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Abstract

Polysaccharides are natural biological molecules that have numerous advantages for theranostics,
the integrated approach of therapeutics and diagnostics. Their derivable reactive groups can be
leveraged for functionalization with a nanoparticle-enabling conjugate, therapeutics (small
molecules, proteins, peptides, photosensitizers) and/or diagnostic agents (imaging agents, sensors).
In addition, polysaccharides are diverse in size and charge, biodegradable and abundant and show
low toxicity in vivo. Polysaccharide-based nanoparticles are increasingly being used as platforms
for simultaneous drug delivery and imaging and are therefore becoming popular theranostic
nanoparticles. The review focuses on the method of nanoparticle formation (self-assembled,
physical or chemical cross-linked) when engineering polysaccharide-based nanoparticles for
theranostic nanomedicine. We highlight recent examples of polysaccharides-based theranostic
systems from literature and their potential for use in the clinic, particularly chitosan- and
hyaluronic acid-based NPs.
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+ Established Modification Techniques
+ Biodegradable, Non-Antigenic

* Modular/Multifunctional

+ Stable

« Integrated Therapy + Di.
* Multifunctional Loading/Conjug:
« Simultaneous or Sequential Delivery
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1. Introduction

Carbohydrates, (CH,0)j, are a vast class of molecules found abundantly in nature that
encompass simple sugars up to large polysaccharides. Monosaccharides (n=3,5,6), the
simplest of carbohydrates, are the building blocks of all other carbohydrates. Most
carbohydrates in nature are polysaccharides, which form through a series of condensation
reactions among monosaccharides. With a wide array of simple sugars, their isomers, and
assorted linkages via hydroxyl groups, carbohydrates are quite diverse molecules. Their
derivable reactive groups give rise to many different products ranging in molecular weight,
structure and charge. Because of their diversity, carbohydrates are highly information-rich
molecules in the body and have many critical biological functions. They serve as a source of
cellular energy, the building blocks of nucleic acids, structural components in the cells, and
have key roles in cell-cell recognition and adhesion, among other biological processes.
Carbohydrates are highly stable, non-toxic, hydrophilic and biodegradable in the human
body. In their natural state, many carbohydrates have hydroxyl, carboxyl and amino groups
that can interact with biological tissue in a non-covalent manner and are therefore
considered bioadhesive, particularly to mucosal surfaces, allowing the material to have
prolonged half-life in the body. Taken together, the characteristics of carbohydrates meet the
requirements of an effective platform for in vivo drug delivery and imaging. With
advancements in polymer science, carbohydrates can be engineered as biomedical tools with
unique structures and defined functions. Carbohydrates, predominantly polysaccharides,
have been incorporated into nanoparticles (NPs) and investigated in hydrogels and
nanofibers for over two decades [1, 2]. In this review, we will focus on recent
polysaccharide-based NPs, particularly NPs consisting of chitosan and hyaluronic acid, in
drug delivery and imaging applications. In this section, we will introduce the goals of
theranostic nanomedicine, the advantages of carbohydrate NPs (1.1), and the design criteria
for polysaccharide-based theranostic nanomedicines (1.2).

1.1 Theranostic Nanomedicine

Theranostics is the integration of therapeutics and diagnostics, which can be administered
simultaneously or sequentially. NPs are the key to the application of nanotechnology in
medicine, defined as nanomedicine, and are effective in multifunctionality for theranostic
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strategies. The goal of theranostic nanomedicine is to tailor therapies to a patient’s specific
diagnosis and improve treatment outcomes with fewer side effects in a shorter amount of
time than current trial-and-error treatment regimens. NPs have significant advantages in
theranostics because of their targetability and multifunctionality [3]. By passive and/or
active targeting, NPs can target the disease site. Once there, theranostic NPs may diagnose
the disease by reporting on the location of the disease, the stage of disease or the response to
treatment [4]. Finally, NPs can deliver a therapeutic agent to the targeted site at necessary
concentrations, potentially in response to molecular signals or external stimuli. Overall,
theranostic nanomedicine can be used to monitor drug delivery, drug release and drug
efficacy. In this review, we show that polysaccharide-based NPs are especially suited for
theranostic nanomedicine.

NPs have significant advantages to carry drugs and other cargo in the body. First, they
protect the load from premature chemical or enzymatic degradation. Secondly, because of
their high surface to volume ratios, NPs can transport a large amount of cargo with less
materials. Depending on the particle design, they can efficiently hold diverse cargo in the
particle core and/or on the exterior surface by conjugation or adsorption. Because of this
efficient loading capability, NPs decorated with ligands have shown improved cellular
targeting and potency by multivalent binding [5, 6], depending on the NP size [7]. Unlike
small molecules, NPs can simultaneously deliver diverse cargos to the target site [8]. Most
importantly, NPs can passively target disease sites depending on their size, shape and charge
[9]. They can pass through the smallest capillary vessels and penetrate cells to arrive at the
target site. NPs are particularly suited for cancer applications because they can collect in
certain solid tumors [10, 11] through the hyper-permeable (so-called ‘leaky’) vasculature
that solid tumors exhibit, and the particles can remain at the site because of the tumor’s poor
lymphatic drainage; collectively, this effect is called the enhanced permeability and
retention (EPR) effect [12, 13]. Based on some animal studies, the EPR effect can lead to
nearly 50 times greater accumulation in cancer models than healthy animal models [14] and
is enhanced with an increase in the NP circulation half-life. The targeting ability of drug-
loaded NPs via EPR prevents potentially severe adverse effects to healthy tissue caused by
systemically-delivered active drugs. Additionally, NPs are tunable in size and act as
modifiable platforms for targeting agents, enabling customizable biodistribution profiles in
vivo. The ideal theranostic nanomedicine selectively and rapidly accumulates at its intended
target, emits a signal based on a specific biomarker, and delivers an appropriate therapy
based on the result. NPs should be non-toxic and degrade in the body without any harmful
byproducts [9]. There are several excellent reviews on hanomedicine and NPs in drug
delivery and molecular imaging [14-18]. With advancements in chemical modification and
nanotechnology, polysaccharide NPs, can be synthesized with tunable shapes and sizes for
therapeutic and imaging applications [19-21]. A number of recent reviews on
polysaccharide-based NPs provide a comprehensive account on their advantages in
biomedical applications [22-25]. In this review, we will highlight recent polysaccharide-
based NPs and their emergence as theranostic tools.

