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Potential applications and human biosafety of
nanomaterials used in nanomedicine
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ABSTRACT: With the rapid development of nanotechnology, potential applications of nanomaterials in medicine have been
widely researched in recent years. Nanomaterials themselves can be used as image agents or therapeutic drugs, and for drug
and gene delivery, biological devices, nanoelectronic biosensors or molecular nanotechnology. As the composition, morphology,
chemical properties, implant sites as well as potential applications become more and more complex, human biosafety of
nanomaterials for clinical use has become a major concern. If nanoparticles accumulate in the human body or interact with
the body molecules or chemical components, health risks may also occur. Accordingly, the unique chemical and physical
properties, potential applications in medical fields, as well as human biosafety in clinical trials are reviewed in this study. Finally,
this article tries to give some suggestions for future work in nanomedicine research. Copyright © 2017 John Wiley & Sons, Ltd.
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Introduction

Nanotechnology is considered one of three major technologies of
the twenty-first century (Pautler and Brenner, 2010; Reese, 2013),
which is a technology of nanometer scale used to control material
structure. The concept of nanotechnology was first mentioned in
1959 by Richard Feynman (2011) a renowned physicist in his talk
“There’s Plenty of Room at the Bottom,” in which he described
the possibility of synthesis of nanomaterials via direct
manipulation of atoms. After more than half a century of
development, nanotechnology has become a mature technology.
Now humans are constantly benefiting from nanotechnology.
Unique properties make nanomaterials display new features as
well as distinct and excellent performance (Macwan et al, 2011).
In addition, nanomaterials have a broad application prospect in
the medical field (Fan and Alexeeff, 2010; Fu, 2014; Kunzmann
et al, 2011; Zhao and Castranova, 2011).

Nanomaterials have been investigated in the medical field for
drugs (Cao et al, 2014; Ranganathan et al, 2012; Tan et al, 2011;
Zhao et al, 2013) and genes carriers (Banizs et al, 2014; Eroglu
et al, 2013; Liu et al,, 2014), cancer therapy (Frank et al., 2014; Jabir
et al, 2012; Marques et al,, 2014; Wang et al,, 2013), gene therapy
(Rodriguez-Gascon et al., 2014), antibacterial agents (Amrol, 2007;
Seil and Webster, 2012; Taylor and Webster, 2011), antiviral agents
(du Toit et al, 2010; Mahajan et al,, 2012; Parboosing et al,, 2012),
tissue engineering (Mazaheri et al, 2015; Partha and Conyers,
2009; Tautzenberger et al, 2012; Tonelli et al, 2012), medical
diagnosis (Chen et al, 2013; Kang et al, 2015; Madani et al., 2013),
medical imaging (Cao et al, 2014; Peng et al.,, 2008; Sheng et al,
2014; Yi et al, 2014), etc., which bring many benefits to humans.
At the same time, studies on the biosafety of nanomaterials have
been soaring in recent years (Vega-Villa et al, 2008). As Schiitz
et al. (2013) pointed out: “Care must be taken to ensure
biocompatibility of the carrier or therapeutic nanomaterials and
to ensure that their intrinsic toxicity does not overtake their
benefits.” Owing to the unique characteristics, such as small size,

surface area, quantum size and so on, nanomaterials could trigger
a special biological effect and bring potential adverse influence to
human health. Accordingly, the unique physical and chemical
properties, potential applications in medical fields and human
biosafety of nanomaterials in clinical trials are reviewed in this
paper. To optimize the development of nanomedicine, strategies
for future work in nanomedicine research are also discussed.

Unique physical and chemical properties of
nanomaterials

Nanometer material is made of a nanostructural unit of all different
types of material. In principle, nanomaterial is material of which a
single unit is sized (in at least one dimension) between 1 and
100 nm (Shi et al, 2013) and it often owns unique physical and
chemical properties. The electronic, optical and chemical
properties of each individual component may be very different
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from others in their bulk state. At the nanoscale, materials may
behave very differently compared to their larger scales. In the field
of nanomedicine, the common acceptance extends this definition
to particles or nanotherapeutics with dimensions up to 1000 nm
(Schiitz et al, 2013). Schitz et al (2013) classified medical
nanoparticles (NPs) as three main categories: soft; hard solid; and
other. Soft particles normally consist of polymers, proteins or lipids,
including polymer NPs, micelles, vesicles, liposomes, core-shell
systems, gels, polymeric drugs or polymer-drug conjugates. Hard
solid-core NPs include metal and ceramic NPs such as oxides,
semiconductors or carbon nanotubes, as well as nanocrystal drug
formulations. Solid-core NPs with a polymer coating were also
considered as solid NPs. Dimensions of solid-core NPs are well
defined and less dependent on environmental parameters.
However, the size and shape of soft nanoparticulate systems can
largely depend on environmental factors, such as temperature,
pH, ionic strength or medium characteristics. Other particles, the
third category, such as antibody-drug conjugates, albumin
particles, can also enable nanotype interactions due to their
nanosize and construction.

Physiochemical properties of NPs and the corresponding bulk
substitute may be quite different. For example, zinc oxide NPs
have been found to have superior ultraviolet blocking properties
compared to its bulk substitute. This is one of the reasons why it
is often used in the preparation of sunscreen lotions. The unique
physical and chemical properties of nanomaterials can be
classified as the following aspects (Amanchi Bala et al., 2015).

Small size

While most microstructure materials have similar properties as the
corresponding bulk materials, the properties of materials with
nanometer dimensions are significantly different from those of bulk
materials (Cao et al, 2013). The nanometer size of the nanomaterials
renders them: (1) large fraction of surface atoms; (2) high surface
energy; (3) spatial confinement; and (4) reduced imperfections,
which normally do not exist in the corresponding bulk material.

At the nanometer scale, properties become size-dependent,
which include: (1) chemical properties - reactivity, catalysis; (2)
thermal properties — melting temperature; (3) mechanical properties
— adhesion, capillary forces; (4) optical properties — absorption and
scattering of light; (5) electrical properties — tunneling current; and
(6) magnetic properties — superparamagnetic effect.

Surface area

As the particle size gets smaller for nanometer particles, the ratio of
the surface atomic number to the total number of atoms increases
sharply (Jacobs et al, 1997). The surface-to-volume ratio (and
consequently the fraction of the surface atoms with respect to
the bulk ones) also increases (Issa et al, 2013). The large surface-
to-volume ratio of the NPs is the key factor to the novel physical,
chemical and mechanical properties compared to those of the
corresponding bulk state. The surface area to volume ratio in NPs
has a significant effect on the particle properties. As particle size
decreases, a greater portion of the atoms are found at the surface
compared to those inside, which results in NPs having a much
greater surface area per unit volume compared with larger
particles. It leads to NPs being more chemically reactive meaning
that a given mass of material in nanoparticulate form will be much
more reactive than the same mass of material made up of larger
particles (Buzea et al,, 2007).

Quantum size

One of the most direct effects of reducing the size of materials to
the nanometer range is the appearance of quantum effects due
to the confinement of the movement of electrons. This leads to
discrete energy levels depending on the size of the structure.
When the size of a particle is smaller than the de Broglie
wavelength, electrons and holes are spatially confined and electric
dipoles are formed, and discrete electronic energy levels would be
formed in all materials. Once particles get so small, the quasi-
continuous assumption for the Fermi-Dirac probability
distribution is no longer valid and the energy levels must be
considered discrete for the electrons because different
mechanisms take precedence, resulting in a different
phenomenon such that the oxidation, reduction and catalytic
properties change (Ekimov et al, 1993). Early in 1996, Volokitin
et al. (1996) had already confirmed that quantum size strongly
influences the thermodynamic properties of metallic NPs.
Following this line, artificial structures with properties different
from those of the corresponding bulk materials can be created.

Chemical reaction properties

Owing to a large number of active atoms on the surface, NPs have
specific surface adsorption, dispersion, aggregation, rheological
properties and viscosity of colloidal suspension properties
(Spampinato et al,, 2015). Normally, the NPs are chemically more
active than those of the corresponding bulk material are (Luo
et al, 2006). As Li and Zhu (2006) reported the high chemical
reactivity of silver (Ag) NPs with hydrochloric acid and
characterized by X-ray powder diffraction gives direct evidence
of the reaction, which has been proven impossible for the bulk Ag.

