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With the advancements in nanotechnology, studies on the synthesis, modification, application, and

toxicology evaluation of nanomaterials are gaining increased attention. In particular, the applications of

nanomaterials in biological systems are attracting considerable interest because of their unique,

tunable, and versatile physicochemical properties. Artificially engineered nanomaterials can be well

controlled for appropriate usage, and the tuned physicochemical properties directly influence the

interactions between nanomaterials and cells. This review summarizes recently synthesized major

nanomaterials that have potential biomedical applications. Focus is given on the interactions, including

cellular uptake, intracellular trafficking, and toxic response, while changing the physicochemical

properties of versatile materials. The importance of physicochemical properties such as the size, shape,

and surface modifications of the nanomaterials in their biological effects is also highlighted in detail.

The challenges of recent studies and future prospects are presented as well. This review benefits

relatively new researchers in this area and gives them a systematic overview of nano–bio interaction,

hopefully for further experimental design.
1 Introduction

Nanotechnology has become a research hotspot because of its
extremely small size that enables potential use in wide-ranging
applications.1 Nanomaterials (NMs) are a combination of a
iang-Chien Cheng is currently a
hD student at the Department
f Chemistry, National Taiwan
niversity, supervised by Prof.
u-Shi Liu. He received his MS
egree in Chemistry from
ational Sun Yat-sen University
n 2008. His current research
nterests include the synthesis of
etallic NPs, nanodiamonds
nd the upconversion NMs for
io-applications.

University, Taipei 106, Taiwan. E-mail:

el: +886-2-33661169

cts of Nanomaterials and Nanosafety,

nology, Beijing 100190, China. E-mail:

; Tel: +86-10-82545560

a, Taipei 115, Taiwan

is work.

Chemistry 2013
group of atoms and molecules possessing advantageous
chemical and physical properties that signicantly vary from
their bulk counterparts. NMs are the transition state between
bulk materials and molecular clusters. Thus, NMs remarkably
diverge from traditional macro- or micro-perspectives, showing
unique optical, magnetic, electrical, chemical, and mechanical
properties.1–3

Recently, NMs have been widely investigated because of
their potential applications in biomedicine, surface enhanced
Raman spectroscopy, and catalysis. The outstanding properties
of NMs make them appropriate for utilization in various
biological and medical systems, including cancer and gene
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therapies, photothermal and photodynamic therapy, bio-
imaging, diagnostics, bioanalytical methods, and pharmaco-
kinetics studies.1,4–6 Thus, interactions between NMs and cells
present the most primitive fundamental phenomenon, and
highlight the importance of basic research. Most bio-applica-
tions, including drug delivery, bioimaging, or therapeutic
treatments, begin from the attachment of NMs onto targeting
cells. The versatile behaviors are highly dependent on the
physical and chemical properties of NMs. In this review, we
discuss the inuences of the morphology, size, surface charge,
surface modications, and chemical compositions of NMs on
cells based on recent studies. We also summarize the cellular
uptake, intracellular trafficking, and cytotoxicity of different
kinds of NMs. Strategies on how to improve the interactions
between NMs and cells, as well as their future applications in
biological systems are discussed in detail.
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2 Nanostructured materials and their
fabrication

NMs are of great scientic interest because their properties are a
bridge between their molecular and bulk species. Their
remarkable changes in the nanoscale can be divided into three
main physical effects.

I Surface effect

Compared with bulk materials, nanoparticles (NPs) have a
small size that ensures a high percentage of surface atoms at or
near interfaces and a high surface energy. The specic surface
area is dened as the ratio of the surface area to volume.7 With
decreased particle size, the surface atoms greatly increase and
the atomic coordination numbers decrease. Consequently, the
surface energy is high, leading to high reactivity of these surface
atoms and ease in combining with the other atoms. In catalysis,
the surface energy is directly proportional to the size effect. To
increase catalysis and reactivity, the NP size must be decreased.

II Small scale effect

With decreased particle size to the nanoscale or even smaller,
the regular boundary condition of crystals becomes destructive,
and the surface molecular density of amorphous NPs decreases.
This phenomenon changes their physical properties, such as
optical, thermal, magnetic, and mechanical. The small scale
effect is dened as macroscopic changes in their physical
properties with decreased particle size. The main properties are
presented as follows.

(1) Optical property. The optical property of nanostructured
materials is correlated with their internal structure, such as the
electronic state, defect, and band structure. The small particles,
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large surface area, and irregular conformation of atomic
arrangement lead to a novel optical property different from their
bulk states.With decreasedNP size, the surface tension increases
and the bond length decreases, leading to enhanced vibrational
frequency and a blue shi in the optical property. According to
the quantum size effect, the band gap increases and inuences
the absorption of materials at long wavelengths. As the particle
size decreases near or below the Bohr radius of the semi-
conductors, the band gap increases, and then the absorption and
uorescence spectra blue shi. In other words, the particle size
directly inuences the optical property. By contrast, in the case of
noble metal NPs, the metal particles are black and the particle
size is smaller than the irradiativewavelength. The colorbecomes
darker with decreased size. However, the free electrons of noble
metal NPs are excited by incident light and undergo a collective
coherent oscillation known as localized surface plasmon reso-
nance. In other words, noble metal NPs show strong absorption
bands in the ultraviolet, visible, or infrared regions because of
their localized surface plasmon oscillation.8,9

(2) Thermal dynamic property. Solid materials in their bulk
state have a xedmelting point. As the size decreases to <10 nm,
the melting point markedly increases because of the change in
chemical potential energy. With further decreased particle size
down to nanometers, the specic surface area and, in turn, the
thermal dynamic property is altered.10

(3) Magnetic property. With decreased size from bulk
materials, the magnetic phenomenon becomes directly inde-
pendent of size changes. The magnetic structures of bulk
materials are made of several magnetic domains; however, a
single nanocrystal owns a single magnetic domain. In other
words, with decreased size, the magnetic domain of strong
magnetic particles is transferred from amulti-magnetic domain
into a single magnetic domain, which leads to the orientation of
electron spins becoming antiparallel to the super-exchange
interaction. The coercive force of magnetite is also size depen-
dent. The magnetic domain transforms from paramagnetic to
super-paramagnetic with decreased size because of the simul-
taneous decrease in coercive force.11

(4) Mechanical property. The mechanical property of
small-sized particles shows high toughness and malleability
because their complicated molecular arrangement can be easily
altered through force compression. The lack of NM coordina-
tion and strong van der Waals force confer the nanocomposites
with excellent mechanical properties.
III Quantum size effect

As aforementioned, the size effect is important because the
electron band gap of the Fermi level changes from continuous to
discrete with decreased size. Semi-conductor NPs with sizes
below the Bohr radius lead to an increase in the band gap energy,
and cause the highest occupied molecular orbital and lowest
unoccupied molecular orbital to break into quantized energy
levels. The particle sizes of quantum dots (QDs) directly inu-
ence their emission through the quantum connement effect.12

As previously discussed, the small size effect, surface effect,
and quantum effect directly inuence the physical and
This journal is ª The Royal Society of Chemistry 2013
chemical properties of nanostructured materials. This
phenomenon is veried from their bulk formations and widely
observed in several materials. For example, conductive bulk
metals become non-conductive metals with decreased size;
ferromagnetic substances change their multiple magnetic
domain into a single magnetic domain in the nanoscale; and
the inert metal platinum can become highly reactive catalyst
NPs.13 Considering the specic interaction and novel effects of
these NMs that are between bulk and molecular materials, the
science of NMs becomes a new focus of materials science
research. Most of these materials have different characteristics
with decreased sizes down to nanometers. The next section
discusses metal-based, carbon-based, and semiconductor NMs.
2.1 Noble metal-based NMs

