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Abstract: Although numerous studies have investigated the interaction between nanoparticles and biological systems
(proteins, cells, tissues, membrane etc.), and the growing interests of nanotoxicity of these engineered nanoparticles, much
remains to be investigated. First, there are various factors to be explored, such as the physical or chemical properties of materials,
different cell lines, and the systematic study of specific materials. Secondly, architectural structure (shape) conditions of NPs
have not been well investigated and undestood. Third, the variations in cell line result in different cell uptake, toxicity, or
transportation in the same materials, but systematic studies of this phenomenon are scanty. Fourth, the nanotoxicity issue and the
accumulation of non-degradable materials relating to biosafety are yet to be understood. Fifth, the transformation of NMs’
surface chemistry in living creatures is too complicated to investigate. In this article, we review the biophysicochemical
mechanisms of the various interactions between nanomaterials and biological systems (proteins, cells, membrane). With the
rapid increase in studies related to nanotechnology, investigations on nanomaterials can be more beneficial than others because of
their size. A comprehensive understanding of nano-bio interactions can serve as a foundation for future biomedical applications.
Keywords: Nanoparticles, Cellular Uptake, Toxicology, Polymer

1. Introduction
In recent years, the interaction of nanoparticles (NPs) with
biological systems has become an interesting area of
fundamental and applied research at the interface between
physical and life sciences [1]. As NPs are similar to typical
cellular components and proteins, they may evade the natural
defenses of biological organisms, utilize the endocytosis
machinery for intruding cells and, thereby, lead to permanent
cell damage [2]. While many studies have been performed
using cell biology or toxicology approaches, recent work has

shed light on the molecular aspects of the biological action of
NPs. The application of sophisticated techniques such as
molecular biophysics may facilitate the elucidation of the
biomolecular interactions involved and reveal the
fundamental factors governing the biological effects of NPs.
Whenever NPs come in contact with biological systems,
physical and chemical interactions take place between the
surfaces of the NPs and these biological components (e.g.,
proteins, membranes, phospholipids, endocytic vesicles,
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organelles, DNA, etc.) - the so-called “nano-bio interface”. It
is well established that, upon the exposure of an organism to
NPs, proteins from body fluids bind to NP surfaces [3]. The
exposure leads to an interaction between living systems and
protein-coated NPs [3]. The “protein corona” that forms
around the NPs [4] largely defines the biological identity of
the NP, and the efficiency of this interaction can be a decisive
factor driving the biological response of an organism to NP
exposure [5]. Nel and co-authors [6] have presented an
in-depth discussion of the basic physical interactions
happening at the nano-bio interface.

2. Nanoparticle–protein Interactions
NPs are composed of a core material and a surface modifier
that can be used to change the physicochemical properties of the
core material. These physicochemical properties include charge,
hydrophobicity, or surface chemical properties that can be
altered by attaching specific chemical compounds. Because
these physicochemical characteristics influence NP efficacy in
any application, both properties of the NPs determine their
biocompatibility and biodegradation [7]. NP charge is a
significant factor that affects the interactions between NPs and
proteins to form NP–protein corona. The charge dictates the
biodistribution of NPs in vivo [8]. Aubin-Tam and
Hamad-Schifferli studied the effect of NP surface charge by
using AuNPs functionalized with positive (aminoethanethiol),
negative [bis (p-sulfonatophenyl) phenylphosphine], or neutral
[poly (ethylene glycol) thiol] ligands attached to specific
protein sites, such as cysteine 102 (C102) of Saccharomyces
cerevisiae cyt C [9]. The study showed that changing ligand
charge could influence the denaturation of the attached yeast
cytochrome; protein denaturation is determined by the
interaction between the NP ligands and amino acids localized
around C102 affecting protein stability. These studies
demonstrated that the NP surface charge, defined by the
functionalized ligands, could have a significant impact on the
structure of proteins on the NP surface.
Decuzzi and coworkers (2010) had demonstrated the effect
of NP surface charge on NP–protein interactions [10]. Three
major human hard corona proteins were used: human serum
albumin (HSA), fibrinogen (Fg), and immunoglobulin G (IgG)
in combination with 40 nm AuNPs and silver nanoparticles
(AgNP) coated with citrate and lipoic acid to study
time-dependent adsorption kinetics, individual protein corona
formation on the NPs, and the effect of corona formation on
NP dispersion and stability of saline (PBS), NP–HSA, and
NP–IgG coronas. In the case of NP– HSA, all coronas
exhibited a negative charge; however, in both lipoic acid–NPs
and citrate–NPs, the net charge of the NP surface changed
from negative to positive following coincubation with IgG.
The zeta-potential value of lipoic acid–NP–IgG was higher
than that of citrate–NP–IgG, indicating a higher stability of
lipoic acid–NP–IgG coronas. This result explains the higher
binding affinity of IgG for NP surfaces compared with citrate.
However, the Fg corona induced agglomeration of AuNPs and
AgNPs. This phenomenon could be due to the elongated

