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Abstract

A possible solution to enhance existing drug and gene therapies is to develop hybrid nanocarriers
capable of delivering therapeutic agents in a controlled and targeted manner. This goal can be
achieved by designing nanohybrid systems, which combine organic or inorganic nanomaterials
with biomacromolecules into a single composite. The unique combination of properties along with
their facile fabrication enables the design of smart carriers for both drug and gene delivery. These
hybrids can be further modified with cell targeting motifs to enhance their biological interactivity.
In this Talents and Trends article, an overview of emerging nanohybrid-based technologies will be
provided to highlight their potential use as innovative platforms for improved cancer therapies and
new strategies in regenerative medicine. The clinical relevance of these systems will be reviewed
to define the current challenges which still need to be addressed to allow these therapies to move
from bench to bedside.
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1. Introduction

The therapeutic effects of a drug or gene are dependent upon its rate of administration as
well as its ability to target a specific tissue or organ. This concept particularly holds true for
the eradication of tumors, since targeted delivery of chemotherapy drugs can localize the
drug’s toxicity to the hypoxic tumor tissue rather than surrounding tissues.['] Moreover, the
pharmacological activity that defines the overall success of a therapy is directly influenced
not only by control over the release rate, but also by the dose or quantity of cargo delivered
to specific tissues. Nanocarriers can be designed to both increase the bioavailability of drugs
that are poorly water-soluble and to promote stability of their cargo as in the case of genetic
materials that are generally susceptible to biodegradation.[?] In recent decades, these exciting
properties have spurred a rapidly growing field of research focused on engineering smart
nanomaterials that improve upon the delivery and targeting mechanisms of existing drug and
gene therapies.[3-°]

To design this type of carrier, the selection of the appropriate combination of nanomaterials
is fundamental in introducing unique and favorable properties that are not typically found in
single components. For this reason, nanohybrids, a combination of different classes of
biomaterials at the nanoscale level, are presented as a possible solution to address multiple
bottlenecks for successful therapies, such as controlling the rate of cargo diffusion,
increasing drug stability, and selectively targeted delivery.[8] This emerging class of
nanocomposite materials combines synthetic or natural polymers including polysaccharides,
proteins and nucleic acids together with inorganic or organic compounds in a 3D
architecture.[”] This new type of carrier offers a versatile platform that can be easily tuned
and modified by changing the type of nanomaterial or polymer. Among the wide variety of
nanoscale compounds available to construct nanohybrids, both inorganic materials such as
clay minerals and organic materials including carbon nanotubes (CNTs), graphene oxide
(GO), and nanodiamonds (NDs) offer a valid alternative. In fact, each one of them has
unique nanoscale properties that are favorable for the design of new and improved
therapeutic carrier systems.[9-12] Nanohybrids composed of these materials have been
applied over the past decades as smart carriers for the delivery of drugs and genes, especially
for targeted cancer treatment. A successful design of this type of bionanohybrid material
requires an understanding of the superficial properties of the nanoscale component, such as
surface area, charge density and distribution of reactive functional groups. Furthermore,
tissue or cell selectivity can be introduced by incorporating ligand-binding molecules with
nanohybrids. Another important property to consider in the development of these
nanochybrids is the affinity of the biopolymer and nanoparticle (NP) to self-assemble, as this
step is fundamental in defining the final stability of the biocomposite and its loading
efficiency. In fact, the corresponding 3D arrangement of the nanohybrid substrate can also
influence the loading mechanisms and release behavior of its cargo.

This review focuses on the recent strategies available to engineer smart nanohybrids in order
to achieve a better control over drug delivery as well as gene therapy (Figure 1). The first
part of the review will focus on smart drug delivery approaches for the treatment of cancer,
followed by a discussion including innovative regenerative medicine strategies that utilize
biological gene delivery vectors. Finally, an overview over the possible clinical translation of
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these nanohybrid materials is also proposed to delineate their future in regards to drug and
gene delivery.

2. Nanohybrids for Drug Delivery

Nanohybrids can be categorized according to the types of the biomaterials employed. The
selection of material dictates the types of interaction between the material and the drug,
influencing the corresponding loading efficiency. For example, nanostructures carrying
positive or negative charges can adsorb ionic drugs on their surface by ion exchange. At the
same time the presence of planar nanostructure sheets composed of sp? carbon can load
therapeutic agents with steroidal or aromatic structures by z—r stacking. Alternatively,
nanoparticles carrying nucleophilic groups can be exploited to form either hydrogen or
covalent bonds with the loaded cargo, modulating the kinetic release profile. The following
sections focus on the developments of carbon-based nanohybrids for cancer therapy.
Moreover, a discussion on hybrid nanoclays and other types of innovative nanohybrids will
be provided to highlight the future trends of these promising carriers.

2.1. Carbon-Based Nanohybrids for Drug Delivery

CNTs represent one of the possible materials to engineer nanohybrids into drug delivery
carriers. CNTs are composed of single or multiple layers of graphene sheets rolled into
cylindrical tubes of sp? carbon, which are capped at both ends with networks known as
fullerenes. These fullerenes can serve as drug delivery platforms since they can be easily
modified to improve their water solubility and partially avoid the formation of
aggregates.[11]

CNTs are categorized by structure as either single walled carbon nanotubes (SWNTS) or
multi-walled carbon nanotubes (MWNTS). Their potential in this field is in part accredited to
their affinity towards internalization by cells due to their unique nanostructure properties.
CNTs are able to penetrate cells using several endocytosis pathways or simply by diffusion
through the lipid bilayer. The route of cellular uptake is attributed to the tube length or the
presence of polymeric coatings on their surface.[3] Once internalized, they generally
localize in cell endosomes and lysosomes[t4] or in other subcellular compartments including
mitochondrialt®] and the nucleus.16]

Due to their poor thermodynamic stability in water, CNTs have a strong tendency to
stabilize into aggregates. For this reason, side wall functionalization of CNTs is commonly
performed to decrease the extent of bundle formation among tubes and improve their
biocompatibility. Since the long term cytotoxicity of CNTSs is a widespread concern for
researchers and scientists, CNTs are most commonly hybridized with biodegradable
polymers to increase their biocompatibility and decrease their ability to form reactive
oxygen species inside cells.[17]

Drugs can bind with CNTSs through different mechanisms such as physical absorption or
covalent bonding with the functional groups on the walls of the CNTs.[18.191 Moreover, the
introduction of a polymeric coating can also provide additional drug binding sites by the
formation of ester or amide bonds, which are generally cleaved by hydrolysis in acidic
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environments.[20-21] Since the microenvironments of solid cancerous tumors in the human
body have a slightly acidic pH, a polymeric nanohybrid carrying therapeutic cargo would
only release the drug in the hypoxic regions localized to tumor environments. In this sense,
Liu et al. have proposed a system consisting of branched polyethylene glycol (PEG) chains
on SWNTs to deliver paclitaxel (PTX) in vivo in mice. PTX was conjugated with PEG using
a cleavable ester bond to form a water-soluble SWNT-PTX conjugate, and as a result, the
nanohybrid showed higher efficacy in suppressing tumor growth in a breast cancer model
with respect to the control treatment with Taxol, a chemotherapeutic agent used
clinically.[21]

CNTs can also be surface-modified to introduce specific macromolecules, including growth
factors, to improve the selectivity of action during cancer treatment. In a study by Bhirde et
al., cisplatin, a common anticancer agent, was bound with epidermal growth factor (EGF) on
SWNTSs to target squamous cancer cells. In comparison to unmodified cisplatin, the
hybridized drug demonstrated a signficantly higher efficacy in targeting and Killing
tumorous cells in vivo.[22]

Aside from covalent bonding, drugs and bioactive molecules can also be loaded onto the
surface of the CNTs by —r stacking. In another study by Huang et al., doxorubicin (DOX)
was loaded onto the surface of SWNTSs by r—r stacking interactions followed by inclusion
of chitosan conjugated with folic acid (FA). Due to the higher expression of folate receptors
on cancer cells, folic acid was proposed as a targeting mechanism. An increase in the release
of DOX was achieved at a pH of 5.3 as a result of the reduced chemical interactions between
doxorubicin and the surface of the CNTSs in the acidic environment. Most importantly, the
encapsulation of SWNTSs with chitosanfolic acid provided a nanohybrid with better control
over the release of DOX. The main factors behind this improvement are the additional
diffusion through the chitosan shell and the possible hydrogen bonding between folic acid
and DOX, which can hinder the diffusion of the drug from the nanohybrid.[23]

Among our research, an alternative solution has been proposed to improve the efficiency of
drug loading onto CNTSs using a lipid—drug approach.[24] Specifically, PTX was conjugated
with docosanol and adsorbed onto the surface of SWNTSs. Folic acid was also conjugated
using the same strategy (Figure 2A). Our novel nanohybrid improved the effectiveness of
PTX in vivo in a human breast cancer xenograft mouse model. Analogously, in a more
recent study, we have proposed the conjugation of PTX with human serum albumin (HSA)
nanoparticles which were further linked on the surface of SWNTs modified with a
bifunctional PEG spacer.[2°] The PTX delivered with the nanohybrid composed of albumin
and SWNTs demonstrated a greater reduction in the activity of breast cancer cells compared
to the PTX delivered by HSA nanoparticles.