Colloidal gold (Au) was rst produced by Michael Faraday, who
found that ne particles are produced by the reduction of Au
chloride and stabilization of carbon disulde. Nowadays,
colloidal NP syntheses mostly take a similar route, i.e., the
reduction of Au salt precursors and subsequent surface
protection by stabilizers. To generate different morphologies or
sizes for tuning chemical or physical properties, the synthesis
routes have evolved into versatile methods.5

The most commonly used method for fabricating NPs is the
citratemethod. Turkevich et al.rst applied a citratemethod that
uses citrate as a reduction agent and stabilizer, and Au NPs
ranging from 9 nm to 120 nm in size are obtained.14 Lee and
Meisel used a citrate method to synthesize colloidal silver (Ag)
NPs.15 The procedures of both citrate methods are the same. The
metal precursors are reduced by citrate in a boiling aqueous
solution and then stabilized by citrate. However, this simple
synthesis process tends to yield NPs with randommorphologies.
To control these morphologies, the method is modied under
specic conditions. Such morphology control approaches are
widely discussed. The concentration of metal precursors directly
inuences the NP sizes. The pH of the reaction solution inu-
ences the protonation states of citrate ion and changes the
reduction rate, thereby yielding NPs with different sizes and
morphologies. The synthesis temperature also affects the NP
shapes. The citrate method has evolved into mixing external
metal precursors for morphology sculpture. This method is
attracting increased attention because citrate can be easily
substituted by other biological thiol terminal ligands.16 Thiol
terminal proteins, DNA, and siRNA capping agents can easily
replace citrate because of the strong conjugation between Au and
sulfur. For further bio-applications, the replacement of the citrate
ligand with a bio-friendly, targeting, or uorescent ligand can
lead to increased applications in biological systems.

In addition, the seed-growth method is gaining considerable
interest because of its remarkable size and morphology-
controlled process.17 As the technique name suggests, metal
salts are reduced by a strong reducing agent to fabricate small,
spherical, seed-mediated particles in an aqueous solution. The
nucleation and growth processes are separated for better
morphology control. NP surfaces are surrounded by surfactants
that are used to stabilize the materials during the reactions. To
Nanoscale, 2013, 5, 3547–3569 | 3549
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Fig. 1 TEM images of Au NMs. (a–c) Au NPs in different sizes. (d–f) CTAB-coated Au NRs with different aspect ratios. (g–i) Au nanourchin with different morphologies.
Reprinted from ref. 176 with permission. Copyright (2011) American Chemical Society. Reprinted from ref. 122 with permission. Copyright (2010) Elsevier. Reprinted
from ref. 20 with permission. Copyright (2012) Royal Society of Chemistry.
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generate different morphologies or NP sizes, a growth solution
(containing abundant metal salt, a weak reducing agent, and
structure-decorating reagents) is added to a previously fabri-
cated seed-mediated solution to produce rod-like shapes,18

star shapes,19 urchin-like shape,20 tetrahedra,21 nanoprisms,22

obtuse triangular bipyramids,23 etc. The selection of these NP
structures depends on their applications. Thus, shape-
controlled syntheses have become important.

The shape-controlled synthesis of metal NPs can be traced
back to as early as the 1990s. Masuda et al. demonstrated Au
nanorod (NR) synthesis using nanoporous aluminum oxide
templates to reduce Au shaping.24 Yu et al. developed a simple
and high-quality Au NR synthesis route using quaternary
ammonium surfactants by electrochemical oxidation.25 More-
over, awell-known seed-mediated growthmethodwas developed
by Jana et al. to produceAuNRswith a controllable aspect ratio in
high yield.26 Au NPs with versatile morphologies can also be
fabricated by a seeded-growthmethod.27,28 Several approaches to
the decoration of material morphologies have been proposed.
The seed/Au salt ratio or other impurity ions in the solution
direct the aspect ratio of Au NRs.29 Addition of excess Au(I) to the
solution tailors the optical properties and structures of the
materials through the disproportionation reaction of Au(I) to
generate Au(III) or Au(0).30 Changing seed-mediated particles
such as NRs also generates different morphologies.31 Galvanic
replacement is another well-known method for synthesizing
3550 | Nanoscale, 2013, 5, 3547–3569
hollow, skeleton, or cage structures of metal NPs.32 Fig. 1 shows
various shape-controlled metal nanomaterials.
2.2 Carbon-based NMs

Various NMs have been extensively investigated because of their
special properties different from their bulk state.33 Unlike other
metal NPs, carbon-based materials in nanoscience are a special
and new category in chemistry, physics, electronics, and mate-
rials. Members of the versatile allotrope of the carbon family
include the fullerenes, carbon nanotubes (CNTs), graphene,
graphite, nanodiamond, amorphous carbon, onions, horns,
rods, cones, bells, foam, platelets, and peapods.34 Nano-
diamonds mainly have an sp3-tetrahedral bond network
conned in the nanoscale, and replacing the p electron network
in another sp2 plate forms carbon materials, such as tubes,
graphene, graphite, and fullerenes, as shown in Fig. 2.35

Fullerenes (C60) have an sp2 carbon-based truncated icosahe-
dral structure, as rst reported by Kroto et al. in 1985. C60 has 12
pentagons and 20 hexagons, and an average diameter of around 7
Å.36 Controlling the self-organization of pristine C60 by altering
their dimensionality to adjust their structural,37 magnetic,38 elec-
trochemical,39 or photophysical40 properties has drawn interest.

Several shape-controlled synthesis procedures are available
for C60,41 such as template-assisted, dip-drying, solution-driven,
self-assembled, and vapor-driven crystalline methods.42,43
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Carbon allotropes in different structures.
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Among them, the solvent-based, morphology-controlled
synthesis of C60 has been widely investigated recently, and the
shape of C60 can be tuned to NRs,44 nanowhiskers,45 nano-
sheets,46 microtubes,47 spheres, nanoballs,48 etc. The different
synthesis routes of various C60 morphologies are controlled by
tailoring the crystalline structures.

CNTswererst documented in 1976 byOberlin et al.CNTs are
formed by rolling up graphene sheets of a single sp2 layer and
densely packing them such that diameters in the nanoscale and
lengths in themicroscale are achieved.49 In 1991, Iijima observed
multi-walled CNTs (MWCNTs), and became interested in CNT
research over the next two decades.50 Depending on the covering
layer, CNTs can be classied into MWCNTs and single-walled
CNTs (SWCNTs). Currently, the threemain synthesismethods of
CNTs are arc discharge, laser ablation, and chemical vapor
deposition.51Comparedwith CNTs, SWCNTs are attractingmore
attention because of their outstanding electrical, mechanical,
thermal, sensing, and optical properties that enable them to be
utilized in many applications, such as chemistry, energy, elec-
tronics, optoelectronics, biomaterials, etc.52

The shape-controlled synthesis of NMs determines the
physical or chemical properties of the materials. Diameter- or
length-controlled SWCNT syntheses inuence the physical and
electronic properties of the resulting materials, as well as their
optical and electronic applications. In different synthesis routes,
the diameter-controlled synthesis conditions of SWCNTs are
determined. In the arc discharge method, an alternative metal
catalyst or chamber pressure controls the diameter range from
1.0 nm to 1.4 nm.53 The change in furnace temperature between
780 and 1200 �C alters the diameter between 1.0 nm and
1.3 nm.54 Additionally, the SWCNT diameter always increases
with increased growth temperature. Sonication power is another
controlling factor for changing the SWCNT length.55 Controlling
the diameter, length, concentration, and density of SWCNTs is
important in a wide variety of applications.56,57

