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Abstract

Novel engineered nanomaterials (ENMSs) are being developed to enhance therapy. The
physicochemical properties of ENMs can be manipulated to control/direct biodistribution and
target delivery, but these alterations also have implications for toxicity. It is well known that size
plays a significant role in determining ENM effects since simply nanosizing a safe bulk material
can render it toxic. However, charge, shape, rigidity, and surface modifications also have a
significant influence on the biodistribution and toxicity of nanoscale drug delivery systems
(NDDSs). In this review, NDDSs are considered in terms of platform technologies, materials, and
physical properties that impart their pharmaceutical and toxicological effects. Moving forward, the
development of safe and effective nanomedicines requires standardized protocols for determining
the physical characteristics of ENMs as well as assessing their potential long-term toxicity. When
such protocols are established, the remarkable promise of nanomedicine to improve the diagnosis
and treatment of human disease can be fulfilled.
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INTRODUCTION

Engineered nanomaterials (ENMs) offer numerous therapeutic advantages over traditional
formulations; however, their unique properties have also led to concerns about human
safety. Although the term nano originates from the Greek word vav0o, meaning dwarf, its
scientific meaning is one-billionth (1). In 1908, Lohmann first used the term nano in the

Copyright © 2014 by Annual Reviews. All rights reserved

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that might be perceived as affecting the
objectivity of this review.



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

1duosnuely Joyny vd-HIN

Palombo et al.

Page 2

scientific literature to describe a small organism (2). The concept of nanotechnology was
introduced by Richard Feynman during his talk “There’s Plenty of Room at the Bottom,”
given at an American Physical Society meeting on December 29, 1959 (3). He coined the
term nanotechnology and its use to refer to the construction of things from the bottom with
atomic precision. According to the US National Nanotechnology Initiative, nanotechnology
involves matter at dimensions roughly between 1 and 100 nanometers (nm) (4). Bawa
proposed an alternative definition of nanotechnology that is not constrained by an arbitrary
size limitation: “the design, characterization, production, and application of structures,
devices, and systems by controlled manipulation of size and shape at the nanometer scale
(atomic, molecular, and macromolecular scale) that produces structures, devices, and
systems with at least one novel/superior characteristic or property” (5, p. 354). Interestingly,
although thousands of patents and published papers suggest the therapeutic and
pharmacological benefits of nanotechnology, there is a scarcity of reports demonstrating the
clinical toxicity of ENMs. This review attempts to provide a critical summary of the
platforms, materials, and physicochemical properties that comprise ENMs as well as relate
these properties to their biopharmaceutical and toxicological potential.

ENGINEERED NANOMATERIAL PLATFORMS

A variety of ENM platforms are constructed from a variety of materials (Figure 1) (6, 7).
The most common forms include bioconjugates, nanoparticles (NPs), liposomes,
dendrimers, and inorganic NPs such as quantum dots (QDs). Each platform has unique
physicochemical properties and applications in nanotechnology.

Bioconjugates

Bioconjugates incorporate polymeric components that act as carriers or linkers and
biological components (peptides, proteins, nucleotides) that either act as ligands for
targeting or elicit therapeutic effects. The covalent attachment of poly(ethylene glycol)
(PEG) to drugs or therapeutic proteins is known as PEGylation. PEGylation has been
extensively used to improve pharmaceutical properties such as by increasing solubility,
decreasing systemic clearance, and reducing antigenicity and immunogenicity. Examples of
bioconjugates include PEGylated proteins, antibody drug conjugates, and targeted
nanocarriers (8-11). Because their overall structure is generally characterized as either
branched or linear, bioconjugates do not possess a greater variety in shape compared with
other nanoscale drug delivery system (NDDS) platforms (12). However, there are numerous
examples of successfully marketed products from this platform, including Pegintron®
(PEGylated interferon alfa-2b), Pegasys® (PEGylated interferon alfa-2a), and Kadcyla®
(ado-trastuzumab emtansine), an antibody drug conjugate for the treatment of HER2-
positive metastatic breast cancer.