A representative approach that exemplifies the benefits of theranostics is image-guided
photodynamic therapy (PDT). PDT is a clinically approved phototherapy for cancer and
other diseases. It requires activating a photosensitizing agent in the body by a tuned external
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wavelength in the presence of oxygen to induce cytotoxic reactive oxygen species at the
localized area of the agent [26]. NPs for image-guided PDT can direct non-toxic
photosensitizing agents and possibly other imaging probes to the site of disease, guiding
clinician decisions to where external laser irradiation should be applied. If fluorescence
imaging is used, photobleaching during laser irradiation can signify how much of the agent
is being irradiated and can be used as a form of dosimetry in research and the clinic. Near-
infrared fluorescence imaging is used in biomedical research in animal models, but is
limited for clinical use because blood and other endogenous substances limit light
penetration into tissue [27]. Other clinically relevant types of imaging contrast agents, like
Gd for MRI or radiolabels for PET/SPECT imaging, can be functionalized to NPs to guide
treatment. Finally, after laser irradiation, the photosensitizing agent can produce cytotoxic
reactive oxygen species and lead to localized cell death and tissue destruction. In summary,
the NP for image-guide PDT serves as a theranostic agent because it acts as an imaging
probe and photosensitizing agent. Image-guided PDT demonstrates how a combined
imaging and treatment strategy can fine-tune clinically approved therapies and provide more
information about the treatment efficacy than separate imaging and treatment methods.
Recently, polysaccharide-based theranostic NPs coupled with photosensitizers like Chlorin
e6 (Ce6) or gold nanoparticles have been applied for image-guided PDT and other
phototherapies [26, 28-32].

As seen by the example of image-guided PDT, theranostic nanomedicine holds great
potential in therapy. Theranostics may speed up drug development by enabling treatment
response monitoring in preclinical models and/or during clinical trials for patient
stratification. Drug delivery and mechanism of action can be imaged in vivo in real-time
using molecular imaging [33] to indicate when the drug is released from the nanocarrier and
when specific molecular responses are reached as a cause of treatment. For example,
response to anticancer drug therapy can be monitored by imaging cancer cell death through
detection of apoptotic markers non-invasively in real-time to efficiently develop new
therapeutic regimens. As a result, pharmacokinetics and pharmacodynamics of the active
drug can be determined in a more rapid and non-invasive manner. Theranostic nanomedicine
can serve as valuable preclinical and clinical research tools to enable personalized medicine.

1.2 Design Considerations of Polysaccharide-based Theranostic Nanoparticles

Polysaccharide-based NPs have the following advantages in theranostic nanomedicine.
Firstly, using a natural biomaterial like polysaccharides to prepare NPs as opposed to metals
or other synthetic polymers, minimizes concerns over toxicity, biodegradability, and
physiological stability. Secondly, studies show that polysaccharide-based NPs may decrease
uptake by the mononuclear phagocyte system [34] over other types of NPs [35], which
prolongs the NP in vivo residence time and increases the possibility of disease site
accumulation. Residence time of polysaccharide-based materials are also extended due to
the bioadhesion of polysaccharides, particularly to mucosal surfaces. Also, carbohydrates
are abundant in nature, making them cost-effective biomaterials to investigate. Finally, most
polysaccharide-based NPs hold derivable groups that can be used to conjugate targeting,
therapeutic and imaging agents, making them diverse multifunctional biomedical tools for
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theranostic nanomedicine. Recent examples of polysaccharide-based NPs with theranostic
functionality are highlighted in Section 3.

When engineering polysaccharide-based NPs for theranostic nanomedicine, the route of
administration, retention time and type of imaging and therapy must be considered. These
factors may depend on the type of polysaccharide chosen, its key characteristics, size, and
structure. For example, the charge of the polysaccharide is critical when formulating NPs, as
discussed in Section 2. Chitosan is positively charged so low molecular weight polyanions
can serve as ionic crosslinkers, while other types of polysaccharides are negatively charged,
including heparin, alginate and hyaluronic acid (HA). In addition to charge, the unique
biological function of the polysaccharide may direct the development of polysaccharide-
based theranostics NPs. For example, HA intrinsically targets CD44 receptors; therefore, the
glycosaminoglycan can serve as a targeting moiety for cancer therapy because various tumor
cells are known to overexpress CD44 [36—39]. Heparin is a sulfated polysaccharide
approved as an injectable anticoagulant drug that binds and inhibits the protein thrombin
[40]. Studies show that heparin has anti-angiogenic and anti-cancer abilities and that these
properties can be retained in heparin NPs [41, 42]. Overall, polysaccharide properties can
synergize with the benefits of NPs to develop advanced theranostic nanomedicine.

In this review, we will introduce how NPs can be prepared using carbohydrates, namely
polysaccharides (Section 2). Then, we will highlight examples of polysaccharide-based
theranostic systems, particularly based on hyaluronic acid or chitosan, reported since 2010
(Section 3). Finally, we will provide a prospective into the future of polysaccharide-based
nanoparticles, particularly in regards to clinical translation (Section 4).

2. Polysaccharide Modification for Theranostics

Owing to the presence of diverse functional groups, polysaccharides have been readily
modified for biomedical applications such as drug delivery systems, tissue engineering, and
regenerative medicine [19, 43-45]. For theranostics, both therapeutic and imaging agents
can be covalently conjugated at the backbone of polysaccharides or physically encapsulated
into the polysaccharides-based nanoparticles. The widely used functional groups in
polysaccharides available for chemical modification, include hydroxyl, amino, aldehyde,
and carboxylic acid groups [46—49]. The hydroxyl group is useful to react with compounds
bearing anhydrides, carboxylic acids, or epoxides. Chemical modification is usually
performed with the primary hydroxyl group at C6 of the sugar (e.g., dextran, chitosan, and
hyaluronic acid) due to the higher reactivity of this position relative to secondary or tertiary
moieties. The carboxylic acid and amino groups are frequently reacted by forming the amide
bond via carbodiimide-mediated reactions. Polysaccharides with reducing ends allows for
reductive amination in the presence of sodium cyanoborohydride. While other functional
groups are found at the repeating unit of polysaccharides, the aldehyde group is only
available at the reducing chain end, thus allowing for selective modification. The detailed
chemistry for carbohydrate modification has been published elsewhere [21, 50, 51]. In this
section, we focus on strategies for polysaccharide modification to prepare nano-sized
particles which have potential for theranostics. The representative strategies include:
preparing amphiphilic polysaccharides that can self-assemble into NPs in aqueous
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conditions, forming polyelectrolyte complexes (PECs) with oppositely charged
carbohydrates, and introducing crosslinkers which enable formation of stable carbohydrate
NPs (Figure 1).

2.1. Self-Assembled Nanoparticles

Amphiphilic carbohydrates, capable of forming self-assembled NPs in an aqueous
environment, are readily synthesized by covalently attaching the hydrophobic molecules
onto the carbohydrate backbone. Such nanoparticles consist of hydrophobic inner cores,
surrounded by the carbohydrate shell, as the potential reservoir of therapeutic and imaging
agents [52-54]. In an attempt to prepare the amphiphilic carbohydrate to form NPs,
numerous hydrophobic molecules have been attached at the backbone of polysaccharides,
including fatty acids [55], cholesterol [56], bile acids [31, 57], and oligomers [58, 59]. The
physicochemical properties of the NPs such as size, surface characteristics, and morphology
are primarily dependent on the degree of substitution (DS) of the hydrophobic molecules. In
general, the particle size tends to decrease as the DS increases due to the formation of
compact inner cores by enhanced hydrophobic interactions. Self-assembled nanoparticles
may not form with a low DS value, whereas excess modification of carbohydrates may
result in precipitation under aqueous conditions, ascribed to high hydrophobicity. In some
cases, the DS significantly affects the biological functions of the parent polysaccharide. For
example, excess modification of the carboxylic acid in hyaluronic acid (HA) (> 25 mol%)
has decreased the binding affinity to its receptor [60]. Therefore, to develop nanoparticles
with the desired physicochemical properties, it is of high importance to find the optimal DS
value for each hydrophobic molecule.

