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Abstract: Engineered nanomaterials are at the leading edge of the rapidly developing nanosciences and are founding an important class
of new materials with specific physicochemical properties different from bulk materials with the same compositions. The potential for
nanomaterials is rapidly expanding with novel applications constantly being explored in different areas. The unique size-dependent prop-
erties of nanomaterials make them very attractive for pharmaceutical applications. Investigations of physical, chemical and biological
properties of engineered nanomaterials have yielded valuable information. Cytotoxic effects of certain engineered nanomaterials towards
malignant cells form the basis for one aspect of nanomedicine. It is inferred that size, three dimensional shape, hydrophobicity and elec-
tronic configurations make them an appealing subject in medicinal chemistry. Their unique structure coupled with immense scope for de-
rivatization forms a base for exciting developments in therapeutics. This review article addresses the fate of absorption, distribution, me-
tabolism and excretion (ADME) of engineered nanoparticles in vitro and in vivo. It updates the distinctive methodology used for studying
the biopharmaceutics of nanoparticles. This review addresses the future potential and safety concerns and genotoxicity of nanoparticle
formulations in general. It particularly emphasizes the effects of nanoparticles on metabolic enzymes as well as the parenteral or inhala-
tion administration routes of nanoparticle formulations. This paper illustrates the potential of nanomedicine by discussing biopharmaceu-

tics of fullerene derivatives and their suitability for diagnostic and therapeutic purposes. Future direction is discussed as well.
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1. INTRODUCTION

Full-scale research and development initiatives for nanotech-
nology in many countries were spawned by the National Nanotech-
nology Initiative (NNI) in the USA (http://www.nano.gov), an-
nounced in January 2000 under Clinton’s administration [1]. The
NNI stresses long-term research looking 20 to 30 years ahead, on
the conviction that prioritizing basic and challenging research will
lead to breakthrough technological developments. The USA’s 21st
Century Nanotechnology Research and Development Act (passed in
2003) allocated almost $3.7 billion to fund nanotechnologies during
2005-2008, which excludes a substantial defense-related expendi-
ture. Since the NNI, the American Government’s nanotechnology
research funding has increased by more than ten times, starting
from $116 million in 1997 to the actual budget of $1,425 million in
2007.

Chinese government is also investing and committing to
nanotechnology. In the past years the number of publications on
nanotechnology originating from China rose to several hundreds
per year, which is exceeded only by the United States. The high
number of papers at recent nanotechnology conferences in China
provides evidence of vigorous research and development that is
being carried out by Chinese researchers, and shows the extensive
commercialization efforts being made around Shanghai and Bei-
jing. The establishment of the National Center for Nanoscience and
Technology of China at Beijing and the National Engineering Re-
search Center for Nanotechnology at Shanghai are good indicators
of the high level of interest [1]. There is special interest in combin-
ing nanotechnology with traditional Chinese medicine, because
nanoformulations may greatly increase therapeutic efficacy of tradi-
tional Chinese medicine, and improve its standardization, moderni-
zation, and internationalization.

*Address correspondence to these author at the Division of Nanomedicine
and Nanobiology, National Center for Nanoscience and Technology of
China, Beijing 100190, and Lab. for Bio-Environmental Effects of Nanoma-
terials and Nanosafety, Institute of High Energy Physics, Chinese Academy
of Sciences, Beijing 100049, P.R. China; Tel: +086-010-8254-5569; Fax:
+086-010-6265-6765; E-mail: liangxj@nanocenter.cn;
zhaoyuliang@mail.ihep.ac.cn

1389-2002/08 $55.00+.00

Over the last decade or so, nanomaterials have been broadly
studied because of their unique size-dependent physical and chemi-
cal properties [1, 2]. Nanomaterials are substances with one or more
external dimensions, or an internal structure, on the nanoscale,
which could exhibit distinct novel characteristics that the same
material at large size may not feature. Nanoparticles, such as carbon
lattices, nanotubes, metal oxides, liposomes, micelles and polymers
etc., are made of a wide variety of nanomaterials with a diameter of
less than 100nm (0.1um). Nanoparticles can be mainly divided into
two groups: (I) labile nanoparticles which disintegrate into many
molecular components upon application (e.g. liposomes, micelles,
polymers, nanoemulsions), and (II) insoluble nanoparticles such as
titanium dioxide (TiO,), silica dioxide (SiO,), fullerenes and quan-
tum dots (QD) (e.g. carbon lattices, nanotubes, metal oxides),
which remain intact. Three principal factors, the increased relative
surface area, nano-scale size and the quantum effects (in some in-
stances), distinguish the properties of nanomaterials from those of
bulk materials. Due to their unique properties, applications of
nanomaterials in various areas are increasing rapidly. There are
many industrial and consumer products (such as cosmetics, sun-
screens, paints, textiles, toothpastes, sanitary ware coatings and
even food products, etc.), which contain nanomaterials and many
more are still under development [3]. As nanoscience is experienc-
ing massive investment worldwide [4], a further increase in bio-
logical and medical products developed from nanomaterials is fore-
seeable [5].

The accumulating investments and efforts in nanotechnology
are expected to lead to new technological breakthroughs and in-
crease in the applications of nanomaterials in medicine in the near
future [6]. Engineered nanomaterials are being exploited in many
different biological and medical fields due to their unequaled photo-
, electro-chemical and physical properties. Multifunctional nanopar-
ticles play important roles in cancer diagnostics and therapeutics.
Particles and their aggregates can be broken down to even smaller
particles via milling and/or dispersion—a distinct process to gener-
ate nanoscale particles rather than solvated materials [7]. The trans-
location and distribution of nanoparticles in the body is size-
dependent. Hence, the adverse effects of nanoparticles may not be
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easily predicted or derived from the known toxicity of the same
chemical constituent at micro-size [8-10]. There is a need for the
information on the biopharmaceutics (ADME) of these man-made
nanoparticles. Dissolution, translocation, deposition or excretion is
critical for nanoparticles to exert their biological effects within the
body. The present paper reviews metabolic properties and pharma-
cological effects of bioengineered nanoparticles known today and
their uses in medicine.

2. DISTINCTIVE METHODOLOGIES FOR BIOPHARMA-
CEUTICAL STUDIES ON NANOPARTICLES

Bulk materials may show unexpected novel properties when
they are miniaturized to nanosize. This spurs great interests in ex-
ploiting physicochemical consequences from the change in size of
the materials and utilizing the resulting changes for applications to
benefit human services. Keeping the mass unchanged, a decrease in
size of particles will result in an increase in total surface area of
particles [8, 11, 12] (See Table 1). This increase in surface area
would cause chemical modifications at the surface and generate
additional physico-chemical and /or biological activities that the
corresponding large particles may not possess. Furthermore the
increase in particle surface would allow insoluble, labile particles or
even particle core to carry more reactive molecule species, and
ultimately produce either beneficial or adverse biological effects.

Metabolism of many nanomaterials has not been studied in
detail. Most metabolic studies on nanomaterials employed the tradi-
tional analytical methods to compare the results from the nanoscale
with the non-nanoscale materials. For example, isotope labeling of
nanoparticles has been broadly used to determine their distribution
and translocation in vivo. Liu et al detected *Fe, *C, C, ¥°I-
labeled carbon nanotube (CNT) for measurement of the tissue dis-
tribution and metabolism of CNT in animal model [13]. Fluorescent
labeling is also a useful method to determine the location and traf-
ficking of nanoparticles in biological systems by detecting fluores-
cence intensity of the fluorophors. Inductively coupled plasma-
mass spectroscopy (ICP-MS) is another method used for quantita-
tive measurement of the concentration of metal nanoparticles. It is
difficult to detect and quantify the metabolism of nanomaterials by
a single analytical technology. The most commonly used analytical
methods are based on chromatography, mass spectrometry (MS)
and NMR. Although the requirements for studying the biodistribu-
tion /toxicokinetics and mutagenicity/genotoxicity of nanoparticles
are similar to those used for studying conventional micro or macro
sized materials, the specific characteristics of nanoparticles may
require additional considerations of methodologies to measure the
unique features of distribution and metabolism of nanoparticles. For
example, the present genotoxicity tests for novel chemotherapeutic
agents in vivo do not cover the expected target organs or tissues
where nanoparticles deposit. In addition, the broadly used cell dif-
fusion chamber incorporating a microporous membrane is a stan-
dard device for estimating percutaneous absorption of commonly-
used medical and customer products. Having stated that, the con-
ventional models may not be appropriate for estimating the unique
biological capability of nanoparticles for medical application.
Therefore, new methodologies to assess the metabolic pathways
(penetration, dissolution, translocation, and deposition et al) of
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nanoparticles are needed for characterizing the properties of engi-
neered nanomaterials.