Nanoparticles

NPs are stable, solid colloidal particles that are generally 1-100 nm in diameter and are
fabricated using synthetic methods such as () polymerization, (5) emulsification and
solvent evaporation, and (¢) Flash NanoPrecipitation (13-15) as well as stepwise chemical
synthesis. NPs can be modified to alter the release characteristics of their cargo and/or can
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be tailored to degrade on the basis of a biological or physicochemical stimulus. NPs are
prepared from a variety of materials such as polymers, proteins, polysaccharides, and
synthetic polymers. The selection of matrix materials is dependent on many factors
including (&) the size of NPs required, (&) the inherent properties of the drug (e.g., aqueous
solubility and stability), (¢) surface characteristics such as charge, rigidity, and permeability,
(d) the degree of biodegradability, biocompatibility, and toxicity, (&) the drug release profile
desired, and (7 the antigenicity of the final product.

Liposomes are lipid bilayer composite structures composed primarily of phospholipids.
They were first proposed as drug delivery vehicles by Gregoriadis (16). Laverman et al.
(17), Mulder et al. (18), and Torchilin (19) have extensively studied liposomes. Several
liposome-based ENMs have reached the market: Doxil® (liposomal doxorubicin),
DaunoXome® (liposomal daunorubicin), and Visudyne® (liposomal verteporfin) (20).
Despite some commercial success, liposomal carriers have been limited by numerous factors
including () their relatively fast clearance, which demonstrates a pronounced dependence
on size, and (b) their tendency to localize in the tissues of the mononuclear phagocyte
system (MPS), particularly in the liver and spleen.

Dendrons and Dendrimers

Dendrons and dendrimers are highly branched macromolecular ENMs that can incorporate
either synthetic polymeric building blocks or natural components (21). Their hierarchical
factorial structure presents numerous conjugation sites for cargoes or targeting moieties.
Although spherical in shape, dendrons and dendrimers possess a large cavity that can be
utilized for passive entrapment and eventual release of drugs or other cargoes. The
physicochemical nature of the cavity determines the entrapment efficiency and release
profile of the cargo. The ability to selectively tune the cavity’s properties is considered a
significant advantage of dendrons and dendrimers.

Dendrons/dendrimers typically exist as single-molecular entities; i.e., one molecule could
represent the entire ENM structure with no solution-phase multimolecular assembly
required. Furthermore, discrete (i.e., chemically uniform) building blocks can be utilized for
their synthesis, resulting in discrete single-molecule engineered nanomaterials (SMENMS).
SMENMSs may represent the only class of ENMs that are characterized by an absolute
molecular weight and analyzed as a single molecular ion in mass spectrometry. Although
chemically synthesized discrete building blocks cost significantly more than their alternative
counterparts made by polymerization, the resultant SMENMs can be useful in the discovery/
development stage of ENM research. The lack of polydispersity simplifies early toxicity and
analytical evaluation as well as allows for control of the toxicological profile. Loading drugs
and/or diagnostics into ENMs by chemical means (e.g., using covalent bonds) could result in
drug-loaded ENMs that offer absolute control of stoichiometry and ultimately more uniform
biological effects in vitro and in vivo.
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Inorganic Nanoparticles

ENMSs constructed from inorganic materials are used for both therapeutic and diagnostic
purposes. Commonly used materials include QDs in addition to gold, silver, iron oxide, or
mesoporous silica nanoparticles (MSNs). Each material lends unique properties based on its
size, charge, and surface chemistry, as well as its core structure. These vastly different
materials also display inherently different pharmacokinetic/pharmacodynamic and safety
profiles. Because of these differences, each inorganic material is discussed individually
below. However, the use of PEGylation is common among inorganic NPs to improve
biocompatibility and increase biological half-life.

QDs are semiconductive nanocrystals composed primarily of cadmium selenide (CdSe). The
structure of a QD is shown in Figure 1. QDs have great potential for in vivo imaging and
diagnostic purposes, but the QD core material of Cd metal is a highly toxic heavy metal (20,
22). Cd is a bioaccumulative carcinogen that has a half-life of 15-20 years and the ability to
cross the blood-brain barrier and placenta (6, 20).

Gold exists in three states: elemental gold, gold I, and gold I11; elemental gold is biologically
and chemically inert (20). Gold I salts are considered a biologically safe material and have
been used to treat rheumatoid arthritis for more than 60 years (20). However, gold I11
oxidizes methionine residues in proteins, resulting in their denaturation. Gold NPs have been
investigated for both therapeutic and diagnostic purposes including thermal ablation and
imaging, respectively (20, 23).