Graphene is another sp2 carbon-based material with sheets
arranged in a single-layer, hexagonal network. The discovery of
monolayer graphene canbe tracedback to the 1960s and1970s. In
This journal is ª The Royal Society of Chemistry 2013
2004, Novoselov et al.demonstrated the transfer of graphene onto
silicon substrates and found an interesting electronic property.58

The methods of synthesizing graphene are rapidly developing,
including mechanical exfoliation,58 nanotube unzipping,59,60

chemical vapor deposition,61,62 and oxidative exfoliation.63,64 The
properties of graphene are directed by different synthesis
methods and determine the selection of applications in energy
storage,65 nanoelectronics,66–68 or bio-applications.69
2.3 Semiconductor NMs

Fluorescent semiconductor NMs, also known as QDs, are
powerful nanoscale light sources applied in various technolo-
gies. QDs are oen made up of groups II and VI elements (e.g.,
CdSe, CdTe, or ZnO) or group III and V elements (e.g., InP).
Nanosized semiconductors are gaining attention because of
their interesting electronic and optical properties. The uores-
cence range of QDs can be well tuned by changing their size or
morphology based on the quantum connement effect.70 The
band gap of QDs is inversely proportional to their size, i.e., the
uorescence red shis with decreased size. The tunable uo-
rescence property can be utilized in different applications, such
as light-emitting diodes or bio-labeling.71

The synthesis of colloidal QDs can be traced back to the work
ofMurray et al. in 1993.72They demonstrated ahigh-temperature,
organometallic system that processed nucleation and growth at
high temperatures, and capped NPs with phosphor-based stabi-
lizers.However, theunstable organometallic precursor theyused,
dimethyl cadmium, limited the synthesis of QDs with uniform
morphology. To improve the quality of QDs, metal precursors
have been tested, such as cadmium precursors (cadmium
perchlorate, cadmium oxide, cadmium chloride, and cadmium
carbonate).73–75 Simple synthesis routes for uniform-sized or
aqua-synthesized QDs are now available, and high-quality QDs
can be obtained by altering the synthesis conditions, such as
temperature, metal precursors, or capping ligands (Fig. 3).76

The shape-controlled synthesis of QDs has also been
explored in recent decades. The anisotropic growth of QDs was
discussed in 2000 by Peng et al.77 A change in the capping ligand
from pure trioctyl phosphine oxide (TOPO) to a mixture of
TOPO and hexyl phosphonic acid (HPA) can adjust the growth
rate and shape of nanostructures. At high concentrations of
HPA, the reaction kinetics is altered and tends to produce rod-
like QDs. The aspect ratio, size, and growth kinetics of these
QDs can be systematically controlled by changing the reaction
times, growth temperature, and number of injections. The seed-
mediated growth of QDs has also been studied to produce rod-
like or tetrapod structures.78 This method can enable the
selection of different materials from the seed and growth
solution to fabricate core–shell structures.
3 Cellular uptake and intracellular
trafficking of NMs

Given the size, unique optical property, and exible surface
modications of NMs, they show great potential for various
biomedical applications, including gene/drug delivery,
Nanoscale, 2013, 5, 3547–3569 | 3551
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Fig. 3 (a) Photographs and photoluminescence spectra of quantum dots with
various particle sizes, and (b) qualitative alternatives of quantum dots with
increased particle size. Reprinted from ref. 12 with permission. Copyright (2011)
John Wiley & Sons.
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biosensing, bioimaging, and photothermal cancer therapy. For
safety consideration in biomedical applications, a comprehen-
sive understanding of the interactions between NMs and bio-
logical systems is needed, leading to the following questions.
Fig. 4 Schematic of the known pathways for the intracellular uptake of NPs. Repr

3552 | Nanoscale, 2013, 5, 3547–3569
Do NMs enter cells? If they do, what kind of uptake pathway is
involved? What intracellular organelles do NMs penetrate?
What is the nal fate of both NMs and cells? To answer these
questions, different uptake inhibitors and state-of-the-art
techniques such as transmission electron microscopy or
confocal microscopy are used to study the internalization and
cellular trafficking of NMs. Thus, to design NMs for specic
biomedical purposes and elucidate possible hazardous effects,
the mechanisms underlying the cellular uptake and intracel-
lular trafficking process of NMs must be understood.

The uptake pathways include the clathrin-mediated, cav-
eolae-mediated, and lipid ra-mediated endocytosis and
phagocytosis, as well as pinocytosis and macropinocytosis.
Phagocytosis is normally for specialized cells such asmonocytes
and macrophage. As shown in Fig. 4, these internalization
pathways are involved in the cellular uptake of NMs.79 Given
their small size and protein adsorption in cell culture media,
NMs are mostly consumed by cells through endocytosis, trap-
ped into endosomes, transferred to lysosomes, and then
excluded out of cells. However, some NMs can get out of
endosomes and enter other organelles such as cytosol, mito-
chondrion, and even nucleus. In the following section, we
discuss the most widely studied NMs as examples to show their
typical cellular uptake and intracellular trafficking.

3.1 Noble metal-based NMs

3.1.1 Au NMs. Au NMs and their interactions with cells
have been extensively studied in recent years for biomedical
applications. Most reports indicate that Au NMs are taken up by
receptor-mediated endocytosis, and are located in endosomes/
lysosomes without entering mitochondria or nuclei.80–83 For
example, Chithrani et al. studied the cellular uptake and
transport of Au NPs in breast cancer cells (MCF-7).80 Results
show that Au NPs are internalized through receptor-mediated
endocytosis and trapped into endosomes, which are then fused
with lysosomes. However, different uptake pathways and
inted from ref. 79 with permission. Copyright (2011) John Wiley & Sons.

This journal is ª The Royal Society of Chemistry 2013
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intracellular localization have been reported. For example,
60 nm Au NPs are internalized into murine macrophages by
phagocytosis.84 3-Mercaptopropionic acid (MPA) and poly-
(ethylene glycol) (PEG)-modied Au NPs (Au@MPA–PEG) are
found in intracellular vesicles, cytoplasm, and nucleus in
human cervical cancer (HeLa) cells.85 Aer internalization and
intracellular trafficking, the nal fate of Au NMs is the next
concern. Will they be excluded out of the cells or continue to
stay in the cells and then gradually degrade? A study shows that
Au NMs are excluded out of the cells in a time- and size-
dependent manner.83 Additionally, the intracellular trafficking
and nal fate of Au NMs are also cell type dependent. A study on
Au NRs by our group indicates that the intracellular trafficking,
including endocytosis and exocytosis, of Au NRs differs between
normal and cancer cells, as shown in Fig. 5.86 In normal lung
epithelial (16HBE) and stem (MSC) cells, Au NRs are taken up by
receptor-mediated endocytosis and located in endosomes/lyso-
somes, eventually being excluded out of cells. Meanwhile, in
human lung cancer cells (A549), Au NRs are released from
endosomes/lysosomes and enter the mitochondrion, which
causes subsequent cell death.
Fig. 5 Elucidating the mechanism of endocytosis and exocytosis of Au NRs with diff
cells with different aspect ratios from 1 to 4: CTAB-1, CTAB-2, CTAB-3, and CTAB-4.
images showing the process of cellular uptake. The Au NRs form aggregates, enter in
process of internalization and removal of Au NRs in A549, 16HBE, and MSC cells b
nalization and exclusion of Au NRs, respectively. (f) Uptake pathways for Au NRs in th
permission. Copyright (2010) Elsevier. Reprinted from ref. 86 with permission. Copy