3. IMPROVED PHARMACEUTICAL PROPERTIES OF
COMPOUNDS MODIFIED BY NANOTECHNOLOGY

Currently, in the early stage of drug discovery, most of com-
pounds formulated for in vivo experiments are frequently lipophilic
or sparingly soluble in water. Typical intravenous formulations for
these compounds at neutral pH require the presence of multi-
solvent, surfactant, or in mixed micellar solutions, or nanosuspen-
sions[14]. It is complicated to determine the intrinsic pharmacoki-
netic behavior of nanopreparation of a new drug entity from phar-
macokinetic behavior of the same drug that is formulated using
micro or macro form of the drug entity. The complication may re-
sult from various situations such as slow or incomplete dissolution
of injected nanoparticles, precipitation of the compounds or parti-
cles in the bloodstream, delayed release of the compounds from the
dosing vehicle, competition between the compounds and formula-
tion ingredients for transport, metabolism and binding to proteins
and other blood and tissue components. The strategies used in
pharmaceutical industry may be applied to improve the solubility of
these compounds without alteration of their properties while devel-
oping nanoformulations. The entrapped dosage of the compound in
terms of loading capacity of the drug vehicle and the kinetics of
release of the entrapped compound are important determinants for
the success of developing a 'non-interfering' vehicle for the dosage
formulation. If an analytical technique used to determine drug con-
centration in the body is sensitive enough to detect compounds at
low doses, screening for formulations at relatively low concentra-
tions may be feasible. Nanoparticles may be employed to solve this
critical problem due to their unique physical, chemical, electronic,
and magnetic characteristics. Some nanoformulations can be moni-
tored by virtue of photostable optical intensity of the compounds
for clinical measurement. The low concentration of compounds can
be detected by the electronic, magnetic or optical signals of
nanoparticles. In this way, the metabolism and pharmacokinetic
behavior of these compounds can be quantitatively measured in
vivo, and the pharmacokinetic behavior of the compounds can be
evaluated by monitoring the nanoparticle vehicle used in the phar-
maceutical preparation[15].

Conventional formulations of the highly lipophilic taxane, pa-
clitaxel (Taxol) for intravenous use contain cremaphor as a solvent.
Toxicity due to cremaphor contributes to adverse effects of this
versatile anticancer drug. Abraxane is a nanoformulation of pacli-
taxel conjugated to nano-bead protein structure. It is noteworthy
that abraxane is one in a small list of FDA approved for the treat-
ment of breast cancer. Paclitaxel is a very effective anticancer drug.
The nano-bead protein conjugated formulation increased water
solubility allowing for elimination of the toxicity associated with
the solvent vehicle (cremaphor) and improved therapeutic index.
Nanoparticles (such as TiO,) have been used as carrier to increase
the photostability of the pharmacologically active payload. The
nanoparticulate multilayer of nanoparticles was used as an optical
filter to protect the drug from damage by light exposure. The in-
creased hydrophilicity of TiO, nanoparticles increases the aqueous
wettability by preventing aggregation in the dispersion medium.

Table 1. The Correlated Proportion of Particle Size and Particle Surface Area

Particle diameter

Particle number

Particle surface area

(nm) (number/pound) (mm*/pound)
1000 10" 3x10°
100 10" 3x10"
10 10* 3x10"




Biopharmaceutics and Therapeutic Potential of Engineered Nanomaterials

This increases the dissolution rate of the entrapped photoprotected
cargo molecules in the nanoformulation by facilitating the maximal
exposure of compounds’ surface area to the dispersion medium[16].

4. POTENTIAL MEDICAL APPLICATIONS AND BIO-
LOGICAL EFFECTS OF NANOMATERIALS

Carbon nanotubes comprise an important class of nanomateri-
als. A hydrophilic functionalized soluble single-walled carbon
nanotube (SWNT) is of special interest because of its wide use as a
highly effective means of transporting molecular cargo of various
sizes and types across the cell membrane to the therapeutic cellular
target. SWNT has been demonstrated to carry smaller molecules
into cells through a variety of energy -dependent and/or -
independent processes [17-19]. Therapeutic drug molecules or di-
agnostic sensor molecules are usually linked covalently to function-
alized SWNT through ester or disulfide bonds. Upon cellular entry,
SWNTs encounter the acidic reducing environment of lysosomes or
endosomes, where the disulfide and ester bonds are cleaved to se-
lectively release their cargo [20]. There are several studies employ-
ing CNTs for nanoformulations designed for intracellular transport
and controlled release of pharmaceuticals including cancer che-
motherapeutic agents. For example, the full clinical potential of the
highly effective anti-cancer drug is not achieved because of inade-
quate delivery to the targeted tumor in vivo. Lippard et al. [21]
combined cisplatin with SWNTs due to their proven capacity to act
as a longboat, shuttling smaller molecules across tumor cell mem-
branes. They demonstrated that nanoformulations of SWNTs con-
jugated to platinum(IV) could effectively deliver a lethal dose of
the anti-cancer drug inside the malignant cancer cells[21]. How-
ever, these studies have to be viewed with some caution because of
potential toxicity of nanotubes[22]. The potential hazards of CNTs
to humans and other biological systems was assessed by measuring
DNA damage caused by CNTs in mouse embryonic stem (ES)
cells[23]. Many experiments have demonstrated the adverse pul-
monary effects of SWNTSs in vivo after intratracheal instillation, in
both rats and mice. Further studies indicate that if CNT reach the
lungs, they are much more toxic than carbon black or quartz[24,
25]. It is noteworthy that the report of National Institute for Occu-
pational Safety and Health (NIOSH) states that none or only a small
fraction of the CNT enters in the lung through inhalation at the
workplace [26]. SWNT induced oxidative stress, which is exempli-
fied by the formation of free radicals, accumulation of peroxidative
products, antioxidant depletion, and cytotoxicity in human kerati-
nocytes [27, 28]. In addition, Moller ez al. showed that other carbon
nanomaterial such as ultrafine carbon black particles could impair
phagosome transport and cause cytoskeletal dysfunctions with a
transient increase of intracellular calcium signal[29].

Bioeffect of nanoparticles in the body depends not only on the
amount of nanoparticles but also the size and surface of nanoparti-
cles. It has been demonstrated that the ultrafine nanoparticles were
deposited in lungs and other organs, when rats were subjected to
chronic inhalation of TiO, nanoparticles of different sizes, for 3
months. These studies showed more translocation of nanoscale
TiO; to interstitial sites and regional lymph nodes when compared
to the fine TiO, nanoparticles. By comparing carbon black or CNT
particles of similar size and composition but with significant differ-
ence of specific surface area, it was found that the biological effects
(inflammation, genotoxicity, and tissue damage as indicated by
histopathologic examination) of nanoparticles were determined by
specific surface area, not by particle mass. Similar findings were
reported in earlier studies on the tumorigenic effects of other
nanoparticles. It has been shown that tumor incidence was corre-
lated better with specific surface area than with particle mass[30].

Liposomes have been used as an effective vehicle for drugs,
such as for cisplatin, paclitaxel, daunomycin, doxorubicin and am-
photericin et al. Nanocarriers for medical applications are made of
relatively safe materials, including synthetic biodegradable poly-
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mers, lipids and polysaccharides. Administration of doxorubicin
encapsulated into PEG-PE micelles increased doxorubicin accumu-
lation and penetration in tumors, compared to the much lower levels
of drug achieved with doxorubicin itself without nanotechnological
modification. /n vitro and in vivo pulmonary deposition of nano
liposomes has been performed using Andersen Cascade Impactor
and intratracheal instillation in rats, respectively. Liposomes were
prepared by thin film evaporation technique and liposomal disper-
sion was passed through high pressure homogenizer. Nano-
liposomes (NLs) were harvested by centrifugation and character-
ized by scanning electronic microscopy (SEM). NLs were dispersed
in phosphate buffered saline (PBS) at pH 7.4. The dispersion was
spray-dried and sizes of powders were measured by atomic force
microscopy (AFM). In vivo studies revealed significant retention of
nanoliposome-trapped medicine after 24 hours, suggesting slow
clearance of NLs in biological system. The encapsulated nano-
liposome provides a practical approach for direct delivery of com-
pounds for controlled and prolonged retention at the targeted site of
action. It may play a promising role as effective therapeutic drug
delivery system in reducing the risk of acute and chronic toxic-
ity[31]. Nano-sized particles are more likely to increase the
bioavailability, which could result in improved chemotherapeutic
effects. It is important to note that specific particle surface area may
be a better indication for maximum tolerated exposure level of
nanoparticles. Recent publications on the pulmonary effects of CNT
confirm the intuitive assumption that nano-sized nanotube can in-
duce a rather general non-specific pulmonary response[22, 24, 26,
32].