In recent years, stimuli-responsive polymeric NPs have been extensively investigated for
drug delivery and biomedical imaging [61-65]. Such NPs have been designed to release the
payloads by changing their structure in response to endogenous or exogenous stimuli such as
changes in pH, enzyme concentrations, temperature, and redox gradients. The stimuli-
responsive NPs based on polysaccharides can be prepared by introducing stimuli-labile
linkers or hydrophobic moieties into amphiphilic polysaccharides. For example,
carboxymethyl dextran derivate was recently synthesized by chemical modification of CMD
with lithocholic acid via a bioreducible disulfide linkage which is cleavable at the
intracellular environment (CMD-SS_LCA, Figure 2) [66].

Depending on the DS of lithocholic acid, the amphiphilic CMD formed NPs with sizes
ranging from 163 to 242 nm. The resulting NPs were labeled with the near-infrared dye,
Cy5.5, for near-infrared fluorescence (NIRF) in vivo imaging, and their core was loaded
with the anticancer drug, doxorubicin (DOX) for drug delivery. The CMD-SS-LCA NPs
exhibited selective and rapid release of DOX in PBS containing 10 mM glutathione, a
tripeptide that reduces disulfide bonds intracellularly. Using NIRF, the Cy5.5-labeled NPs
exhibited preferential distribution at the tumor site after systemic administration. As a
consequence, DOX-loaded CMD-SS-LCA NPs exhibited significantly higher antitumor
efficacy in vivo, compared to reduction-insensitive CMD NPs. Recently, CMD was also
used to prepare hypoxia-responsive, self-assembled NPs with a 2-nitroimidazole derivative
as the hydrophobic moiety (Figure 3) [49]. Hypoxia is a result of deficient amounts of
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oxygen reaching tissues, which may occur in many intractable diseases including cancer. As
seen in Figure 3, the CMD-based NP collects within tumors and delivers drugs at different
rates in response to the oxygen levels in the tissue. DOX, loaded within the hydrophobic NP
core, can be released in a sustained manner under normoxic conditions (physiological
conditions). But in hypoxic conditions, 2-nitroimidazole converts to hydrophilic 2-
aminoimidazoles through a series of reductive processes and the release rate of DOX is
remarkably increased. When dye-labeled NPs were intravenously injected into the tail vein
of the tumor-bearing mice, strong fluorescent signals were detected at the hypoxic region of
the tumor site, implying the theranostic potential of NPs.

In addition to the small molecular compounds, hydrophobic polymers have been conjugated
into carbohydrates by numerous approaches [67-69]. The polymer-grafted carbohydrates
have been extensively prepared through “grafting from” or “grafting to” approaches. In
general, the “grafting from” approaches imply synthesis of carbohydrate derivatives by
polymerization of monomers from carbohydrate functional groups as initiating species. For
example, biodegradable aliphatic polyesters (e.g., polylactide, polycaprolactone, and
poly(lactic-co-glycolic acid)) have been grafted onto carbohydrates by ring-opening
polymerizations, in which pendant hydroxyl groups in carbohydrates are used as initiating
species [70, 71]. The “grafting to” approaches indicate preparation of the amphiphilic
carbohydrates based on well-known organic reactions with functionalized polymers such as
click-type and condensation reactions [72—75]. The click-type reactions are generally carried
out by 1,3-cycloaddition of alkynes and azides in the presence of Cu(l) complexes, whereas
condensation reactions are often performed between carboxylic acids and amino or hydroxyl
groups in the presence of carbodiimides. Carbohydrate-based diblock copolymers reacted
with lipids or synethic polymers can form NPs, like micelles or polymersomes [48, 76, 77].
In particular, polymersomes have promising potential for theranostics because they can
encapsulate both hydrophilic and hydrophobic agents. As a typical example, Schatz et al.
prepared a dextran-block-polypeptide copolymer which forms polymersomes mimicking the
structure of viruses as a potential carrier of drugs and imaging agents [76]. The block
copolymer was simply synthesized by click chemistry using alkyne end-functionalized
dextran and azide end-functionalized poly(y-benzyl .-glutamate) (PBLG). The same
chemistry was also applied to prepare HA-block-PBLG copolymer for tumor-targeted drug
delivery and biomedical imaging [78, 79]. This chemistry can be useful to make
carbohydrate-based NPs without significant deterioration in the biological functions of
parent carbohydrates, securing the significant biological utility of polysaccharides like HA
and heparin.

2.2. Crosslinked Nanoparticles

2.2.1. lonically Crosslinked Nanoparticles—Charged polysaccharides can form
physically crosslinked NPs in the presence of oppositely charged crosslinkers, which are
either small molecules or polymers. Since ionically crosslinked NPs (IC-NPs) are readily
prepared in mild conditions without the use of organic solvents at room temperature, they
are promising agents to encapsulate fragile drugs (e.g., peptides and proteins) without
significant loss of therapeutic function. It should be emphasized that polysaccharide-based
IC-NPs are generally considered to be biocompatible and biodegradable, which is an
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essential requirement for theranostic applications. Among polysaccharides, chitosan has
been the most extensively investigated IC-NP, prepared in the presence of the polyvalent
anion tripolyphosphate (TPP), as a carrier of small molecular drugs, proteins, and plasmid
DNA [80-82]. Chitosan has also been used to prepare polyelectrolyte complexes (PECs) by
simple complexation with oppositely charged polysaccharides such as HA, alginate,
carboxymethyl cellulose, and heparin [83, 84]. As a negatively charged polysaccharide,
alginate can be ionically crosslinked in the presence of bivalent calcium ions. The resulting
alginate NPs have been prepared by water-in-oil reverse microemulsion method [85] or ion-
induced gelification [86] for the design of drug delivery systems. In some cases, therapeutic
proteins and genes, as oppositely charged macromolecules, are directly used to form PECs.
For example, Kim et al. prepared PECs based on negatively charged HA and the positively
charged protein, poly(ethylene glycol)-conjugated tumor necrosis factor-related apoptosis
inducing ligand (PEG-TRAIL), as a potential therapeutic strategy for rheumatoid arthritis
[87]. The particle size of PECs was dependent on the feed ratio of HA and PEG-TRAIL.
The stability of PEG-TRAIL was significantly improved by forming PECs, and sustained
release of dye-labeled PEG-TRAIL from PECs was observed using the optical imaging
technique after subcutaneous injection into the mouse model. As a consequence, PECs
exhibited much higher therapeutic efficacy than bare PEG-TRAIL for rheumatoid arthritis.