Catalytic properties

NPs are small in size but large in surface area, which is excellent
support for active catalytic activity (Zhang and Fu, 2013). Normally,
NP catalytic activities are quite different from the traditional
catalysts. Metal NPs dispersed on an oxide support often show a
much higher catalytic activity than the single-component NPs
(Lee et al, 2010b). Poreless nanometer catalysts can avoid the
use of conventional means when the reactants to the pore
diffusion, which are not attached to the inert carrier, can go directly
into the liquid phase of the reaction system (Trovarelli, 1997).

Optical properties

The optical properties of metal NPs have been of interest in physical
chemistry for a long time. NPs often possess unexpected optical
properties, as they are small enough to confine their electrons and
produce quantum effects. For example, gold NPs appear deep red
to black in solution (Mandal, 2012). Depending on the size of the
smallest feature, the interaction of light with structured materials
can be very different. The coupling between several metallic NPs
can induce a field enhancement in the surrounding media, which
can increase phenomena such as scattering, absorption,
luminescence or Raman scattering (Berginc, 2011).

Other properties

NPs also have higher hardness, higher plasticity, higher specific
heat and thermal expansion, higher conductivity, higher
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diffusivity, lower sintering temperature and sintering shrinkage
than large ones (Zhang et al, 2013a). Other properties unique
among NPs include surface plasmon resonance in some metal
particles and superparamagnetism in magnetic materials (Chen
et al, 2015d; Estelrich et al, 2015; Hussein-Al-Ali et al, 2014;
Skopalik et al, 2014), which makes them desirable as a magnetic-
targeting tool for medical applications.

Potential applications of nanomaterials in
nanomedicine

In this paper, we use the words “potential applications” meaning at
present most of the research evidence for nanomaterials used in
nanomedicine is from cell culture or animal experiments. As
Marchal et al. (2015) pointed out: “The hope raised by promising
preclinical studies has often resulted in disappointment when
nanomedicines have been applied in patients.”

Applications in medical diagnosis

Disease diagnosis is a very important part of clinical medicine, and
accurate and high precision of diagnosis is an important
requirement for effective treatment. NPs can be smaller than red
blood cells. After the NPs have been injected into the bloodstream,
it can free flow in the blood vessels and be transported to various
parts of the body. In this way, NPs can be used as a means of
monitoring and diagnosis of diseases. Studies indicate that
nanotechnology has brought a rapid development of diagnostic
technology in medical fields, which can be mainly classified into
the following aspects.

Imaging diagnosis. NPs are being used to enhance medical
imaging. Several approved applications utilizing iron oxide NPs
for in vivo magnetic resonance imaging (MRI) enhancement were
identified, some are under clinical investigation (Etheridge et al.,
2013; Wang et al, 2001). Nanoshells possess highly favorable
optical and chemical properties for biomedical imaging and
therapeutic applications (Loo et al, 2004). A new type optical
coherence tomography (OCT) with gold nanoshells can improve
the detection of certain diseases (Agrawal et al, 2006; Brezinski
et al,, 1996; Loo et al, 2004). The axial resolution of OCT is limited
to about 1 pum (Fuchs et al, 2016), so the precision is thousands
of times higher than the computed tomography and MRI. Unlike
X-ray, computed tomography or magnetic resonance (nuclear
magnetic resonance spectroscopy), OCT with nanoscale imaging
technology may find the disease at an earlier stage without
damaging the living cells (Leary et al, 2006). For example, Chao
et al. (2010) have shown that the technique of OCT using gold
nanoshells enables integrated structural and molecular-targeted
imaging for cancer markers. Kim et al. (2009) showed that a
multimodal delivery of antibody-conjugated PEGylated gold NPs
in a hamster model could enhance the contrast in vivo OCT images
of oral dysplasia. Fuchs et al. (2016) proposed extreme ultraviolet
coherence tomography as a new technique for non-invasive
cross-sectional imaging by using nanometer structures. In
addition, Au et al. (2011) evaluated a near-infrared (NIR) absorbing
contrast agent based on polypyrrole NPs for quantitative OCT
studies on tissue phantoms and Mie scattering calculations. They
suggested that polypyrrole NPs might be a potential OCT contrast
agent for cancer imaging.

Laboratory diagnosis. Nanotechnology and its applications in
biomedical sciences principally in molecular nanodiagnostics are
known as nanomolecular diagnostics (Gorjikhah et al, 2016).
Biomedical nanotechnology on laboratory diagnostics is widely
investigated, such as the magnetic NPs linked with antibodies to
mark special molecules and structures. A lab-on-a-chip is a tool
that incorporates numerous laboratory tasks on to a small device,
usually only millimeters or centimeters in size (Gorjikhah et al,
2016), where advantage is taken from nanotechnology to enable
precise control of the biochemical cellular environment. These
tools also offer the possibility of analyzing the composition of
single cells (Andersson and van den Berg, 2004). In recent years,
biological assays with light color code and nanopore analysis of
nucleic acids have been developed. Nanopores have emerged as
a new tool for studying the properties of nucleic acids at the
single-molecule level (Larkin et al, 2013). According to different
diagnostic and testing purposes, tiny probe technology allows
the nanoprobe to locate in different parts of the body, or travel
with the blood in the bloodstream, which provides the body with
a variety of biological feedback information supplied by an
in vitro recording device. This tiny probe technology has great
potential in clinical medicine. In an effort to improve the early
diagnostic rate of pancreatic cancer, Liu et al (2016)
demonstrated that a nanoprobe Fe;0,@SiO, modified with an
anti-mesothelin antibody could effectively target pancreatic
cancer in vitro and in vivo and might be a promising agent for
diagnosis of pancreatic cancer.

Genetic disease diagnosis. Owing to the unique optical
properties, nanomaterials can be used in gene diagnosis and base
mutation detection (Oh and Lee, 2011). Chin et al. (2014a)
proposed that nanostructured DNA biosensors could detect base
mutations. To speed up and simplify mutation screening in genes,
Vanden Bon et al. (2014) developed a method based on the
change in heat transfer resistance upon thermal denaturation of
double-stranded DNA on nanocrystalline diamond to detect the
mutation in entire exons of the phenylalanine hydroxylase gene
in phenylketonuria patients. To determine whether a fetus had a
genetic defect, amniotic fluid technology, an expensive and
possibly harmful diagnosis, normally was used. With the
application of nanotechnology, now a much more efficient and
safe way has been developed. At the early stages of pregnancy,
very small amounts of fetal cells in the maternal blood can be used
for genetic defect diagnosis (Bianchi and Hanson, 2006). Liu et al.
(2011) developed a new method to study the electrochemical
behavior of dGTP utilizing carbon multi-walled nanotube-modified
glassy carbon electrodes for mapping of the pancreatic cancer
genetic fingerprint and screening of genetic alterations. Their
results indicated that the coupling of random amplified
polymorphic DNA and nanoelectrochemical sensors could be
successfully applied to the screening of genetic alterations in
pancreatic cancer and for mapping of DNA fingerprints. Chin
et al. (2014b) demonstrated that by using a nanostructured
biosensor it is possible to differentiate effectively between a
haplotype mutation and normal genes in the MD-2 gene
promoter. A barrier layer with a nanohemisphere array of anodic
aluminum oxide was used as the substrate for the biosensor. They
found a clear distinction between the haplotype mutation samples
and the normal target samples, even using samples produced by a
five-cycle polymerase chain reaction process.