In addition to CNTs, GO is another unique nanomaterial composed of sp? carbon sheet with
specific physical and chemical properties that have been exploited for enhanced drug
delivery, especially in cancer therapy.[26:27] The large superficial area combined with the -
conjugated structure allows higher loading efficiency of aromatic compounds through —r
interactions. At the same time, the surface can be modified with ligands to introduce
selective targeting. Furthermore, GO in the reduced form also presents high optical
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absorption in the near infrared spectrum, and this property has been explored for
photothermal cancer treatments.[28:29]

However, GO presents a series of drawbacks including poor colloidal stability due to its
tendency to aggregate in physiological conditions and its natural affinity for proteins.[3% To
overcome these limitations, GO can be modified with water-soluble molecules to improve
biocompatibility and colloidal stability in the presence of salt and serum. Erqun et al. have
recently proposed a novel DOX delivery platform composed of GO coated with hyaluronic
acid (HA) as a carrier of DOX.[31] The anticancer drug was loaded through -7 interactions
onto the surface of GO followed by chemical conjugation with adipic acid hydrazide-
modified HA. The complex showed higher stability, drug loading efficiency,
biocompatibility and also pH sensitivity with a sustained release of DOX.

Among other natural polymers, dextran has also been widely used as agent to improve the
efficacy of GO as a drug carrier. Jin et al. have proposed an innovative nanohybrid of GO
and hematin-modified dextran. The hematin—dextran conjugate self-assembled with GO
through 7= interactions and the dextran alone improved the overall stability. The group
demonstrated that the nanohybrid exhibited improved water solubility as well as better
cytocompatibility with respect to GO alone. When conjugated with DOX, the nanohybrid
showed a greater ability to treat drug-resistant cancer cells (Figure 2B).[32]

GO can also be functionalized with synthetic polymers that contain both hydrophobic
moieties capable of interacting with the carbon sp? sheets and hydrophilic blocks to increase
their water solubility. In this sense, Hu et al. have proposed a nhanohybrid with reduced GO
and the amphiphilic pluronic F127 capable of loading DOX with high efficiency and pH
sensitivity.[33]

Another example of carbon-based nanomaterials is NDs, which possess unique physical and
chemical properties that render them ideal for use in hanocomposites. NDs have a truncated
octahedral morphology and highly tunable surface properties that can be oxidized or reduced
to modulate the presence of reactive functional groups. These functional groups, such as
hydroxyl groups (-OH) or carboxylic groups (-COOH), can be utilized to establish hydrogen
or covalent bonds with drugs and polymers. Moreover, the natural fluorescence of NDs can
be used to monitor their location within cells, which is particularly useful when considering
cell therapy with hybridized anticancer drugs. In a study by Huynh et al., different strategies
have been proposed to load cisplatin on the surface of ND in the presence or absence of
polymer coatings (Figure 2C). The nanohybrid systems outperformed the non-coated ND in
terms of cytotoxicity against the ovarian cancer cell line A2780 because of the higher
cellular uptake enabled by the polymer coating.[34] Xiao et al. also reported that the
combination of a synthetic polymer coating can enhance the therapeutic effect of NDs
loaded with DOX (ND-DOX). The synthetic polymer used in this study improved the
dispersibility of the ND-DOX complex, allowing a higher loading efficiency and localized
delivery of DOX to the nuclei of cancer cells.[3%] In another interesting approach, Moore et
al. designed a ND-lipid hybrid by rehydration of lipid thin films containing cholesterol and
biotinylated lipid using ND solutions loaded with epirubicin. The new formulation was then
targeted using biotinylated antibodies (anti-EGFR) to target and successfully treat triple
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negative breast cancer. This platform could also be applied to the treatment of many other
types of cancer simply by changing the type of antibody exposed on the surface of the ND—
lipid nanohybrid.[36]

These few examples demonstrate the versatile and tunable properties of carbon-based
nanohybrids that allow them to serve as smart and environmentally responsive delivery
agents, especially for cancer therapies. Aside from carbon-based nanohybrids, other types of
nanchybrids composed of inorganic compounds such as clay minerals are also very
promising candidates and their potential in drug delivery will be described briefly in the
following section.

2.2. Clay Nanohybrids for Drug Delivery

Clay minerals are silicates of aluminum or magnesium that are organized in layered or
microfibrous tetrahedral and octahedral structures. Layered clays are classified as either
natural smectites, such as montmorillonite and hectorite, or synthetic smectites including
laponite.[®] To realize the importance of nanoclays in drug delivery and as building blocks
for nanohybrid systems, an understanding of their chemical structure is imperative. These
smectite clays are organized in two tetrahedral silica sheets, with the internal sheet
composed of AI3* or Mg2* arranged in an octahedral structure.[37] Due to their composition,
smectite clays are a hydrophilic material with an internal layer that is freely accessible to
water molecules, allowing surface conjugation or intercalation with hydrophilic polymers.
Among the smectite family, laponite is the clay most commonly investigated in combination
with a variety of natural and synthetic polymers due to its higher surface area and ability to
establish strong interactions with guest compounds. The presence of laponite can serve as a
crosslinker and as a thickening agent in a polymeric network, which can then be used for the
fabrication of injectable or prefabricated scaffolds for drug delivery (Figure 3).[38-43]
Moreover, the charges on the laponite surface are negative while the edges of the
nanoparticles are positively charged and pH dependent which can be useful for the design of
pH-sensitive nanohybrid systems.[44] In a study by Gongalves et al. a pH-responsive
laponite-alginate nanohybrid formulation was investigated for the delivery of DOX. DOX
was first loaded onto laponite nanodiscs through electrostatic interactions and then coated
with alginate. The system showed pH sensitivity and a sustained in vitro release.[4?] Using a
different approach, Wang et al. proposed the design of a nanocomposite formulation based
on laponite hybridized with a polyethylene glycol and polylactic acid copolymer (PEG-
PLA) as pH-sensitive carriers of DOX.[46] In this case, a self-assembling process of the
amphiphilic PEG-PLA copolymer on the surface of the laponite was achieved. PEG served
as a protective shell to enhance the stability of the nanohybrid system and the hydrophobic
region of the copolymer functioned as an anchor on the surface of the loaded nanodiscs. The
study concluded a high loading efficiency of DOX combined with a pH-sensitive release
profile.

Apart from the smectite group, there are other clays of interest that display different
morphologies such as sepiolite and halloysite clays.[47] Sepiolite is a fibrous clay composed
of an octahedral sheet of magnesium oxide/hydroxide placed between two tetrahedral silica
layers. The periodic inversion of the SiOy4 tetrahedron creates a regular discontinuity of the
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silica sheets along the axial extension of fibers, forming a structural tunnel which can be
used to allocate drugs. Sepiolite presents a high surface density of silanol (Si-OH) groups on
its external fibers that interact with polymers through hydrogen bonds to form nanohybrids
as carrier of drugs.[48] On the other hand, an alternative morphology is displayed by
halloysite clays which are alumosilicate sheets rolled in the form of tubes. With respect to
smectite clays, they do not require exfoliation as they can be readily dispersed into
polymeric solutions.[4%] Their diameter is much larger than that of CNTs, which gives
halloysite clays a high loading capacity for polymers and globular proteins. Moreover, the
different chemistry in the external and internal regions of the tubes provides versatility in
terms of chemical modifications. Drugs can be loaded using several strategies including the
following: intercalation, adsorption onto the external and internal wall of the tubes, or
internal loading followed by crystallization/condensation.[>%] Nanohybrids composed of
these clay nanotubes represent a very promising drug delivery platform for a vast array of
drugs including antibiotics[>] and chemotherapeutic drugs.[52]