2.2.2. Covalently Crosslinked Nanoparticles—For effective application in
theranostics, NPs must possess characteristics to: 1) encapsulate varying amounts of
therapeutic and/or imaging agents, 2) exhibit high in vivo stability before reaching the target
site, and 3) release the agents at the intended site of action. Among these requirements, the
fundamental problem associated with self-assembled NPs is their poor stability in vivo [88,
89]. In other words, since self-assembled NPs are constructed by weak physical interactions,
they often undergo disintegration of the nanoparticular architecture and premature release of
the payloads before reaching the target site in vivo. The premature drug release may
decrease the therapeutic efficacy and cause undesirable toxicity to normal organs. In recent
years, strategies have been proposed to improve NP stability by introducing chemical
crosslinkers in NPs [90, 91]. For chemical crosslinking, the reactive functional groups in
carbohydrates have been reacted with small molecular or polymeric crosslinkers. The direct
chemical crosslinking of bare carbohydrates, however, often produce large NPs with broad
size distribution because of inter-particular reactions [69, 92]. In addition, although
chemically crosslinked NPs have high colloidal stability, conventional non-cleavable
crosslinks within the NPs may act as diffusion barriers that hamper controlled drug release
at the target site. To overcome these problems, amphiphilic carbohydrates that can react with
cleavable crosslinkers at the intra-molecular level of the self-assembled state need to be
prepared.

Introduction of stimuli-labile crosslinkers into the self-assembling NPs is a promising
strategy to prepare biostable NPs with narrow size distributions that can release payloads in
response to stimuli such as low pH and reductive environments. Based on this concept, Li et
al. prepared reversibly stabilized self-assembled NPs by using dextran-lipoic acid (Dex-LA)
conjugates [93]. The Dex-LA conjugates could form self-assembled NPs in an aqueous
solution and be readily crosslinked by a thiol-disulfide exchange reaction in the presence of
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dithiothreitol (DTT). Since the disulfide linkage is cleaved at the reductive environment of
the intracellular compartments, the resulting NPs can be carriers for intercellular drug
delivery and/or diagnostics. Recently, Han et al. prepared bioreducible core-crosslinked
particles (CC-NPs) based on HA-block-poly(pyridy! disulfide methacrylate) copolymer
(Figure 4) [77]. Compared to non-crosslinked nanoparticles, CC-NPs exhibited higher
structural stability in the presence of serum or sodium dodecyl sulfates. Owing to the
stimuli-responsive characteristics, the drug was rapidly released from CC-NPs in the
presence of glutathione. CC-NPs were also labeled on the surface with a NIRF dye, Cy5.5,
to non-invasively monitor the particle in vivo. When systemically administrated into the
tumor-bearing mice, the Cy5.5-labeled CC-NPs allowed for clear discrimination of the
tumor site by using an optical imaging system. In addition, DOX-loaded CC-NPs exhibited
excellent antitumor efficacy, demonstrating potential of CC-NPs for theranostic
applications.

Several strategies have been established to modify carbohydrates towards advantageous NPs
- preparing amphiphilic carbohydrate-based materials, forming PECs with oppositely charge
materials as well as applying crosslinkers. These techniques set the foundation for
carbohydrate-based theranostics because they enable multifunctional tasks, including
therapeutic delivery and/or molecular imaging. Carbohydrates are abundant and cost-
effective molecules, allowing economic scale-up for clinical use. Nonetheless, careful NP
characterization on the NP shape, surface charge and chemistry is required to confirm
reproducibility during NP manufacturing scale-up. Additionally, when designing theranostic
NPs, concentrations of drugs and imaging agents need to be controlled for in vivo delivery.
The required dose for a therapeutic may be orders of magnitude different than the amount of
signaling agent, depending on the imaging modality. Overall, the imaging and therapeutic
approach required for the disease indication may dictate the type of carbohydrate
modification used to induce synergy and enable effective theranostic nanomedicine.

2.3. Stability-Enhancing Strategies

After systemic administration, self-assembled polysaccharide-based NPs are highly diluted
and their structural integrity can be challenged by its dynamic state. Increasing the drug
loading content can also destabilize the NP. As discussed in Section 2.2, ionic or covalent
cross-linking is an effective method to improve structural stability of polysaccharide-based
NPs to increase theranostic functionality in vivo.

Another strategy applied in recent years is mineralization through controlled deposition of
inorganic components to develop organic-inorganic hybrid NPs [72, 94, 95]. Calcium
phosphate, a major constituent of bone and teeth, has been extensively investigated for
mineralization because it is biocompatible and biodegradable [94, 96]. Also, it has been
demonstrated that biomaterials with anionic functional moieties, like HA, are effectively
mineralized by sequential addition of calcium nitrate and ammonium phosphate [72, 94].
Mineralized HA-NPs, loaded with DOX, demonstrate a reduced particle size and slower
drug release rate over bare HA-NPs in physiologic conditions (pH 7.4) [94]. In slightly
acidic conditions, however, the mineralized coat that acted as a diffusion barriers degrades
into non-toxic ionic species and the drug release pattern mimics that of bare HA-NPs.
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Therefore, mineralization of NPs with calcium phosphate can be used to deliver imaging and
therapeutic agents with greater stability in physiological conditions than bare NPs, but
enhanced delivery in acidic intracellular components like endosomes and lysosomes or in
the slightly acidic conditions of the extracellular matrix in tumor regions.

3. Application of Polysaccharide-Based Nanoparticles for Theranostic

Nanomedicine

Based on the intrinsic properties of polysaccharides matched with the modification
techniques set out in Section 2, polysaccharide-based NPs have proven to be useful
platforms in nanomedicine (Table 1). Recently, their benefits have warranted the
development of multifunctional materials, especially for theranostic nanomedicine. HA and
chitosan are two of the most advanced nanoplatforms that have been investigated in
theranostics. Therefore, we will introduce their key characteristics and introduce their most
recent applications in theranostic nanomedicine from the literature in this section. Table 1
introduces applications of these and additional polysaccharide-based NPs in theranostics
since the year 2010, along with the chemical modification applied and the imaging/
therapeutic agents used. The majority of nanosystems are adapted for cancer indications and
utilize NIRF imaging. As technology advances, other disease indications and imaging
modalities (PET/SPECT, MRI, PAI, multimodality) are bound to be addressed.