Tumor early diagnosis. Detecting cancer at an early stage is one
of the most important factors associated with the survival rate of
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patients. Cancer detection at early stages using NPs have been
widely explored in recent years (Dassie et al, 2015). Dassie
et al. (2015) investigated the use of polysaccharide NPs loaded
with  [4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-
4H-pyran] (DCM), as a potential diagnostic tool in an experiment
using a rat model of Barrett's esophageal adenocarcinoma. Their
results suggested that polysaccharide NPs loaded with DCM might
be useful as a targeted carrier for photoactive and bioactive
molecules in esophageal cancer diagnosis. Nanowires and
nanocantilever arrays are used for the early detection of
precancerous and malignant lesions from biological fluids (Ferrari,
2005). Qian et al. (2008) reported that biocompatible and non-toxic
NPs such as pegylated gold NPs and surface-enhanced Raman
scattering are effective for in vivo tumor targeting and detection.
NIR fluorescent NPs are also considered promising candidates for
use as contrast agents for tumor detection (Ren et al, 2015).
Kolitz-Domb et al. (2014) demonstrated that bioactive conjugated
NIR fluorescent proteinoid-poly (L-lactic acid) hollow NPs can be
used for optical detection of colon cancer in a chicken embryo
model. Will et al. (2006) assessed the diagnostic precision of
MRI with Ferumoxtran-10, an ultrasmall superparamagnetic iron
oxide NPs, used as a contrast agent for the diagnosis of lymph
node metastases. Compared with that of unenhanced MRI and
final histological diagnosis, they found that the Ferumoxtran-
10-enhanced MRI is sensitive and specific in the detection of
lymph node metastases for various tumors, which offers higher
diagnostic precision than does unenhanced MRI for detection
of lymph node metastases.

Applications as drug carriers

With the mutual infiltration of nanoscience and modern
technology, nanomaterials are widely investigated in the medical
field for drug delivery (Xing and Zhang, 2004). Drug delivery
focuses on maximizing bioavailability both at specific places in
the body and over a period of time, which can potentially be
achieved through molecular targeting by nanoengineered carriers
(Drbohlavova et al,, 2013). Compared with traditional drugs, drugs
carried by nanocarriers have the following characteristics.

(1) Nanodrug carriers may not only pass through the circulation of
the blood into the capillaries, but also pass through the
endothelial cell gap into the lesions (Nichols and Bae, 2012).
Drugs delivered by the nanodrug carriers can be absorbed
by cells in the form of pinocytosis. In this way, bioavailability
of the drugs will be largely improved.

(2) Owing to the large surface area, nanosize carriers can be used
to embed hydrophobic drugs, thus increasing the solubility of
the drug and reducing the side effects of co-solvents normally
used in conventional drugs.

(3) Nanodrug carriers modified with targeted tissue specificity,
such as folic acid modification for drug-loading NPs and
magnetic NPs, help the drugs reach the targeted tissue
efficiently, which can not only reduce the administration
dosage, but also reduce the side effects of the drugs.

(4) Nanometer drug carriers can prolong the half-life of drug
elimination and improve the time and efficacy of the drug
concentration in the blood (Wang et al., 2015a), thus reducing
the drug administration frequency.

(5) Nanometer drug carriers can pass through the biological
barriers of the human body, such as the blood-brain barrier,
blood-eye barrier, as well as other cell biological membrane

barriers, allowing drugs to reach the lesions, and increasing
efficacy (Lim and Helpern, 2002; Patravale et al, 2004; Stowe
etal, 2012).

(6) Compared with drug administration alone, drugs delivered
by nanocarriers can achieve targeted drug therapy with high
bioavailability (Pandey et al, 2005) and reduce the side
effects of drugs accompanying decreases in drug dosage
(Bishwajitsutradhar and Amin, 2014) and treatment cost
(Master and Sen Gupta, 2012).

Applications in medical instruments

Instead of macro-level conventional instruments, nanomedical
instruments can be designed at micro-levels for disease diagnosis
or treatment. Dramatically, nanotechnology may bring us new
instruments to examine tissue in unprecedented detail. Sensors
smaller than a cell may give us an insight and exquisitely precise
look at ongoing functions of the human body (Merkle, 1996).

Nanoprobe. A nanosensor probe may be designed according to
different diagnostic and monitoring purposes and then
transported and localized to different parts of the body through
the bloodstream circulation. Feedback of biological information
will be possible by using in vitro recording devices (Li et al, 2014;
Panchapakesan et al, 2011). Won et al. (2005) reported a
technology named magnetism-based interaction capture, which
can be used to identify molecular targets based on induced
movement of superparamagnetic NPs inside living cells. They
developed a transducible fusogenic peptide to mediate the
intracellular uptake of superparamagnetic NPs (coated with a small
molecule of interest). Nanoprobes captured the small molecule’s
labeled target protein and are translocated in a direction specified
by the magnetic field. In this way, magnetism-based interaction
capture might be useful for screening identified protein targets
of a drug or monitoring signal-dependent modification and
multiple interactions of proteins. Chen et al. (2015b) designed a
photoacoustic nanoprobe for pH detection. They found that this
nanoprobe is safe and easy to operate with depth-independent
accuracy for real-time in vivo pH imaging of entire tumors. Liu
et al. (2015b) developed an NIR fluorescence nanoprobe by
coating CulnS2/ZnS quantum dots with an amphiphilic
bioconjugate and investigated the feasibility of the constructed
NIR fluorescence probe in vivo imaging. A decorated nanoprobe
was found to be highly selective for targeted integrin avf3-
overexpressed tumor cell imaging. A preclinical evaluation of a
nanoprobe in rhesus monkeys concluded that the nanoprobe of
urokinase plasminogen activator receptor-targeted magnetic iron
oxide NPs has the potential to be used as receptor-targeted MRI
contrasts as well as theranostic agents for the detection and
treatment of human cancers (Chen et al., 2015c).

Nanorobot. In recent years, a new science named nanorobotics
is emerging. It is an interdisciplinary science of nanomaterial
science and robotics technology with biological knowledge
(Toumey, 2013). As early as 2007, Popov et al. (2007) proposed a
set of nanoelectromechanical systems based on the relative
motion of carbon wall nanotubes for use in medical nanorobots,
which includes electromechanical nanothermometers, jet
nanoengines and nanosyringes. A molecular medicine robot is
the organic combination of both a nanomechanical and a
biological system (Jacob et al, 2011). The nanorobot could carry
gene sequences to the targeted cells acting as a miniature doctor
in biomedical engineering to solve the problems that were difficult
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for the traditional human doctor to treat. The biggest advantage is
that the nanorobot can be injected directly into human blood
vessels, and perform health examination and treat certain diseases.
It can also be used to repair human organs, such as cosmetic
surgery, remove harmful DNA from genes or install normal DNA
into the genes for therapeutic purposes. In the treatment of
atherosclerosis, it also can be used for the removal of blood clots,
clean the wound, dispel parasites, remove kidney stones and
artificial insemination (Biswas and Sen, 2016; Hariharan and
Manohar, 2010; Kaewkamnerdpong et al, 2015). Of course,
nanorobot technology is now still in the early development stage
and more studies are needed for transformation to clinical
application.

Handheld disease diagnosis instrument.  This is a mini-instrument
that can diagnose disease, which can be put in a pocket. A team
of investigators from the Massachusetts General Hospital and
Harvard Medical School have developed a fast, portable
molecular imaging device in combination with magnetic NPs
and a smartphone (Haun et al, 2011). The device is named a
hand-held nuclear magnetic resonance spectroscopy instrument.
They found that the device trumps traditional pathological
methods, both in terms of speed and diagnostic accuracy by
using fine needle biopsies taken from human patients with
cancer. These nanodiagnostic technologies are potentially
applicable to global health applications, as they are supposed
to be inexpensive, portable and easy-to-use for the detection of
diseases (Lee et al,, 2010a).

Nanosensor.  The unique chemical and physical properties of NPs
make them extremely suitable for designing new and improved
sensing devices, particularly electrochemical sensors and
biosensors (Luo et al,, 2006). Nanosensors include nanobiological
and chemical sensors, nanometer gas sensitive sensors and other
types of nanometer sensors (flow, pressure and temperature,
etc.) (Feng and Yong, 2012). The development of nanotechnology,
not only provides good sensitive material for nanosensors, such as
NPs, nanotubes, nanowires, nanofilm, but also provides an
innovative idea for many manufacturers of sensors. Compared
with traditional sensors, the size of the nanosensors is reduced,
but the precision is improved greatly (Li et al, 2011). In the field
of medicine, nanosensors have great potentials to measure
in vivo cell temperature, volume, concentration, displacement,
speed, weight, electrical and magnetic forces, or pressure.
Nanosensors may also be useful in distinguishing between normal
and cancerous cells at the molecular level for the early diagnosis of
cancer. Zhou et al. (2011) developed a label-free biosensor based
on Ag NPs array for clinical detection of serum p53 in patients with
head and neck squamous cell carcinoma. The nanosensor consists
of a triangular Ag NPs array with single particle dimension of
120nm in-plane width and 45nm out-of-plane height. They
concluded that this kind of nanobiosensor might provide a
promising platform with attractive advantages for the serological
diagnosis or molecular diagnosis of tumors in the future.