MATERIALS

ENMs for drug delivery utilize an array of materials including polymers, proteins,
polysaccharides, and synthetic polymers. Polymers commonly used to fabricate ENMs
include PEG, polylactide (PLA), poly(lactide-co-glycolide) (PLGA), polystyrene (PS),
poly(cyanoacrylate) (PCA), poly(vinylpyrrolidone), polycaprolactone (PCL), and their
copolymers. These polymers are widely used owing to their biodegradable and
biocompatible nature as well as their ability to entrap hydrophobic drugs (Figure 1) (24-26).
To better understand the overall toxic potential of ENMs, the specific toxicities of their
architectural units (i.e., building blocks, repetitive blocks/subunits, and core and shell
surfaces as well as the entire structures) should be taken into account. It is anticipated that
even a linear polymerization of nontoxic building blocks could form toxic or potentially
unsafe products. In this review, we focus on commonly used pharmaceutical polymers such
as PEG, polyamidoamine (PAMAM), PLA, and PCL, and copolymers such as PS-PEG.
Biodegradable polymers such as PLA, PLGA, polyglycolic acid (PGA), and PCL have been
approved by the FDA (27).

Toxicity associated with PEGylated block copolymers in ENMs is limited because NPs are
usually loaded with drug, which can cause its own adverse effects (28). PEGylated PLA NPs
were shown to have no toxicity in doses up to 440 mg/kg intravenously, whereas non-
PEGylated PLA NPs at the same doses resulted in fatal outcomes in rats (the latter were safe
at doses <75 mg/kg) (29). PLGA NPs have little effect on cell viability and generate little
evidence of pathological changes or tissue damage (30, 31). However, block copolymers

Annu Rev Pharmacol Toxicol. Author manuscript; available in PMC 2015 January 01.



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

1duosnuely Joyny vd-HIN

Palombo et al. Page 5

that are nondegradable should be given special consideration. For those materials, there is
risk of accumulation in the MPS or other tissues due to lack of elimination (6, 7, 32, 33).
Even for biodegradable polymers, the size of the particles, the degradability, and the site of
administration can influence immunological responses (28). Microparticles injected
subcutaneously can act as drug depots; however, they can also generate foreign body
responses on the basis of their duration within the injection site. The inflammation generated
during the foreign body response can range from acute inflammation to the development of
granulation tissue depending on the degradation rate of the particles (28).

Poly(ethylene glycol)

The use of PEG as a means of imparting new or different pharmacokinetic properties to
proteins was first studied at Rutgers University in Frank Davis’s laboratory in the late 1970s
(34-41). PEG was conjugated to enzymatic proteins in a process commonly known as
PEGylation (see above), which reduces the antigenicity and immunogenicity of injected
enzymes while increasing the circulating half-life of the protein. PEGylated bovine liver
catalase not only was less immunogenic in rabbits but was also resistant to degradation by
the proteolytic enzymes trypsin and chymotrypsin. In addition, PEGylated bovine liver
catalase retained virtually all its innate enzymatic activity despite the addition of PEG to
>40% of catalase’s amino groups (41). The success of this approach represented a
fundamental shift in biologic therapeutics and ultimately ENMs.

Each ethylene glycol unit of PEG has the ability to bind two to three water molecules,
resulting in an apparent size of a PEG molecule that is 5-10 times greater than its actual
molecular weight owing to a greater Stokes radius (8, 9, 42, 43). The PEG-bound water
creates an aqueous shield that not only increases the solubility of hydrophobic compounds
but also prevents their degradation in vivo (44, 45). PEG can easily be incorporated with low
polydispersity into ENMs through conjugation chemistry via a variety of functional end
groups for conjugation either in organic or aqueous solvents (46). In addition, PEG is
available in both branched and linear architectures, with the branched versions acting as
though they are larger than the linear counterparts. Our lab has utilized both linear and
branched versions of PEG as scaffolds for bioconjugates utilized in a variety of applications
(47-56).

PEG is generally regarded as safe with LDgq >10 g/kg, and PEGylated bioconjugates usually
require toxicological evaluation only of the parent compound (57-59). PEG has long been
used as an excipient in pharmaceutical formulations (including pediatric formulations),
cosmetic formulations, and food formulations and is extensively used for parenteral, oral,
ocular, rectal, and topical routes of administration (59). Little toxicity is associated with
PEG, and exposures of 10 mg/kg for PEGs up to 10 kDa are deemed acceptable (57, 58).
However, there are few long-term toxicological data on PEGs of >10 kDa that are
commonly used in ENMs. In isolated incidents, potential toxicity due to PEG overexposure
has been observed in kidneys, where vacuolation within the proximal tubule can occur (58,
60, 61). A similar condition was observed in PEGylated proteins, whereby protein moieties
that were filtered by the glomerulus influenced the reabsorption of the PEGylated protein
(62). The process leads to the accumulation of nonbiodegradable PEG within the

Annu Rev Pharmacol Toxicol. Author manuscript; available in PMC 2015 January 01.