Finally, layered double hydroxides (LDHs) are another emerging class of clays that differ
from the types previously mentioned, as they possess a higher charge density and anion
exchange ability.[33] They can be functionalized with negatively charged polymers, and the
layered structures within the resulting nanohybrid can be loaded with anionic drugs and
compounds through ion exchange. By these very same mechanisms, LDHs can also be used
to deliver genes.[>4] Drugs and biomolecules can be bonded to these clays following several
different approaches including exfoliation-restacking of the layers, intercalation, and
pillaring reactions.[5] Among other studies, Kim et al. demonstrated that LDHSs can be
utilized as effective carriers of otherwise insoluble drugs, such as the anti-cancer drugs
methotrexate (MTX) and 5-fluorouracil (5-FU). The in vitro studies between the drug carrier
and cervical adenoma cancer cells verified that the LDH-mediated delivery of the drugs
caused an immense reduction in tumor cell viability compared to the delivery of the drugs
alone. These results are attributed to the enhanced cell internalization of the drugs facilitated
by the LDH carriers.[56] In addition, cell or sub-cellular targeting can be introduced by the
linkage of specific biomolecules such as folic acid. In a recent study by Yan et al., LDH
nanoparticles were prepared by co-precipitation and covalent conjugation with folic acid.
The modified LDH nanohybrids loaded with MTX showed an increased capacity to
penetrate cell nuclei, resulting in the improved efficacy of MTX.[57]1 A more extensive
description of other possible strategies in drug delivery using LDH nanohybrids can be
found in other excellent reviews,[58-60]

2.3. Lipid-Polymer-Based Nanohybrids for Drug Delivery

Another important class of emerging nanohybrids is that of polymers and lipids, which are
generally organized in a multilayered core-shell structure.[62] These nanocarriers combine
both properties of liposomes and polymeric nanoparticles, to exhibit a higher drug loading
efficiency and physical stability once administered in vivo.[82] The enhanced properties can
be attributed to their unique composition, which generally consists of a polymeric drug
loaded core enclosed in a lipid shell and surrounded by an additional layer of PEG. The PEG
coating enables a prolonged in vivo circulation and increased steric stabilization. The
polymer core can be composed of natural or synthetic polymers with different degrees of
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crosslinking, allowing a precise control over the release profile of the loaded cargo. In a
recent work by Petralito et al., the polymeric core was designed using a photo-crosslinked
hydrogel composed of polyethylene glycol-dimethacrylate (PEG-DMA) that improved the
mechanical stability of the lipid bilayer and modified the release kinetics of the model cargo
with respect to liposomes composed of hydrogenated soybean phosphatidylcholine.[63]
Additional structural integrity can be provided by modifying the lipid chemical structure,
rather than the polymer core, leading to the fabrication of hybrid vesicles known as
cerosomes.[%4] In this case, the hybrid inorganic—organic bilayer is synthesized by the self-
assembly of organoalkoxysilanes which resemble the chemical structure of lipids.[8°] These
nanocarriers present higher stability towards surfactant-induced dissolution and can be used
for the delivery of anticancer drugs with a better control over their release behavior in
respect to conventional liposomes.[86] Apart from improved mechanical integrity, lipid-
polymeric nanohybrids can be precisely oriented to offer targeted delivery to localized
tissues or cells as in the case of cancer treatment. To achieve this important goal, the hybrid
system can be loaded with magnetic nanoparticles which can be used as magnetic resonance
imaging (MRI) probes or as targeting devices in the presence of applied magnetic fields. As
reported by Yang et al., the anticancer drug DOX and the monodispersed magnetic
nanocrystals (Fe30,4) were simultaneously encapsulated within an amphiphilic block
copolymer to form multifunctional magneto-polymeric nanohybrids (MMPNS) for the
treatment of breast cancer. The presence of the magnetic nanocrystals enabled MRI
detection in in vitro and in vivo models.l871 In a more recent study, citrate-stabilized ferrite
nanoparticles (CA-MFNPs) were linked to polyethyleneimine (PEI), which was crosslinked
with Pluronic F127 copolymer using ethyldicarbodiime and A-hydroxysuccinimide (EDC/
NHS) chemistry. Targeting of DOX to human cervix adenocarcinoma cells was achieved by
linking FA to the hybrid system that was uptaken through FA receptors via endocytosis.[68]
The presence of magneto-nanoparticles can be used as smart approach to control the amount
of drug released simply by regulating the intensity of the external magnetic field.
Specifically, on and off release can be achieved by inducing motions of the magnetic
nanoparticles embedded in the nanohybrid lipid system, enabling an on-demand release of
the loaded cargo.[%9] While the major focus thus far has been on nanohybrids for cancer
therapy, many researchers are applying similar polymeric nanohybrids towards treatments
for autoimmune disorders. In one such study, Carambia et al. have assessed the in vivo
efficacy of antibody-targeted, polymer-coated nanoparticle carriers to treat autoimmune
encephalomyelitis (AE). In this study, superparamagnetic Fe,O3 nanoparticles were coated
with an amphiphilic polymer and conjugated with autoantigen peptides prior to
administration to an experimental AE mouse model. This research concluded that the
peptide-conjugated nanohybrids selectively targeted and delivered the autoantigen peptide to
the hepatic endothelial tissues affected by the autoimmune disease.[’% This selective
targeting mechanism could also be employed for the treatment of a variety of other
autoimmune diseases that are currently difficult to cure.

3. Nanohybrids for Gene Therapy

Supplementary to drug delivery, gene delivery is an alternative strategy for diagnosing and
treating diseases and other clinical ailments. Specific genes can be delivered and expressed

Macromol Chem Phys. Author manuscript; available in PMC 2017 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Whitlow et al.

Page 9

within cells to utilize their native machinery to produce therapeutic proteins. These therapies
have not had a significant clinical impact for the treatment of human diseases thus far
because of suboptimal gene expression capabilities and biosafety concerns resulting from
the selection and design of vectors.[”1] Genetic material can be delivered to cells by
physical, chemical, and viral methods. Physical and chemical methods are often referred to
as nonviral gene delivery, as they do not utilize native biological vectors such as viruses, but
instead rely upon mechanical or chemical procedures to enable the transfer of genetic
material across cell membranes. Both nonviral and biological (viral) gene delivery
technologies hold promise for future clinical treatments, such as in the repair of damaged
cardiac tissue after myocardial infarction but further advances are necessary for their clinical
translation. In addition to gene therapy by means of therapeutic protein expression, gene
silencing by RNA interference is a recent discovery that also has a vast therapeutic potential
for the treatment of cancer, autoimmune diseases, and neurodegenerative diseases such as
Alzheimer’s. Small interfering RNA (siRNA) are 20-25 bp double-stranded RNA that form
RNA-induced silencing complexes (RISCs) upon entering the cytoplasm of a cell.
Subsequently, these RISCs pair with and cleave the complementary mRNA. By this
mechanism, the protein expression of a specific gene sequence can be hindered by effective
SiRNA delivery. Current gene silencing therapies are limited by the fact that SIRNA are
easily inactivated by serum complement and they do not readily diffuse across the cell
membrane.[72] As a result, their therapeutic effects are diminishing as they cannot
accumulate in target tissues. Nanoparticle polymer and lipid vectors have been used to
overcome these factors due to the enhanced cell penetration and nucleic acid shielding
effects they provide.[”3] The following section will focus on the emerging trends developed
to enhance the efficiency and therapeutic potential of chemical vectors and nonpathogenic
viral vectors for gene delivery. Additionally, this section will review the current research
strides in the use of chemical vectors for gene silencing therapies.

3.1. Carbon-Based Polymeric Nanohybrid DNA Vectors

Chemical vectors are nonviral vectors that are desirable for clinical applications given their
minimal immunogenicity. However, nonviral platforms historically have very low
transfection efficiencies compared to viral systems and as a result are often incapable of
eliciting gene expression at therapeutic thresholds. Common chemical vectors use cationic
lipids or polymers to deliver genes. The shortcomings of these systems primarily arise from
their inability to diffuse across the cell membrane and the instability of the genetic cargo.[74]

Recently, biofunctionalized carbonbased nanohybrids have been proposed as vectors that
overcome these principle issues.[”5] The unique properties of carbon nanomaterials enable
the delivery of genetic material across the cell membrane into the cytosol and therefore
enhanced gene expression. The local retention time of nanovectors can be even further
augmented by controlled delivery from hydrogels. Controlled gene delivery is vital to the
success of tissue-specific therapies. Our studies have shown GO in conjunction with PEI is a
viable delivery vehicle for plasmid DNA and therapeutic effects are prevalent when the GO-
PEI-DNA nanohybrids are delivered by methacrylated gelatin hydrogels. When injected
intramyocardially in a rat model of myocardial infarction, vascular endothelial growth factor
(VEGF) plasmid expressed by the GO vector significantly restored cardiac function through
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the activation of neoangiogenic pathways. Thus, the hydrogel facilitated in vivo localized
gene expression in cardiomyocytes within periinfarct regions.