rod-like conformation and unique molecular dimensions of Fg
[11]. Despite the negatively charged surfaces of both lipoic
acid–NPs and citrate–NPs, the binding affinity and corona
formation tendency on the AuNP and AgNP surfaces was
dependent on the characteristics of the individual proteins.
This suggests that the nature of the interaction of each protein
is different and could potentially affect the biological response
of the NPs.
The interactions of the protein with the surface of NPs (e.g.
Au NPs) largely depend on some factors such as the method of
preparation, surfaces, and composition. Unfortunately, only a
handful of efforts have been made previously to divulge the
underlying mechanism that controls the adsorption capacities,
interaction and binding processes of different blood proteins
when they competitively and selectively bind to CNT surfaces.
Exposure of our body to or inhalation of CNTs materials will
most likely lead to interaction with internal tissues/organs
exposed to these CNTs or CNT-based nanomaterials.
Therefore, understanding the mechanisms underlying the
interactions between CNTs and serum proteins is very critical
in clarifying the potential hazard of CNTs, including the
associated cellular trafficking and systemic translocation. Ge
and co-workers [12] employed both experimental
[fluorescence spectroscopy, circular dichroism, atomic force
microscopy (AFM), and NMR spectroscopy] and theoretical
methods (molecular dynamics simulations) to investigate the
single-wall carbon nanotube (SWCNT)-protein interactions.
They observed an amazingly competitive binding of different
serum proteins onto the surface of SWCNTs, with different
adsorption capacities and packing modes. The observation
indicates that these competitive binding behaviors of serum
proteins on the SWCNT surfaces are guided by each protein's
unique chemical structure and the quantity of amino acid
hydrophobic residues that each protein contains. These
separate protein-coated SWCNTs often possess different
cytotoxicity by swaying the next cellular responses. This
investigation has shed light toward the design of safe carbon
nanotube materials through a detailed understanding and
accounting for their interactions with human blood proteins.

Figure 1. Interactions between proteins and SWCNTs [12].
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3. Interaction of Polymers and
Nanoparticles with Membranes
Hydrophobic/hydrophilic balance, as well as polymeric 3-D
chemical structure, controls the interaction between polymers
and lipid membranes. Adsorption, accompanied by
reassembly of domains, will occur by introducing graft
polymers [18]. Hydrophilic polymers such as polyethylene
oxide can be inserted into membranes, giving rise to a
‘‘mushroom’’- or ‘‘brush’’-type assembly [19]. Polymers such
as polyamides can bind effectively onto an oppositely charged
lipid bilayer membrane [20], resulting to lateral phase
separation via electrostatically induced flip/flops [21–25].
Finally, membrane alterations can produce a clear and visible
increase in the curvature of the membranes if the bending
modulus is smaller than the interacting forces [26, 27]. The
presence of pores in polymers is another structural
characteristic that has recently become debatable among
membrane scientists [28] giving rise to different types of
penetration, depending on the polymer’s 3D structure.
Polycarboxylate [29] as well as di-, tri- [30-31] and starblock
copolymers [32–35] composed of PEO–PS-diblock
copolymers [36-39] have been studied and showed a strong
impact on the molecular weight [40, 41] as well as displaying
sealing effects [42, 43] or lipids membrane deterioration such
as in cationic polymers [44, 45]. A large amount of separate
deviation is observed when nanoparticles (up to 100 nm)
interact either with polymersomal membranes or lipid, as
stabilities of lipo- and polymersomes are not the same. Hence,
hydrophilic nanoparticles are organized onto the inside or
outside of lipid vesicles. Insertion of hydrophobic
nanoparticles into lipid membranes poses a great challenge
since the membranes are destroyed during the loading process
[46, 47]. Macroscopically visible effects include curving of
the lipid membrane, budding or fission effects [48, 49].
Negatively charged nanoparticles often result in clustering
effects thus reducing charge movement/transfer and
increasing the gel phase of the involved lipids [50]. However,
lipid bilayer composed of polymers can largely and easily get
assembled and decorated with nanoparticles by incorporation
into the hydrophobic interior [51], or through outside
attachment.
The interaction between graphene and cells has not been
explored because of the high complexity of such interactions.
Graphene - a two-dimensional single-atom-thick nanomaterial
with unique structural, mechanical and electronic properties
has potential biomedical applications [52-54]. Its high specific
surface area allows high-density biofunctionalization for
nanotechnology-based drug delivery [55-57]. Furthermore, its
smooth, contiguous topography and bio-persistence play a
unique role in foreign-body-induced carcinogenesis and tumor
progression [58, 59]. Moreover, because graphene
demonstrates ultra-high in vivo tumor uptake in mice, it is
effective for photothermal ablation of the tumor [60].
Currently, recent studies have shown that graphene and
graphene oxide have strong antibacterial activity [61, 62]
towards Escherichia coli (E. coli). This cytotoxicity is due to
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physical damage resulting from direct interactions between
the graphene and the bacteria cell membrane [63]. Graphene
induced cytotoxicity is significantly reduced when the
nanosheets are surrounded by proteins [64], such as serum
proteins. Therefore, graphene is less a threat to humans or
other mammalians but lethal to bacteria thus making it a novel
antibiotic against bacteria. However, the detailed dynamical
process and underlying molecular mechanism of graphene
induced degradation of the bacterial cell membrane to remain
unclear.
Studies by Tu and co-workers [65] have shown how
graphene nanosheets can penetrate the cell membranes of E.
coli while extracting phospholipids from the membranes.
Experiments show that this process causes degradation of E.
coli membranes and reducing bacteria viability. Their
molecular dynamics simulations reveal atomic details on how
graphene and graphene oxide interact with the inner and outer
membranes of E. coli. These findings offer new insights for
the design of graphene-based antibiotics for medical
applications.