3.1. Hyaluronic acid-based Theranostic Nanoparticles

3.1.1. Advantages of Hyaluronic Acid—HA, also termed hyaluronan, is a negatively
charged, non-sulfated glycosaminoglycan composed of repeating units of D-glucuronic acid
and N-acetyl-D-glucosamine bound by beta-linkages. HA is found throughout the body in
epithelial, connective and neural tissue, especially in the skin, vitreous of the eye and
synovial fluid. This polysaccharide plays key roles in cell motility, proliferation and
regulates cell-cell adhesion. It is necessary for embryonic development, wound healing
repair, and inflammation. Because it is an essential structural molecule, there is
approximately 15 g of HA in an average 70 kg person [39]. HA can function as a lubricant
and shock absorber, therefore it is FDA approved as an injectable to treat knee pain in
osteoarthritis or for facial implants to make skin appear smoother. In its natural state, HA
can be found circulating freely or adhering to glycosaminoglycans, cell surface receptors, or
proteins through electrostatic interactions or covalent binding. HA binds to its receptors
hyaluronate-mediated motility (RHAMM), stabilin-2, and CD44, a transmembrane
glycoprotein that is known to be over-expressed in many types of cancer [36-38]. When HA
is bound to CD44, it is cleaved into lower molecular weight segments as low as 20 kDa (~50
disaccharides units) by the membrane anchored enzyme Hyal-2 and readily internalized to
the cells [39]. When in the cell, the degraded HA is taken up by endosomes and ultimately
lysosomes where it is further digested by Hyal-1. The HA-CD44 targeting has motivated the
application of HA as a cancer targeting moiety for drug delivery systems. HA-based NPs
(HA-NPs) designed to maintain the targeting and bioadhesive characteristics of unmodified
HA have had promising results in theranostic nanomedicine.
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3.1.2. Application of Hyaluronic Acid-Based NPs—Table 1 introduces recent
examples of carbohydrate-based NPs used for theranostic studies. One common approach to
form HA-NPs is to conjugate hydrophobic bio-moieties, like cholanic acid [47, 97-101] or
ceramide [102-104], to the HA backbone. Then, the amphiphilic conjugate can self-
assemble into NPs, as discussed in Section 2. Amphiphilic HA-53-cholanic acid conjugates
(HACA) have been examined in head and neck [53, 146], breast [98], and colon [99] cancer
animal models. Zhang, et al. developed activatable HACA-NPs labeled with Cy5.5, a NIR
dye, and loaded with copper sulfide (HANPC) for tumor-targeted optical/photoacoustic (PA)
image-guided photothermal therapy (PTT) [97]. In this theranostic design, either imaging
modality indicates where laser irradiation should be applied to initiate PTT; but unlike PA,
NIRF imaging allows whole-body image. HANPC acts as an activatable imaging probe that
exhibits an enhanced fluorescence signal after the NP degrades at the tumor site. When the
NP is intact, the proximity of copper sulfide in the NP core quenches Cy5.5 fluorescence.
After the HA backbone of HANPC is degraded by overexpression of Hyal in tumors, Cy5.5
fluorescence is recovered, significantly increasing the fluorescence signal intensity over the
healthy tissue. Because copper sulfide is a highly absorbing material, it also serves as a PA
imaging and PTT therapeutic agent. PA imaging is an emerging technology that can identify
highly absorbing materials at an increased depth and improved resolution over fluorescence
imaging in vivo. During PTT, the tumor is irradiated with about 808 nm light and copper
sulfide absorbs light energy and induces local heating via the PA effect. Based on these
preclinical studies, a tumor inhibition of nearly 90% was seen in mice treated with the
HANPC due to targeted cellular ablation.

Aside from cancer, HACA-NPs show promise in the diagnosis and treatment of
artherosclerosis [101]. ApoE-deficient mice fed high cholesterol atherogenic diets
demonstrate atherosclerotic plaques that express stabilin-2 and CD44, two targets of HA.
Dye-labeled HACA-NPs greatly accumulated in atherosclerotic plagues within the aorta of
the diseased animal model, while only minimal fluorescent signal was detected in aortas of
healthy animals. When compared with glycol chitosan NPs that penetrate plaques through
passive targeting only, HACA-NPs demonstrated nearly twice as much accumulation at the
artherosclerotic lesion. As a result, HACA-NPs have potential to non-invasively detect and
monitor atherosclerosis and carry therapeutics specifically to vulnerable plaques. With
further development of HACA-NPs for clinical translation, theranostic agents may replace
currently invasive methods to diagnose plaques like quantitative coronary angiography or
intravascular ultrasound and provide targeted treatment for the underlying cause of
atherosclerosis by directly suppressing inflammatory mechanisms rather than just alleviating
symptoms of the disease.

HA-based NPs can also be functionalized as a non-viral carrier of SiRNA, coupled with
tumor imaging capabilities [105]. Yoon et al. developed a stimuli-responsive, non-viral
carrier of sSiRNA using HA grafted poly(dimethylaminoethyl methacrylate) (HPD) that can
chemically crosslink through disulfide bonds (sSiRNA-HPD) for gene silencing therapy.
Additionally, the siRNA delivery system was designed to respond to two environmental
stimuli after NP uptake. First, glutathione, which is nearly 1,000 times more concentrated
inside the cell than outside the cell, reduces the disulfide bonds that crosslink the NP. Next,
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intracellular hyaluronidase (Hyal) degrades HA to breakdown the NP and release SiRNA
within the cell. Although Yoon et al. demonstrate that cross-linking of the sSiRNA-HPD
greatly improved tumor targetability and gene silencing over uncross-linked NPs because of
the compact and stable NPs, we stress the important role HA played to improve the drug
delivery and imaging application of siRNA-HPD. The polysaccharide allowed CD44
targeting and stealthy receptor-mediated uptake of the drug. Next, its derivable chemical
groups were used to label imaging agents on the NP backbone. Finally, because of the
intrinsic degradation of HA by Hyal, the sSiRNA-HPD is able to deliver siRNA directly
inside the tumor cell in response to the high Hyal concentration [147]. In another
embodiment of a HA-NP based gene carrier, the HA backbone was engineered with an
artificial gene binding agent, Zn(l1)-DPA and demonstrated effective delivery of siRNA and
miRNA for gene silencing or replacement in different types of cancer cells. Choi, et al.
demonstrate that HA-NP coloaded with DOX and the multidrug resistance 1 gene target
SiRNA can sensitize drug-resistant tumor cells and suppress tumor growth in vivo [50].
Although these examples utilize fluorescence imaging to track NP delivery, similar labeling
techniques on the HA backbone can be adopted to other imaging agents like radiolabeling
for PET/SPECT imaging. Because of its amendable backbone, HA-NPs can serve as a multi-
drug carrier and multimodal imaging agent.

As seen in these few examples, HA-NPs are not only useful disease-targeting carriers for
imaging and therapy, they are also amendable to different types of nanoformulations and
theranostic strategies. With continued investigation of HA-NPs in preclinical and clinical
settings, unique solutions to unmet medical needs may be realized.

3.1.3. Future of Hyaluronic Acid-Based Nanoparticles for Theranostics—As
preclinical applications of HA-based NPs expand into theranostic nanomedicine, greater
scrutiny will be needed for their clinical investigation. The long-term toxicity profile of HA-
NPs has not been clearly investigated. Although HA is generally considered non-
immunogenic and biocompatible, studies show that HA found in nature can vary from anti-
angiogenic, immunosuppressive molecules with sizes at 107 Da to angiogenic, immune-
stimulatory and inflammatory materials at 20 kDa [39]. Since HA oligomers have distinct
biological functions at different molecular weight, does the size or shape of HA-NPs affects
its bioactivity in vivo? A well-controlled safety comparison among HA-NP sizes, developed
by varying the DS with hydrophobic molecules or molecular weights of HA for example,
may identify the range of HA-NPs that can be investigated in clinical trials. Although HA
alone can be synthesized with reproducible molecular weight and low polydiversity [154],
the development of HA-based NPs will require new characterization techniques and scale-up
process development. Importantly, for theranostic applications, imaging and therapeutic
activities must be well characterized individually and together.