Applications in tissue engineering

Nanobone. The “nanobone” material could potentially replace
traditional bone material because “Nanobone implants” may have
a better capacity to interact with living tissue, allowing the body to
repair itself much faster (Boos et al, 2016). Injectable and forming
nanobone materials are non-toxic with good restoring and
histocompatibility. These bone materials can promote bone tissue

growth and recovery function (Abshagen et al, 2009). Harms et al.
(2012) tested the osteogenic capacity of nanocrystalline bone
cement in a weight-bearing defect at the ovine tibial metaphysis
and found that nanobone is a highly potent bone substitute
material with osteoconductive properties in a loaded large animal
defect model, supporting the potential use of nanobone in
humans. Dau et al (2016) evaluated bone formation in
monocortical mandibular critical size defects after augmentation
with two synthetic nanostructured (NanoBone®, Ostim®) and one
xenogenous hydroxyapatite bone substitute (Bio-Oss®) in an
in vivo animal study with mini-pigs. They found no significant
difference in the biological hard tissue response between
NanoBone® and Bio-Oss®. The water-soluble Ostim® initially
induced an increased amount of new bone but was highly
compressed indicating a negative effect in less stable
augmentations of the jaw.

Nanoscale red blood cell substitutes.  Lack of perfusion of oxygen
to the tissue is one of the most fundamental and fast acting
conditions, which can be harmful to the human body. Advances
in nanotechnology have suggested a possible treatment for this
condition in the form of microelectromechanical red blood cell
analogs called “respirocytes.” Primary applications of “respirocytes”
include: transfusable blood substitution; partial treatment for
anemia, perinatal/neonatal and lung disorders; prevention of
asphyxia; and artificial breathing. Scientists tried using a
biodegradable polymer as shell material together with
hemoglobin (Hb) to form a nanoscale red blood cell substitute to
enhance tissue oxygenation (Zhao et al, 2008). The results of
in vitro and in vivo studies indicated that Hb-loaded particles did
not cause significant changes in total platelet count and suggest
that the Hb-loaded NPs may be useful as a potential candidate in
substitution for red blood cells (Zhao et al, 2008). Chang et al.
(2003) studied a novel nanodimension artificial red blood cell
substitute based on ultrathin polyethylene-glycol-polylactide
(PEG-PLA) membrane nanocapsules (80-150nm diameter)
containing Hb and enzymes. They found the best PEG-PLA Hb
nanocapsules were prepared using a combination of the following
four factors: polymerized Hb; higher molecular weight PLA; higher
concentrations of PEG-PLA; and crosslinking of the newly formed
PEG-PLA Hb nanocapsules.

Ghanaati et al. (2013) assessed the de novo bone formation
capacity of a nanocrystalline hydroxyapatite bone substitute 3
and 6 months after its insertion into the human sinus cavity. They
found that bone tissue formation started from the bone-
biomaterial interface into the most cranial parts of the augmented
region, but there was no statistically significant difference in new
bone formation during this time.

New tissue engineering nanomaterials. Regulation of cellular
behavior by nanotechnology is one of many examples
demonstrating the significant applications of nanoengineering
in biomedicine for the repair or regeneration of tissues and
organs (Kim et al.,, 2014). Tonelli et al. (2012) reported that carbon
nanotubes could be used to produce scaffolds for tissue
engineering by interacting with extracellular matrix proteins.
Zhang et al. (2013b) have shown that silk fibroin/levorotatory
polylactic acid, a new tissue engineering nanomaterial, has good
biocompatibility and is a safe implant material. Other nanometer
materials have been applied in the field of organ transplantation
including the NPs coated on the surface to prevent the rejection
of artificial organs in human organ transplants. Wen et al. (2015)
tested a new method to generate covalent bonds between
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collagen and cellulose to improve the immobilization of collagen
on bacterial cellulose by using a facile dialdehyde bacterial
cellulose/collagen peptide nanocomposite. Cell tests indicated
that this nanocomposite was bioactive and suitable for cell
adhesion and attachment, indicating it might be a promising
material for tissue engineering and regeneration. Gandhimathi
et al. (2014) evaluated the biocomposite nanofibers for the
controlled release of biomolecules for skin tissue regeneration.
Their results suggest that the accessibility of human dermal
fibroblasts ~ cultured  on  poly(-lactic  acid)-co-poly-(e-
caprolactone)/silk  fibroin/vitamin  E/curcumin  nanofibrous
scaffolds is a potential scaffold for skin tissue regeneration.
Dyondi et al. (2013) tested gellan xanthan gels along with
chitosan NPs of basic fibroblast growth factor, and bone
morphogenetic protein 7 in a dual growth factor delivery system
to promote the differentiation of human fetal osteoblasts. Their
results suggested that encapsulation and stabilization of growth
factors within NPs and gels are promising for bone regeneration.
In addition, they also found that gellan xanthan gels have
antibacterial  effects against  Pseudomonas  aeruginosa,
Staphylococcus aureus and  Staphylococcus epidermidis, the
common pathogens in implant failure. Yao et al (2013)
investigated the nanostructured polyurethane and poly-lactic-
co-glycolic acid scaffolds in an in vivo study, and found that
nanostructured polyurethane and poly-lactic-co-glycolic acid
composites could significantly increase bladder tissue repair.

Applications for therapeutic drugs

Antibacterial nanodrugs.  Antibacterial efficiency of nanosize Ag
particles are usually associated with the total surface area of the
NPs, and are much higher than traditional fine Ag particles (Rai
et al, 2009). Nanosize Ag particles (10-100 nm) can easily enter
pathogens and combine with the bacteria protein enzyme thiol
quickly, and then kill the bacteria. Metal-based NPs have a broad
antibacterial effect on a range of gram-negative and -positive
bacteria and antibiotic-resistant bacteria strains (Ge et al, 2014).
Although Ag NPs alone are strong bactericidal agents (Murugan
et al, 2014), they are also cytotoxic (Ge et al, 2014). Embedding
them in a polymer matrix may reduce their cytotoxicity (Liu et al,
2010). Juan et al. (2010) tried to deposit Ag NPs on a titanium
surface to obtain antibacterial properties. The diameter of these
NPs ranged from 10 to several hundred nanometers. Two species
of bacteria, S. aureus and Escherichia coli, were used to test the
antibacterial effect of the titanium Ag NP treated surface. After a
24 h incubation, 94% of S. aureus and over 95% of E. coli had been
killed on the titanium Ag NP surface, suggesting that Ag NP-
modified titanium is a promising material with an antibacterial
property. In another study, they reported that Ag NP-modified
titanium had uncompromised cytocompatibility (Liao et al,
2010). Shameli et al. (2010) evaluated the antibacterial activities
of the Ag/poly (lactic acid) nanocomposite films against gram-
negative bacteria (E. coli and Vibrio parahaemolyticus) and gram-
positive bacteria (S. aureus) by a diffusion method using Mueller—
Hinton agar. Their results indicated that Ag/poly (lactic acid)
nanocomposite films possessed a strong antibacterial activity with
an increase in the percentage of Ag NPs in the PLA (Shameli et al,,
2010). Nagy et al. (2011) evaluated the antibacterial properties of
Ag NPs embedded within a zeolite membrane (Ag NP ZM). Their
results indicated that Ag NP ZM provide a novel matrix for gradual
release of Ag(+). It has been suggested that the antibacterial

mechanism of Ag NP ZM is related to the exhaustion of antioxidant
capacity.

Many other metal or metal compound NPs also show
antibacterial activity, such as ZnO NPs (Mehmood et al, 2015),
TiO, nanotubes (Liu et al, 2015a), gold NPs (Mocan et al, 2014),
gold-supported cerium oxide NPs (Babu et al, 2014), etc. It is
worthy to note that most of the research is in vitro experiments;
therefore, more in vivo as well as clinical experiments are needed
for elucidating the antibacterial activity of different NPs.