5. POTENTIAL THERAPEUTIC STRATEGY BASED ON
GENOTOXICITY OF NANOPARTICLES

Some of the adverse biological effects of nanoparticles in vivo
have linked to the inflammatory response with exacerbation of air-
ways disease, cardiovascular events caused by hypercoagulability or
atherosclerotic plaque destabilization[33, 34]. Many of these con-
clusions are derived from studies on nanoscale particles that can
cause inflammatory response or inflammation and these conclu-
sions may not be extrapolatable to nanoparticles in general, and
they may be less relevant for engineered nanomaterials. Nanoparti-
cles that readily cross cellular membranes can be expected to be
able to reach the nucleus and DNA, which is important when geno-
toxic effects are considered. For instance, functionalized SWCN
have been reported to reach the cell nucleus[18, 35]. Even if
nanoparticles do not go through the nuclear envelope, they would
eventually have access to the nucleus in dividing cells, because the
nuclear envelope dissolves during mitosis leading to cell division.
For most nanoparticles, it is unknown whether they interact directly
with DNA or the mitotic spindle, and what size and/or charge of
nanoparticles could lead to defects in DNA transcription and chro-
mosomal damage and aberration. However, there are indications
that certain types of nanoparticles are capable of causing DNA
damage.. Surface area and charge density of nanotubes are consid-
ered to be critical in determining their electrostatic complex forma-
tion with DNA[36]. Therefore, cationic functionalized CNTs are
frequently used for binding to DNA and widely used for cell spe-
cific delivery of functional DNA and siRNA to specifically modify
the expression of the targeted gene. The composition and the coat-
ing of nanoparticles are probably the key factors in determining
their genotoxic effects. Nanotubes coated with a positively charged
polyelectrolyte, functioning as a counterpart for negatively-charged
DNA, have been wrapped with DNA to generate DNA sensors[37].
The property of various types of nanoparticles complexed with
DNA has been utilized for cellular and nuclear delivery of DNA
and oligonucleotides [38-40]. In addition, SWNT can bind with
single- and double stranded DNA, and/or peptide amino acid
(PAA)[41-44]. QDs, such as cadmium selenide (CdSe), have been
used for tracking and monitoring biological molecular process and
function in vitro and vivo. CdSe is usually capped with a shell of
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PEG, with biotin surface functionality for broad biological applica-
tion in vivo. Water-soluble semiconductor QDs can also cause bond
breakage in DNA strands due to photogenerated and surfaceoxide-
generated free radicals [45].

In principle, genotoxicity of nanoparticles can be assessed using
in vitro assays on mammalian cells. However, the timing of the
tests has to be long enough to ensure that the nanomaterial can
reach the nucleus. In the in vitro chromosome aberration test which
was related to sample prep/ agglomeration state, it is necessary to
examine two post-treatment metaphases by allowing two rounds of
cell replication. In the cytokinesis-block micronucleus test in vitro,
the treatment with nanoparticle should occur in one cell cycle with-
out cytochalasin B (Cyt-B), followed by another cycle with the
presence of Cyt-B, to examine the cells after the 2nd post-treatment
mitosis. If the genotoxic effects of nanoparticles are related with
inflammation, simple in vitro assays may not be adequate for dem-
onstrating the genotoxic potential of nanoparticles. In general, the
relationship between inflammation and genotoxic effects is still not
well understood for many types of nanoparticles including weakly
soluble nanoparticles. Depending on the endpoint of study, demon-
stration of an association between inflammation and genotoxic
effects may require relatively long-term experiments, which may be
impractical. In rats, intratracheal instillation of nanosized carbon
black, fine TiO, (anatase) and fine o-quartz (SiO,) resulted in an
increase of Aprt mutations in alveolar cells after 15 months treat-
ment [30]. It appears that basic studies on the association between
inflammation and genotoxicity are necessary before conclusions
can be drawn on the importance of inflammation-related genotoxic-
ity of nanoparticles. /n vivo, actively dividing cells are expected to
be the primary targets of genotoxic effects of nanoparticles, as
genotoxicity can be fixed only when the cell divides. The widely
used in vivo genotoxicity tests, the bone marrow micronucleus test
and the liver UDS (Unscheduled DNA Synthesis) test, have been
employed to detect DNA damaging effects of nanoparticles that
reach the bone marrow and the liver, respectively, or that have sys-
temic genotoxic effects. Currently, there is no validated standard
method for assessing genotoxic effects on dividing cells associated
with carcinogenesis in the expected target tissues in vivo. However,
techniques such as the comet assay, micronucleus test, and gene
mutation analysis in transgenic animals could probably yield valu-
able results for studying the effects of nanoparticles on DNA.

6. TRANSLOCATION OF NANOPARTICLES IN BIOLOGI-
CAL SYSTEM

There is a tendency for accumulation of insoluble nanoparticles
in the body and the biological effects would be dependent on the
properties and dose of nanoparticles, as well as the site of accumu-
lation. Nanoscale particles may affect movement of endogenous
substances (proteins, enzymes) or exhibit increased reactions with
biological molecules. Autonomic nervous system may also be a
target for the adverse effects of inhaled particulates. In the in vivo
evaluation of the biological effects of nanoparticles, the transloca-
tion to the systemic circulation is an important aspect. The possible
translocation of nanoparticles has not been studied extensively,
although the importance of nanoparticle transport and translocation
in biological systems, in pharmacology and delivery of biomolecu-
lar drugs [46]. Characterizing the status of the component molecule
of nanoparticle, and understanding the processes of translocation,
dissolution, and possible nanoparticle-receptor interactions are key
challenges to define the biological effects of nanoparticles in vivo.

Nanomaterials are expected to dissolve faster than larger sized
materials of the same mass based on surface area considerations
alone—although other factors such as surface curvature/roughness
also play a role. In addition to phagocytosis, which is mostly for
cellular ingestion of relatively large particles, translocation of in-
soluble particles into cells is most likely to be dependent on proc-
esses of endocytosis, mainly pinocytosis and phagocytosis, or re-
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ceptor-mediated endocytosis[47]. Similarly, expulsion of nanoparti-
cles from live cells may occur predominantly by exocytosis. Disso-
Iution, even over the period of weeks or months, may significantly
enhance clearance of nanoparticles. Diffusional movement of
nanoparticles through cell membranes is likely to be limited under
normal conditions [48]. More research in diffusional movement may
provide a better understanding of nanoscale particle translocation
processes. Several authors have reported on the movement of
nanoscale particles from the lung to the blood[49]. Nemmar et a/
[50] have studied the translocation of inhaled technetium (*°™Tc)
labeled carbon nanoparticles to the blood. The authors concluded
that phagocytosis by macrophages and/or endocytosis by epithelial
and endothelial cells was responsible for carbon nanoparticle-
translocation to the blood but other routes must also exist.

Particles up to 25um size were found in the foot dermis of ele-
phantiasis patients with impaired lymphatic drainage in the lower
legs. These particles were located either in the phagosomes of
macrophages, or in the cytoplasm of other cells. The failure of con-
ducting lymph to the node produces a permanent deposit of parti-
cles in the dermal tissues. This indicates that particles, which pene-
trate normal or damaged skin, are removed via the lymphatic sys-
tem of healthy people[12]. Micro-sized and even submicron sized
liposomes do not easily penetrate into the viable epidermis, while
nano-sized liposomes with an average diameter up to 272 nm have
been found to reach into the viable epidermis and some in the der-
mis. Smaller sized liposomes of 116 and 71 nm have been found in
higher concentrations in the dermis. Liposomal emulsion particles
with diameter of 50 nm to 1 micron, have been detected in the epi-
dermis in association with the cell membranes after topical applica-
tion to human skin[51]. In subsequent studies, it has been shown
that formulations containing nanoliposomal microspheres allow
penetration of nanoliposome spheres into melanoma cells, and even
into the nucleus.