3.2. Chitosan-based Theranostic Nanoparticles

3.2.1. Advantages of Chitosan—Chitosan is a positively charged, linear polysaccharide
composed of 2-amino-2-deoxy-glucopyranose (D-glucosamine) and 2-acetamido-2-deoxy-d-
glucopyranose (N-acetyl-D-glucosamine) residues linked through -(1-4)-linkages. It is
derived by deacetylation of the naturally occurring and abundantly available chitin, a
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polymer found in the exoskeleton of crustaceans. At least 60% of chitosan should be made
up of glucosamine residues to differ from chitin. Like other polysaccharides, chitosan is
biocompatible and mucoadhesive. Depending on the degree of deacetylation [148], it is
biodegraded in lysosomes [149] into non-toxic amino sugars that are safely absorbed in the
body [150]. Importantly, chitosan is amendable to modification like ionic crosslinking and
covalent binding to form NPs, nanogels, films, fibers, etc. [20, 21]. Chitosan is a weak base
(pKq = 6.4), so in acidic conditions it holds cationic amino groups that can be utilized for
polyelectrolyte complexes with metal anions [151] and anionic molecules like citrates or
phosphates. But in basic or neutral conditions, chitosan has low water solubility so
additional modification with hydrophilic molecules, like glycol [133, 135, 152] or
polyethylene glycol (PEG) [153, 154], is required. Then, water soluble chitosan can be
chemically conjugated on its primary hydroxyl and amine groups with hydrophobic groups
to induce NP self-assembly. Modification of chitosan [155] and advantages of chitosan NPs
are thoroughly reviewed elsewhere [20, 21]. Unlike HA-based NPs, chitosan NPs do not
display active targeting in vivo, but can have targeting groups conjugated to its backbone to
induce receptor-medicated endocytosis. Therefore, chitosan-based NPs can serve as
passively or actively targeted, polysaccharide-based NPs in disease animal models. Because
chitosan is biocompatible and has numerous derivative possibilities, it is utilized for in vivo
theranostic nanomedicine.

3.2.2. Application of Chitosan-based NPs—Chitosan is a useful material that upon
appropriate NP modification can serve as multifunctional imaging and therapeutic agents.
Yoon, et al. utilized two different formulation strategies of modified glycol chitosan-based
NPs (GCNPs) to encapsulate doxorubicin (DOX), a hydrophobic chemotherapeutic, (DOX-
GCNP) or complex a Bcl-2 siRNA for gene therapy (SiRNA-GCNP), while carrying
imaging agents on its NP surface (Figure 5) [133]. In this theranostic approach, Yoon, et al.
sequentially delivers Bcl-2 siRNA-GCNPs and DOX-GCNPs to overcome drug resistance in
cancer by down-regulating anti-apoptotic defense mechanisms of cancer cells while
triggering apoptosis. DOX administration overtime may induce upregulation of anti-
apoptotic proteins, like BCL-2, as a cellular defense mechanism and prevent chemotherapy
efficacy. DOX-GCNPs were formulated by chemically conjugating the hydrophobic moiety
5-beta-cholanic acid on the hydrophilic chitosan backbone and DOX was encapsulated to
the inner cores of GCNPs by dialysis in a DMSO/water co-solvent environment. On the
other hand, siRNA-GCNPs were formulated using thiolated glycol chitosan as the starting
material. After about seven mol percent of amine residues of glycol chitosan are modified
into thiol groups, thiolated glycol chitosan can self-assemble into NPs via disulfide bonds.
Weak charge interactions between negatively charged Bcl-2 self-polymerized siRNA and
positively charged chitosan polymer forms a self-assembled nanocomplex. Furthermore,
disulfide crosslinking is encouraged in mild buffer between the thiolated glycol chitosan and
thiol group at the 5” sense and antisense strands of SiRNA. The formation of each NP are
depicted in Figure 5A. A similar siRNA delivery strategy was also applied to suppress P-
glycoprotein, which is responsible for the efflux of chemotherapeutics in multi-drug
resistance, and in vivo results indicated that a combination therapy with sub-therapeutic
doses of DOX can effectively inhibit tumor growth in MCF-7/ADR tumor-bearing mice
[134]. Despite the different properties of DOX and siRNA, both formulations of GCNPs
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exhibited similar physiochemical properties and achieved uniform in vivo biodistribution
and pharmacokinetics in PC-3 human prostate cancer tumor-bearing mice. Based on in vivo
NIRF imaging of Cy5.5-labeled GCNPs loaded with DOX or complexed with siRNA, both
drugs accumulated in the tumor vasculature and the cancer cells at the same time. Tumor
weight averages in mice models were nearly 9 times lower in the combination group than in
the free DOX or DOX-GCNP groups 51 days post-treatment [133]. Overall, the combination
treatment exhibited effective tumor growth inhibition by suppressing drug resistance
mechanisms during chemotherapy. Careful investigation of Bcl-2 expression levels and
pharmacokinetic profiles determined the appropriate dosing concentrations, order, and
frequency for each GCNP. The use of GCNPs bestowed significantly different types of
molecules the same intrinsic physicochemical properties and enabled an engineered
treatment strategy. In theranostics, where multiple functions play in concert, using the same
drug delivery carrier with expected in vivo behavior for imaging and therapeutic agents can
aid in preclinical research as well as in personalizing therapies in the clinic. Generally,
theranostic nanomedicine researchers utilize one type of NP to perform multifunctional
roles. Here, the authors introduce that sequential delivery may be necessary and it can be
controlled by using the same nanoplatform.

Chitosan functionalized magnetic graphene (CMG) NPs serve as theranostic platforms for
the simultaneous delivery of gene/drugs and superparamagnetic iron oxide (SP10) NPs for
cancer therapy and imaging [128]. Anticancer drugs and genes are delivered to the tumor
while SP1O NPs serve as T, contrast agents for noninvasive MRI that is useful for real-time
monitoring. The magnetic graphene acts as platform for conjugation of chitosan and its
cargo. Based on in vitro and in vivo results, the multifunctional CMG NPs are shown to
have effective tumor targeting, gene/drug delivery into tumor cells, T, contrast for MR
imaging, and biocompatibility [128]. After water-soluble chitosan is covalently bound to
carboxylic acid groups on the magnetic graphene via amid bonding, CMG NPs are more
soluble and adaptable for in vivo application than the non-functionalized magnetic graphene.
Chitosan functionalization allows increased uptake of DOX into cells and therefore
enhanced antitumor efficacy compared to free DOX. It also enables pDNA loading on the
magnetic graphene, even though chitosan oligomers alone could not deliver nucleic acids to
the cells. The results demonstrate the major role chitosan plays to improve theranostic
functionality of magnetic graphene. Overall, this study emphasizes that certain
nanoplatforms may synergize with the addition of biomaterials like polysaccharides for
theranostic applications.