This journal is ª The Royal Society of Chemistry 2013
In addition, the cellular uptake and trafficking of Au NMs are
highly related to their size, shape, surface modication, and
surface charge. Au NMs have high affinity for thiols, which
provide a good chance for various surface modications to
facilitate their biomedical applications. For instance, targeted
gene/drug delivery can be achieved by modifying Au NMs with a
nuclear localization signal (NLS).87,88

3.1.2 Ag NMs. Ag NMs have broad antimicrobial activity;
thus, they are widely used in a variety of commercial products,
such as personal care products, paints, food storage containers,
home appliances, laundry additives, etc.89 However, the poten-
tial adverse effects of Ag NMs on human health and environ-
mental safety are of concern. In vitro studies on the biological
interactions of Ag NMs with cells have been performed,
and Ag NMs can reportedly enter cells through endocytosis and
translocate into endosomes/lysosomes, mitochondria, and
nuclei.90,91 For example, the intracellular localization of Ag NPs
in human normal, bronchial, and epithelial (BEAS-2B) cells
aer 24 h exposure has been studied.92 Results show that
aggregated Ag NPs are located in endocytic vesicles within the
cytoplasm and nucleus, suggesting an endocytic pathway for Ag
erent surface chemistry and aspect ratios. (a) Cellular uptake of Au NRs by MCF-7
(b) The shape and surface coating influencing cellular uptake of Au NRs. (c) TEM
to vesicles and further get into lysosomes. Uptake pathways and the quantitative
y ICP-MS after treatment with 50 mM Au NRs. (d and e) Process of cellular inter-
ree types of cells using specific endocytosis inhibitors. Reprinted from ref. 122 with
right (2010) American Chemical Society.
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NP internalization. However, the non-nuclear localization of Ag
NPs has also been reported. Lina Wei et al. studied the uptake
and intracellular distribution of Ag NMs in mouse broblast
cells (L929).93 They found that Ag NMs are phagocytized into
cells, and localized in the endoplasmic reticulum and mito-
chondrion. The possible ability of Ag NMs to enter the cell
nucleus remains to be claried considering that Ag NMs are not
as stable as Au NMs. Ag NMs may release Ag ions that are
sufficiently small to enter any cell organelle, which may induce
toxicity by interacting with protein or nucleic acid. In addition,
the different surface chemistries of Ag NPs result in different
behaviors of NPs in cells.94 Uncoated Ag NPs agglomerate and
may be excluded from the nucleus and mitochondrion, whereas
polysaccharide-coated Ag NPs do not agglomerate and are
distributed throughout the cell.
3.2 Carbon-based NMs

3.2.1 Fullerenes. Fullerenes (C60) are carbon cages with
nanoscaled three dimensions, which offer a unique scaffold for
the covalent attachment of multiple drugs. However, the
application of pristine C60 is limited by its insolubility in
aqueous environments. Hence, the synthesis of derived, water-
soluble, non-toxic C60 is of particular interest for cancer thera-
peutics. Different uptake pathways and intracellular localiza-
tion of C60 and its derivatives have been reported in various cell
types. Several studies have indicated that C60 can easily enter
cells and locate in the nucleus in both normal and carcinoma
cells,95,96 which make them ideal agents for gene/drug delivery.
Individual C60 molecules only have a diameter of 0.7 nm; thus,
C60 may penetrate ion channels and diffuse through pores in
the nuclear membrane. However, the non-nuclear localization
of C60 derivatives has also been reported.97 For instance, Wei Li
et al. explored the uptake processes of [C60(C(COOH)2)2]n NPs in
3T3, L1, and RH-35 living cells.98 These derived C60 NPs are
quickly internalized into cells by clathrin-mediated but not by
caveolae-mediated endocytosis, and then synchronized to the
lysosome without entering the nucleus. In another report, an
amine-functionalized C70–Texas Red conjugate is found to be
internalized into cells by nonspecic endocytosis, and trans-
located to the cytoplasm, lysosome, mitochondrion, and endo-
plasmic reticulum of mast cells without entering the nucleus
cells.99 An accumulative assessment of the above reports
suggests that the uptake and intracellular localization of
derivatized C60 depend on the nature of their surface modi-
cations and possibly on the type of the cell investigated. These
observations warrant further study because of the possibility of
targeting cancer cells or specic intracellular organelles of
interest by C60 cage surface modications.

3.2.2 CNTs. CNTs have elicited scientic interest because
of their remarkable optical, mechanical, and electrical proper-
ties. As aforementioned, CNTs are classied into SWCNTs and
MWCNTs.100 Given their tubular structure and extremely high
aspect ratio, CNTs can readily penetrate various biological
barriers. Therefore, the behavior of CNTs in living cells,
including cell entrance, subcellular locations, and excretion, is
crucial for their effects on cellular functions. A popular view is
3554 | Nanoscale, 2013, 5, 3547–3569
that CNTs are taken up by cells through clathrin-dependent
endocytosis. Although the majority of published data agree with
the endocytosis model, energy-independent cell uptake has also
been reported. Another controversy is on the subcellular loca-
tions of CNTs. CNTs can reportedly enter cells without entering
the nucleus.101,102 Other studies show that SWCNTs enter the
cell nucleus103–106 but this entry may be reversible.106 Exocytosis
of SWCNTs was observed and the rate closely matches the
endocytosis rate with negligible temporal offset.107 Mu et al.
suggested an uptake model for MWCNTs based on their
experimental results, i.e., single MWCNTs enter cells through
direct penetration, whereas bundles of MWCNTs enter cells
through endocytosis.108 However, MWCNT bundles in endo-
somes may release single nanotubes, penetrate the endosome
membrane, and then escape into the cytoplasm. Short
MWCNTs can also enter the cell nucleus. Finally, all classes of
MWCNTs are recruited into lysosomes and excluded out
of cells.

3.2.3 Pristine graphene and graphene oxide. Owing to their
unique physicochemical properties, pristine graphene (PG) and
graphene oxide (GO) have attracted tremendous research
interest for potential applications in electronics, energy, mate-
rials and biomedical applications such as drug delivery, anti-
cancer therapy, especially as scaffolds for tissue engineering.109

Unlike fullerenes and CNTs, PG is not likely to be taken up by
cells. For example, a comprehensive examination by Chang
et al. indicated that GO was not internalized into A549 cells and
negligible toxic effects were induced at low concentrations.
However, Yue et al. examined the ability of six cells in the
internalization of GO.110 They found that phagocytes were the
only cell type in their study that was capable of internalizing GO.
Interestingly, the cellular uptake of GO is not size dependent. 2
mm and 350 nm of GO, which greatly differ in lateral dimen-
sions, did not show much difference in the cellular uptake
amount. However, the intracellular localization and subsequent
biological effects are size dependent. The GO in micro-size
showed divergent intracellular locations and induced much
stronger inammation responses. In addition, the difference in
biological effects between PG and its functional derivatives was
compared in monkey kidney cells, Vero.153 PG was found to
accumulate on the surface of the cell membrane, which induces
high oxidative stress and consequently apoptosis, whereas
carboxyl functionalized hydrophilic graphene was internalized
by the cells without causing any toxicity. Conclusively, the
surface modication and cell type are of critical importance
when evaluating the interactions between PG and GO with cells,
which should be carefully considered for safe biomedical
applications.
3.3 Semiconductor NMs