New degradable nanomaterials such as polyanhydrides were
used for preparing controlled release formulations of proteins and
peptides. Some of these formulations can be utilized for delivering
proteins and peptide through the skin and lungs[52]. Some conclu-
sions regarding nanoparticles penetration of skin by nanoparticles
can be drawn from the rather limited literature on the subject.
Firstly, penetration through the skin barrier is dependent on particle
size. Nano-sized particles are more likely to penetrate deeper into
the skin than larger ones. Secondly, nanomaterials, which can dis-
solve, or leak from a nanoparticle (e.g. metals), or break into
smaller parts (e.g. liposomes), can possibly penetrate the skin.
There is no clear indication that nanoparticles, which had pene-
trated the skin, also entered the systemic circulation. However, it
has been observed that nanoparticles can be phagositized by macro-
phages, Langerhans cells or other cells.

7. EVALUATION OF BIOLOGICAL EFFECTS OF NANO-
PARTICLES

Nanoparticles, because of their ultrahigh reactive surface sites
and quantum effects, are being widely used in the traditional indus-
tries, such as dyes, paints, medical diagnosis, sunscreens and cos-
metics. There are certain principles for biological and medical
evaluation of potential nanoparticles (See Table 2). Metal nanopar-
ticles have found uses in biological and medical studies[53]. In-
creased numbers of neutrophils and phagocytes in lung fluid and
the deposition of nanoparticles in alveolar cells were observed in
rats and hamsters following inhalation of silver or gold nanoparti-
cles. Acute pulmonary reaction in response to administration of
nanoparticles such as carbon black, TiO,, and iron oxide revealed
rapid translocation of nanoparticles across the epithelium after
deposition. It was found that severe effect on renal function could
occur in the metal nanoparticles-treated mice, without significant
change in biochemical profile of blood.. Blood-element test showed
that in the rats treated with metal nanoparticles (such as Zn- or Cu),



Biopharmaceutics and Therapeutic Potential of Engineered Nanomaterials

red cell distribution width, corpuscular volume and blood platelet
significantly increased, and hemoglobin as well as haematocrit
significantly decreased. The study indicated that metal nanoparti-
cles could cause anemia in animal model. Besides the pathological
lesions in the liver, renal, and heart tissue, only slight stomach and
intestinal inflammation was evident in all the metal-treated mice,
without significant pathological effects in other organs[54, 55].

Table 2. Biological and Medical Evaluation of Nanoparticle

Subjects of evaluation Aspects of evaluation

Biodistribution Whole organism, tissue and organ level

Localization Different intracellular vesicle, organelles, cell level

Metabolic routes Absorption, distribution, metabolism and excretion

(ADME)

1gG/IgM specific Abs, cytokine induction, T cell
activation

Immunological properties

In vivo degradation Enzyme digestion, lysosomal decomposition

Biological environment and adverse health effect in
vivo

Biocompatibility

Chemical composition, particle size, reactivity,
structure/ properties, surface coating modification

Toxicological characters

Therapeutic index of nanomedicines and their
delivery systems relates with clinical administration

Chemotherapeutic concerns

Other unclear consequence associated with
nanomedicines

TiO, nanoparticles are widely used for a variety of applications.
Pulmonary inflammatory response was observed for 20 nm TiO,,
but not for 250 nm TiO, particles[56]. In order to evaluate the bio-
logical effect of TiO, particles, the acute biological reaction caused
by nano-sized TiO, particles in adult mice was compared with that
resulting from fine TiO, particles [56]. Due to the low toxicity, a
fixed large dose of TiO, nanosuspensions was administered to mice
by a single oral gavage. TiO, particles showed no obvious acute
toxicity in 2 weeks, however, female mice showed high accumula-
tion of the nano-sized nanoparticles in liver. In the assessment of
acute biological effects of TiO, particles, abnormal activities were
not observed in these mice, and there were no cancer and carcino-
genic symptoms after autopsy because of the short exposure period.
Different laboratories have reported that the retention halftime of
TiO, particles in vivo was long because of inefficient and slow rates
of excretion. Oberdorster et al. [57] reported that the retention half-
times of TiO; in rat lung were 117 days for fine particles and 541
days for ultrafine particles. After intravenous injection of rats with
200-400nm TiO, nanoparticles, about 69% of the injected TiO,
nanoparticles at 5 min and 80% at 15 min were accumulated in the
rat liver[58]. The 80 nm TiO, in vivo may directly result in the
nanoparticle deposition in the liver and lead to hepatic lesion. Sur-
prisingly, the 25 nm TiO,, the same as the fine particles, are not
retained in the liver, but accumulate mainly in the spleen, kidneys,
and lung tissues.

Biodistribution, penetration through tissue, phagocytosis and
endocytosis of nanosized materials are all likely to have an impact
on potential toxicity of nanoparticles. These processes are most
likely dependent on surface characters of nanoparticles. The com-
plex pathways involved in exposure and uptake, translocation and
metabolism, and elimimnation of nanoparticles in biological sys-
tems are depicted (Fig. 1). The liver, as a main detoxification organ,
is activated to eliminate the side effects induced by most of the
mass ingested nanoparticles. Following oral intake, a part of these
nanoparticles are excreted through the kidneys. However, the small
size and difficult clearance resulted in prolonged retention of
nanoparticles in vivo and damage to the liver and kidneys. The

Current Drug Metabolism, 2008, Vol. 9, No. 8 5

changes of serum biochemical parameters including bilirubin levels
(TBIL), alkaline phosphatase (ALP), alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) and other pathological
characteristics of liver were mostly used to evaluate the effect of
nanoparticles on liver function, which was usually indicated by
measurement of hydropic degeneration around the central vein and
the spotty necrosis of hepatocytes. In addition, the nephrotoxicity
could be assessed by measurement of activities of creatine kinase
(CK), lactate dehydrogenase (LDH) and alpha-hydroxybutyrate
dehydrogenase (HBDH). The myocardial damage was shown by
change of serum LDH and alpha-HBDH caused by treatment with
nanoparticles. For example, increase in levels of uric acid (UA),
blood urea nitrogen (BUN) and creatinine were accompanied by
pathological changes in the kidneys of experimental animals treated
with TiO, nanoparticles. However, there were no abnormal or
pathological changes in the heart, lung, testicle (ovary), and spleen
tissues. Biodistribution studies showed that TiO, nanoparticles were
retained mainly in the liver, spleen, kidneys, and lung tissues,
which indicated that TiO, particles could be transported to other
tissues and organs after uptake from the gastrointestinal tract after
oral dosing.
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Fig. (1). Possible routes for translocation and metabolism of nanoparti-
cles in biological system.

There are many pathways for systemic exposure, translocation and excretion
of nanoparticles, which were proposed in published literatures. The exact
pathways for transport and metabolism of nanoparticles are not clear. Fur-
ther in vitro and in vivo investigations are necessary.

Although the levels of AST, ALT, and TBIL enzymes for liver
function did not change much, the ratio of ALT/AST (as a more
sensitive indicator for hepatic injury) could be measured for bioe-
valuation of liver function after oral ingestion of nanoparticles. The
changed liver weight and the hepatocyte necrosis in the pathologi-
cal examination were helpful to estimate liver injury caused by
administration of nanoparticles. In addition, test of LDH in serum is
often used to detect tissue alterations and diagnose heart attack,
anemia, and liver diseases. Generally, high LDH level shows the
myocardial lesion when combined with data for CK and alpha-
HBDH, and the hepatocellular damage are expressed when com-
bined with AST and ALT enzymes. The high LDH and alpha-
HBDH enzyme levels implied that nanoparticles resulted in more
myocardial damage although the pathological change was not ob-
served in cardiac tissue. From the changes of biochemical parame-
ters, such as ALT/AST, BUN, and LDH, it was clear that nanopar-
ticles affected the functions of liver and kidneys in female mice. In
summary, administered nanoparticles were retained mainly in liver,
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kidneys, spleen, and lung,. The obvious hepatic injury caused by
nanoparticles could be seen by hydropic degeneration around the
central vein and the spotty necrosis of hepatocytes, and the kidney
damage was inferred from histopathological examination of the
renal tubule and observation of swelling in the renal glomerulus
[56].