Another strategy to maximize the transfection efficiency of a vector is to modify the outer
surface of highly functional carbon nanoparticles with biologically responsive molecules
such as a peptides. Nanomaterials that are otherwise biologically inactive can be further
hybridized into stimuli-responsive, biointeractive materials. Graphene oxide, for instance,
can be functionalized with cell-adhesive RGD peptides to grant the nanoparticle an affinity
for cell binding.[78] This is an especially attractive feature for nanohybrid vectors, as
interfacing the vector with its biological environment plays a large role in optimizing
transfection. Our investigations have highlighted the utility of functionalizing nanovectors
with the cell-penetrating transactivating transcriptional activator (TAT) peptides. TAT is an
endosomolytic peptide derived from the HIV-1 virus and promotes both cell membrane
penetration and endosomal escape.l””] To demonstrate this concept, a carbon nanotube and
polyacrylic acid (PAA) nanovector was noncovalently conjugated with TAT/DNA
nanoparticles. The vector dually expressed VEGF and angiopoeitin-1 (Angl) cDNA. To
apply these components towards a therapeutic model, the CNT-TAT/DNA hybrids were
embedded in fibrin hydrogels and incorporated into a vascular stent device using layer-by-
layer gelation assembly.[78] The hydrogel localized the expression of the transgenes, and the
TAT peptides further increased the bioactivity of the stent by augmenting transfection
efficiency. When employed in vivo in a canine femoral artery, the nanohybrid stent
outperformed bare metal stents in terms of arterial re-endothelialization (Figure 4).[78] In
addition to delivery of double-stranded, plasmid DNA, nanohybrids such as CNTs
functionalized with PEI can efficiently deliver siRNA given the high loading capacity and
cell penetrative abilities of CNTs in conjunction with the endosomolytic attributes of
PEL[7 Other groups have validated the efficiencies of alternative carbon nanoparticles,
such as nanodiamonds, for use as hybrid siRNA vectors.[80.81]

3.2. Clay-Based Nanohybrid Vectors

As discussed previously, nanoparticle clays possess unique surface chemistries, high loading
capacities, and the ability to form self-assembling hybrids for environmentally responsive
drug delivery systems. These same properties can be exploited to develop self-assembling
gene delivery nanohybrids. Layered double hydroxides are a class of anionic clays that can
be directly loaded with nucleic acids, DNA, and RNA by intercalation. By anion exchange
mechanisms, linear DNA fragments as large as 8000 bp and plasmid DNA are reported to
self-assemble with LDHs to form LDH-DNA nanohybrids.[82] Ladewig et al. studied the
transfection efficiency of LDH-DNA nanohybrids across various cell lines and determined a
high efficiency accompanied by minimal to no cytotoxicity, in comparison to standard lipid-
based carriers.[83] In fact, LDH complexes are proposed as favorable vectors over other
nanoparticle vectors because rather than accumulating in cells and tissues upon
internalization as observed with carbon-based and polymeric nanoparticles, LDHSs instead
dissolute into noncytotoxic ions.[82.:84]

Recently, LDHs have been extensively applied in vitro as siRNA vectors for gene silencing.
LDH hybrids, for example amine-functionalized, silicon dioxide-coated LDH-siRNA
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complexes, are often surface modified to improve nanoparticle dispersion and therefore
increase transfection efficiency.[85] LDH siRNA vectors have also been coupled with
hydrogel scaffolds that could be utilized for localized regeneration of cartilage and the
treatment of osteoarthritis by serving not only as cell scaffolds, but also to strongly express
SiRNA and effectively silence the human GAPDH gene.[86] LDHs have furthermore shown
the ability to simultaneously function as both drug carriers as well as sSiRNA or DNA
vectors. Li et al. have shown the vast therapeutic potential of this platform by studying the
co-delivery by LDH complexes of chemotherapeutic drug 5-fluorouracil and delivery of
apoptotic siRNA, concluding great success in its preclinical stages.[87] A platform such as
this one, capable of both gene silencing and drug delivery, can be used to simultaneously
suppress a pro-tumorigenic gene and deliver an anti-cancer drug to treat drug resistant
tumors.

3.3. Biodegradable Polymeric Nanohybrid Vectors

Despite the promising outlook of the aforementioned nanohybrid siRNA vectors, recent
concerns regarding nanoparticle toxicity have encouraged researchers to develop
biocompatible and biodegradable nanovectors for siRNA delivery. These biodegradable
nanohybrid vectors have been formulated with low molecular weight polymers[88] and
polysaccharides such as dextran[®] and chitosan.[?9] Proteins endogenous to the human
body can also be used to deliver genetic cargo. Our reports have revealed for the first time
the potential of PEI-coated human serum albumin nanohybrids as siRNA vectors.[91]
Albumin, a binding protein abundant in human plasma, is ideal for in vivo delivery
applications since it has a high binding affinity yet it lacks immunogenicity and is readily
metabolized in the liver.[92] Results indicate that the PEI-albumin nanohybrids can transfect
breast cancer cells in vitro with high efficiency and minimal cytotoxicity.[9]

3.4. Viral Gene Therapy with Polymeric Nanohybrids

Biological vectors, such as retrovirus, adenovirus, lentivirus, and adenoassociated virus
(AAV), are also commonly used vectors for gene therapy applications. Viruses are highly
efficient vectors because their capsids are surrounded by viral envelopes that enable the
transduction of viral DNA across cell membranes. The development of therapeutic gene
delivery applications with these viruses is hindered by issues regarding biosafety,
immunogenicity, and potential of insertional mutagenesis.[93:94] In contrast to mammalian
viruses, insectoriginated baculoviruses (Bac) are nonpathogenic to humans since they are
unable to replicate in mammalian cells. However, the baculovirus still possesses viral
envelope glycoproteins that facilitate cell membrane penetration and can transfer genetic
material within cells. These attributes present the baculovirus as an ideal viral vector. In our
investigations, we have explored the efficacy of baculoviral nanohybrids for stem-cell-gene
therapies, localized gene delivery, and therapeutic intervention within biomedical devices.
Beyond the topics of this discussion, hybridized baculoviruses are also excellent vectors for
the delivery of siRNA, which is thoroughly reviewed by Makkonen et al.[9]

We have found that the baculovirus can be used to enhance cell-based therapies. An
emerging therapy for restoring damaged cardiac tissue after myocardial infarction is
transplantation of multipotent stem cells into infarct regions. The restorative capacity of
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many of these therapies is not sufficient to warrant the use of this type of treatment in a
clinical setting.[94] Many groups have improved the success potential of this therapy by
genetically modifying stem cells prior to transplantation, but low transfection efficiency with
nonviral vectors and biosafety concerns with viral vectors are current downsides.[%6] The
baculovirus by itself has a low transduction efficiency in vivo since it is susceptible to serum
inactivation.[97] To mitigate this effect, baculoviruses can be surface modified with polymers
such as polyamidoamine (PAMAM) dendrimers or PEI. We have found that baculoviruses
noncovalently hybridized with PAMAM display increased transduction efficiency due to the
properties of the dendrimer. PAMAM-baculovirus nanohybrids carrying VEGF transgene
were able to efficiently transduce human adipose derived stem cells (hASCs) resulting in
overexpression of the pro-angiogenic gene. Following the injection of the transduced hASCs
into infarct sites of a murine myocardial infarction model, the infarct regions displayed
increased vascularization and overall improved cardiac function compared to the control
therapy with unmodified hASCs. Furthermore, transient expression of VEGF was observable
for up to two weeks upon implantation.[%8] Other groups have also implemented similar
baculovirus-enhanced cell therapies for the treatment of myocardial infarction. Yeh et al.
have recently developed VEGF-expressing, ASC cell sheets, genetically enhanced by
hybridized baculoviruses. The study concluded that the transduced cell sheets significantly
reversed the damage caused by myocardial infarction.[9] Other groups have also used
baculovirus nanohybrids to modify stem cells to overexpress osteogenic and angiogenic
growth factors for in vivo bone regeneration.[100.101] As with the nonviral applications,
hydrogels can also be utilized as controlled and sustained release platforms for viral
nanohybrid vectors. To illustrate this concept in a potential cell-based therapy, PAA coated
CNTs hybridized with baculoviruses were embedded in a denatured collagen gel. The CNTs
were introduced to both extend the release of the recombinant baculoviruses and to enhance
the hydrogel’s mechanical properties. The in vitro interactions between this hydrogel
scaffold and rat bone marrow stromal cells (rBMSCs) revealed a sustained release profile of
baculovirus from the hydrogel and a high transduction efficiency over two weeks.[102]

