution in deep tissue, and toxicity of nhanomaterials.
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Figure 1.

Theranostic nanomedicine with real-time monitoring of drug biodistribution, in situ
concentration, and therapeutic effcacy would provide tools to clinicians to monitor
therapeutic effcacy and adjust treatment regimens accordingly.

2. Evaluate drug/NP biodistribution.

Mol Pharm. Author manuscript; available in PMC 2014 June 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Moore et al. Page 27

° Daunorubicin

Dissolved Silicon

Porous Silicon

Figure 2.
Porous silicon (PSi) particles can be loaded with daunorubicin via covalent conjugation. PSi

particles exhibit narrow reflectance spectra, and when loaded with drug reflect visible light
at approximately 660 nm. However, dissolution of the porous silicon results in the release of
daunorubicin and orthosilicate species. This resulted in a blue shift of the reflectance
spectrum which was directly correlated to the amount of daunorubicin released.
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Figure 3.
pH-sensitive PBA-PEG nanoparticles are loaded with the photoactive drug protoporphyrin

IX (PpIX). This drug also has a fluorescent spectrum, and measuring fluorescent signal in
tissue can quantitate the relative amount of drug. Decrease in intratumoral pH causes
protonation of PBA which results in destabilization of the nanoparticle and release of PpIX.
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Figure 4.
Bifluorescence resonance energy transfer enables the measure of drug loading onto quantum

dot—aptamer conjugates. Doxorubicin, a fluorescent anticancer drug, binds the prostate
cancer targeting aptamer. Doxorubicin quenches the fluorescent signal from the quantum
dot, and the targeting aptamer quenches fluorescence from doxorubicin. Upon release, both
entities regain their fluorescence.
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Figure 5.
Here nanoparticle visible light luminescence, which may be excited by NIR light, is

attenuated by loaded drug. As drug is released, nanoparticle luminescence returns. These
systems enable quantitative measure of drug release.
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Figure 6.
Radioluminescent Gd,0O,S nanoparticles doped with terbium and europium

(Gd,0,S:Th/Eu) were coated layer by layer with poly(styrenesulfonate sodium) (PSS) and
poly(allyl-amine HCI) (PAH). These hollow nanoparticles were able to encapsulate
doxorubicin and exhibit pH dependent response. Doxorubicin attenuates radioluminescence.
Luminescence returns in intensity proportional to doxorubicin release.

Mol Pharm. Author manuscript; available in PMC 2014 June 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Moore et al.

Page 32

%ﬁ%‘a Q Mn/Doxorubicin

2 complex
:Q s oB P

L ]
. o :
66 ® o @ Liposome

[(e))

Figure 7.
Thermally sensitive liposomes are destabilized when temperature is increased. This results

in the release of manganese—doxorubicin complexes that are measured via T1-weighted
magnetic resonance imaging.
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Figure 8.
Temperature-sensitive liposomes also encapsulated the imaging agent Gd-DTPA and

anticancer drug doxorubicin. Upon application of heat, liposome integrity is ruptured which
releases both drug and imaging agent. Gd-DTPA concentration was measured via MRI and
approximated Dox concentrations in tissue.
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Figure 9.
Iron oxide nanoparticles coated with poly(acrylic acid) (PAA) were loaded with paclitaxel

and Gd-DTPA. When encapsulated within the PAA matrix, the MRI contrast agent Gd-
DTPA was effectively turned off by the iron oxide NP. However, upon release, Gd-DTPA
enhanced Ty contrast. Paclitaxel and Gd-DTPA release was pH dependent because acidic pH
caused PAA to swell and degrade.
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Sensitive

Method/Contrast Advantages Limitations Ref.
Agent
Reflection Biodegradable . Reflection spectrum not observable through
spectroscopy: Porous . thick tissue
silicon photonic crystals Tunable pore size/surface 61-67
change color upon drug chemistry
release
Fluorescent drug Simple to use . Poor deep tissue monitoring
accumulation/singlet
oxygen luminescence (e} Autofluorescence
(@) Light attenuation in tissue. 58, 68-70
(@] Spatial resolution is limited by
optical scattering.
Fluorescent Low cost . Poor deep tissue monitoring
nanoparticles .
Possibly portable (e} Autofluorescence
Quantitative release O Light attenuation in tissue 43,72, 77
(@] Spatial resolution is limited by
optical scattering.
Upconverting High photostability . Spatial resolution of image is limited by
nanoparticles e optical scattering.
Low toxicity
Good tissue penetration 59, 84, 85
depth
No autofluorescence
Radioluminescent No autofluorescence . X-ray dose limits detection depth and image
nanoparticles . . . resolution
High spatial resolution
images . Poor deep tissue monitoring
Deep soft tissue (e} Light attenuation in tissue 57,83
penetration . .
Spectral distortion due to wavelength-
dependent attenuation.
Temperature-sensitive No depth limitation . Cost of MRI instrument
liposomes loaded with a » . . ) o
drug-MRI/T; contrast Sensitive *  Potential Mn?* ion associated toxicity
agent complex itati
Quantitative 60, 98, 99,
Temperature-triggered 100
system
Good spatial resolution
Temperature-sensitive No depth limitation . Cost of MRI instrument
liposomes co- . i
encapsulate drug and Sensitive . Released drug molecules PK/PD behavior
different than MRI contrast agent
MRI/T, contrast agent Good spatial resolution g
- 104-108
Quantitative.
Temperature-triggered
system
Coated iron oxide NP No depth limitation . Cost of MRI instrument
loaded with Gd-DTPA 109
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Method/Contrast
Agent

Advantages

Limitations

Ref.

MRI/T, contrast agent

. Quantitative
. pH-triggered system

. Good spatial resolution

. Released drug molecules PK/PD behavior
different than MRI contrast agent

. Release kinetics of drug and Gd-DTPA are
different.
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