8. BIOLOGICAL REACTION OF NANOPARTICLES IN
RESPIRATORY SYSTEM

Because lung has extensive, location-specific defense systems
such as mucociliary clearance in the upper airways and macrophage
clearance in the lower, unciliated part of the respiratory tract, most
of the nanoparticles in the dosage could be found in lung after the
inhaled administration to rats or mice. Deposition of nanosized
particles less than 0.5 um diameter in the respiratory tract is mainly
determined by diffusion. The diffusional deposition of nanosized
particle during breathing is affected by: (1) dynamics of nanoparti-
cles and their size and shape; (2) geometry of the branching airways
and the alveolar structures; (3) breathing pattern, either nose or
mouth breathing; and (4) airflow velocity and the residence time in
the respiratory tract [59]. Some of the nanoparticles from the ad-
ministered dose can remain in the airway for a long time. Nanopar-
ticle transport from the alveolar region toward the larynx in humans
is mediated through macrophages. This is a slow process even un-
der normal conditions, and serves to eliminate only a part of the
nanoparticles deposited in the peripheral lung. The remainder may
accumulate in lung surfactant or interstitial fluid unless the nanopar-
ticles are biodegradable or cleared by simple chemical dissolution.
Therefore, it can lead to a different cumulative dose for a given
deposited dose of nanoparticles with different durability and resis-
tance to dissolution or degradation. The kinetics of dissolution of
inhaled nanoparticles is the most important factor in determining
whether a low-toxicity nanoparticle, such as amorphous silica
(Si03), could be eliminated in the epithelial lining fluid or whether
nanoparticles such as carbon blacks or iron oxides are engulfed by
alveolar macrophages. Thus, solubility of nanoparticles is a key
driver for the mechanisms of their biological metabolism including
their clearance in vivo.

On the epithelium walls of the respiratory tract, nanoparticles
first come into contact with the mucous or serous lining fluid and
its surfactant layer. Therefore, the destiny of particle compounds
that are soluble in this lining fluid is different from the slower dis-
solving or insoluble compounds [59]. Soluble nanoparticle could
dissolve and often be metabolized in the lining fluid, eventually be
transferred to the blood, and undergo further metabolism. In this
way, particle compounds may have the potential to reach organs far
from the original site of entry and to produce biological effects. On
the other hand, the slower-dissolving and insoluble nanoparticles
deposited on the wall of airway will only be moved by ciliated cells
shuffling, coughing, and swallowing. There is evidence that a sig-
nificant fraction of nanoparticles is retained in the respiratory tract.
The slow dissolving and insoluble nanoparticles deposited in alve-
oli will be taken up by macrophages under normal physiological
conditions. However, for the nanoparticles able to penetrate into
interstitium, the macrophage uptake is less likely.

The alveolar macrophage plays an important role in the re-
sponse of the lung to inhaled nanoparticles. Their essential function
is phagocytosis and clearance of inhaled nanoparticles. The alveolar
cells could produce surfactant by cellular secretion, which contain
significant quantities of biotransformation enzymes, particularly
cytochrome P450-dependent mono-oxygenases, which participate
in detoxification reactions for overcoming nanoparticle toxicity. In
addition, macrophages also carry out several other metabolic func-
tions, such as the active uptake of endogenous and exogenous com-
pounds, permeability functions and immunologic functions. The
kinetics of nanoparticle metabolism in vivo may also be affected by
differences in the pH of subcellular compartments [60]. If nanopar-
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ticle is neither soluble nor degradable in the biological environment,
it is likely to have high biostability with a strong tendency for ac-
cumulation upon constant administration. In addition to the known
biological effects of nanomaterials with low-solubility, disposition
factors of nanoparticles may also influence their biological effects
and applications in vivo.

Macrophage-mediated nanoparticle removal may be impaired
especially for the young and the old people, and persons with lung
diseases. As noted above, nanoparticles that escape phagocytosis by
macrophages may interact with cells lining the epithelium. In gen-
eral larger nanoparticles are phagotized, while smaller particles
escape uptake by macrophages. The large surface area of nanoparti-
cle presents a reactive interface with cells. Depending on the nature
of their molecular surface, nanoparticles may have a greater capac-
ity to induce or mediate adverse effects than larger particles, not
only in the respiratory system, but also in the cardiovascular sys-
tem, the central nervous system and the immune system [8].

9. BIOLOGICAL REACTION OF NANOPARTICLES IN
NERVOUS SYSTEM

The absorption of nanoparticles in olfactory nervous system has
been studied in connection with the development of drug-delivery
systems. Some drug-delivery systems might circumvent the blood—
brain barrier in order to enable penetration of diagnostics or medi-
cal therapeutics to the brain[61, 62]. Because of the smaller diame-
ter, larger surface area and increased number of nanoparticles com-
pared with non-nanoscale particles in a fixed volume and amount,
nanoparticles could carry more reactive materials such as free radi-
cals, transition metals, or chemotherapeutic compounds to the deep
organs, and increase drug accumulation in body. Although inges-
tion is possible when dust accumulates on mucosa surfaces of the
oropharynx and nasopharynx or from contaminated food, inhalation
is still the most common route for exposure of nanoparticle in bio-
logical system. Nanoparticle could be translocated into the central
nervous system (CNS) via the olfactory pathway. There is evidence
that an increased Mn'" concentration was observed in the brain of
rats after inhalation of manganese phosphate or manganese sulfate.
Also, there was an increase of '>C concentration in the olfactory
bulb, cerebrum and cerebellum of rat brain after exposure to *C
labeled carbon nanoparticles[63]. Severe damage to brain tissue
was also observed when large mouth bass lived in the water con-
taining 500 ppb buckyballs[64].

Nanoparticles, such as TiO, particles, can be taken up by the
olfactory bulb via the primary olfactory neurons and accumulated in
the olfactory nerve layer, olfactory ventricle, and granular cell layer
of the olfactory bulb. The distribution areas of larger TiO, particles
were wider than those of nano-sized TiO, in the olfactory bulb,
indicating that larger TiO, particles entered more easily into the
olfactory bulb through olfactory tract than nano-sized TiO,. This is
likely because nanosized TiO, particles might be adsorbed in the
nasal cavity and/or mucosa and only a small fraction of particles
were translocated into the olfactory bulb and brain through the res-
piratory tract and olfactory nerve system.

Because nanoparticles can be translocated to the olfactory bulb
through the olfactory nerve system after nasal inhalation by mice,
translocation of nanoparticles could influence the micro-
distributions of Fe, Cu, and Zn in the olfactory bulb[65]. The
changes in micro distribution patterns of metal would influence the
normal metabolism of substance and energy in organism. In brain,
Zn is one of the most prevalent trace elements and is highly en-
riched in the hippocampus. Zn is also known to influence the syn-
thesis and the metabolism of proteins and nucleic acids. The con-
centration of trace metals in brain also shows a close relationship
with Alzheimer’s disease, Parkinson’s disease and multiple sclero-
sis. Numbers of segmented neutrophils and lymphocytes, protein
carbonyl levels, and interstitial fibrosis were higher in golden ham-
sters exposed to carbon black, TiO,, and SiO,[66]. Nanoparticles do
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not rest at the original site after inhalation, and they could be trans-
ferred to the surrounding tissues and other areas, such as, epithelial,
interstitial, and endothelial sites of lung, and enter the blood circu-
lation[56]. Therefore, nanoparticles could migrate via the secondary
and tertiary olfactory pathways to most parts of brain. The subse-
quent influence on neuron and brain functions could be induced by
the invasion of nanoparticles.

10. METABOLIC FATE AND DIPOSITION OF FULLE-
RENE IN BIOLOGICAL SYSTEMS

There have been very few studies on the destiny, distribution,
metabolism and bioaccumulation of nanoparticles in humans. Fol-
lowing exposure to nanoparticles in vivo, the target organs and re-
sultant biological responses need to be identified, and realistic ex-
posure levels for effect assessment should be determined. These
include dose response data for the target organs, and knowledge of
the subcellular locations of nanoparticles, and the mechanism of
their interactions at the cellular level. For ordinary chemical sub-
stances, pharmacokinetic and pharmacodynamic information to
assess the effectiveness of the compound is generally already avail-
able or can be predicted on the basis of existing data from tests on
analogous compounds. For nanoparticles, however, this information
is scarce or even non-existent. Due to lack of information, appro-
priate assessment of biological effects of nanoparticles is accompa-
nied by large uncertainties. Both pharmacodynamic and pharma-
cokinetic studies are necessary for various types of nanoparticles on
a “case by case” basis to assess the impacts of their biological ap-
plications, before more general assumptions can be made with re-
spect to all nanoparticles.