Since hydrogels facilitate sustained and localized gene delivery, and due to their versatile
mechanical and chemical properties, they are ideal platforms for introducing baculovirus
nanchybrids to biomedical devices. Analogously to our previous studies on CNT nanohybrid
stents, we applied baculovirus nano-hybrid hydrogels to vascular stents to demonstrate the
clinical potential of this viral gene therapy. To address the challenge of serum inactivation
and to prolong transgene delivery, PAMAM-baculovirus complexes were microencapsulated
in poly (glycolic-co-lactic acid) (PLGA). The microcapsules were subsequently applied to
the stent within layers of a fibrin hydrogel. This fibrin-coated stent was implanted in canine
denuded femoral arteries, and the pro-angiogenic effects of the baculovirusmediated VEGF
expression were observable with prominent endothelial regeneration in injury sites, four
months post-implantation. The fibrin hydrogel successfully sustained release of the
microencapsulated nanohybrids, resulting in localized and controlled transgene expression
(Figure 5).1103]
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3.5. Combined Gene Therapy Strategies with Nanohybrids

Integrating nonviral vectors with viral vectors into a multipurpose delivery system is an
effective strategy that combines the features of both types of vectors to synergistically
maximize the potential of a gene therapy. Chemical vectors are advantageous due to their
ease of production and minimal immunogenicity, yet their therapeutic effects are not as
pronounced as viral vectors. The nonpathogenic baculovirus can express high transduction
efficiencies, but not to the same extent as mammalian viral vectors. We developed a hybrid
recombinant baculovirus linked with nonviral TAT/DNA nanoparticles to combine the
strengths of both gene delivery platforms. Aimed towards myocardial therapy, we
investigated the potential of a baculovirus expressing transgene Angl noncovalently linked
with Angl-expressing TAT peptide nanoparticles. The resulting Bac—NP nanohybrid
displayed higher transduction efficiency and Angl expression than each vector alone. The
angiogenic potential of this heightened Angl expression by Bac—NP system was studied in
vivo in rat myocardial infarction models. Two weeks following the intramyocardial injection
of the nanohybrid to infarct sites, the Bac—NP vector demonstrated sustained and localized
Angl expression, up to 1.75 higher than that of the recombinant baculovirus alone. Cardiac
repair was noted along with a reduction in infarct size.[104]

We further investigated the potential of the Bac—NP nanohybrid in genetically enhancing
stem cell therapies. Bac—NP constructs expressing Angl both virally and nonvirally were
used to transduce hASCs, which were implanted intramyocardially in rat models of
myocardial infarction. The nanohybrid vectors effectively induced Angl overexpression
from the hASCs, and just as in the previous study, transgene expression was significantly
higher than baculovirus or TAT/DNA vectors alone. The transduced hASCs, one month post-
infarction, restored cardiac function, reduced infarct size, and promoted vascular density in
the infarct regions. The success of this combined viral/nonviral gene delivery platform in
genetically engineering stem cells confirms the clinical relevance of this unique platform in
cell-based therapies (Figure 6).[10%]

4. Prospects and Challenges

In recent years, bioengineered nanohybrids have come forth as a promising new therapeutic
strategy for both drug and gene delivery. However, nanohybrids still face several challenges
which are hindering the translation of these treatment platforms from bench to bedside. The
concerns of long term accumulation, distribution, and cytotoxicity of nanoparticles present a
major hurdle for the use of nanohybrids in the human body. This particularly holds true for
carbon-based nanohybrids, as in the case of graphene oxide, which can cause in vivo
mutagenesis at high concentrations.[19¢] In addition, the majority of the studies regarding
their potential toxicity have been carried out on rodent animals and these results cannot be
easily translated to primates and humans.[197] The current studies on biodistribution and
accumulation of nanoparticles are not sufficient to predict the long-term effects of
nanohybrids on the human body.[108]

On the contrary, numerous polymeric nanohybrid DNA vectors are currently undergoing
clinical trials, primarily for cancer therapies and vaccines. A vast array of SIRNA
nanovectors are also currently being tested in clinical trials, with lipid or polymer conjugates
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delivering siRNA to silence genes responsible for diseases ranging from macular
degeneration to advanced cancers. Yin et al. have provided an in depth analysis on these
recent clinical developments.[109]

Both carbon and clay-based nanohybrid vectors have shown favorable effects in vivo, but the
materials must be tailored to optimize desired therapeutic effects. A greater understanding of
the manner by which a nanocomposite’s biological interactions can impact the loading and
release of genetic material is necessary to unlock their vast potential in tissue or disease-
specific treatments. Nuclear uptake of genetic material, which is essential for successful
transfection, is a rate limiting step in Kinetic gene expression models, and the ease of nuclear
uptake varies according to the cell type and cell-material interactions.[110]

Baculoviral nanohybrids, on the other hand, are not under clinical development for human
gene therapy at the present moment. While over 50% of clinical trials involving gene therapy
utilize viral vectors, none of them employ the baculovirus. However, many pre-clinical
studies have recently shown their potential, and upon further study of the effects of this virus
in the human body, clinical trials are imminent.[202] From our own studies, we have
concluded that baculovirus nanohybrids can be tailored for use in a wide variety of
applications, ranging from gene expression in biomedical devices such as stents, to
injectable hydrogels capable of delivering angiogenic genes for treatment of myocardial
infarction. We envision from our work and from other research group studies that the
intelligent design of baculoviral nanohybrids can give rise to an extraordinary variety of
applications within the field of regenerative medicine. It is important to note that there is no
universal nanohybrid platform that is superior for all applications. Each nanohybrid must be
carefully tailored to best serve its intended purpose in a new device or treatment.

Future considerations must be taken in the design of new nanohybrids targeted towards
clinical use. Since nanoparticle toxicity is a major concern, researchers must continue to
study the effects of nanoparticle accumulation in the human body, especially for the
development of nanohybrids intended for in vivo use. In addition, researchers can shift
special focus to developing nanohybrids of purely biodegradable materials, as discussed
previously regarding layered double hydroxides and albumin-based carriers for drug and
gene delivery. Beyond the concerns of cytotoxicity, studies have yet to be conducted on
characterizing the pharmacokinetics of nanohybrid delivery in the human body. For instance,
the nanodiamond—polymer nanohybrid developed by Moore et al.[36] effectively targets and
treats tumors in a small rodent model, but the efficacy and reproducibility of such a
treatment in humans is virtually unpredictable at the present moment. Additionally, the study
of hybridizing alternative nonpathogenic, biologically derived vectors, such as
bacteriophages and virus-like particles, holds great merit in creating innovative and
advanced gene delivery strategies.[74] Genetically engineered bacteriophages, for example,
can be used to express genes in animals and humans for applications ranging from cancer
treatments[111] to promoting vasculogenesis within 3D bone regeneration scaffolds.[112]
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5. Outlook

Nanohybrid transporters offer a promising alternative with respect to other technologies for
the preparation of smart devices capable of selective targeting in drug deliver and gene
therapy. As discussed in the previous sections, they represent a field of research that holds
the potential to improve the outcome of existing therapies by reducing the side effects
associated with established treatments as well as increasing the effectiveness of the
therapeutic agent. However, as for any new technologies that seek to improve the field of
nanomedicine, several critical issues are still present and a continued refinement of their
properties is required for their clinical success in the near future. One of these issues is the
safety profile of nanohybrids within the human body. For this reason, biodistribution,
accumulation and cytotoxicity in different organs and tissues are important clinical problems
that need to be considered to better clarify their potential clinical use. In addition, the
interactions of nanohybrids with proteins and components of the immune system is another
essential aspect that needs particular attention. It is thus imperative to consider all of these
issues and potential risks in the development of new nanohybrids in order to not only
improve their design and efficacy but at the same time ensure that they do not pose any
cytotoxic effects in vivo.

Acknowledgments

Arghya Paul would like to acknowledge the Institutional Development Award (IDeA) from the National Institute of
General Medical Sciences of National Institutes of Health (NIH), under Award Number P20GM103638-04 and
University of Kansas New Faculty General Research Fund.

References

1. Sutradhar KB, Amin ML. ISRN Nanotechnol. 2014; 2014:12.

2. Wilczewska AZ, Niemirowicz K, Markiewicz KH, Car H. Pharmacol Rep: PR. 2012; 64:1020.
[PubMed: 23238461]

. Alvarez-Lorenzo C, Concheiro A. Chem Commun. 2014; 50:7743.
. Ibraheem D, Elaissari A, Fessi H. Int J Pharm. 2014; 459:70. [PubMed: 24286924]
. Carrow JK, Gaharwar AK. Macromol Chem Phys. 2015; 216:248.