QDs show promising properties as an alternative uorophore to
organic dyes for biological labeling and bioimaging. With their
strong uorescence intensity, photostability, small size, and
exible surface modications, QDs are ideal agents for intra-
cellular tracking based on in vitro and in vivo studies. Therefore,
concern on the fate of QDs in biological systems is growing. For
This journal is ª The Royal Society of Chemistry 2013
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example, the cellular uptake of QDs into human epidermal
keratinocytes has been explored.111 Results indicate that
carboxylic acid-coated QDs composed of a cadmium/selenide
core and a zinc sulde shell are taken up by cells through the G-
protein/coupled-receptor-mediated pathway and low-density
lipoprotein receptor/scavenger receptor-mediated endocytosis.
These QDs are subsequently internalized into early endosomes
and then transferred to late endosomes/lysosomes without
entering the cell nucleus. Tat-QDs were found to be trapped in
vesicles and remain tethered to the inner vesicle membranes
inside the cytoplasm, then the QDs-loaded vesicles were trans-
ported to a perinuclear region called the microtubule orga-
nizing center (MTOC).112 Interestingly, vesicles containing large
QDs pinch off from the tips of lopodia, resulting in free vesi-
cles with Tat-QDs bound on the outside.112 A study has shown
that cell nucleus localization may be size dependent.113 Red QDs
are distributed throughout the cytoplasm of N9 cells but do not
enter the nucleus, whereas green QDs predominantly localize in
the nucleus. Thus, the size of pores in the nucleus plays an
important role in the nucleus localization of NMs. Another
study has shown that the cellular uptake of QDs depends on the
cell type and cell differentiation;114 the ability for QD655-COOH
cellular uptake is found in monocytes but not in lymphocytes.
However, monocyte differentiation into dendritic cells increases
the cellular uptake of QD655-COOH by sixfold. In addition,
different surface modications can be used to facilitate QDs
uptake for intracellular tracking application.112,115 For example,
QD surfaces modied with dihydrolipoic acid or PEG attached
onto a polyethylenimine coating can be taken up into human
cells by endocytosis and then translocated into the cyto-
plasm.116,117 Overall, the cellular uptake and intracellular local-
ization of various NMs somewhat depend on the size, shape,
surface modication, and cell type.
4 Potential toxicity induced by
nanostructured materials

Recent advances in engineering and technology have led to the
development of many new NMs. Gathering information on the
potential hazardous effects of these NMs on human health and
environmental safety is becoming urgent. Given their size and
large surface area, NMs are much more active than their bulk
counterparts. Upon exposure, NMs can easily enter cells by
direct penetration or receptor-mediated endocytosis, and are
then translocated into different organelles. The NMs may then
interact with intracellular components such as proteins, lipids,
or nucleic acids. Production of increased reactive oxygen
species (ROS) is considered as the most common pathway for
NMs induced toxicity. High ROS levels are indicative of oxida-
tive stress, and can damage cells by peroxidizing lipids,
inducing inammation, altering proteins and DNA, as well as
interfering with signaling and gene functions.
4.1 Noble metal-based NMs

4.1.1 Au NMs. The interactions of Au NMs with different
cells, including broblasts of the human skin (HeLa), human
This journal is ª The Royal Society of Chemistry 2013
lung carcinoma (A549), human hepatocarcinoma (HepG2),
human breast carcinoma (MCF7), etc., have been studied.
However, the results on their toxicological issues are still
controversial. Most studies show that Au NMs are biocompat-
ible and have negligible toxicity. Au NMs are adsorbed with
proteins immediately aer introduction to serum containing a
cell culture medium. The particle–protein complex is then
taken up by cells and localized in endosomes/lysosomes inmost
cases. A small amount of Au NMs induces cytotoxicity if they do
not enter the cytoplasm or nucleus. For example, 60 nm Au NPs
have been internalized bymurinemacrophages without causing
cytotoxicity or producing pro-inammatory mediators.84

However, many studies show the cytotoxicity effects of Au
NMs.118–120 Notably, in most cases, the toxicity of Au NMs orig-
inates from their surface properties, such as their surface
charge and surface molecules, and not from the Au NMs
themselves.121 Our group has studied the cytotoxicity of Au NRs
with different surface modications (including cetyl-
trimethylammonium bromide (CTAB), polystyrene sulfonate
(PSS) and poly(diallyldimethylammonium chloride) (PDDAC))
to MCF-7 cells, as shown in Fig. 5.122 Results show that CTAB-
coated Au NRs are much more toxic than the PSS- or PDDAC-
coated ones. The possible reason is that free CTAB released
from the Au NR surface coating and also from the stock solution
damages the membrane integrity of endosomes/lysosomes and
mitochondria, leading to increased intracellular ROS produc-
tion and eventual cell death. Additionally, the size and shape
also have vital effects on their toxicity. Proper design of physi-
cochemical properties of Au NMs should be considered for safe
biomedical applications.

4.1.2 Ag NMs. Wide applications of Ag NMs in commercial
products, particularly in wound dressing, increase the risk of Ag
NMs entering tissues, cells, and biological molecules in the
human body. Therefore, their adverse effects on human health
are becoming more critical than ever. Studies on the toxic
effects of Ag NMs on cells have been performed. Results showed
that Ag NMs can induce oxidative stress, cell cycle arrest,
inammation reactions, chromosome aberration, and DNA
strand breaks.91,123,124 A number of studies have proposed that
the induction of ROS is a general mechanism of NMs-mediated
cytotoxicity which is supported by other studies showing that
in vitro exposure to Ag NPs causes reduction in GSH, elevated
ROS levels, lipid peroxidation, and increased expression of
ROS responsive genes.125–127 The Ag NPs-mediated increase
in ROS is also associated with DNA damage, apoptosis, and
necrosis.125,127,128

The mechanism underlying the toxicity of Ag NMs has been
investigated. Binding of Ag ions to SH groups in proteins is
suggested to be the mechanism behind the well-known anti-
bacterial effect of Ag.129 The toxic effects of Ag NPs can theo-
retically be related to the release of free Ag ions. There had been
a discussion about which component contributes most to the
toxicity of Ag NMs, the Ag NMs themselves or Ag ions being
released. Two recent studies tested the content of free Ag ions in
Ag NP solutions and found low levels of Ag+ (0–1%). Further-
more, both studies concluded that the toxicity of Ag NPs expo-
sure cannot be explained solely by the presence of Ag ions in the
Nanoscale, 2013, 5, 3547–3569 | 3555
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NP solution.127,130 Christiane Beer also suggested that both Ag
NPs and Ag ions contribute to the toxicity of Ag NP solution.131

Consequently, the question remains whether Ag NPs are
intrinsically toxic or they act in a Trojan-horse like mode that
enables uptake of the NPs and subsequent liberation of ions
inside the cell.
4.2 Carbon-based NMs

4.2.1 Fullerenes. The toxicity of C60 is of particular concern
because individual C60 molecules have a diameter of only
0.7 nm. They are therefore sufficiently small to enter cells
through passive diffusion and diffuse through pores in the
nuclear membrane. Researchers demonstrated that uncoated
C60 can form aqueous suspended colloids (nano-C60), which are
redox-active and produce oxidative damage in the brain of a
largemouth bass.132 With its widespread application, studying
the cytotoxicity of C60 is thus necessary. Several studies showed
that C60 decreases cell growth and cell viability, and induces
micronucleus in CHO, HeLa, and HEK293 cells in low doses and
long term exposure.133 It has been hypothesized that the cyto-
toxicity of C60 is related to its ability to cause oxidative stress.
Christie M. Sayes et al. studied the cytotoxic mechanism of
nano-C60 in human dermal broblasts, human liver carcinoma
cells (HepG2), and neuronal human astrocytes.134 Results show
that nano-C60 is cytotoxic to all these three cell types aer 48 h
exposure. Further study showed that lipid peroxidation and the
resultant membrane damage are responsible for the cytotoxicity
of nano-C60 and the oxidative damage and resultant toxicity of
nano-C60 are completely prevented by the addition of L-ascorbic
acid as an antioxidant. The cytotoxicity of C60 can be reduced by
appropriate surface modications. The lethal dose of fullerene
changed over 7 orders of magnitude with relatively minor
alterations in fullerene structure.135 In particular, an aggregated
form of C60, the least derivatized of the four materials, is
substantially more toxic than highly soluble derivatives such as
C3, Na2–3

+[C60O7–9(OH)12–15]
(2–3)�, and C60(OH)24. Oxidative

damage to the cell membranes is observed in all cases where
fullerene exposure led to cell death. Under ambient water
conditions, fullerenes can generate superoxide anions and
these oxygen radicals are responsible for membrane damage
and subsequent cell death.