Antiviral nanodrugs. Heavy metal such as Ag, copper, lead or
mercury can inactivate enzymes by reacting with thiols in proteins.
It has been reported that Ag NPs have higher antiviral activity than
Ag ions, due to species differences as they release Ag° (atomic)
and Ag" (ionic) clusters, whereas Ag salts release Ag* only (Ge
etal, 2014). Research evidence shows that Ag NPs possess antiviral
activity against HIV-1 (Lara et al,, 2010; Sun et al.,, 2005), hepatitis B
virus (Lu et al., 2008), respiratory syncytial virus (Taylor et al,, 2005)
and human influenza virus (Xiang et al,, 2013). However, the heavy
metal ions in the unstable solution limit its wide application.
Influenza is one of the fatal diseases and Miao et al. (2010) derived
a study suggesting that Ag NPs have obvious inhibitory effects on
the influenza virus H3N2. To analyze the anti-HIV activities and
cytotoxicity of Ag NPs, the research suggests that Ag NPs can
inhibit HIV-1 and HIV-2 replication in vitro by its virucide activity
and no acute toxicity is found on the mice treated by nasal
dropping of Ag NPs (Wang et al,, 2009).

Antitumor nanodrugs. Tumors are one of the main causes of
death in the world, the ideal antitumor drugs can be targeted
and can cross gaps in the tumor tissue wall, then once embedded
in the tumor tissue can destroy tumor cells, and have little or no
effect on normal cells. The specific surface-modified gold NPs
can selectively kill tumor cells, but have no significant effect on
normal cells. These findings support the concept that tagging
tumor necrosis factor (TNF)-gold NPs with tumor vasculature
homing peptides have improved antitumor activity, likely because
of an active targeting mechanism (Curnis et al, 2015; England
et al, 2013). Under pathological and physiological conditions,
depending on the difference in biological effects and cell
sensitivity, nanomaterials can be designed artificially as organelles
to target antitumor nanodrug carriers for targeting tumor
treatment (Guo et al,, 2015a; Spadavecchia et al,, 2016).

Analgesic and anti-inflammatory nanodrugs.  Analgesic and anti-
inflammatory drugs are drugs with analgesic, as well as, most have
anti-inflammatory and anti-rheumatoid effects. Owing to the
special anti-inflammatory effect, they are also known as non-
steroidal anti-inflammatory drugs (NSAIDs). Because the traditional
NSAIDs have adverse reactions to the stomach and kidney, more
effective and safer NSAIDs need to be developed. One of the
current research trends is the development of nanopreparations
of NSAIDs, which can enhance the efficacy and reduce the side
effects of the drug. Studies have shown that the anti-inflammatory
effect of nanopreparations of aspirin is two times greater than
ordinary aspirin at the same dose (Rajesh et al, 2004).
Research evidence shows that the use of nanoliposomes as
the carriers for diclofenac sodium can improve the analgesic
and anti-inflammatory effects (Fan et al, 2007).

Other nanomaterial drugs. Nanomaterials have many other
applications in the field of nanomedicine, such as NPs
encapsulating hormone drugs (Ayano et al, 2012; Hariri et al,
2015; Ishihara et al,, 2009a,b; Santander-Ortega et al.,, 2009; Silva
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et al, 2015; Swaminathan et al,, 2013), nanometer polypeptide and
protein drugs (Peppas and Kavimandan, 2006), nanotraditional
Chinese medicine and so on. Nanotraditional Chinese medicine
refers to bioactive ingredients, bioactive parts, medicinal materials
or complex prescriptions, being approximately 100nm in size,
which are processed by nanotechnology (Huang et al,, 2015).

Applications in nanogene medicine

Gene therapy by means of nanotechnology can be simply defined
as nanogene medicine. Exogenous genes and their construction
are mostly DNA molecules of nanometer size. Technology using
nanocarriers to deliver these exogenous genes into the receptor
cells belongs to nanogene medicine (Wu et al, 2016).
Biodegradable and biocompatible polymeric nanocarriers due to
unique properties such as excellent biocompatibility, prolonged
gene circulation time, prevented gene degradation, passive
targeting by using the enhanced permeability and retention effect,
and possibly modulating polymer structure to obtain desirable
therapeutic efficacy, are considered as the most promising gene
delivery vehicles (Mokhtarzadeh et al, 2016). For example, lipid
NPs, called liposome protamine/DNA lipoplex (LPD), are used for
ocular gene delivery (Wang et al, 2015b). Recently, there have
been promising results achieved with LPD NPs to deliver
functional genes and microRNA to treat retinal diseases (Rajala
et al, 2014; Takahashi et al, 2015). Some advantages of these
peptide-modified LPD NPs might be: (1) liposome NPs are able
to deliver large molecular cargo; (2) optimization of peptide-
modified LPD NPs allows multiple mutant genes to be
simultaneously co-delivered to one vector; and (3) peptide-
modified LPD NP formulations are more biocompatible and safe
(Wang et al, 2015b). Polyak et al. (2016) tried using systemic
delivery of siRNA by another novel nanocarrier, aminated poly(a)
glutamate, for the treatment of solid tumors in an ovarian
adenocarcinoma-bearing mice model. They found that it is an
efficacious and safe anticancer siRNA delivery vehicle following
systemic administration. An anticancer siRNA, siPlk1-polyplex,
delivered by this nanocarrier, inhibited tumor growth by 73%
and 87% compared with siCtrl-polyplex or saline-treated mice,
respectively, leading to prolonged overall survival.

In summary, although certain progress has been achieved in
nanogene medicine, it is still in the early developmental stage.

Applications in gene therapy of cancer

As stated above, gene therapy has emerged as an alternative for
the treatment of diseases (Mastorakos et al, 2015). One of the
advantages of nanotechnology is the feasibility to construct
therapeutic particles that carry multiple therapeutics with a
defined structure and stoichiometry. Accordingly, the field of
RNA nanotechnology is emerging (Chen et al., 2015a; Guo, 2010;
Roh, 2012; Shukla et al, 2011). However, controlled assembly of
stable RNA NPs with multiple functionalities, which retain their
original role, is challenging due to refolding after fusion.
Researchers at MIT and Harvard Medical School have developed
a new kind of NP delivery systems by using siRNA delivery to
tumor cells, which can eliminate tumors by destroying the mRNA
(Dahlman et al, 2014). The outside of this kind of NP has a layer
of membrane and inside is a mixture of siRNA and protein. After
entering into the tumor cells, NPs with a protein and siRNA mixture
can destroy the targeted mRNA. Ren et al. (2012) found that most
of the tumors can be eliminated in ovarian tumor-bearing mice by

using RNAi (RNA interfere) NP treatment. Scientists at the
University of Kentucky have developed thermodynamically stable
X-shaped RNA NPs for carrying therapeutic RNA motifs by self-
assembly of re-engineered small RNA fragments, which is
considered useful for cancer treatments at the RNA and DNA level
(Haque et al,, 2012).

Applications in nanovaccines

Nanovaccine is a novel approach for vaccinations (Zaman et al,
2013). It consists of nano-sized particles of a biodegradable
polymer, which encapsulates an antigen of a pathogen, or the
active ingredient. Nanovaccines are more efficient than
conventional vaccines in that they induce both a humoral and a
cell-mediated immune response. Most nanovaccines are non-
invasive, delivered by oral or nasal routes, thus allowing no-pain
delivery with minimal damage. In addition, nanovaccines can
control the delivery of the associated antigens to a specific location
and for prolonged times (Cordeiro et al, 2015). No-pain delivery
might be the biggest advantage of nanovaccines over
conventional vaccines, which are usually multi-injection and
multi-dose delivery systems (Nandedkar, 2009). The disadvantages
of nanovaccines may include difficulty in reproducibility of
formulation during manufacturing (Sharma et al, 2009) and
potentially toxicity induced by a prolonged clearance time of the
NPs in the body. Therefore, evaluation of the safety of
nanovaccines should be equally essential as the study of their
efficacy (Nandedkar, 2009). Nanomaterials can be used for
nanovaccines including natural nanocarriers (i.e. as bacterial
spores, virus-like particles, exosomes and bacteriophages) and
synthetic nanocarriers (i.e. proteosomes, liposomes, virosomes,
SuperFluids and nanobeads) (Gill, 2013). Nanomaterials are
frequently evaluated as the nanocarriers for nanovaccines, which
are in the experimental stage at present, including liposomes
(Ghaffar et al, 2014; Hu et al, 2014; Marasini et al, 2016),
polysaccharide (Cordeiro et al, 2015; Vicente et al, 2014),
polyanhydride (Carrillo-Conde et al, 2011; Chavez-Santoscoy
et al, 2012), polymeric (Guo et al, 2015b; Vicente et al, 2013),
chitosan (Danesh-Bahreini et al, 2011; Doavi et al, 2016;
Hunsawong et al, 2015) and silica NPs (Mahony et al,, 2014; Mody
et al, 2015), etc.