In another embodiment, a chitosan-based theranostic platform was developed to improve
intracellular delivery of a DNA repair inhibitor O8-benzylguanine (BG) to glioblastoma
multiforme (GBM) cells for chemotherapy sensitization while enabling treatment
monitoring by MRI using convection-enhanced delivery (CED) [129]. The system involves
multiple components: 1) chitosan-grafted-PEG copolymer shell cross-linked through
glutathione reducible disulfide linkages, 2) iron oxide core for MR imaging, 3) DNA repair
inhibitor to overcome chemotherapy resistance — BG, 4) tumor-targeting peptide —
chlorotoxin CTX and 5) NIR dye - Cy5.5 to make NPCP-BG-CTX. CED, based on fluid
convection with a pressure gradient during infusion, is used to improve the volume of
distribution of the NPs within the brain. In vivo studies in mice bearing orthotopic human

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swierczewska et al.

Page 15

primary GMB xenografts demonstrate a large volume of distribution of the NPs in the brain
using CED. MR imaging confirm the uptake of the NPs. Because cross-linking can be
reduced by intracellular concentrations of glutathione, BG can be released in targeted GBM
cells and sensitize the tumor to chemotherapy. The multifunctional and stimuli-response
NPCP-BG-CTX delivered with a chemotherapeutic can have a three-fold increase in median
survival than untreated animals. Importantly, NP accumulation in the brain after CED could
be monitored by MRI and full body NIRF imaging because of the iron oxide core and dye
labeling, respectively. Investigation into the long-term stability of these nanoparticles in
vivo is required to determine their usefulness in GBM. The preclinical data demonstrate a
unique NP system that utilizes numerous drug delivery concepts to improve treatment
outcomes. Once again, chitosan was essential to the therapeutic delivery and treatment
monitoring properties of the nanosystem.

3.2.3. Future of Chitosan-Based Nanoparticles for Theranostics—The key
advantages of chitosan-based nanoparticles are its positive charge and reactive functional
groups. Chitosan offers a wide range of derivatives that can be leveraged to functionalize
imaging and therapeutic agents by chemical conjugation, cross-linking and/or charge-charge
interactions. As seen in the above examples, chitosan-based NPs can utilize all of these
modification techniques in one theranostic system for simultaneous and/or sequential
delivery. As a result, chitosan-based NPs have great potential in theranostic nanomedicine.
However, unmodified chitosan has poor water solubility in neutral or basic conditions,
depending on its degree of deacetylation. Therefore glycol chitosan or PEG-chitosan
copolymers are synthesized to fulfill the requirements for in vivo use. As a result, multi-step
processing to develop theranostic chitosan-based NPs may be a large deterrent for clinical
translation, despite its promising applications in preclinical studies. Solubility and
manufacturing issues need to be addressed before chitosan-based theranostics can be applied
in humans. Furthermore, in vivo toxicity comparisons among water-soluble chitosan
derivatives with reported degrees of deacetylation are needed [156]. Overall, adsorption,
distribution, metabolism and exertion (ADME) profiles of well-characterized chitosan-based
NPs should be compared.

4. Perspective

Polysaccharide-based NPs can have significant advantages in theranostics. They can play an
important role in personalized medicine to address clinically unmet needs that are highly
variable in patients. Still, most research for polysaccharide-based theranostic NPs is limited
to the academic setting. For clinical translation of these potentially beneficial NPs,
significant work is required in nano-manufacturing and scale-up, regulatory science that can
examine therapy and diagnostics simultaneously, and finally theranostic capabilities in the
clinic, like advanced multimodal imaging. Although nanodrugs have been approved by the
FDA since 1995 (i.e. Doxil®), next generation engineered and targeted NPs are just entering
clinical trials and paving the regulatory path for advanced NPs. For example, BIND-014
from BIND Biosciences is a PEGylated polymer-based NP that carries the anticancer drug
DOX and targets the prostate specific membrane antigen (PSMA). It is currently in clinical
trials for non-small cell lung cancer (NSCLC) and metastatic castrate-resistant prostate
cancer (MCRPC) [34]. Other nanodrugs in clinical trials for oncology indications are
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CRLX101 by Cerulean Pharmaceuticals, Inc. and CALAA-01 by Calando Pharmaceuticals,
Inc. These therapeutics are both PEGylated cyclodextrin-based NPs for drug delivery, where
CRLX101 carries an anti-cancer drug [157] and CALAA-01 transports siRNA via a
targeting moiety [158]. The regulatory standards for these sophisticated NPs and their
clinical study results will set precedent for future polysaccharide-based theranostic NPs.
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Figure 1.
Schematic illustration of representative strategies to prepare carbohydrate-based

nanoparticles.
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Figure 2.
Synthesis of amphiphilic carboxymethyl dextran derivatives with and without the disulfide

bond. Adapted with permission from Ref. [66].
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Schematic illustration of the formation of drug-loaded hypoxia-responsive nanoparticles and

in vivo tumor-targeting pathways. Adapted with permission from Ref. [49].
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hyaluronic acid polymeric micelles. Adapted with permission from Ref. [77].
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Figure 5.
Multifunctional glycol chitosan NPs for NIR fluorescence imaging and drug delivery of

hydrophobic drugs and siRNA. A) Nanoparticles formed by modification of glycol chitosan
with left) hydrophobic moieties to encapsulate hydrophobic drugs like doxorubicin (DOX)
in its core and right) thiol groups to enable cross-linking and charge-charge complexation
with negatively charged siRNA. B) Time dependent, whole body distrubtion of dye-labeled
glycol chitosan NPs by in vivo NIR fluorescence imaging. C) Live imaging of release and
localization of both therapeutics from NPs in a solid PC-3 tumor. Adapted with permission
from ref. [133].
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Table 1

Theranostic NP systems based on carbohydrates since 2010.

Particle
Carbohydrate | Enabling Additional Features Application References
Conjugate
. PAI
cust, cys.5 PTT [97]
NIRF imaging
i *
CPT* Cy5.5 NIRF imaging [98]
Drug delive
IRTE, cy5.5" 9 i [99]
Cholanic - ;
: ) * * NIRF imaging
Acid Zn(I)-DPA™, Cy5.5", RNA, | Gone delivery [47]
t h
CaP, PTX Drug delivery
* * * NIRF imaging
APM¢A Cy5.5" PEG, Drug delivery [100]
PTX Improved stability
Cy5.5%, FITC* NIRF imaging for atheroscelerosis [101]
* * NIRF imaging
DOX¥, Cy5.5", PEG Drug delivery [102]
: . MRI
Ceramide Magnevistf, DOX¥ Drug delivery [103]
NIRF i i
cy55%, Gd* MRy o [104]
. * NIRF imaging
PDMAEMA SIRNA, Cy5.5 Gene delivery [105]
* NIRF imaging
PPDSMA Cy55", DOX* Drug delivery (771
Hyaluronan Fluorescence activatable imaging
Polypyrrole pox* Drug delivery [106]
. . * . * | Fluorescence imaging
Cucurbit{BJuril | FITC™,FPRL1 peptide spmd™ | EpRL1 peptide-spmd delivery [107]
Ceb yé)F_erF imaging 28]
* * NIRF imaging
PCL Cy5.5". DOX¥, PDA Drug delivery [48]
1cG PEG* EXTF imaging [108]
* MRI
SPION DOX Drug delivery [109]
Sodium Fluorescence imaging
Oleyl SPION¥, PTX* MRI [110]
MRI
Py SPION¥ Hydrogel [111]
Drug delivery
. . NIRF imagin
PLGA DTX¥, coumarin-6%, DIR¥ Drug deli\?er)? [112]
* Fluorescence imaging
PVA pox¥, TrRITC Drug delivery [113]
T t
CAEC rGov, DOX NIRF imgging [114]
sp (GO, poxt Drug delivery [115]

Adv Drug Deliv Rev. Author manuscript; available in PMC 2017 April 01.