Although the types of nanomaterials are increasing rapidly,
many are particles containing organic molecules as building materi-
als and inorganic elements (usually metals) as cores. Fullerenes
have attracted considerable attention in various disciplines of
nanotechnology and nanoscience. Investigations of chemical,
physical and biological properties of fullerenes have yielded prom-
ising information. The unique carbon cage structure coupled with
immense scope for derivatization makes fullerenes attractive for
pharmaceutical applications.

Fullerene was first reported by Dr. Kroto ez al. twenty years ago
[67]. Before their discovery in 1985, graphite and diamond were the
only two known allotropic forms of carbon. Dr. Kroto et al.[67]
discovered a novel allotrope of carbon, which they called buckmin-
sterfullerene due to its geodesic structure. Buckminsterfullerene is
well known by its shortened name fullerene. Fullerene is known
with 60 carbon atoms arranged as a truncated icosahedron, with 60
vertices and 32 faces. Twelve of the 32 faces are pentagonal and 20
hexagonal. The pentagons are necessary in order to allow curvature
and eventual closure of the surface. The crystal and molecular
structure of Cg( fullerene have been resolved using single-crystal x-
ray diffraction methods [68]. Considerable research activities have
followed after the procedures of preparing fullerene in workable
quantities were developed [69]. Biological and pharmacological
activities of fullerenes have been investigated for evaluating their
therapeutic potential. These include anti-HIV protease activity,
photodynamic DNA cleavage, free radical scavengeing action,and
antimicrobial action as well as the utility of fullerenes as diagnostic
agents[70-74]. Fullerene molecule can fit inside the hydrophobic
cavity of HIV proteases and block the access of substrates to the
catalytic site of enzyme. Fullerenes can be used as radical scaven-
gers and antioxidants. Photosensitization of fullerenes can produce
singlet oxygen in high quantum yields. This action, together with
direct electron transfer from excited state of fullerene and DNA
bases, can be used to cleave DNA. In addition, fullerenes have also
been used as carriers for gene and drug delivery systems. Mean-
while, they are used for serum protein profiling as MELDI material
for biomarker discovery through MALDITOF mass spectrometry.
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Even though most fullerenes are man-made synthetic com-
pounds, naturally occurring fullerene has also been reported in the
geological environment of Shunga, a town in the lake region of
Karwelia in Russia [75]. Synthetic fullerenes are produced by high
temperature vaporization of solid graphitic rods by resistive heating
in the presence of a few to several torr of rare gas. The soot pro-
duced by vaporization contains various levels of fullerene, depend-
ing on the vaporization conditions. However, the majority of the
fullerenes produced are Cgy and Cyy, with Cg being more abundant.
The fullerenes are extracted by placing the soot with a solvent in
which the fullerenes are soluble. The solution is then filtered and
allowed to evaporate to yield fullerene powders.

Endohedral metallofullerenes, i.e., compounds in which a
fullerene encapsulates a metal atom(s), have shown great promise
for biomedical applications. Although C¢ has been the most com-
monly studied fullerene in biological systems, few endohedral ma-
terials have been synthesized using Cg as a cage molecule because
of the limited interior volume of Cg,. Most endohedral metallo-
fullerenes are synthesized using Cg, or higher molecular weight
fullerenes, and many more derivatives of Cg, fullerenes have been
synthesized currently. Gd@Cs, is one of the most important mole-
cules in the metallofullerene family [76]. Gadolinium endohedral
metallofullerenol (e.g., Gd@Cyg(OH)y,) is a functionalized fulle-
rene with gadolinium, a transition metal of lanthanide family,
trapped inside fullerene cage and was originally designed as a con-
trast agent for magnetic resonance imaging (MRI) [72]. It has been
previously reported that the chemical and physical properties of
gadolinium endohedral metallofullerenols are dependent on the
number and position of the hydroxyl groups on the fullerene cage
[76-78]. The results have shown that modifying the outer cage of
Gd@Cg, with a number of hydroxyl groups alters the electronic
properties of inner metal atom as well as the electron density and
polarizibility of the electrons in the cage surface. Although
Gd@Cs,(OH),, was originally studied as a novel highly efficient
contrast agent for MR, it has been demonstrated that aggregates of
Gd@Cs,(0OH),, Gd@Cs,(OH),, nanoparticles, also inhibit tumor
growth in animals[79]. It has been shown that intraperitoneal injec-
tion of Gd@Cg(OH),, nanoparticles efficiently inhibited the
growth of hepatoma cells implanted subcutaneously in the legs of
mice. Further studies suggested that inhibition of tumor growth
involved reduction in tumor-induced oxidative stress rather than
direct cytotoxicity to tumor cells [79]. The potential of
Gd@Cs,(OH),, nanoparticles for advances in cancer therapeutics
will be discussed in following sections.

11. MEDICAL APPLICATION OF ENDOHEDRAL METAL-
LOFULLERENE

Water-soluble endohedral metallofullerols have been exten-
sively studied over the last decade for their potential in using endo-
hedral metallofullerene derivatives in biological systems. Gener-
ally, the endohedral metallofullerols can be synthesized using pro-
cedures similar to Cgy hydroxylation. In 2000, Hirahara et al. re-
ported the synthesis of a multi-hydroxylated fullerene, Gd@
Cs2(OH)n (n= 30-40), using TBAOH (tetrabutylammonium hydrox-
ide) as a transfer agent[80]. Although available only in small quan-
tities now, endohedral metallofullerene derivatives have demon-
strated potential as a novel MRI contrast agent for diagnostic use
[78], and as therapeutic agents [81, 82]. Endohedral metallo-
fullerene contains unique features including all-carbon shell with a
large surface, a hollow core capable of accommodating ions, a cage
structure that protects entrapped metal ions from being released into
biological system. These compounds are especially interesting be-
cause of the proven chemical reactivity of surface carbon atoms that
can be used for introducing reactive functional groups for possible
conjugation to additional chemotherapeutic payloads. These unique
properties distinguish endohedral metallofullerenes from all other
contrast agents for delivering metal ions in vivo.
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11.1. Magnetic Nanoparticles as MRI Contrast Agents

Nanotechnologies based on magnetic nanoparticles (MNPs)
have been applied to biological systems for diagnostic or therapeu-
tic purposes. Magnetic resonance imaging (MRI) was employed to
obtain images by magnetic characteristics of MNPs as a disturbance
of the proton resonance by paramagnetic interaction with nearby
MNP[83]. In addition to the use of magnetic nanoparticles as MRI
contrast agents, magnetic nanoparticles can be used for magnet
guided targeting of the nanoparticles themselves or of cells contain-
ing these nanoparticles for a variety of applications. Such targeting
techniques are a promising approach for efficient delivery of drugs
to localized disease sites, such as tumors[84]. Currently, MRI is still
one of the most important diagnostic applications of magnetic
nanoparticles as contrast agents.

MRI is one of the main diagnostic tools used in medicine. MRI
contrast agents are used to change the relaxation times of protons in
water to provide an increased image contrast between the target
tissue and the surrounding background tissues. Magnevist™ (Gd-
DTPA) and Omniscan™ (Gd(DTPA-BMA)) are the most com-
monly used MRI contrast agents. These two agents are highly solu-
ble in water and contain Gd, a paramagnetic metal. Gadolium is
responsible for shortening the spin-lattice relaxation time, T1, of
hydrogen in water and produces a brighter image in the T1
weighted MRI scan. However, there are several problems associ-
ated with the use of these agents. These agents may dissociate and
release toxic Gd metal to the surrounding tissues. In addition,
[Gd(DTPA)(H20)]., is unstable in acidic conditions. These prob-
lems prompted the need for a new class of MRI contrast agents. The
new contrast agents must meet certain requirements: (1) enhance
the proton relaxation rate significantly; (2) localize in the target
tissue for a period of time and (3) possess good stability and be
non-toxic. Also, the new contrast agents must be water-soluble to
enhance the relaxation of water protons.

Water-soluble Gd-based endohedral metallofullerenes have
potential to be a new generation of MRI contrast agents. Several
groups have reported that Gd@C82(OH)x, a new metallofullerol,
demonstrated a proton magnetic relaxation rate (1/T1) much higher
than that of the commercial compounds [85]. Since the surrounding
water molecules will not directly interact with the gadolium metal
inside the cage, the higher relaxation rate is suggested due to the
electronic interactions between the water molecules and paramag-
netic cage of the metallofullerenol. The large surface area of the
paramagnetic cage interacting with numerous water molecules si-
multaneously via hydrogen bonding makes the spin-lattice relaxa-
tion process faster and the T1 relaxation time shorter.