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

1duosnuely Joyny vd-HIN

Palombo et al. Page 6

intracellular vacuoles of the tubular epithelial cells. The hygroscopic nature of PEG then
causes fluid distention of the lysosome trying to metabolize the PEGylated protein and
results in intracellular sequestration of the PEG polymers. Although the condition is
transient and is resolved after cessation of therapy, it could be a point to consider during
chronic therapy and an area requiring more investigation owing to the ubiquitous use of
PEG in ENMs.

Most of the anti-immunogenic effect of PEG is due to the decrease in opsonin adsorption to
the ENM, thereby reducing phagocytosis by macrophages of the MPS. However, exposure
to PEG and PEGylated ENMs has induced the expression of anti-PEG antibodies in both
humans and preclinical animal models (63, 64). Anti-PEG antibodies of classes
immunoglobulin M (IgM) and immunoglobulin G (1gG) have been observed with binding
epitopes of four to five repeating ethoxy units (65). The IgM antibodies have low binding
affinity individually, but they do form pentamers (resulting in 10 binding sites) and thus
increase the affinity through the multivalent effect (20). In one specific incident, the
presence of PEG IgG and IgM antibodies resulted in the increased clearance of PEG-
asparaginase bioconjugates (65). The PEG-induced antibodies may be caused by the long
circulating half-life of PEG-asparaginase or by the prolonged exposure to PEG as an
antigen. However, a survey of healthy donors revealed that 25% of them produced anti-PEG
antibodies because of the prevalent use of PEG in cosmetics, pharmaceuticals, and food
products (66, 67). Ultimately, the presence of anti-PEG antibodies may require dose
adjustment to overcome the accelerated clearance level (65). Site-specific PEGylation could
play an important role in reducing toxicity and immunogenicity of PEG-protein conjugates
(68).

PEG building blocks are commercially available in three grades of molecular-weight
dispersity: (a) low-polydispersity products of polymerization, (6) near-monodisperse
products purified by sample displacement chromatography, and (¢) discrete monodisperse
products of organic synthesis. Lower polydispersity may correlate with lower toxicity,
especially immunotoxicity. Recent reports emphasized the importance of dispersity when
evaluating the toxicity of NPs (69). Varying grades of PEG building blocks can be used in
comparative experiments to address the question of dispersity-dependent toxicity of ENMs.

Polyamidoamine

PAMAM dendrimers, especially constructs with high positive surface charges, demonstrate
significant toxicities. Charge-derived toxicities can be reduced by covalent modification
using a variety of methods, the most common of which is acylation. In addition, noncovalent
loading of counter anions or even drug cargo such as siRNA that possesses counter ions can
reduce toxicity as well (70, 71).

Recent years have seen the introduction of new chemical technologies for assembling ENMs
that could increase the toxicity in numerous ways. Copper(l)-catalyzed and copper-free click
chemistries are widely used not just for drug loading but also for constructing polymeric
carriers (72). Residual catalysts, additives, and permanent cyclic moieties from click
chemistry (1,2,3-triazole) should be strictly investigated for toxicity.
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PHYSICOCHEMICAL PROPERTIES

ENMs are unique owing to their surface-determined physicochemical properties and their
size. The physicochemical properties of ENMs that are of the greatest significance are size,
charge/hydrophobicity, shape, and rigidity. These properties are often fine-tuned, depending
on the application, to achieve the appropriate drug loading, drug release, and uptake of
ENMs within the body. A network of hypothetical correlations of various materials
characteristics of ENMs to biological effects/outcomes such as toxicity and ultimately
biocompatibility is shown in Figure 2. In this example, in addition to the material
composition and size, the three major groupings of materials characteristics are surface
reactivity, cellular uptake and subcellular localization, and factors that determine
interactions with specific cellular compartments or processes. Furthermore, immunological
parameters are important in determining the overall biocompatibility and bioadversity of
ENMs. Therefore, it is important to understand the effects that these properties have on the
distribution, metabolism, excretion, and toxicity of ENMs.