Figure 2. Morphology of E. coli subjected to graphene oxide nanosheets.
TEM images showing E. coli undergoing changes in morphology after
incubation with 100 mg/ml [66] graphene oxide nanosheets at 37°C for 2.5 h.
Three stages of destruction can be seen.

4. Interaction of Nanomaterials (NMs)
with Cell
The interactions between NMs and cells have been
explored in recent studies since the physical and chemical
properties of NMs have a considerable influence on the
biochemical properties of cells that are in contact with each
other. The physical properties include; size, shape, surface
area, and surface compositions, while surface chemistry
includes surface charge, surface functionalization,
hydrophobicity or hydrophilicity. Physiological stability
comprises of aggregation, agglomeration, biodegradability,
and solubility. In nature, physicochemical properties are
essential to the physiology of cells, including uptake
properties (ratio amount, and mechanism), transportation
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properties (accumulation location and transportation process),
cytotoxicity (necrosis, apoptosis, and decreased cell viability),
and exclusion. Due to the interaction between NMs and cells,
these factors and behaviors should be considered before the
application of NMs to any biological systems.
4.1. Effects of NM Size
The size of NMs strongly affects their optical properties.
NM size is also crucial to physiological interaction. NMs have
six size-dependent pathways for cell entry, with sizes ranging
from over 1000 nm to less than 10 nm: phagocytosis,
macro-pinocytosis,
clathrin-mediated
endocytosis,
caveolin-mediated endocytosis, clathrin/caveolin-independent
endocytosis, and direct cell membrane penetration [67]. Each
pathway possesses its limited size range and dynamics. The
size range for phagocytosis is between 500 nm and 10 µm [68].
By contrast, most ligand-modified NMs, which are less than
500 nm, enter cells through endocytosis. To penetrate the cell
membrane, 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 [69-71]. The perfect size for NMs
used in bio-applications such as drug delivery or cancer
therapy has been has been a debate. Chithrani et al. found that
NMs with diameters <100 nm have strongly size-dependent
intracellular uptakes [72]. NPs with diameters of 14, 50, and
74 nm exhibits size-dependent cell uptake numbers and uptake
high life. NMs with 50 nm diameters exhibit higher cell uptake
rates and numbers than the others because of the difference in
wrapping time. The interaction between antibody
(Herceptin)-Au NPs and SK-BR-3 breast cancer cell receptors
is also size-dependent, and that NPs with sizes ranging from
25 to 50 nm in diameter exhibit the most efficient uptake [73].
The most efficient size, 50 nm, has been approximated by an
experiment involving hydroxyapatite NPs (45 nm), Au NPs
(50 nm), and polypyrrole NPs (60nm) [74-77]. The size of the
NMs influences uptake properties during phagocytosis. The
highest phagocytosis occurs when the diameter ranges from 2
µm to 3 µm [78]. 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
[79]. The difference of strong toxicity of Au clusters is because
the cluster size can easily combine with DNA and their major
groove dimension [80]. 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 [80].
4.2. Effects of Shape
The NM shape is another significant factor affecting the
interaction between materials and cells. Tang 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 [81-83]. The longer nicotinamide riboside
(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
cytotoxicity of the MSNs decreases as aspect ratio decreases.
Gratton et al. obtained similar results using cylindrical
PRINT particles with varying aspect ratios [84]. High aspect
ratio (d = 150nm, h = 450 nm, aspect ratio = 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 µm) and shapes (spherical versus elliptical disk-like
particles) in endothelial cells, and discovered that the
elliptical disks, which are micro-scale, had better targeting
efficiency than any other spherical NPs [85]. However, the
scale of NPs 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 =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. Cell uptake
efficiency also decreases as 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 [86]. 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.
In the previous discussion, the interaction between shape
and size is shown to have a powerful effect on the
biophysical reaction of cells, and the volume of the particles
determines the 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 [87, 9, 10]. Nanostructured materials with
controllable sizes and shapes, as well as their applications
have also been demonstrated [11].
4.3. Effects of Surface Chemistry
The surface chemistry of NPs exerts various significant
effects on the cells. The surface functional groups of NPs
determine most of the physicochemical properties strongly
related to the 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 citrated-coated Au NPs, which possess neutral and
negative charges, respectively, absorb much less amounts on
the
negatively-charged
cell
membranes
than
positively-charged
poly
(allyamine
hydrochloride)
PAA-coated Au NPs, based on the I2/KI etchant method.
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This method can selectively detect particles adhering to the
cell surface [12]. 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 oxide [13,
14], metal QDs [16], polymeric NPs [17], mesoporous silica
NPs etc [18]. This faster cellular uptake and higher uptake
efficiency can improve cellular entry in several
bio-applications, including drug delivery systems or
therapeutic behaviors. Hydrophilicity or hydrophobicity is
mostly determined by their surface ligands, surfactants, or
stabilizers, which can be modified by chemical syntheses
[19]. Hydrophobic NPs result in decreased dispersion in
biological fluids and media [20]. However, hydrophobic
property enhances the penetration ability of NPs into cell
membranes and nuclear pores through hydrophobic
interaction [21, 22]. As a result of attempts to balance
dispersion property (hydrophilic) with high penetration
ability (hydrophobic), amphiphilic NMs have been given
much attention because of their excellent dispersion in
aqueous and organic phases [23-25, 88].