11.2. Medical Application and Biological Effects of Fullerenols

Proliferation, viability, metabolism, and differentiation capacity
have been measured in mesenchymal stem cell (MSC) cultured with
Gd@Cs, fullerenol. Gd@Cs, fullerenols were taken up by cells and
distributed in endosomes in the cytoplasm of MSC and macro-
phages as shown by light and electron microscopy. It was demon-
strated that cellular labeling with Gd@Cs, is feasible and can pro-
duce T1 contrast enhancement on MRI. This study suggests that
further investigation of Gd fullerenols for tracking viable cells,
including stem cells, is warranted.

Fullerenes are effective photosensitizers. Under photoirradia-
tion, fullerenes can induce DNA cleavage, mutations, cancer initia-
tion, and cytotoxicity. In rat, microsomes exposed to UV and visi-
ble light, fullerene (as a cyclodextrin complex) induced time- and
concentration dependent oxidative injuries seen as lipid peroxida-
tion and protein damage. While a slight genotoxic effect was seen
in the somatic mutation and recombination test (SMART) in Dro-
sophila at the highest concentration of fullerene tested, fullerene
gave negative results in the SOS chromosome test in Escherichia
coli (bacterial genotoxicity test indicating DNA damage). Fullerene
dissolved in polyvinylpyrrolidone was mutagenic to Salmonella
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typhimurium tester strains in the presence of rat liver microsomes
when irradiated by visible light. Mutation was probably due to the
generation of oxidized phospholipids by the action of reactive oxy-
gen species. The photo-induced bioactivities of fullerene were sug-
gested to be caused by reactive oxygen species (superoxide radical
and OH-) generated by electron transfer reaction of fullerene with
molecular oxygen [72]. On the other hand, C¢y(OH),, fullerol was
found to be a potent hydroxyl radical scavenger in human breast
cancer cell lines [86]. This type of water-soluble fullerols had ex-
cellent anti-oxidant capacity in cultured cortical neurons[87] and
prevented hydrogen peroxide- and cumene hydroperoxide-elicited
changes in rat hippocampus in vitro[88].

Intraperitoneal injection of gadolinium endohedral metallo-
fullerenol ([Gd@Cg,(OH),,], nanoparticles) could decrease activi-
ties of enzymes associated with the metabolism of reactive oxygen
species (ROS) in tumor-bearing mice[79]. Gd@Cg,(OH),, admini-
stration can efficiently restore the functions of damaged liver and
kidney of the tumor-bearing mice. It has shown that Gd@Cg,(OH),,
nanoparticles were delivered to almost all types of tissues in mice
after intraperitoneal administration and mainly aggregated in bone,
kidneys, stomach, liver, spleen, pancreas and thymus. The fullerene
cage can not be destroyed during metabolism in organisms and the
internal Gd** was not liberated and distributed to the tissues. The
presence of Gd in vivo represents the exact distribution of
[Gd@Cg,(OH),,]n nanoparticles in vivo. Watanabe et al. found that
the accumulation of Gd in liver was higher than that in tumor when
they investigated the accumulation of Gd-incorporating nanoemul-
sion in mice tumor for neutron-capture study [89]. Polyhydroxy-
lated fullerene derivatives could be entrapped in the reticuloendo-
thelial system (RES) and transported to all tissues by blood circula-
tion in vivo, and retained in bone, liver, spleen and kidney[90].
Intravenous administration of Gd@Cg,(OH)sy to mice resulted
mainly in delivery to lung, liver, spleen and kidney [90]. The
prothrombin time (PT), thrombin time (TT), active partial throm-
boplastin time (APTT) and fibrinogen (Fbg) in plasma were meas-
ured after [Gd@Cg,(OH),,], administration. The prolongation of
APTT and increased fibrinogen were observed due to
[Gd@Cg,(OH),,], treatment, and the PT was shortened. A possible
link with fibrinogen/ fibrin and tumor growth and dissemination has
been clarified using tumor-bearing fibrinogen-deficient mice. The
tumor cells directly or indirectly influence the coagulation system
by interacting with blood cells (monocytes, platelets, neutrophils)
and vascular endothelial cells. The shortened PT and increased Fbg
are indications of thrombus. Moreover, blood clotting can be accel-
erated not only by tissue factor, but also by thrombin—antithrombin
(TAT) complexes. One might suspect the increased levels of TAT
are induced by the changes of one or more coagulation factors
within the cascades after injection of [Gd@Cg,(OH)y, ], particles in
mice. For mice inoculated with H22 hepatoma, which induced the
metabolic imbalance of detoxification, the functions of liver and
spleen of experimental mice were deteriorated. Surprisingly, in the
[Gd@Cg(OH)yz]n-treated nude mice, hepatomegaly and sple-
nomegaly were less.. This indicates that the liver damage was in-
hibited. It is in agreement with the serum enzyme profiles reported
before, in which, the serum AST and ALT activities, the sensitive
biochemical parameters for hepatocellular damage, were signifi-
cantly decreased by i.p. injection of [Gd@Csgy(OH)y,],. Based on
renal function tests, markers of kidney damage were restored to the
normal level by nanoparticle-treatments.

The activities of hepatic superoxide dismutase (SOD), glu-
tathione peroxidase (GSH-Px), glutathione S-transferase (GST) and
catalase were measured in mice administered with [Gd@
Cs2(OH),,], nanoparticles, the GSH-Px, CAT and SOD activities
were downregulated after treatment with [Gd@Cg(OH)asl,
nanoparticles. Additionally, the levels of glutathione, protein bound
thiols and malondialdehyde were also lower. Hydroxylated
fullerene derivatives might be novel antioxidants in vivo. [Gd@
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Cs2(OH);,], nanoparticles help to maintain the antioxidant-oxidant
balance during tumor growth in mice. GST is a member of a family
of detoxification enzymes that metabolize a variety of carcinogens
by conjugating lipophilic electrophiles to GSH for excretion as
mercapturic acid derivatives and thioethers and thioesters. GSH
plays a vital role in the protection of cells against oxidative stress
and acts as an important water-phase non-enzymatic antioxidant
and an essential cofactor for antioxidant enzymes taking part in
cellular redox reactions [91]. Their reduction with the
[Gd@Cs,(OH),;], nanoparticle treatment could be attributed to the
elimination of ROS in vivo and alleviating the burden of liver de-
toxification.

In addition, to measure the biological effect of [Gd@
Csg2(OH)p;]n nanoparticles as ROS scavenger in vitro, electron spin
resonance (ESR) spectroscopy was used to measure direct scaveng-
ing of several physiologically relevant ROS made by [Gd@
Cs2(OH),,], nanoparticles and inhibitory effects on lipid peroxida-
tion. [Gd@Cg,(OH),;], nanoparticles significantly reduced the ESR
signal of the stable free radical, 2,2-diphenyl-1-picryhydrazyl radi-
cal (DPPH®). Similarly, studies using ESR with spin-trapping dem-
onstrated efficient scavenging of superoxide radical anion (0,),
hydroxyl radical (HO®) and singlet oxygen ('O,) by [Gd@
Cs2(OH),], nanoparticles. In vitro studies using liposomes pre-
pared from bovine liver phosphatidylcholine revealed that [Gd@
Cs2(OH),], nanoparticles also had a strong inhibitory effect on
lipid peroxidation. Consistent with their ability to scavenge free
radicals and inhibit lipid peroxidation, [Gd@Cs,(OH),,], nanoparti-
cles also protected cells subjected in vitro to oxidative stress. Stud-
ies using human lung adenocarcinoma cells or rat brain capillary
endothelial cells demonstrated that [Gd@Cg,(OH),;], nanoparticles
reduced H,0,-induced free radical formation and mitochondrial
damage. In summary, the results revealed strong free radical-
scavenging activities of [Gd@Cg,(OH),, ], nanoparticles in vitro and
in vivo. As these ROS have been implicated in the etiology of a
wide range of human diseases, including cancer, the present find-
ings demonstrated that the potent inhibition of [Gd@Cs,(OH),5],
nanoparticles on tumor growth likely related to the high free radical
scavenging capacity. [Gd@Cs,(OH),;,], nanoparticles may exhibit
antitumor activity by enabling recovery of hepatic and renal func-
tions and by regulating oxidative stress in tumor cells. In the future
some appropriate modifications to the wunique surface of
[Gd@Cg,(OH),;,], nanoparticles may lead to modified properties
suitable for diagnostic and therapeutic applications.