Size
NP size is a fundamental determinant of the NP’s biodistribution by tissue, but it is also
influential in the rate of macrophage uptake. A size comparison between dendrimers and
common biological components is shown in Figure 3. Particle sizes <100 nm have
prolonged circulating half-lives and reduced opsonization compared with >100-nm particles.
The adsorption of opsonins increases the recognition of foreign materials for phagocytosis
(62, 73, 74). In addition, size can also affect the route and extent of uptake by target cells
and phagocytes. NPs that are <200 nm are internalized via clathrin-coated pits, whereas 500-
nm particles are internalized via caveolae-meditated endocytosis (75, 76). Size-dependent
uptake was observed in a mouse macrophage cell line, and phagocytosis increased as the
particles reached 100 nm (77). Studies involving micrometer-sized particles postulate that
the size-dependent uptake is influenced by the particles’ attachment to the phagocytes, with
maximal attachment occurring between 2 and 3 um (78).

Collectively, the lungs, liver, spleen, and kidneys act as a series of filter organs that
ultimately determine the body persistence and biodistribution of ENMs. ENMs that are
smaller than the size of serum albumin (~40-50 kDa or a diameter of <4-6 nm) are
eliminated primarily through the kidneys (47, 50, 62, 79). Particles or aggregates of particles
>10 um become passively entrapped within the capillaries of the lung (47, 80-83). These
particles persist within the lung until degraded to smaller components, whereas particles that
are >3 um are transiently entrapped in the lung and subsequently move to the liver (47).
Particles that are in the range of 3—6 um accumulate in the liver and spleen. From a pure
filtering perspective, these organs have little effect on the biodistribution of ENMs. It is well
known that bulk materials (>1 um) that are relatively inert become toxic when their size is
reduced to the nanoscale (84). This toxicity results from (&) an unusually high ratio of
surface area to volume that makes the ENM surfaces highly reactive and (4) the fact that the
ENMSs’ subcellular, cellular, and body distribution may be enhanced owing to their ability to
traverse cell barriers. The significant increase in exposed functional groups on the material
may lead to increased surface reactivity, further increasing the potential for interactions with

Annu Rev Pharmacol Toxicol. Author manuscript; available in PMC 2015 January 01.



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

1duosnuely Joyny vd-HIN

Palombo et al. Page 8

other nanoscale biological molecules such as DNA, proteins, and cell membranes (85).
Oxidative stress occurs through the interaction of molecular oxygen and electron donor or
acceptor groups on the ENM surface. The interaction produces either superoxide or
hydrogen peroxide, and either species can oxidize other compounds through an electron
transfer mechanism (30). Propagation of reactive oxygen species (ROS) is associated with
nanosized materials and is, therefore, a potential cause of toxicity (86). ENMs also have a
higher potential than larger-sized particles to interact with biological components such as
cells and subcellular organelles owing to their much greater biodistribution. This greater
biodistribution is due primarily to the size of endothelial junctions in normal blood vessels
(~2-6 nm) and the lymphatic vessels (80-1,000 nm) (87). In addition, ENM-biological
interactions could lead to membrane permeability changes that allow for an even wider
biodistribution and greater possible toxicity of ENMs (85).

As with all other ENMs, size plays a large role in the disposition of QDs. QDs that were 2.2
nm in diameter had the ability to localize intracellularly in the nucleus, causing toxicity (88).
QDs that were slightly larger (5.2 nm) accumulated within the cytosol and were generally
less deleterious than the smaller QDs (88). The toxicity of QDs is generated by the
production of free radicals capable of nicking DNA (89). Therefore, QDs must be coated to
entrap the CdSe and prevent leaching into the biological milieu. Entrapment is often
achieved using PEG-silica or ZnS surface coatings to shield the QD core in order to protect
against toxicity and prevent aggregation (88). ENMs must be small enough to penetrate the
desired tissues as well as to be excreted by the kidneys to avoid accumulation of toxic
materials (79).

PEGylated gold NPs (13 nm in size) demonstrated long circulating half-lives, ultimately
accumulating within the liver and spleen over the course of 1 week. The sequestration of
gold NPs within lysosomes of Kupffer cells and spleen macrophages resulted in acute
hepatic inflammation and apoptosis in mice (90). Expression of inflammatory cytokines,
adhesion molecules, and chemokines in vivo 24 h postdose confirmed the acute
inflammatory response to the gold NPs. Further size-based investigation of gold NPs
demonstrated that 100-nm NPs quickly accumulated within the liver (within 24 h), whereas
4- and 13-nm NPs remained in the blood for ~1 week (91). All of the gold NPs, regardless
of their size, were detectable in the liver, spleen, and mesenteric lymph nodes for up to 6
months postdose, indicating a lack of elimination over time. Detectable levels of gold were
observed for the better part of 1 month in the bile and urine, but the concentration remained
higher in the tissues of the MPS. Furthermore, the induction of Phase | metabolizing
enzymes (CYP1A1 and CYP2B1) and apoptotic and inflammation genes by gold NPs
indicates the production of oxidative stress within the liver (91, 92).