. Ruiz-Hitzky, E., Darder, M., Aranda, P. Bio-Inorganic Hybrid Nanomatrials. Wiley-VCH Verlag
GmbH & Co. KGaA; Weinheim: 2008. p. 1

. Darder M, Aranda P, Ruiz-Hitzky E. Adv Mater. 2007; 19:13009.

8. Choy JH, Choi SJ, Oh JM, Park T. Appl Clay Sci. 2007; 36:122.

9. Li Y, Dong H, Li Y, Shi D. Int J Nanomed. 2015; 10:2451.

10. Liu Z, Robinson JT, Tabakman SM, Yang K, Dai H. Mater Today. 2011; 14:316.

11. Montellano A, Da Ros T, Bianco A, Prato M. Nanoscale. 2011; 3:4035. [PubMed: 21897967]

12. Cho HB, Nguyen S, Nakayama T, Huynh M, Suematsu H, Suzuki T, Jiang W, Rozali S, Tokoi Y,
Park YH, Niihara K. J Mater Sci. 2013; 48:4151.

13. Kraszewski S, Bianco A, Tarek M, Ramseyer C. PLoS One. 2012; 7:e40703. [PubMed: 22815794]

14. Jin H, Heller DA, Strano MS. Nano Lett. 2008; 8:1577. [PubMed: 18491944]

15. Zhou F, Xing D, Wu B, Wu S, Ou Z, Chen WR. Nano Lett. 2010; 10:1677. [PubMed: 20369892]

16. Kostarelos K, Lacerda L, Pastorin G, Wu W, Wieckowski S, Luangsivilay J, Godefroy S, Pantarotto
D, Briand JP, Muller S, Prato M, Bianco A. Nat Nano. 2007; 2:108.

17. Liu Z, Davis C, Cai W, He L, Chen X, Dai H. Proc Natl Acad Sci. 2008; 105:1410. [PubMed:
18230737]

o O bW

~

Macromol Chem Phys. Author manuscript; available in PMC 2017 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Whitlow et al.

18.
19.
20.

21.

22.

23.
24,

25.
26.
217.
28.

29.

30.
31.

32.

33.
34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44,
45.

46.

47.
48.

49.

Page 16

Zhang W, Zhang, Zhang Y. Nanoscale Res Lett. 2011; 6:1.
Liu Z, Tabakman S, Welsher K, Dai H. Nano Res. 2009; 2:85. [PubMed: 20174481]

Feazell RP, Nakayama-Ratchford N, Dai H, Lippard SJ. J Am Chem Soc. 2007; 129:8438.
[PubMed: 17569542]

Liu Z, Chen K, Davis C, Sherlock S, Cao Q, Chen X, Dai H. Cancer Res. 2008; 68:6652.
[PubMed: 18701489]

Bhirde AA, Patel V, Gavard J, Zhang G, Sousa AA, Masedunskas A, Leapman RD, Weigert R,
Gutkind JS, Rusling JF. ACS Nano. 2009; 3:307. [PubMed: 19236065]

Huang H, Yuan Q, Shah JS, Misra RD. Adv Drug Deliv Rev. 2011; 63:1332. [PubMed: 21514336]

Shao W, Paul A, Zhao B, Lee C, Rodes L, Prakash S. Biomaterials. 2013; 34:10109. [PubMed:
24060420]

Shao W, Paul A, Rodes L, Prakash S. Cell Biochem Biophys. 2015; 71:1405. [PubMed: 27101155]
Wang, X-m, Zhang, W-h. Carbon. 2014; 67:795.
Liu J, Cui L, Losic D. Acta Biomater. 2013; 9:9243. [PubMed: 23958782]

Yang K, Zhang S, Zhang G, Sun X, Lee ST, Liu Z. Nano Lett. 2010; 10:3318. [PubMed:
20684528]

Robinson JT, Tabakman SM, Liang Y, Wang H, Sanchez Casalongue H, Vinh D, Dai H. J Am
Chem Soc. 2011; 133:6825. [PubMed: 21476500]

Zhang Y, Nayak TR, Hong H, Cai W. Nanoscale. 2012; 4:3833. [PubMed: 22653227]

Song E, Han W, Li C, Cheng D, Li L, Liu L, Zhu G, Song Y, Tan W. ACS Appl Mater Interfaces.
2014; 6:11882. [PubMed: 25000539]

JinR, Ji X, Yang Y, Wang H, Cao A. ACS Appl Mater Interfaces. 2013; 5:7181. [PubMed:
23875578]

Hu H, Yu J, Li Y, Zhao J, Dong H. J Biomed Mater Res Part A. 2012; 100:141.

Huynh VT, Pearson S, Noy JM, Abboud A, Utama RH, Lu H, Stenzel MH. ACS Macro Lett. 2013;
2:246.

Xiao J, Duan X, Yin Q, Zhang Z, Yu H, Li Y. Biomaterials. 2013; 34:9648. [PubMed: 24016858]

Moore L, Chow EKH, Osawa E, Bishop JM, Ho D. Adv Mater. 2013; 25:3532. [PubMed:
23584895]

Tournassat, C., Bourg, IC., Steefel, Cl., Bergaya, F. Developments in Clay Science. Tournassat,
C.Bourg, IC.Steefel, Cl., Bergaya, F., editors. Elsevier B.V; Amsterdam: 2015. p. 5

Schexnailder PJ, Gaharwar AK, Bartlett RL li, Seal BL, Schmidt G. Macromol Biosci. 2010;
10:1416. [PubMed: 20602416]

Gaharwar AK, Schexnailder PJ, Kline BP, Schmidt G. Acta Biomater. 2011; 7:568. [PubMed:
20854941]

Gaharwar AK, Avery RK, Assmann A, Paul A, McKinley GH, Khademhosseini A, Olsen BD.
ACS Nano. 2014; 8:9833. [PubMed: 25221894]

Pacelli S, Paolicelli P, Moretti G, Petralito S, Di Giacomo S, Vitalone A, Casadei MA. Eur Polymer
J. 2016; 77:114.

Waters R, Pacelli S, Maloney R, Medhi I, Ahmed RPH, Paul A. Nanoscale. 2016; doi: 10.1039/
C5NR07806G

Paul A, Manoharan V, Krafft D, Assmann A, Uquillas J, Shin SR, Hasan A, Hussain MA, Memic
A, Gaharwar AK, Khademhosseini A. J Mater Chem B. 2016

Thompson DW, Butterworth JT. J Colloid Interface Sci. 1992; 151:236.

Goncalves M, Figueira P, Maciel D, Rodrigues J, Qu X, Liu C, Tomas H, Li Y. Acta Biomater.
2014; 10:300. [PubMed: 24075886]

Wang G, Maciel D, Wu Y, Rodrigues J, Shi X, Yuan Y, Liu C, Tomas H, Li Y. ACS Appl Mater
Interfaces. 2014; 6:16687. [PubMed: 25167168]

Garcia-Romero E, Suérez M. Clays Clay Miner. 2010; 58:1.

Ruiz-Hitzky E, Darder M, Fernandes FM, Wicklein B, Alcantara ACS, Aranda P. Prog Polymer
Sci. 2013; 38:1392.

Liu M, Guo B, Du M, Jia D. Appl Phys A. 2007; 88:391.

Macromol Chem Phys. Author manuscript; available in PMC 2017 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Whitlow et al.

50.
5L
52.

53.
54.
55.
56.
57.

58.
59.
60.

61.

62.

63.

64.
65.

66.
67.

68.

69.

70.

71.
72.
73.
74.
75.
76.
77.
78.
79.
80.

81.
82.

83.
84.
85.

Page 17

Abdullayev E, Lvov Y. J Nanosci Nanotechnol. 2011; 11:10007. [PubMed: 22413340]
Ward CJ, Song S, Davis EW. J Nanosci Nanotechnol. 2010; 10:6641. [PubMed: 21137775]

Lin, S., Mills, DK. Engineering in Medicine and Biology Society (EMBC), 2014 36th Annual
International Conference of the IEEE. IEEE; Chicago, IL: 2014. p. 2920

Song F, Hu X. Nat Commun. 2014, 5:1.

Hu H, Xiu KM, Xu SL, Yang WT, Xu FJ. Bioconj Chem. 2013; 24:968.

Kura A, Hussein M, Fakurazi S, Arulselvan P. Chem Centr J. 2014; 8:1.