12. POTENTIAL APPLICATION OF NANOMATERIALS IN
NANOMEDICINE

Nanomedicine is the science and technology of diagnosing,
treating and preventing disease and improving human health. From
the standpoint of nanomedicine, there is an urgent need to under-
stand the metabolic implications of nanomatrials in relationship to
specific nanoscale properties. Once nanoparticles are absorbed by
the gastrointestinal tract, these particles will be transported directly
to the liver via the portal vein. The liver is able to actively remove
compounds from the blood. Currently, there is no evidence that
hepatic elimination affects the bioavailability of absorbed nanopar-
ticles in the body.

Although there are few studies on metabolism of nanoparticles,
it is considered unlikely that inert nanoparticles such as gold and
silver particles, fullerenes and CNT, can be metabolized effectively
by enzymes in the body. However, it is likely that nanoparticles
with functionalized groups can be metabolized. For instance, the
protein cap of a functionalized QD could be cleaved by prote-
ases[92]. Also the metallic core of QDs and other metal oxides
could be sequestered by metallothionein and excreted. These en-
zymes, present in liver and kidney, can bind metal and restore the
cellular metal homeostasis[93]. In addition, nanoparticle drug-
delivery systems consisting of liposomes are able to fuse with cell
membranes and enable intracellular delivery of nanoparticles. The
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intracellular load of nanoparticles could then be metabolized ac-
cording to the normal metabolic pathways described for the conven-
tionally formulated drugs.

Dendrimers, another kind of nanoparticles, are characterized by
a combination of high degree of end-group functionality and a
compact, precisely defined molecular structure. These characteris-
tics can be used in biomedical applications for the amplification or
multiplication of effects on a molecular level, or to create extremely
high local concentrations of drugs, molecular labels, or probe moie-
ties. In diagnostics, dendrimers that bear GdIII complexes are used
as contrast agents in magnetic resonance imaging. DNA dendrimers
have potential for routine use in high-throughput functional ge-
nomic analysis, and as DNA biosensors. Dendrimers are also being
investigated for therapeutics, for example, as carriers for controlled
drug delivery, in gene transfection, as well as in neutron-capture
therapy.

The ability of tracing a single molecule at both light micro-
scopic and ultrastructural levels is a powerful tool in understanding
the dynamics of cellular function. The search for optimal tech-
niques for tracing QDs at light microscopic and ultrastructural lev-
els is being actively pursued. QD probes are nanometer-sized semi-
conductors with fluorescent properties suitable for biological imag-
ing of the tagged molecules [94]. OD sized 5-10 nm have been
suggested to be more photo stable than conventional fluorophores
[95, 96]. The most commonly used ODs are Cd—Se, Zn—S, Cd-Te,
Cd-S and Pb-S nanocrystals and they are all commercially avail-
able. QDs offer a favorable compromise between small fluoropho-
res and large beads for single molecule experiments in living cells.
QDs will be invaluable tools for ultrasensitive studies of the dy-
namics of cellular metabolism[97].

Micronised particles with a diameter of about 15 nm are known
to be used in sunscreens as physical UV filter. As potential therapy,
penetration of micronised Ti, Zn and Si oxides into the skin was
investigated due to their small particle size. Coated nanoparticles
were found in the epidermis and dermis of the treated human skin
samples taken during surgery. It is suggested that nanoparticles
could pass through the uppermost horny skin layer (stratum cor-
neum) via intercellular channels and penetrate into deeper vital skin
layers. In addition, TiO, nanoparticles photoexcited by UV irradia-
tion could suppress the growth of tumor cells implanted in nude
mice. This cytotoxic effect of photoexcited TiO, particles is associ-
ated with the generation of strong reactive oxygen species such as
OH: and H,0, on the surface of TiO, nanoparticles. This radical
generating property of TiO, nanoparticles makes them ideal candi-
dates for cancer treatment. The cell killing effect of TiO, nanoparti-
cles could be adapted to an anticancer modality by the local or re-
gional administration of TiO, nanoparticles to the tumor, followed
by light irradiation focusing on the tumor, especially for the treat-
ment of superficial tumors in an organ appropriate for light expo-
sure such as skin, oral cavity, trachea, and urinary bladder. It may
be possible to modify the surface characteristics of TiO, or other
nanoparticles to produce stronger and more extensive anticancer
effects without troublesome side effects.

It will be important to be aware of the potential issues to safely and
efficiently propel nanotechnology forward into clinical application.
At the National Institute of Health, USA, the National Cancer Insti-
tute (NCI) led a National Nanotechnology Initiative and supported a
Nanotechnology Characterization Laboratory to perform preclinical
toxicology and other studies. In addition, the National Institute for
Enviromental Health and Safety (NIEHS) also funded a Nanotech-
nology Safety Initiative through the National Toxicology program.
It will be essential to develop a systematic program of nanotechnol-
ogy for long-term safety and clinical application of nanomaterials.

CONCLUSIONS

The metabolism of nanoparticles in the body strongly depends
on the surface characteristics of the nanomaterials. A threshold
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Fig. (2). Unique structural and surface features of nanoparticles.

This sandwich-type nanostructure carries a potent anticancer nanomedicine that may produce little side-effects to normal tissues in vivo and nearly no cytotox-
icity to normal cells in vitro. The inner core with or without heavy metallic atom, the type and number of outer surrounded functional-groups can be changed
to generate different series of relatively non toxic anticancer nanomedicine. The size of individual particle is at nanolevel (less than 100 nm). The paramag-
netic metallic atom inside the cage can serve as an MRI contrast agent to simultaneously monitor the chemotherapeutic effects during treatment of tumor.

limited size of nanoparticles may exist for restricting the movement
of nanoparticles in various parts of body. The pharmacokinetic
behaviors of different types of nanoparticles require thorough in-
vestigation. The biological effects associated with different
nanoparticles should be studied at the target organs, tissues and
cellular levels. The assessment of biological effects in cardiopul-
monary system is necessary for every new nanoparticle to be used
for medical application. There is no universal "nanoparticle" to fit
for all needs. Each nanomaterial should be treated individually for
evaluation of biological effects. It is challenging to put together a
set of high throughput and low cost tests for assessing biological
effects of nanoparticles without compromising efficiency and reli-
ability. Nanoparticles designed for drug delivery or as nanomedi-
cine need special attention.

This is particularly important for nanoparticles than for larger
particles because of the difference in their surface area and the re-
sulting changes in their physico-chemical properties (Fig. 2). The
available information on most nanoparticles indicates that certain
nanoparticles may be genotoxic and phototoxic and photogeno-
toxic. There is need for more data on toxicokinetics and toxicody-
namics of insoluble nanoparticles with respect to different uptake
routes. There are only a few long term studies reported that are
related to nanomaterials including SiO,, CNT, and TiO,.. Nanopar-
ticles may have potential for generating free radicals and exhibit
oxidative tendency depending on their surface characteristics. The
toxicokinetics and metabolism of nanomaterials have not been stud-
ied in detail[98]. Therefore, it is difficult to model the metabolism
of nanomaterials. In particular, there is limited information about
how the physico-chemical parameters of nanoparticles affect their
absorption and transport across barriers of skin, gut, lungs and eye,
and their entry into systemic circulation, metabolism, accumulation
in secondary target organs and excretion. Because the current static
imaging technology used for in vivo investigations on biodistribu-
tion of nanoparticles can not detect small fractions of nanoparticles
in vascular bed, blood stream and inner organs of body, we need to

develop better methods to quantitate more precisely the unique
metabolism of nanoparticles in biological systems.
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LDH
HBDH
UA
BUN
CNS
AD
PD
MS

= Lactate dehydrogenase

= Alpha-hydroxybutyrate dehydrogenase
= Uric acid

= Blood urea nitrogen

= Central nervous system

= Alzheimer’s disease

= Parkinson’s disease

= Multiple sclerosis

TBAOH = Tetrabutylammonium hydroxide
SMART = Somatic mutation and recombination test

ROS
RES
SOD

= Reactive oxygen species
= Reticuloendothelial system

= Superoxide dismutase

GSH-Px = Glutathione peroxidase

GST = Glutathione S-transferase
ESR = Electron spin resonance
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