PEG can decrease the rate of clearance of NDDSs because of its flexibility and its ability to
bind water. In aqueous solutions, PEG exists in an extended conformation and is fully
hydrated; thus, it provides steric hindrance to enzymatic degradation as well as the
adsorption of serum proteins to the surface of foreign bodies identifying them for
phagocytosis by macrophages (opsonization) (93-95). When proteins attempt to adsorb to a
PEGylated ENM, the PEG chains are compressed and thus forced into a higher-energy
conformation. This higher-energy conformation creates a repulsive force that is either equal

Annu Rev Pharmacol Toxicol. Author manuscript; available in PMC 2015 January 01.



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

1duosnuely Joyny vd-HIN

Palombo et al. Page 9

to or greater than the magnitude of the attractive force of adsorption, thereby protecting the
ENM from phagocytosis during circulation and reducing metabolic elimination (43). ENM
shielding by PEG increases its residence time, leading to pharmacological benefits.

PEG itself is nonbiodegradable, and the majority of it is renally excreted at sizes below the
glomerular filtration cutoff (<30 kDa for PEG) or excreted in the feces after biliary excretion
(PEG >50 kDa) (59, 96). Although PEG is largely unchanged within the body, there is some
evidence that it can be metabolized by Phase | enzymes such as alcohol dehydrogenase and
cytochrome P450s to smaller oligomers of PEG, carbon dioxide, and traces of oxalic acid
(57). Manipulating the size of the PEG chains coupled to the bioconjugates can be utilized to
reduce the renal filtration and increase the circulating half-life (8, 34, 41, 43, 96).

Shape

Particle shape is another physical characteristic that can determine the biological fate of an
ENM in the body. In particular, phagocytosis of foreign materials such as ENMs can be
influenced by their aspect ratios. Particles of ellipsoid shape are more readily engulfed by
macrophages than are spherical particles (97). However, NPs with dramatically high aspect
ratios (tubular in shape versus spherical) resist uptake by macrophages because of their high
curvature angles (98, 99). Short-rod (aspect ratio = 1.5) MSNs are easily trapped in the liver,
whereas long-rod (aspect ratio = 5) MSNs distribute in the spleen (100). Thus, particles with
smaller aspect ratios exhibit more rapid clearance. The difference in clearance between
Pegintron and Pegasys (see above) also demonstrates the effect of ENM shape. Pegintron,
composed of a linear 12-kDa PEG, is primarily eliminated by the kidneys, whereas Pegasys,
which contains a branched 40-kDa PEG, is metabolized by nonspecific proteases in the
liver. The larger, branched structure of Pegasys allows for a greater biological half-life
because metabolism is necessary for its clearance (101). In addition to the overall shape of
the NP, the smoothness/roughness of the particle’s surface also affects the opsonization of
the particle and its subsequent uptake by the MPS (62). Particle shape also affects potential
toxicities. For example, alteration of a relatively inert material, such as TiO, into a fiber
structure that has a length of >15 um results in a toxic particle that provokes an
inflammatory response in alveolar macrophages (102). Materials altered into shapes that are
difficult to process by phagocytic cells can result in toxicity by lysosomal disruption (102).

Charge and Hydrophobicity

Surface properties of ENMs, such as the charge (zeta potential) and hydrophobicity, which
is closely related to wettability, directly affect ENM interactions with biological surfaces,
cell membranes, and proteins. Biodistribution, cell uptake, and the extent of protein
adsorption on ENMs are all related to their surface chemistry. Charged NPs (positive or
negative) undergo greater opsonization than do neutral NPs and show greater accumulation
in the MPS (103). In mice, undesirable liver uptake has been observed for micellar NPs with
highly positive or highly negative surfaces, whereas liver uptake was low for slightly
negatively charged NPs. These NPs showed a greater ability to accumulate in ovarian
tumors (104). Owing to the negative charge of cell surfaces, positively charged ENMs
exhibit greater cell uptake, leading to high rates of nonspecific internalization and a shorter
half-life in the circulation. Particles with positive charges are more likely to accumulate
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within macrophages (105, 106). Conversely, negatively charged or neutral materials
experience less nonspecific uptake owing to steric or electrostatic repulsion (74). This
repulsion, in the case of negatively charged ENMs, creates a barrier to cytotoxicity. The
presence of a strong electrostatic barrier created by charge repulsion may even trump other
factors affecting toxicity, such as size or shape (107).