Kim TH, Lee GJ, Kang JH, Kim HJ. Biomed Res Int. 2014; 2014:193401. [PubMed: 24860812]

Yan L, Chen W, Zhu X, Huang L, Wang Z, Zhu G, Roy VAL, Yu KN, Chen X. Chem Commun.
2013; 49:10938.

Rives V, del Arco M, Martin C. Appl Clay Sci. 2014; 88—-89:239.
Bi X, Zhang H, Dou L. Pharmaceutics. 2014; 6:298. [PubMed: 24940733]

Prakash S, Malhotra M, Shao W, Tomaro-Duchesneau C, Abbasi S. Adv Drug Deliv Rev. 2011;
63:1340. [PubMed: 21756952]

Hadinoto K, Sundaresan A, Cheow WS. Eur J Pharm Biopharm. 2013; 85:427. [PubMed:
23872180]

Zhang L, Chan JM, Gu FX, Rhee JW, Wang AZ, Radovic-Moreno AF, Alexis F, Langer R,
Farokhzad OC. ACS Nano. 2008; 2:1696. [PubMed: 19206374]

Petralito S, Spera R, Pacelli S, Relucenti M, Familiari G, Vitalone A, Paolicelli P, Casadei MA.
React Funct Polymers. 2014; 77:30.

Yue X, Dai Z. Adv Colloid Interface Sci. 2014; 207:32. [PubMed: 24368133]

Katagiri K, Hashizume M, Ariga K, Terashima T, Kikuchi J. Chemistry. 2007; 13:5272. [PubMed:
17407115]

Cao Z, MaY, Yue X, Li S, Dai Z, Kikuchi J. Chem Commun. 2010; 46:5265.

Yang J, Lee CH, Ko HJ, Suh JS, Yoon HG, Lee K, Huh YM, Haam S. Angew Chem Int Ed. 2007;
46:8836.

Bhattacharya D, Behera B, Sahu SK, Ananthakrishnan R, Maiti TK, Pramanik P. New J Chem.
2016; 40:545.

Spera R, Apollonio F, Liberti M, Paffi A, Merla C, Pinto R, Petralito S. Colloids Surf B,
Biointerfaces. 2015; 131:136. [PubMed: 26042528]

Carambia A, Freund B, Schwinge D, Bruns OT, Salmen SC, Ittrich H, Reimer R, Heine M, Huber
S, Waurisch C, Eychmuller A, Wraith DC, Korn T, Nielsen P, Weller H, Schramm C, Luth S,
Lohse AW, Heeren J, Herkel J. J Hepatol. 2015; 62:1349. [PubMed: 25617499]

Verma IM, Somia N. Nature. 1997; 389:239. [PubMed: 9305836]

Gavrilov K, Saltzman WM. Yale J Biol Med. 2012; 85:187. [PubMed: 22737048]

Zhang S, Zhao B, Jiang H, Wang B, Ma B. J Control Release. 2007; 123:1. [PubMed: 17716771]
Seow Y, Wood MJ. Mol Ther. 2009; 17:767. [PubMed: 19277019]

Keswani RK, Lazebnik M, Pack DW. J Control Release. 2015; 207:120. [PubMed: 25883029]
Wang E, Desai MS, Heo K, Lee SW. Langmuir. 2014; 30:2223. [PubMed: 24512378]

Lo SL, Wang S. Biomaterials. 2008; 29:2408. [PubMed: 18295328]

Paul A, Shao W, Shum-Tim D, Prakash S. Biomaterials. 2012; 33:7655. [PubMed: 22818986]
Foillard S, Zuber G, Doris E. Nanoscale. 2011; 3:1461. [PubMed: 21301705]

Alhaddad A, Adam MP, Botsoa J, Dantelle G, Perruchas S, Gacoin T, Mansuy C, Lavielle S,
Malvy C, Treussart F, Bertrand JR. Small. 2011; 7:3087. [PubMed: 21913326]

Chu Z, Miu K, Lung P, Zhang S, Zhao S, Chang HC, Lin G, Li Q. Scientific Rep. 2015; 5:11661.

Desigaux L, Belkacem MB, Richard P, Cellier J, Léone P, Cario L, Leroux F, Taviot-Guého C,
Pitard B. Nano Lett. 2006; 6:199. [PubMed: 16464034]

Ladewig K, Niebert M, Xu ZP, Gray PP, Lu GQ. Appl Clay Sci. 2010; 48:280.
Ladewig K, Xu ZP, Lu GQ. Expert Opin Drug Deliv. 2009; 6:907. [PubMed: 19686052]
Li L, GuW, LiuJ, Yan S, Xu ZP. Nano Res. 2014; 8:682.

Macromol Chem Phys. Author manuscript; available in PMC 2017 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Whitlow et al.

86.

87.

88.

89.

90.

91.
92.
93.
94.

95.
96.

97.

98.

99.

100.

101.

Page 18

Yang, H-y, van Ee, RJ., Timmer, K., Craenmehr, EGM., Huang, JH., Oner, FC., Dhert, WJA.,
Kragten, AHM., Willems, N., Grinwis, GCM., Tryfonidou, MA., Papen-Botterhuis, NE.,
Creemers, LB. Acta Biomater. 2015; 23:214. [PubMed: 26022968]

Li L, Gu W, Chen J, Chen W, Xu ZP. Biomaterials. 2014; 35:3331. [PubMed: 24456604]

Hong CA, Kim JS, Lee SH, Kong WH, Park TG, Mok H, Nam Y'S. Adv Funct Mater. 2013;
23:316.

Raemdonck K, Naeye B, Buyens K, Vandenbroucke RE, Hagset A, Demeester J, De Smedt SC.
Adv Funct Mater. 2009; 19:1406.

Chen M, Gao S, Dong M, Song J, Yang C, Howard KA, Kjems J, Besenbacher F. ACS Nano. 2012;
6:4835. [PubMed: 22621383]

Abbasi S, Paul A, Prakash S. Cell Biochem Biophys. 2011; 61:277. [PubMed: 21556941]
Elzoghby AO, Samy WM, Elgindy NA. J Control Release. 2012; 157:168. [PubMed: 21839127]
Check E. Nature. 2002; 420:116. [PubMed: 12432357]
Houtgraaf JH, den Dekker WK, van Dalen BM, Springeling T, de Jong R, van Geuns RJ, Geleijnse
ML, Fernandez-Aviles F, Zijlsta F, Serruys PW, Duckers HJ. J Am College Cardiol. 2012; 59:539.
Makkonen KE, Airenne K, Yla-Herttulala S. Viruses. 2015; 7:2099. [PubMed: 25912715]
Mazo M, Gavira JJ, Pelacho B, Prosper F. J Cardiovasc Transl Res. 2011; 4:145. [PubMed:
21116883]
Chuang CK, Wong TH, Hwang SM, Chang YH, Chen GY, Chiu YC, Huang SF, Hu YC. Mol Ther.
2009; 17:889. [PubMed: 19277010]
Paul A, Shao W, Abbasi S, Shum-Tim D, Prakash S. Mol Pharm. 2012; 9:2479. [PubMed:
22817267]
Yeh TS, Fang YH, Lu CH, Chiu SC, Yeh CL, Yen TC, Parfyonova Y, Hu YC. Biomaterials. 2014;
35:174. [PubMed: 24120047]
Lin CY, Chang YH, Lin KJ, Yen TC, Tai CL, Chen CY, Lo WH, Hsiao IT, Hu YC. Biomaterials.
2010; 31:3222. [PubMed: 20144476]
Lin CY, Wang YH, Li KC, Sung LY, Yeh CL, Lin KJ, Yen TC, Chang YH, Hu YC. Biomaterials.
2015; 50:98. [PubMed: 25736500]

102. Paul A, Hasan A, Rodes L, Sangaralingam M, Prakash S. Adv Drug Deliv Rev. 2014; 71:115.

[PubMed: 24503281]

103. Paul A, Elias CB, Shum-Tim D, Prakash S. Scientific Rep. 2013; 3:2366.
104. Paul A, Binsalamah ZM, Khan AA, Abbasia S, Elias CB, Shum-Tim D, Prakash S. Biomaterials.

2011; 32:8304. [PubMed: 21840594]

105. Paul A, Nayan M, Khan AA, Shum-Tim D, Prakash S. Int J Nanomed. 2012; 7:663.
106. Liu Y, Luo Y, Wu J, Wang Y, Yang X, Yang R, Wang B, Yang J, Zhang N. Scientific Rep. 2013;

3:34609.

107. Yang K, Wan J, Zhang S, Zhang Y, Lee ST, Liu Z. ACS Nano. 2011; 5:516. [PubMed: 21162527]
108. Liu Z, Davis C, Cai W, He L, Chen X, Dai H. Proc Natl Acad Sci USA. 2008; 105:1410.