Nanovaccines stimulate the human body’s immune system
curing infections, preventing infections and diseases from
spreading (Zaman et al, 2013) and possibly promising chronic
disease treatments, such as cancers (Nandedkar, 2009; Paulis
et al, 2013), HIV (Vela Ramirez et al, 2014), influenza (Petukhova
et al, 2013) and others.

Applications as radiosensitizers in radiation therapy

Along with the rapid development of nanotechnology, the
potential value of NPs as novel radiosensitizers in radiation therapy
has been investigated in recent years (Su et al, 2014). Radiation
therapy is one of the most commonly used non-surgical
interventions in tumor treatment but is often hindered by low
efficacy (Bergs et al, 2015). Research evidence shows that NPs
can enhance the efficacy of the radiation therapy by acting as both
a therapeutic and a carrier for other therapeutics. NPs, particularly
high atomic number metal NPs such as gold, can either sensitize
cancer cells to ionizing radiation via their physicochemical
properties, or encapsulate radiation sensitizing agents, thereby
protecting them from degradation (Bergs et al, 2015; Kwatra
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et al, 2013). At present, the most commonly investigated
nanoparticulate radiosensitizers in preclinical models include gold
(Botchway et al,, 2015; Dorsey et al., 2013; Hainfeld et al,, 2008; Her
etal, 2015; Jain et al, 2012; Lee et al, 2014; Yamada et al,, 2015), Ag
(Swanner et al,, 2015; Wu et al., 2015; Yamada et al,, 2015) and iron
oxide (Bhana et al, 2015; Klein et al, 2014; Sun et al, 2016; Zhao
et al, 2012) NPs.

In conclusion, due to the potential for a better therapeutic index
with radiation therapy, NPs are being widely investigated for
cancer therapy.

Human biosafety of nanomaterials used in
clinical trials

Nanomaterials are being widely developed for medical and
pharmaceutical purposes with the rapid development of
nanotechnology. Despite the many proposed advantages of
nanomaterials, increasing concerns have been expressed on
human biosafety (Zhao and Castranova, 2011). First, as stated
above, NPs possess different physicochemical properties
compared to their bulk analogues due to extremely small size
and large surface area, which makes the particles more reactive
and catalytic. Second, in the field of nanomedicine, exogenous
NPs may be delivered into the human body without passing
through the normal gastrointestinal absorption process after
intravenous or interstitial injections. Third, in the human body,
NPs have the potential to interact with biological molecules or to
accumulate in human tissues or organs. Therefore, human
biosafety evaluation is the key point for the safe use of
nanomaterial products in clinical practice. However, it is worthy
to note that, until now, most published data related to
nanomaterial products in nanomedicine are still staying at
in vitro cell culture or in vivo animal experiment stages. Human
clinical trials should be the last but the most important step for
clinical translation of nanomaterial products. However, the
transition probability might be low because clinical translation in
nanomedicine is a long, arduous, resource intensive process
(Satalkar et al, 2016). In addition, human biosafety uncertainty
raises a variety of ethical concerns in clinical trials for
nanomedicine products (Resnik and Tinkle, 2007).

Under conditions of occupational and environmental exposures,
inhalation of NPs is normally the primary route of entry into the
human body. However, intravenous and interstitial injections of
nanoparticulate carriers represent the specific exposure routes in
nanomedicine. In a previous article entitled as “Toxicology of
nanomaterials used in nanomedicine” (Zhao and Castranova,
2011), we reviewed biosafety evaluation data related with animal
studies of NPs. The research data on the acute and chronic toxicity,
genotoxicity, carcinogenicity, as well as reproductive and
developmental toxicity of NPs in animal studies are expanding
but are not yet complete. Animal experiments suggest that some
of the NPs may potentially exhibit adverse health effects on the
human body. For example, TiO, and carbon black NPs are
classified as  possibly carcinogenic to  humans by
WHO/International Agency for Research on Cancer based solely
on carcinogenicity data in experimental animals (Baan, 2007).
Limited results are reported for the carcinogenicity of multiwalled
carbon nanotubes in animal experiments after intraperitoneal
injections (Sakamoto et al,, 2009), but no data are available for lung
inhalation exposure. Research reports related to the genotoxicity
of NPs are still limited (Zhao and Castranova, 2011). In addition,

no data are available to confirm carcinogenicity among other
NPs (Tsuda et al,, 2009). However, Sargent et al. (2014) have shown
that inhalation of multiwalled carbon nanotubes can cause
tumorigenesis in mice. Whether human exposure to NPs designed
for medical use induces cancer also remains unclear (Zhao and
Castranova, 2011). All these animal experimental results do have
certain implications for human biosafety evaluation of
nanomaterials designed for nanomedicine. However, animal
experiments generally employ high dose and short exposure time,
which is quite different from human administration routes in
clinical practice. In addition, due to the profound differences in
anatomy, physiology and genetics between humans and animals,
results from animal experiments cannot directly be extrapolated to
humans and in most instances animals have been poor predictors
for how humans will respond to drugs.

Accordingly, in this paper, we mainly focus on human clinical
trials and try to provide a general perspective on the current
landscape related to human biosafety of nanomedicine products
used or will be used in clinical practice. We try to answer: During
the clinical trials, are there any adverse health effects or toxicities
after human exposure?

In 2013, Etheridge et al. (2013) did a detailed search of the
literatures with the keywords of “clinical trial and nanomedicine”
through websites such as PubMed, Google and Google Scholar,
etc. They identified a total of 247 applications and products, which
were approved or in various stages of a clinical study, and all of the
actively targeted products are aimed at diagnosing or treating
various forms of cancer. In 2015, Marchal et al. (2015) identified
145 clinical studies for the terms “nanoparticles” and “cancer”
through the US National Institute of Health database, which
was much lower than the number of 45 139 clinical studies at
the same time in oncology registered by this website. This
reflects a big gap between NP design, quoting more than
9000 publications in PubMed, and clinical translation. Of course,
a large number of companies developing NPs published the
detailed clinical trial information on approved systems or
nanoparticulate systems on their websites instead of open
journals, which might be a reason for such a low number in
clinical studies for nanomedicine products (Schiitz et al, 2013).
In phase Il failures of clinical trials reported between 2007
and 2010, Thomson Reuters Life Science Consulting found that
21% of the failures were due to safety issues (Arrowsmith,
2011). However, most of these clinical trial failures also cannot
be found in open scientific literature.

Nanoconstructions are used for anticancer drug delivery,
including liposomes, spherical structures ranging from 100 to
400 nm in size, and polymer-based chemical entities (less than
100 nm). Specific structures such as albumin-bound NPs or
antibody-drug conjugates are also used. After extensive reviewing
on clinical trial articles of nanomedicine in public journals, we
found that most of them focused mainly on reporting the findings
of the therapeutic effectiveness of the drugs (Wagner et al., 2006),
but not on evaluating the human biosafety of the nanomaterials.
Although all the materials assigned for clinical trials have
demonstrated biocompatibility using current standards, it remains
unclear whether persistence in the human body will produce
acute or chronic adverse effects (Etheridge et al., 2013).

Unique properties of nanomaterials make them available to be
used as effective antitumor agents or as a compound of combined
therapy for improving the therapeutic effectiveness of existing
antitumor drugs. However, despite considerable amounts of
described nanotechnology-based formulations, only a limited
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number of them have been introduced into clinical trials (Piktel
et al, 2016).