5. Carbon Nanotubes (CNTs) and Cell
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
biomedical applications. Several in vitro and in vivo studies
found significant cytotoxicity, DNA damage, micronucleus
induction, or mutagenicity trends produced by carbon black
or carbon-rich particles [89-91]. For example, MWCNTs can
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activate NF-κB, enhance phosphorylation of MAP kinase
pathway components, and increase generation of
proinflammatory cytokines in bronchial epithelial cells [90].
However, Zhong et al. showed that carbon black did not
induce changes in DNA migration in V79 or Hel 299 cells
[92]. Carboxylated MWCNTs did not have any significant
effect on cellular morphology and viability of PC12 cells at
lower concentrations. Moreover, short MWCNTs promoted
neuronal differentiation of PC12 Cells [93]. In summary,
surface chemistry, physical properties, and dose are
important factors in determining the toxicity of CNTs. For
example, CNTs are readily taken up by cells and are
noncytotoxic with appropriate surface modification and
certain limit concentration [94, 95].
The reported underlying mechanisms are also controversial.
As shown in Figure 6, CNT-induced oxidative stress is
regarded as the principal toxic mechanism [96-98].
Conversely, Fenoglioet demonstrated that MWCNTs
exhibited a remarkable scavenging capacity against an
external source of hydroxyl or superoxide radicals [99]. In
addition, the iron impurity of CNTs is considered as another
reason for CNTs' toxicity [100]. Complications arise when
comparing these investigations as there are often
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 (carboxylated, aminated, or PEGylated)
renders hydrophilicity and dispersibility in an aqueous phase,
enabling varied interactions with biological systems [101,
102]. Further extensive in vitro and in vivo investigations are
necessary to reach more definitive conclusions about the
genotoxic properties of CNTs and the possible mechanisms
involved in such toxicity.