Rigidity
The flexibility or rigidity of ENMs can also influence their biodistribution (47, 87, 108).
Altering the intra- and intermolecular architecture of an ENM can control rigidity. For
example, the flexibility of PEGylated materials can be affected by the level of hydration,
which is modulated by the amount of PEG and/or the length of PEG chains on the surface.
The level of rigidity of an ENM can also influence the ability of the material to deform to
conformations that allow it to pass through physiologic pores (87). However, highly rigid
architectures can compromise the biocompatibility of a material. Thin (~50 nm in diameter)
multiwalled carbon nanotubes with a highly crystalline structure pierce cell membranes and
induce cytotoxicity in mesothelial cells, whereas those that are thick (~150 nm in diameter)
or tangled (~2-20 nm in diameter) exhibit reduced toxicity (109).

CONCLUSIONS AND PERSPECTIVES

Nanomedicine is a growing field of research that offers remarkable prospects for the
improvement of the diagnosis and treatment of human disease. NDDSs are able to overcome
the poor solubility of hydrophobic drugs while achieving cell- or tissue-specific targeted
delivery. This allows for reductions in overall dosage, and because only affected tissues are
treated, the risk of harmful interactions with healthy tissues is minimized. Owing to the
flexibility in ENM design (e.g., size, shape, surface modifications), it is possible to achieve
transcytosis across epithelial barriers and deliver both small-molecule and macromolecular
drugs to specific sites of action within cells. In addition, the ability to deliver combinations
of drugs and imaging modalities offers precise visualization of delivery targets. Depending
on the application, some ENM platforms may be more suitable than others. For example,
liposomes are able to encapsulate both hydrophobic and hydrophilic compounds owing to
their lipid bilayer structure. The lipid head groups can be easily modified with PEG or
targeting ligands to improve circulation and achieve site-specific delivery. When targeting
harsh body environments (e.g., the gut), however, more stable nanocarriers (such as
polymeric NPs) may be necessary. The use of bioconjugates can enhance drug delivery, but
they suffer from low payload compared with other nanocarriers such as NPs. Advantages of
NDDSs are comprehensively discussed in other reviews (110, 111).

Unfortunately, the development of ENMs remains controversial. Britain’s Royal Society and
Royal Academy of Engineering have taken the stance that NPs should be deemed harmful
until proven safe (112). Alternatively, a draft guidance document from the FDA states that
nanomaterials will be regarded as neither safe nor harmful and that review of applications
will be considered on a case-by-case basis and safety determined on the available science
(113). In addition, the proper safety of the scale-up and manufacturing of ENMs is a concern
in terms of environmental and occupational safety. However, the benefits and potential of
ENMs, especially NDDSs, are undeniable. Advantages such as reduced dosing, improved
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therapeutic index, enhanced solubility, and targeted delivery to disease cells/tissues are
worthy reasons to continue pursuing the development of ENMs. Emerging nanotechnologies
have raised the potential for the development of materials with unexpected and
unpredictable toxicities. From a toxicological standpoint, nanosizing/nanoformulating
nontoxic materials should be considered similar to synthesizing new chemical entities
(NCEs) owing to the changes in their materials characteristics upon manufacturing. The
toxicological characterization of ENMs could be even more challenging because their
physicochemical properties will likely undergo more significant changes than will those of
NCEs. Varying independent physicochemical characteristics, i.e., size and charge, could
synergistically enhance or decrease overall toxicities. Therefore, toxicological screening
should be implemented from the early stages of ENM development, just as early
toxicological evaluation is implemented in NCE development. Owing to the unique and
complex properties of ENMs compared with chemicals or therapeutic agents, novel
approaches and methods will need to be developed in order to perform safety assessments
and manage risk. Although current testing for ENMs aims to establish a link between in
vitro and in vivo toxicological parameters, the methods to predict and ultimately determine
toxicity, fate, and transport of ENMs have yet to be elaborated and standardized (114).