NP albumin-bound paclitaxel (nab-paclitaxel) (Abraxane®) is a
colloidal suspension of 130 nm particles homogenized in human
serum albumin bound to paclitaxel (Al-Hajeili et al, 2014), which
has been approved for the treatment of metastatic breast cancer,
based on a phase Il clinical trial in 460 patients. A significant
difference was reported in the overall survival in patients receiving
nab-paclitaxel vs. solvent-based paclitaxel. Subsequently, a
number of clinical trials have examined different schedules, doses,
and combinations in an effort to optimize nab-paclitaxel-based
therapy for metastatic and early stage breast cancer (Martin,
2015). No significant adverse effects related to human serum
albumin nanocarriers were reported in these clinical trials.
However, in a pivotal comparative randomized phase Ill study for
the treatment of breast cancer, Yamamoto et al. (2011) found that
the nab-paclitaxel-treated group showed a higher incidence of
sensory neuropathy than the solvent-based paclitaxel group.
Nab-paclitaxel is a novel formulation of paclitaxel that does not
require solvents such as polyoxyethylated castor oil and ethanol.
Use of these solvents has been associated with a toxic response,
including hypersensitivity reactions and prolonged sensory
neuropathy, as well as a negative impact in relation to the
therapeutic index of paclitaxel (Yamamoto et al,, 2011). The reason
for the phenomenon, why the human serum albumin nanocarrier
group showed a higher incidence of sensory neuropathy than the
solvent-based paclitaxel group was not reasonably explained in
this clinical trial. The authors only mentioned that these adverse
side effects rapidly resolved after interruption of treatment and
dose reduction. Animal studies indicate that alterations in
coagulation, renal, cardiovascular and pulmonary functions were
mainly involved as potentially causing adverse effects following
high-dose administration of human serum albumin (Gales and
Erstad, 1993). It remains unclear if there is any relationship
between a higher incidence of sensory neuropathy and ***human
serum albumin nanocarriers.

In a clinical study, 66 patients (59 with recurrent glioblastoma)
received neuronavigationally controlled intratumoral instillation
of an aqueous dispersion of iron oxide (magnetite) NPs (Nano-
Cancer® therapy) and subsequent heating of the particles in an
alternating magnetic field. Treatment was combined with
fractionated stereotactic radiotherapy. The side effects of this
therapeutic approach were moderate, and no serious
complications were observed. They concluded that thermotherapy
using magnetic NPs in conjunction with a reduced radiation dose
is safe and effective (Maier-Hauff et al, 2011). Another clinical trial
of 14 patients with glioblastoma multiforme received three-
dimensional image guided intratumoral injection of aminosilane-
coated iron oxide NPs (core diameter: 15 nm) dispersed in water,
with an iron concentration of 112mg ml~'. Patients received 4-
10 (median: 6) thermotherapy treatments following instillation of
0.1-0.7ml (median: 0.2) of magnetic fluid per ml tumor volume
and single fractions (2 Gy) of a radiotherapy series of 16-70 Gy
(median: 30). They concluded that thermotherapy using magnetic
NPs was tolerated well by all patients with minor or no side effects
(Maier-Hauff et al., 2007).

In a prospective phase | clinical trial, the treatment-related
morbidity and quality of life following intraprostatic injection of a
NP dispersion and thermotherapy using superparamagnetic NPs
were investigated in 10 patients with biopsy-proven locally
recurrent prostate cancer. Results showed that NP deposits were
detectable in the prostates 1year after thermal therapy. At a

median follow-up of 17.5 months (3-24), no systemic toxicity was
observed (Johannsen et al, 2007). This clinical trial indirectly
reminds us that therapeutic or carrier NPs may stay in the human
body for a long time (more than 1 year).

Maeda et al. (2016) developed a tumor-targeted nanoprobe,
N-(2-hydroxypropyl)methacrylamide copolymer-conjugated
pirarubicin (P-THP). They found this tumor-targeted nanoprobe
exhibited prolonged blood circulation time, thereby resulting in
good tumor-selective accumulation. In a clinical pilot study of a
patient with stage IV prostate cancer with multiple metastases in
the lung and bone, P-THP (50-75 mg administered once every 2-
3 weeks) was shown to clear the metastatic nodules in the lung
almost completely after three treatments. In this study, the patient
retained an excellent quality of life during the treatment without
any apparent adverse side effects.

With the rapid development of nanotechnology, Ag
nanoproducts have broadened their application as an
antibacterial, antiviral and anti-inflammatory therapy (Munger
et al, 2014). In an in vivo human time-exposure study, Munger
et al. (2014) conducted a prospective, controlled, parallel design
systematic study with two oral doses (10 and 32 ppm, 5-10 nm
and 25-40 nm, respectively) of a commercial Ag NP solution over
a 3-14 day monitored exposure in 60 healthy volunteers (between
18 and 80 years of age). They found that this colloidal elemental Ag
particulate formulation produces detectable Ag ions in human
serum, but does not demonstrate any clinically significant changes
in metabolic, hematologic, urine, physical findings, sputum
morphology or imaging. Their results asserted that the Ag
detected in the serum of the human subjects is absorbed in the
upper gastrointestinal tract into the blood stream in an ionic form,
but not in an intact Ag metallic particle form. Therefore, the fate of
nanomaterials through different administration routes, for
example, orally, or intravenous or interstitial injections, are entirely
different. If there is any toxicity of Ag nanoproducts through
intravenous injections into the human bodly it is still unknown.

Oleanolic acid and ursolic acid are considered relatively non-
toxic, and have been used in cosmetics and health products
through oral administration (Liu, 1995). Liu (1995) evaluated the
single- and multiple-dose pharmacokinetics (PK) as well as the
safety of ursolic acid nanoliposomes (UANL) in healthy volunteers
and in patients with advanced solid tumors. Twenty-four healthy
volunteers in the single dose PK study were divided into three
different groups, which received 37, 74 and 98 mg m~2 of UANL
via a 4 h intravenous infusion, respectively. Eight patients in the
multiple dose PK study were administered 74mg m~2 of UANL
daily for 14days. No drug accumulation was observed with
repeated doses of UANL. Nausea, diarrhea and abdominal
distention were the common adverse effects that were observed.
Most UANL-associated adverse effects were either grade 1 or 2.
Only one patient developed grade 3 adverse effects in the form
of elevated aspartate aminotransferase and alanine
aminotransferase levels with diarrhea at the same time after
receiving 74mg m ™2 of UANL (Liu, 1995). The size (nm) of the
UANLs was not clearly stated in this paper.

A novel hard solid nanoparticulate formulation, CYT-6091,
constructed by simultaneously binding recombinant human TNF
alpha (rhTNF) and thiolated PEG to the surface of 27 nm colloidal
gold NPs was tested in a phase | dose escalation clinical trial in
29 patients with advanced stage cancer (Libutti et al, 2010). This
formulation was injected intravenously (50-600pug m 2, and
one cycle of treatment consisted of two treatments administered
14 days apart. Biopsies (punch, core or excisional) were obtained
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from 20 subjects from both tumor and adjacent healthy tissue 24 h
post-administration of CYT-6091. Adverse events were graded
according to the National Cancer Institute—-Common Terminology
Criteria for Adverse Events (version 3.0). Results showed that the
half-life for rhTNF and gold were quite similar (182 and 217 min,
respectively), suggesting that the CYT-6091 nanoconstruction
remains intact in the circulation. Electron micrographs of the
patient biopsies, taken 24 h after administration, indicated that
the gold NPs travel to tumors having fenestrations of 200-
400 nm in size. Gold NPs were also found in healthy liver tissue,
but were not detected in healthy skin or breast tissue. The most
frequent grade 3 and 4 adverse events were lymphopenia (26 of
29 patients), hypoalbuminemia (five of 29), hypokalemia (five of
29), hypophosphatemia (five of 29), hyperbilirubinemia (five of
29) and increased aspartate aminotransferase (five of 29). In
addition, redistribution in circulating lymphocytes and neutrophils
that was dose dependent was observed. All other adverse events
were not considered as dose-limiting toxicities. Depending on
the results, it is difficult to distinguish which adverse events were
induced by gold NPs, rhTNF, or both of them. However, from this
clinical trial we can get the following conclusions: First, a certain
dose of hard solid gold NPs can be administrated through the
intravenous injection route into the human body without severe
acute adverse effects. Second, the human body can tolerate
nanoparticulate formulation of gold NPs in sizes of 200-400 nm.
Third, gold NPs will be distributed to not only tumor tissue, but also
normal tissues or organs. Therefore, the chronic potential adverse
effects should be further evaluated even if this therapeutic
formulation is approved for clinical use.
In conclusion:

(1) Most nanomedicine products approved for clinical use are
from soft NPs. Moreover, a large proportion of the soft NPs
are composed of liposomal and polymer-conjugated
formulations (see Table 1) (Ko, 2016; Nishiyama et al, 2016;
Zatsepin et al, 2016). These therapeutic or carrier NPs are
normally believed to be less toxic than hard solid NPs except
for human essential element solid particles, such as iron oxide
NPs. More than two-thirds of the nanoparticulate systems
presently approved for therapeutic clinical use in humans are
soft particles and the majority are liposomes NPs (Schiitz
et al, 2013). That might be the reason why the soft particles
have received significantly more attention in recent research
for developing therapeutics for human therapy. It is worth
noticing that after checking through PubMed, one can find,
as early as in 1976, scientists had already reported the role of
liposomes in drug delivery systems for cancer chemotherapy
(Juliano, 1976). Superparamagnetic iron oxide NPs (iron is an
essential element for the human body), gold and Ag NPs are
the principal hard solid nanoparticulate types currently used
in clinics (Junghanns and Mdiller, 2008), but both of them are
predominantly used for diagnostic imaging for MRI or
radiosensitizers.

(2) Most reports of clinical trials for nanomedicine products
mainly pay attention to the therapeutic effectiveness of drugs,
not the biosafety or adverse effects of the NPs on the human
body.

(3) Most clinical trials did not provide detailed information on the
dynamic size of the therapeutic or carrier NPs, although the
size and shape of these soft nanoparticulate systems depend
largely on environmental factors, such as temperature, pH,
ionic strength or medium characteristics. As Schiitz et al.

(2013) concluded the publicly available databases of approved
products and clinical trials do not generally mention the
nanoparticulate characteristics of the therapeutics under
development. Although soft NPs are relatively low toxicity,
large counterparts may accumulate in vital organs and cause
toxic problems.

(4) Clinical trials for nanomedicine products are well organized in
countries or organizations such as US Food and Drug
Administration and National Institutes of Health, Swiss Agency
for Therapeutic Products and the European Union. China has
not yet set a unified organization to schedule the clinical trials
for nanomedicine products although research articles
published by Chinese scientists in nanomedical fields have
been soaring in recent years.

Strategies for research in nanomedicine

In summary, unique chemical and physical properties, potential
applications and human biosafety in clinical trials of NPs are
reviewed in this paper. The unique chemical and physical
properties of NPs include small size, surface area, quantum size,
chemical reaction properties, catalytic properties, optical
properties and other properties. The potential applications of
NPs in medicine mainly include medical diagnosis, drug carriers,
medical instruments, tissue engineering, therapeutic drugs,
nanogene medicine, gene therapy of cancer, nanovaccines and
radiosensitizers. Nanotechnology allows a quicker, more accurate
and more credible diagnosis process. Drug carrier NPs can be
easily delivered and absorbed, greatly increase the time of the
drug half-life and reduce the drug dosage. In the gene therapy
of cancer, more accurate targeting can avoid drugs causing too
much damage to normal tissue/cells. In tissue engineering,
nanotechnology may also play an irreplaceable role. Liposomal
and polymer-conjugated formulations are the NPs frequently used
for nanomedicine products at present. Human biosafety
information from open published clinical trials is limited. Most
clinical trial reports for nanomedicine products focused mainly
on the therapeutic effectiveness of drugs without paying enough
attention to the human biosafety or adverse effects.

To help optimize development of nanomedicine, we
summarized the following strategies as suggestions for future
work in nanomedicine research.

(1) Unique chemical and physical properties of NPs are a double-
edged sword. While developing NPs for medical use, it should
first be determined if these unique properties potentially cause
acute or chronic adverse effects to humans. NPs themselves
potentially may be toxic to the liver, kidneys, lungs, heart,
vascular system and the immune system (Schiitz et al,, 2013).
Some NPs may not be suitable for human use particularly
through intravenous or interstitial injections even if certain
chemical modifications have been applied, except for non-
invasive medical devices or drugs for external use only.
Therefore, before any clinical application, all nanomedicine
products designed for invasive administration should provide
complete safety data.

(2) Searching through PubMed, one may find thousands of
various publications published every year to investigate the
potential medical application of different NPs. However, these
studies mainly employ in vitro cell culture or in vivo animal
experiments, transitioning from lab to bedside for medical
use still has a long way to go. In addition, we found that so
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many scientists or researchers involved in nanomedicine
research are from pure material science fields without any
medical backgrounds. These situations inevitably form a gap
between labs and clinical use of NPs. A research team
consisting of multidisciplinary sciences such as chemical,
material, toxicological, biological, animal, basic and clinical
medical sciences should be the best way to develop the
nanomedicine products. Accordingly, research teams
consisting of multidisciplinary scientists, particularly medical
physicians, is vital and should get priority when applying for
funding for clinical use of NPs.

Through reviewing, we found that there are two major
obstacles for the development of nanomedicine. First, there
exists a big gap between research and clinical transition. For
clinical medicine, transitioning from lab to bedside use is the
final goal. As stated above, a bridge between lab and bedside
should be built through multidisciplinary scientists’
cooperation. Second, human biosafety evaluation of clinical
trials is very important for future healthy and rapid
development of new nanomedicine products. Therefore,
clinical trial results on nanomedicine products should be
encouraged to publish in open journals, including both
successful and unsuccessful cases. In this way, unsuccessful
clinical trials due to human adverse effects may help scientists
avoid making similar mistakes in the development of new
nanomedicine products.

Most clinical trials for nanomedicine products used as drug
carriers focused mainly on the findings in the therapeutic
effectiveness of drugs, but not on human biosafety of NPs. In
future clinical trials, it will be optimal to determine if the side
effects and/or adverse effects are induced by drugs
themselves or by the NPs when used as drug carriers. In
addition, due to the amount of time it takes for clearance or
accumulation in tissue or organs, chronic adverse effects of
nanomedicine products, particularly those used for invasive
administration, should be further evaluated after clinical use.
Epidemiology investigation is also necessary for human
biosafety evaluation after several years of application in clinical
practice.

At present, human biosafety evaluation for nanomedicine
products is still at the preliminary stage. Owing to a lack of
standardized evaluation methods, publication results related
with preclinical and clinical tests from different labs or
hospitals are difficult to compare. A unified standardized test
battery for human biosafety evaluation of nanomedicine
products in clinical trials should be determined, which may
include all indexes of blood chemistry, immune, nervous,
reproductive, developmental, carcinogenic, teratogenic and
mutagenic toxicities.

While investigating nanomedicine products for human use, we
should be prepared for accidental overdose, misuse or
accumulation of NPs in human tissue and organs. This means
how to neutralize or treat the toxicities of overdose, and how
to promote unnecessary NP excretions from the body should
also be investigated at the same time. In addition, emergency
medicine and emergency medical measures should be
explored before any nanomedicine product is permitted for
clinical application.

Although soft NPs are normally believed to be less toxic than
hard solid NPs, the potential adverse effects after a long time
of accumulation in human tissues or organs should not be
ignored. In addition, some soft NPs such as liposomes
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themselves may be digested or metabolized in the human
body. Therefore, several important questions should be
answered while evaluating the clinical use of medical
nanoproducts in clinical trials. These questions include
biodistribution, dynamic change in particle size, elimination
half-life and accumulation in human tissues and organs
particularly in the non-targeted tissues and organs.

(8) How to prevent contamination of bacteria or other
microorganisms in nanomedicine products particularly for
those administered intravenously has not been well
demonstrated in the most recent of clinical trials. As we know,
conventional disinfection methods may not be suitable for NP
disinfection. Therefore, standardized disinfection methods for
different kinds of nanomedicine products should be explored
further.

(9) Last, but not necessarily the least important, preventing
nanomedicine product pollution during clinical trials or clinical
applications should also be considered. Health risks coming
from occupational exposures of researchers and lab workers,
healthcare workers and family members during clinical use
of nanomedicine products have not previously been studied.
Potential risks to the environment have also not been
investigated. A more precautionary approach to oversight
from such exposures or pollutions seems advisable
(Ramachandran et al., 2012; Resnik, 2012).
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