4.2.2 CNTs. Given their remarkable optical, mechanical,
and electrical properties, CNTs have been proposed for
biomedical applications such as cell tracking and labeling,
tissue engineering scaffolds, nanosensors, and vehicles for
controlled release of drugs or delivery of bioactive agents.
Detailed information about their biosafety is required for safe
biomedical applications. Several in vitro and in vivo studies
found signicant cytotoxicity, DNA damage, micronucleus
induction, or mutagenicity trends produced by carbon black or
carbon-rich particles.136–138 For example, MWCNTs can activate
NF-kB, enhance phosphorylation of MAP kinase pathway
components, and increase production of proinammatory
cytokines in human bronchial epithelial cells.139 However,
Zhong et al. showed that carbon black did not induce changes
in DNA migration in V79 or Hel 299 cells.140 Carboxylated
3556 | Nanoscale, 2013, 5, 3547–3569
MWCNTs did not signicantly affect cellular morphology and
viability of PC12 cells at lower concentrations. Moreover, short
MWCNTs promoted neuronal differentiation of PC12 cells.141 In
summary, surface chemistry, physical properties, and dose are
important factors in determining toxicity of CNTs. For example,
CNTs can be readily taken up by cells and are noncytotoxic
with appropriate surface modication and certain limit
concentration.104,142,143

The reported underlying mechanisms are also controversial.
As shown in Fig. 6, CNT-induced oxidative stress is regarded as
the main toxic mechanism.144–146 Conversely, Fenoglio et al.
demonstrated that MWCNTs exhibited a remarkable scav-
enging capacity against an external source of hydroxyl or
superoxide radicals.147 In addition, iron impurity of CNTs is
considered as another important reason for CNTs' toxicity.148

Complications arise when comparing these investigations as
there are oen considerable variations in the methodologies
used including differences in exposure protocols and duration,
and length and frequency of post-exposure sampling. More
importantly, pristine CNTs are highly hydrophobic, whereas
surface functionalization (carboxylation, amination, or PEGy-
lation) renders hydrophilicity and dispersibility in the aqueous
phase, enabling varied interactions with biological
systems.149,150 Further extensive in vitro and in vivo investigation
is necessary to arrive at more denitive conclusions about the
genotoxic properties of CNTs and the possible mechanisms
involved in such toxicity.

4.2.3 Graphene. PG and GO are two dimensional carbon-
based NMs with single atom thickness. Given their large surface
area and unique optical property, PG and GO are potential
candidates for biomedical applications, such as gene/drug
delivery151 and phototherapy.152 For safe biomedical applica-
tions, biocompatibility studies on graphene-related NMs are
needed.

The toxicity of graphene and its derivatives to bacteria and
cells have been studied. For example, GO and reduced GO (rGO)
can inhibit bacterial growth while causing minimal toxicity to
human alveolar epithelial A549 cells.153 However, the cytotox-
icity of graphene and its derivatives is still without consensus.
For example, PG and GO induce cytotoxic effects on phaeo-
chromocytoma (PC-12) cells and human broblast cells.138,154

However, two other recent reports indicated that PG and GO are
quite biocompatible.155,156 For example, PG and GO substrates
are highly biocompatible with improved gene transfection effi-
ciency in NIH-3T3 broblasts.154 A possible explanation for this
discrepancy is that the physicochemical properties of PG and
GO, including size, surface charge, and surface functional
groups, are not always well controlled, which may have signi-
cant inuence on toxicological effects.157 For example, Sasid-
haran et al. compared the cytotoxicity of PG and surface
functionalized graphene; they found that PG accumulates on
the monkey kidney cell membrane, causing high oxidative
stress and subsequent apoptosis, whereas carboxyl functional-
ized hydrophilic graphene taken up by cells does not result in
any toxicity.158 For further toxicology study, as shown in Fig. 7,
the underlying mechanism of the cytotoxicity of graphene has
been studied.159,160 Li et al. reported that PG induces cytotoxicity
This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 The toxic effect of CNTs to cells and underlying mechanism. (a) Rapid transport of MWCNTs in PC12 cells. The cellular uptake and rapid removal of short
MWCNTs at different time points were tested by HE staining during exposure to MWCNTs (30 mg ml�1) for 2 days following culture in fresh medium in the absence of
MWCNTs for 5 days. Cell images were taken at 1, 3, 5, and 7 days, respectively. (b) Hydroxyl radical formation from nanotubes having different metal contents at
different pHs. (c) The cell viability after treatment with CNTs with different iron impurities. (d) Transport pathway, cellular and molecular mechanisms of toxicity
associated with cellular exposure to carbon nanotubes and leached metal. Reprinted from ref. 145 with permission. Copyright (2012) Nature. Reprinted from ref. 146
with permission. Copyright (2013) John Wiley & Sons.
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in macrophages through the depletion of the mitochondrial
membrane potential (MMP) and the increase of intracellular
reactive oxygen species (ROS), then triggers apoptosis by acti-
vation of the mitochondrial pathway.159 However, at a lower
concentration, graphene signicantly stimulates the secretion
of Th1/Th2 cytokines including IL-1a, IL-6, IL-10, TNF-a and
GM-CSF as well as chemokines such as MCP-1, MIP-1a, MIP-1b
and RANTES, probably by activating TLR-mediated and NF-kB-
dependent transcription. This feedback of the immune
response of macrophages by graphene-induced factors may play
an important role in the prevention of their over-activation aer
graphene exposure.160
This journal is ª The Royal Society of Chemistry 2013
4.3 Semiconductor NMs

QDs are of special interest because of their potential applica-
tion as uorescent probes for bioimaging and diagnostics.
However, before QDs can be used safely in vivo, more infor-
mation about their interaction with and potential toxicity to
biological systems is needed. The toxicity of QDs has been
studied in a large number of in vitro studies.113,114,161,162 Results
showed that exposure to QDs affects cell growth and viability.
The extent of cytotoxicity depends on a number of factors
including composition, size, and surface capping mate-
rials.113,163,164 The possible reasons for the toxicity of QDs are
Nanoscale, 2013, 5, 3547–3569 | 3557
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Fig. 7 Signaling the pathway of macrophage activation stimulated by graphene nanosheets. (a) The SEM image of pristine graphene nanosheets. (b and c) Graphene
nanosheets stimulate the secretion of cytokines and chemokines in macrophages. (d) Actin cytoskeleton of macrophages. The arrows indicate the F-actin foci of
podosomes. (e) Graphenemay be recognized by certain types of TLRs, thus activating kinase cascades by aMyD88-dependent mechanism. Activation of IKK initiates the
phosphorylation and consequent degradation of IkB, resulting in the release of NF-kB subunits, and their translocation into the nucleus. NF-kB binds to the promoter
regions of its effector genes, and initiates the transcription of multiple proinflammatory genes and the secretion of various proinflammatory factors, including IL-1a, IL-
6, IL-10, TNF-a, CM-CSF, MCP-1, MIP-1a, MIP-1b and RANTES. These proinflammatory factors modulate the immune responses of neighboring macrophages. Reprinted
from ref. 159 with permission. Copyright (2012) Elsevier. Reprinted from ref. 160 with permission. Copyright (2012) Elsevier.