Novel ENMs are being designed and evaluated for the optimization of drug delivery and
diagnostic platforms, and researchers are manipulating their physicochemical properties to
control/direct biodistribution and elimination while maximizing therapeutic potential and
minimizing toxicity. The ultimate goal is to produce targeted and possibly even personalized
therapeutic regimens to treat disease. However, as we begin to understand more about the
properties of ENMs, new challenges and tensions are surfacing in an already complicated
field. For example, Bonner et al. observed that “[s]ize alone is a major determinant because
many bulk materials that are relatively inert become toxic when produced at the nanoscale”
(84, p. 676). On one hand, micrometer-sized DDSs are typically trapped in blood or
lymphatic vessels and are unable to leave the circulation, whereas NDDSs can penetrate
cells and, if small enough, can leave the cytosol and enter the nucleus where they can exert
significant toxic effects. On the other hand, nuclear delivery of anti-HIV drugs is a goal of
drug delivery scientists. The tension between maximizing therapeutic benefit and
minimizing toxic potential will continue to be a significant challenge in the development of
new targeted nanomedicines for the foreseeable future. Although the fact that size is a major
determinant of the functional properties of ENMs has been known for some time, how ENM
size is characterized and reported is being reexamined. The effect of polydispersity is
increasingly influencing our understanding of therapeutic benefit and toxicity, along with
the interpretation of the variability observed in both (69). What is clear today is that
standardized protocols for determining the physical characteristics of ENMs as well as
assessing their toxicity need to be established in the near future (69, 84).
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Glossary
ENM engineered nanomaterial
NP nanoparticle
PEG poly(ethylene glycol)
NDDS nanoscale drug delivery system
MPS mononuclear phagocyte system
SMENM single-molecule engineered nanomaterial
PLA polylactide or polylactic acid
PLGA poly(lactide-co-glycolide)
PS polystyrene
PCA poly(cyanoacrylate)
PCL polycaprolactone
PAMAM polyamidoamine
IgM immunoglobulin M
19G immunoglobulin G
ROS reactive oxygen species
NCE new chemical entity
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SUMMARY POINTS

Although engineered nanomaterials (ENMs) provide therapeutic advantages
over conventional formulations and drug delivery systems, they also possess
unique and complex physicochemical properties that can lead to potential
toxicities.

ENMs can be classified into several different platforms that have different
physicochemical properties and applications including bioconjugates,
nanoparticles, liposomes, dendrimers, and inorganic materials. Each platform
provides distinct advantages for delivering small- or large-molecule therapeutic
or diagnostic agents.

The physicochemical properties of ENMs, such as size, shape, charge, and
rigidity, are critical in determining their overall biodistribution, body
persistence/clearance, and potential for toxicity.

Relatively inert bulk materials become toxic when formulated at the nanoscale.

The specific toxicities of common polymeric entities used in the formulation of
ENMs are also important in determining their overall toxic potential.
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Figure 1.
(@ Commonly used polymers for the assembly of a nanoscale drug delivery system

(NDDS). Common NDDS platforms: (6) liposome, (¢) polymeric nanoparticle, (&) quantum
dot (QD), (&) dendrimer, and (#) polymeric bioconjugate nanocarrier. Adapted from
Reference 115 with permission.
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Figure2.
The hypothetical correlations of various materials characteristics (MCs) of engineered

nanomaterials (ENMs) to biological effects/outcomes. In addition to the material
composition and size (green) that are the primary attributes determining the overall MCs of
ENMs, the rest of the physicochemical characteristics of ENMs can be divided into
overlapping modules as one set of MCs that determines surface reactivity (ye/low), another
set of MCs that determines the cellular uptake and subcellular localization (p/nk), and a third
set of MCs that determines the interaction with specific cellular compartments or processes
(blue). Biocompatibility and bioadversity (red) are two new modalities of MCs representing
the concerns about using biologicals in ENMs. Abbreviation: ROS, reactive oxygen species.
Modified from Reference 85 with permission.
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Figure 3.
It is well known that size plays a significant role in determining ENM effects since simply

nanosizing a safe bulk material can render it toxic. Other factors such as charge, shape,
rigidity, and surface modifications, however, also have a significant influence on NDDS
biodistribution and toxicity. This figure shows a dimensionally scaled comparison of a series
of PAMAM dendrimers (G = 4-7) with a variety of proteins, a typical lipid bilayer
membrane, and DNA. The closely matched size and contours of important proteins and
bioassemblies are indicated. Abbreviations: ENM, engineered nanomaterial; G, generation;
NDDS, nanoscale drug delivery system; PAMAM, polyamidoamine. Modified from
Reference 70 with permission.
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