[PubMed: 18230737]

109. Yin H, Kanasty RL, Eltoukhy AA, Vegas AJ, Dorkin JR, Anderson DG. Nat Rev Genet. 2014,

15:541. [PubMed: 25022906]

110. Varga CM, Tedford NC, Thomas M, Klibanov AM, Griffith LG, Lauffenburger DA. Gene Ther.

2005; 12:1023. [PubMed: 15815703]

111. Rama AR, Hernandez R, Perazzoli G, Burgos M, Melguizo C, Velez C, Prados J. Int J Mol Sci.

2015; 16:12601. [PubMed: 26053394]

112. Wang J, Yang M, Zhu Y, Wang L, Tomsia AP, Mao C. Adv Mater. 2014; 26:4961. [PubMed:

24711251]

Macromol Chem Phys. Author manuscript; available in PMC 2017 November 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Whitlow et al.

Biography

Page 19

Arghya Paul is an assistant professor in Chemical and Petroleum Engineering and
Bioengineering at the University of bioactive materials and biotherapeutic devices for
clinical Kansas. His Biolntel Research Laboratory works on developing advanced
applications. In particular, his team works in the interdisciplinary research areas of
regenerative medicine, nanotherapeutics, and medical implants for cardiovascular and
orthopedic applications. Prior to this, Arghya earned his PhD in Biomedical Engineering
from McGill University, Canada, followed by postdoctoral research at the Harvard-MIT
Division of Health Sciences and Technology and Harvard Medical School.

Macromol Chem Phys. Author manuscript; available in PMC 2017 November 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Page 20

Targeted Drug
Transporters

P e

%’f 1
é{”':ﬁ’ 2
Nanotube Graphene
A , )
S * )/

| Nanoclay Viruses ’ Site-specific

Delivery .
. )
>301r ! B
e = s 9
==
‘W Nano-biohybrid -
’ "\ Transporters AN ‘ ~= .
) Targeted Gene A A i
Polymers, Peptides Transporters -

Figure 1.
Schematic representation of nanohybrid strategies to promote a targeted delivery of both

drugs and genetic material. Nanohybrids combine both polymeric and other nanomaterials to
enhance the therapeutic efficacy of existing therapies in both drug delivery and gene therapy.
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Figure 2.
Carbon-based nanohybrid surface modifications. A) Design strategy of a novel targeted

SWNT-lipid—drug delivery system of PTX. The drug was chemically conjugated with a
lipid tail through a reversible carbonate bond. The lipid tail is able to bind through
hydrophobic interactions to the surface of the SWNT. Using a similar strategy, FA was
linked with a phospholipidic tail Reproduced with permission.[24] 2013, Elsevier. B)
Schematic of 7z—rt interaction between graphene oxide and dextran modified with hematin
(red). Reproduced with permission.[32] Copyright 2013 American Chemical Society. C)
Possible chemical surface modifications of nhanodiamonds to engineer polymeric
nanohybrids as carriers for cisplatin. Reproduced with permission.[34] Copyright 2013,
American Chemical Society.
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Figure 3.

Laponite interaction with gelatin polymer network to form injectable hydrogels. A)
Schematic representation of injectable nanocomposite hydrogel made of gelatin and laponite
along with transmission electron microscopy (TEM) images indicating the size of the
nanoclay. Scale bar: 50 nm B) Yield stress of gels as function of the nanoclay concentration
loaded in the hydrogels along with rheological characterization alternating low and high
shear stress. For all of the nanocomposite hydrogels, more than 95% recovery was observed.
C) Release profile of VEGF and fibroblast growth factor-2 (FGFy) from gelatin methacrylate
(GelMA) nanocomposite hydrogels containing different concentrations of laponite in the

range of 0% up to 1.0% w/v. Adapted with permission.[42] Copyright 2016, The Royal

Society of Chemistry.
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Figure 4.
Example of chemical vector for gene delivery used to promote re-endothelialization in

vascular stents. A) Formation of an electrostatic complex between cationic nanoparticles
loaded with VEGF and Ang1 genes and CNT wrapped with PAA. The hybrid NP-CNT
system is coated over the stent surface by LbL fabrication using fibrin matrix to promote re-
endothelialization. B) First row includes angiographic images of canine femoral arteries at 6
weeks post stent deployment of three different groups namely BMS (bare metal stent), NCS
(=) (NP coated stent with no gene) and NCS (+) (NP coated stent with Angl gene). In the
second row cross sectional images of elastic Van Gieson stained stented femoral arteries at 6
weeks post deployment. Scale bar: 0.5 and 100 mm (insert). Results on the bottom show
significant reduction in the percentage of stenosis an neointimal area for the group
containing genes NCS (+). The data represent the mean + SD (7= 8); " p < 0.001. pvalue
on comparing NCS (+) and NCS (-) is denoted by . Reproduced with permission-[78]
Copyright 2012, Elsevier.
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Figureb.
Example of biological vector using baculovirus (Bac)-based stent therapy, as a strategy to

promote vascular re-endothelialization. A) The first row includes images of the bare metal
stent and the bioactive stent which contains Bac-PAMAM nanocomplexes before and after
crimping of balloon catheter Scale bar: 1 mm. SEM, TEM, and fluorescent images to display
the morphology of the microsphere (MS) of PLGA entrapping the Bac. Scale bar: 50 pm for
fluorescent images. Scale bar: 50 um (left) and 5 um (right) for SEM pictures. Scale bar: 0.5
um for TEM images. In addition the AFM image demonstrates the surface topography of
MSs, encapsulating the nanohybrid baculovirus components. B) Representative cross-
sectional images of elastic Van Gieson stained femoral arteries with uncoated bare metal
stent and stents coated with BacNull-PAMAM and BacVegf—-PAMAM at week 16 after stent
deployment. Scale bar: 1 mm (left) and 100 pm (right). Results showed a decrease in the
percentage of stenosis and neointimal area for the stents coated with BacVegf-PAMAM. The
data represent the mean + SD (7= 8). ANOVA: "p < 0.01; pvalue on comparing COATED
(+) and Coated (-) is denoted by Paul et al.[203] Reproduced with permission.[193] Copyright
2013, Nature Publishing Group.

Macromol Chem Phys. Author manuscript; available in PMC 2017 November 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Whitlow et al.

Page 25
A
P s .
K1sect Coll culture i. Sham ii. No hASC (cul) iii. hASC iv. hASC- Ang!
40 2

I,a
.
"

% infarcted inleft
tricular wall

thickness (mm)

Loft ventricular wall

S o it s
&% 4 O
e 2 X T - e ‘Q
Positively charged .
TAT/DNA nanocomplex Negatively charged Hybridized Bac-NP,__, self- No hASC hASC hASC-Ang1 No hASC hASC hASC-Ang!
roups

o
(NP5 (Bac,.) assembled nanocomplex (etr) Groups (etr)

formed by lonic interaction

e C i NohASC (ctrl) i hASC__
; l

HNohASC (ct) MhASC MhASC-Angt

iii. hASC-Ang1

s Ee o o?
. L .\
G o5 ieEme J <=
Genetically modified hASC culture transduced
hASCs expressing hAng1 with Bac-NP, |

Cell transplantation in (hASC-Ang1)
myocardially infarcted heart
(In vivo studies: cell retention,
neovasculogenesis, fibrosis and
cardiac function)

Ejection Fraction (%)

In vitro studies: ELISA,
mitotic, chemotactic and
anti-apoptotic effects Day3 Day 14

Days post-infarction

Day 28

Figure®6.
Example of hybrid chemical/biological vector for gene delivery to enhance stem cell activity

in myocardial therapy. A) Schematic representation of the steps necessary to generate the
recombinant baculovirus (Bac-Angl) and prepare the hybridized baculovirus with TAT/DNA
nanoparticles necessary to transduce hASC for myocardial therapy. B) Representative
images of the left ventricle myocardial section stained with Mason’s trichrome showing a
decrease in cardiac fibrosis after hASC and hASC-Ang1 transplantation. C)
Echocardiographic assessment of cardiac function. Heart ejection fraction increased
significantly after treatment with hASC and hASC-Ang1 groups after 28 d post-infarction.
Data expressed as mean + standard deviation. Statistically significant differences between
groups compared to control no hASC are indicated as " p < 0.001; ™ p < 0.01; *p< 0.05.
Significant difference between hASC and hASC-Ang1 is indicated by Tp < 0.001.
Reproduced with permission.[105] Copyright 2012, DOVE Medical Press.
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