Nanoscale Review

Pu
bl

is
he

d 
on

 1
2 

3 
20

13
. D

ow
nl

oa
de

d 
on

 2
02

5/
10

/1
6 

9:
47

:0
7.

 
View Article Online
discussed, including desorption of free Cd (QD core degrada-
tion),163 free radical formation, and interaction with intracel-
lular components. However, studies demonstrated that correct
capping and improved surface coating of QDs can minimize
cytotoxicity arising from air and photo-oxidation. Several
synthesis, storage, and coating strategies have been developed
for QDs to ensure stability of these NPs and minimize
toxicity.74,164,165 In addition, cellular uptake plays an important
role in NMs toxicity. Chang et al. evaluated the toxicity of
surface coated QDs based on intracellular uptake and
demonstrated that the improved biocompatibility of PEG
coated QDs compared with bare ones is because of the
decreased cellular uptake through endocytosis.161 Therefore,
the cellular uptake of NMs directly affects their toxicity, not
their surface modication.

In addition, it is important that the cytotoxicity evaluation
assays that are being used are appropriate for the materials
being tested. For example, in the neutral red assay, carbon black
has been shown to adsorb neutral red dye molecules which can
give false positive results.166 Regarding the toxicology of NMs, it
is difficult to draw conclusions because of the different experi-
mental systems, including cell types, NMs compositions,
exposure strategies, and toxicity evaluation systems in various
laboratories. Therefore, to compare results from different labs,
it is highly essential to include all the information referring to
NPs characterization, exposure strategy, and toxicity evaluation
systems in the published paper.
3558 | Nanoscale, 2013, 5, 3547–3569
5 Major factors influencing the biological
effects of nanostructured materials

The interaction between NMs and cells has been considered in
recent studies because the physical and chemical properties of
NMs strongly inuence the biochemical properties of cells while
they are in contact with each other. The physical and chemical
properties include physical factors (size, shape, surface area, and
surface compositions), surface chemistry (surface charge,
surface functionalization andwhether the NM is hydrophobic or
hydrophilic), and physiological stability (aggregation, agglom-
eration, biodegradability, and solubility). In nature, physico-
chemical properties are crucial to the physiology of cells,
including uptake properties (ratio, amount, and mechanism),
transportation properties (accumulation location and trans-
portation process), cytotoxicity (necrosis, apoptosis, and
decreased cell viability), and exclusion. Owing to interaction
between NMs and cells, these effects and behaviors should be
seriously considered before being applied to any additional
biological systems. Certain physicochemical parameters of NMs
affect the physiological interactions of cells, as shown in Table 1.
5.1 Effects of NM size

The size of NMs strongly affects their optical properties, as dis-
cussed in the previous section. However, NM size is also crucial
to physiological interaction. NMs have six size-dependent
This journal is ª The Royal Society of Chemistry 2013
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pathways throughwhich they enter cells, with sizes ranging from
over 1000 nm to less than 10 nm: phagocytosis, macro-pinocy-
tosis, clathrin-mediated endocytosis, caveolin-mediated endo-
cytosis, clathrin/caveolin-independent endocytosis, and direct
cell membrane penetration.167 Each pathway possesses its own
limited size range anddynamics. The size range for phagocytosis
is between 500 nm and 10 mm.168 By contrast, most ligand-
modied NMs, which are less than 500 nm, enter cells through
endocytosis. To penetrate the cell membrane directly, the size of
the material should be less than the thickness of the membrane
bilayers, which is 4 to 10 nm. However, particles less than 5 nm
are rapidly removed from the cell by renal clearance.169–171

The perfect size for NMs to be used in bio-applications such
as drug delivery or cancer therapy has been the subject of much
recent discussion. Chithrani et al. found that NMs with diam-
eters <100 nm have strong size-dependent intracellular
uptakes.172 NPs with diameters of 14, 50, and 74 nm exhibit size-
dependent cell uptake numbers and uptake halife. NMs with
50 nm diameters exhibit higher cell uptake rates and numbers
than the others because of the difference in wrapping time.83

Jiang et al. found that the interaction between antibody (Her-
ceptin)–Au NPs and SK-BR-3 breast cancer cell receptors is also
size-dependent, and that NPs ranging from 25 to 50 nm in
diameter exhibit the most efficient uptake.173 The most efficient
size, 50 nm, has been approximated by an experiment involving
hydroxyapatite NPs (45 nm), other Au NPs (50 nm), and poly-
pyrrole NPs (60 nm).174–177 The size of the NMs also strongly
inuences uptake properties during phagocytosis. The highest
phagocytosis occurs when the diameter ranges from 2 mm to 3
mm.178 In addition, size must be considered because of NMs'
toxic properties. Pan et al. found that 1.4 nm Au NPs exhibit
high toxicity, whereas 15 nm Au NPs exhibit non-toxicity at 100-
fold concentrations of 1.4 nm experiments.179 The dramatic
difference of the strong toxicity of Au clusters is because of the
cluster size that facilitates combination with DNA and their
major groove dimension.180 Park et al. demonstrated that Ag
NPs with a diameter of 20 nm are more toxic than larger NPs
(80 nm and 113 nm) and Ag ions.174

The size of nanostructured materials is crucial to cell phys-
iology in numerous bio-applications. The appropriate size of
NPs for therapeutic treatment ranges from 10 nm to 100 nm,
with larger particles limiting the diffusion in extracellular
spaces. Moreover, diameters of 50 nm are appropriate for
cellular uptake, drug delivery, and therapy for the ideal optical
and size properties.
5.2 Effects of shape

The NM shape is another signicant factor affecting the inter-
action between materials and cells. Tang's group pointed out
that mesoporous silica NPs (MSNs) with different aspect ratios
have major effects on cellular functions, such as uptake rate,
cytoskeleton formation, adhesion, migration, viability, and
proliferation.181–183 The longer NR of MSNs (NLR450, aspect
ratio� 4) is more easily internalized by A347 human melanoma
cells compared with shorter NR (NLR240, aspect ratio � 2) and
spherical (NS100, aspect ratio � 1) MSNs. In addition, the
Nanoscale, 2013, 5, 3547–3569 | 3563
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cytotoxicity of the MSNs decreases as the aspect ratio decreases.
Gratton et al. obtained similar results using cylindrical PRINT
particles with varying aspect ratios.184 High aspect ratio (d ¼
150 nm, h ¼ 450 nm, aspect ratio ¼ 3) rod-like particles are
internalized more efficiently by HeLa cells than 200 nm
symmetric cylindrical particles. Muro et al. investigated the
targeted accumulation of various sizes (100 nm to 10 mm) and
shapes (spherical versus elliptical disk-like particles) in endo-
thelial cells, and discovered that the elliptical disks, which are
micro-scale, had better targeting efficiency than any other
spherical NPs.185 However, the scale of NP changes at around or
lower than 100 nm may present different results than those
observed in previous discussions. Chan's group demonstrated
that transferrin-coated spherical Au NPs (14 and 50 nm in
diameter) showed higher uptake rates than transferrin-coated,
rod-like Au NPs (aspect ratio ¼ 1.5 (20 nm � 30 nm), 3.5 (14 nm
� 50 nm), and 6 (7 nm � 42 nm)) for HeLa cells, with uncoated
Au NPs presenting the same result.83,172 Cell uptake efficiency
also decreases as the aspect ratio increases. Florez et al. showed
that nonspherical polymeric NPs (191 nm � 84 nm, 279 nm �
70 nm, and 381 nm � 65 nm) exhibit lower uptake efficiency
than their spherical counterpart for mesenchymal stem cells
(MSC) and HeLa cells, and the uptake rate decreases as the
aspect ratio increases.186 Qiu et al. compared spheres (30 nm �
33 nm) and rod-like Au NPs with various aspect ratios (40 nm �
21 nm, 50 nm � 17 nm, and 55 nm � 14 nm), resulting in the
higher-aspect-ratio rod-like NPs being more slowly internalized
than the lower-aspect-ratio rod-like and spherical Au NPs in
MCF-7 cells.122