Page 30



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Swierczewska et al.

Particle
Carbohydrate | Enabling Additional Features Application References
Conjugate
MNCs SPM MRI [116]
* * NIRF imaging
CB[6] DAH”, SPM Hydrogel [117]
Fluorescence imaging
DA N
AuN8(LIs pox?, GFp Drug delivery [118]
PTT
NIRF Imaging
OVA Foreign antigen delivery [119]
DLPE,DLPG MMC*, FITC® Adjuvant treatment [120]
pTxt Drug delivery [121]
* Fluorescence imaging
MA GNR PTT [122]
Hydrogel
HA. TA Chondrocytes* Scaffolds for cartilage tissue engineering [123]
* * Cellular MRI and fluorescence imaging
IONPs VP4", DOX Drug delivery [124]
Fluorescence imaging
Lysozyme pox* GNPt Drug delivery [32]
Nanogel
* NIRF imaging
ICG PEG [125]
Dextran PTT
. . Fluorescence imaging
SA, DOX Cisplatin® Drug delivery (110]
Fluorescence activatable imaging
Ce6 PDT [30]
i— *
NI DOX*, Cy5.5 NIRF imaging [49]
LCA DOX*, Cy5.5* Drug delivery [66]
PCL Cy5.5* NIRF imaging for rheumatoid arthritis [126]
PGMA SPION MRI for atherosclerosis [127]
rGO pox¥, DNA, IONPst MRI [128]
|ONPs PEG*, CTX" Drug delivery [129]
PheoA [130]
PpIX NIRF imaging [46]
PDT
Diatrizoic *
acid Ceb [131]
. ) NIRF imaging
Chitosan GTMAC PTXY, SIRNA Gene and drug co-delivery [132]
. * NIRF imaging
CA DOX¥, siRNA, Cy5.5 Gene and drug sequential delivery [133]
Hydrotropic . .
NIRF imaging
VBODENA i * ‘ 58
oligomers PTX?, Cy8.5 Drug delivery 8l
5 * * *
Psi-Pgp FITC™, Cy3", Cy5.5 NIRF imaging [134]
poly-siRNA FITC”, Cy5.5* Gene delivery [135]
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Particle
Carbohydrate | Enabling Additional Features Application References
Conjugate
: NIRF imaging
PEI, MSNP Alexa555, SiRNA Gene delivery [136]
* Fluorescence imaging
GNP PEG", CUR? Drug delivery [137]
PDMA, MRI
DOTA-Gd PDNA Gene delivery [68]
. * Lo NIRF imaging
Cyclodextrin | pPTX FCR-675", AP-1 peptide Drug delivery [138]
DOTA-Gd, * o x Fluorescence imaging
PHPMA DOX", FA MRI [124]
* T i
GNP PEG ,B_lotln , PTX™, ) ) [139]
Rhodamin B¥ Fluorescence imaging
Drug delivery
CMD pox¥ [140]
* * Fluorescence imaging
UR MTX™, caat, FITC Co-drug delivery [141]
- * o x * Fluorescence imaging
Pullulan Doxil® PEG", FA", Cyst Drug delivery (142]
Fluorescence Imaging
PEI, HA FITC*, pTXF Nanogel [143]
Drug delivery
* Fluorescence activatable imaging
Dendron DOX Drug delivery [144]
Heparin Aminated FA IR-780% E}?’F Imaging [145]
* NIRF imaging
iIoaded
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*

conjugated Abbreviations: AOT : aerosol-OT; APMA: N-(3-aminopropyl)methacrylamide hydrochloride; AuNCs : gold nanocages; CA: 5-beta-
cholanic acid; CA4 : Combretastatin A4; CaP : Calcium phosphate; CAEC : Cholesteryl-2-aminoethylcarbamate; CB[6] : cucurbit[6]uril; Ce6 :
Chlorin e6; CMD : Carboxymethyl dextran; CPT : camptothecin; CTX : Chlorotoxin; CUR : Curcumin; Cyst : Cysteamine; DA : dopamine; DAH :
1,6-diaminohexane; DiR : 1,1-Dioctadecyl-3,3,3’,3’-tetramethyl indotricarbocyanine iodide; DLPE : 2-Dilauroyl-sn-Glycero-3-
Phosphoethanolamine; DLPG : 1,2-Dilauroyl-sn-Glycero-3-Glycerol; DOPA : L-3,4-dihydroxyphenylalanine; DOTA : 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid; DOX : doxorubicin; DTX : docetaxel; FA : Folic acid; FIONs : ferromagnetic iron oxide
nanocubes; GAG : glycosaminoglycan; Gd : Gadolinium; GFP : green fluorescent protein; GNP : Gold nanoparticle; GNR: Gold nanorod;
GTMAC : glycidyltrimethylammonium chloride; HA : Hyaluronic acid; ICG : indocyanine green; IONPs : iron oxide nanoparticles; IRT :
irinotecan; LCA : lithocholic acid; MA: 3-Mercaptopropionic acid; MHT : Magnetic hyperthermia treatment; MMC : mitomycin C; MNCs :
magnetic nano crystals; MSNP: Mesoporous silica nanoparticle; MRI: magnetic resonance imaging; MTX : Methotrexate; NI : 2-nitroimidazole;
NIRF: near infrared fluorescence; NPs: nanoparticles; PAI: photoacoustic imaging; PCL : polycaprolactone; PDA: 2-(Pyridyldithio)-ethylamine;
PDMA : poly(N,N-dimethylaminoethyl methacrylate); pDNA : plasmid DNA; PDT: photodynamic therapy; PEG : Polyethylene glycol; PEI :
Polyethylene imine; PGMA : poly(glyclerol methacrylate); PheoA : Pheophorbide a; PHPMA : Polymerzied N-(2-hydroxypropyl) methacrylamide;
PplX: protoporophyrin IX; psi-Pgp : Self-polymerized siRNA targeting Pgp mRNA; pPTX : polymer-PTX conjugate; PTT: photothermal therapy;
PTX: Paclitaxel; PVA : poly(vinyl alcohol); Py : Pyrene; rGO : reduced grapheme oxide; SA : succinic anhydride; SPION : superparamagnetic
iron oxide nanoparticles; SPM : spermine; SP : spiropyran; TA : Tyramine; UR : Urocanic acid ; Zn(I1)DPA: Zn(ll)-dipicolyamine
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