In the previous discussion, the interaction between the
shape and size is shown to have a powerful effect on the
biophysical reaction of cells, and the volume of the particles
also seems to determine cell uptake efficiency. Moreover, the
shape of NMs has also been proven by theoretical models and
experimental studies to affect the internalization and vascular
dynamics.187–190 Nanostructured materials with controllable
sizes and shapes, as well as their application have also been
demonstrated.191
5.3 Effects of surface chemistry

The surface chemistry of NPs exerts various signicant effects
on cellular processes. The surface functional groups of NPs
determine most of the physicochemical properties strongly
related to further interaction between materials and cells.
Among these physicochemical properties, the surface charge of
NPs has the greatest effect on the interaction of NPs with cells.
Cho et al. demonstrated that poly(vinyl alcohol) (PVA)-coated
and citrate-coated Au NPs, which possess neutral and negative
charges, respectively, absorb much less amounts on the nega-
tively charged cell membranes than positively charged poly-
(allyamine hydrochloride) (PAA)-coated Au NPs, based on the
I2/KI etchant method. This method can selectively detect
particles adhering to the cell surface.192 The cellular uptake of
positively charged NMs has resulted in higher uptake rates and
efficiency in various cell types, as well as increased anionic
particle adhesion to cell surfaces. These NMs include metal
3564 | Nanoscale, 2013, 5, 3547–3569
oxides,193,194 metals,195 QDs,196 polymeric NPs,197 mesoporous
silica NPs,198 etc. This faster cellular uptake and higher uptake
efficiency can improve cellular entry in several bio-applications,
including drug delivery systems or therapeutic behaviors.

Whether NPs are hydrophilic or hydrophobic is mostly
determined by their surface ligands, surfactants, or stabilizers,
which can be modied by chemical syntheses.199 Hydrophobic
NPs result in decreased dispersion in biological uids and
media.200 However, the hydrophobic property enhances the
penetration ability of NPs into cell membranes and nuclear
pores through hydrophobic interaction.201,202 As a result of
attempts to balance dispersion property (hydrophilic) with high
penetration ability (hydrophobic), amphiphilic NMs are
attracting increased attention because of their excellent
dispersion in both aqueous and organic phases.203–206

Surface modication is another topic for improving the bio-
availability and decreasing the cytotoxicity of NMs.200,207 Our
previous work found that Au NRs synthesized with CTAB
surface coating exhibit signicant cytotoxicity to breast cancer
MCF-7 cells, while further surface modication with PSS and
PDDAC signicantly decreased the toxicity of Au NRs and
improved their cellular internalization.122
5.4 Effects of protein corona

To study the bio-interactions between NMs and cells, NMs are
always introduced into the physiological environment, in which
a large amount of amino acids, peptides and proteins are con-
tained. When a NM enters a biological uid, it rapidly adsorbs
proteins and forms a protein corona.208 The protein corona
alters the size and surface composition of NMs, which further
determine the physiological responses, including kinetics,
transport, accumulation, exclusion and toxicity of NMs. The
structure and composition of the protein corona depends on
the characterization of the NMs, like size, shape and composi-
tion, the nature of the physiological environment like blood,
interstitial uid, cell cytoplasm and the duration of exposure.209

Protein corona has been observed with versatile NMs, such
as Au NRs,86,122 Au NPs,210 SiO2,211 CNTs,200 etc. For safe
biomedical applications, it is critical that the interactions
between NMs and cells are understood and controlled. Studies
regarding the underlying mechanism of the dynamic protein
adsorption process have been performed. Interactions between
single-wall carbon nanotubes (SWCNTs) and human serum
proteins were found to be a competitive mode of binding of
these proteins with different adsorption capacities and packing
modes.200 The p–p stacking interactions between SWCNTs and
aromatic residues (Trp, Phe, Tyr) are found to play a critical role
in determining their adsorption capacity. Additional cellular
cytotoxicity assays revealed that the competitive binding of
blood proteins on the SWCNT surface can greatly alter their
cellular interaction pathways and result in much reduced
cytotoxicity for these protein-coated SWCNTs. In addition, the
protein corona will affect the cellular internalization of NMs.
Uptake of a NP–protein complex by cells depends on whether
the cell membrane has receptors for the proteins, whether the
proteins are presented in the correct orientation to interact with
This journal is ª The Royal Society of Chemistry 2013
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the receptor, and whether the NP-bound protein can compete
effectively with the free protein for the receptor.212 A critical
factor for controlling serum albumin binding is surface
hydrophobicity, which in turn decreases the cellular uptake of
NPs. Hydrophobic NPs bind albumin more tightly, inhibiting
particle uptake, with a direct correlation observed between
uptake and surface hydrophobicity.213

Despite substantial progress, detailed relationships between
NMs and protein are still not clear. It is also unclear whether
every protein in the corona inuences the physiological
response, or only a subset. Without this knowledge as a guide, it
is difficult to design NMs to interact with proteins and cells in a
controlled way.214
6 Summary and perspective

NMs have been investigated for several decades, and have also
been applied to biological systems over the past decade.
Chemical or physical synthesis can be used to alter such phys-
ical properties of NMs as morphology, size, and optical, elec-
tronic, or mechanical properties, for use in different
applications. In biological systems, NMs can serve as media for
the delivery of drugs, genes, or proteins for therapeutic treat-
ments. The size of NPs enables them to enter cells by direct cell
penetration or endocytosis. Moreover, the surfaces of nano-
structured materials can be easily functionalized by chemical
synthesis, and can be designed for more accurate treatments.
Given the wide range of applications for NMs in living creatures,
the interaction between NMs and cells has become a more
signicant research topic.

In this review, we summarize the NMs most commonly used
in biomedical applications in the past decade. Owing to the
different compositions, physical properties, and surface prop-
erties of these NMs, their use in the treatment of cells has
resulted in various phenomena. Cellular uptake behaviors are
strongly dependent on the size, shape, surface charge, and
chemistry. The cytotoxicity of the materials is also related to
several factors, including material composition, size, and
surface ligands. The physicochemical properties of NMs should
be traced from their synthesis procedures, intrinsic properties,
and surface chemistry. Each material offers unique properties
for use in different applications, but also has its specic limi-
tations. We hope that this review will help the reader under-
stand the basic interaction of cells and NMs.

Although numerous studies have examined the interaction
between NPs and cells, much remains to be investigated. First,
there are variable factors to be studied, such as the physical or
chemical properties of materials, different cell lines, and the
systematic study of specic materials. Second, shape conditions
of NPs have not been well investigated. Third, the variations in
the cell line result in different cell uptake, toxicity, or trans-
portation in the same materials, but systematic studies of this
phenomenon are scant. Fourth, the nanotoxicity issue and the
accumulation of non-degradable materials relating to biosafety
are yet to be understood. Fih, the transformation of NMs'
surface chemistry in living creatures is too complicated to
investigate. Understanding the interactions between NMs and
This journal is ª The Royal Society of Chemistry 2013
cells will improve the efficiency of these interactions. With the
rapid increase in studies related to nanotechnology, investiga-
tion on NMs can be more benecial than others because of their
size. We believe that an extensive understanding of NM–bio
interactions can serve as a foundation for future biomedical
applications.
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