Figure 3. The toxic effect of CNTs on 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 µg/mL) for 2 days and the 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 content at different pHs. (c) The cell viability after treatment with CNT with different iron impurities. (d) Transport pathway, molecular,
and cellular mechanisms of toxicity linked to cellular exposure to carbon nanotubes and leached metal. Reprinted from ref. [103] with permission. Copyright
(2012) Nature.
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Table 1. The Scientific Review Summary of the Toxicologically-Engineered Nanoparticles.
NPs
AuNP

cationic gold nanorods
AuNP-allergen

ZnO, TiO2, SiO2 and
Au nano particles

Aluminum oxide
nanoparticles
(Ag, Au, and Cu). NPs

Protein
human plasma
(HP) or human
serum albumin
(HSA)
Dermis layer
proteins

Toxicity

Interaction mechanism

Reference

Immunotoxicity, steatosis and mitochondrial
metabolism
DNA damage and repair, apoptosis

AuNP were incubated in microcentrifuge
tubes at physiological concentrations of HP
and HAS

[104]

No

Protein adsorption

[26]

IgE epitopes

Der p 1 upon binding to AuNPs reduced the
integrity of a tight cell monolayer

AuNP were incubated with different
concentrations of purified recombinant
allergens in order to assemble their conjugates

[27]

plasma protein,
adsorbome

Most nanomaterials are modified with
anti-fouling polymers to suppress protein
adsorption altogether. This reduces off-target
cell uptake, but also lowers targeting
efficiency.

Adsorbs(diffusion, or by traveling down a
potential energy gradient.) remains bound, or
dissociates during biophysical interactions or
translocation

[28]

No

Aggregation ( mixing to make a colloidal
system )

[29]

Adsorption/Absorption

[30]

Absorption

[105]

In vitro construct

[31]

Dissolution in cell culture medium

[106]

hydrophobic
proteins SP-B
and SP-C
Endothelial cell
proteins

Cu NPs

Renal Proteins

Ag NPs

Cytokines

ZnO

Cytokine

Induce oxidative stress and generate free
radicals
Glomerulitis, degeneration, and necrobiosis
of renal tubules
pro-inflammatory cytokines increased
maturation and expression of co-stimulatory
molecules on dendritic cell
pro-inflammatory cytokines and
mitochondrial injury

Nanoparticles can gain entry into the body through the
following routes; ingestion, inhalation and skin (Figure 4).
After entry into the human body they come in contact
inevitably with a big variety of biomolecules such as sugar,
protein and lipids which are soluble in the body fluid. The
protein corona is formed by immediate coatage of
biomolecules and NPs surface, [32, 33] and this is significant
in determining the identity of NP biologically [34].

Figure 4. The Uptake of Nanoparticles.

The cell is an important functional unit and building block
in all living organism especially in determining interaction of
engineered nanomaterial with the living system. NPs has

potential in passing through the plasma membrane, despite of
it being selectively permeable to allow passage of ions and
molecules in and out of the cell and maintaining osmortic
pressure and electric potential of the cell. Transportation of
NPs in and out of cells are by endocytosis and exocytosis and
are facilitated by it being encapsulated in vesicle (Figure 4).
NPs can gain entry into the body by inhalation, ingestion
or through the skin. The interaction of nanoparticles with the
cell can be divided according to specific physical and
chemical interaction at the nano-bio interface, and also based
on organelle or molecular level. For nanoparticles to be
considered useful in biological application it needs to have
diverse physicochemical property and biocompatibility
targeting biological environments, which are largely protein,
nucleic acid and lipid. After integration and conformational
change of biomolecules, the surface chemistry of NPs is
modified by host enzyme system (Figures 5 and 6).
Additionally, the flexibility and heterogeneous nature of
non-uniform plasma membrane is subjected to changes that
lead to exchange of energy from NP-lipid/protein interaction.
The creation of a dynamic interface by a cell is as result of
biological activities, in addition to dimension complexity of
the interaction; protein, ion and biomolecules are transported
by active transport; adenosine-5-triphosphate (ATP)
dependent on endocytosis and exocytosis; polymerization of
cell skeleton protein; active transport of NPs and the process
after internalization of NPs (Figures 2-3) [35].
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Figure 5. Interaction of Biomolecules with the Surface of NP.

Figure 6. The Effect of Cytotoxicity Caused by Nanoparticle.
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The integrity of plasma membrane is essential for normal
cell function, and it consists of bilayer of phospholipid that
has a tail of hydrophobic fatty acid which is shielded at the
centre of the layers while the hydrophilic head is pointing
outward to the aqueous environment. The dynamics of
biological membrane is formed by assembly of hydrophobic
forces in the environment that is aqueous; the presence of
lipid movement is driven dynamically by thermal. The
differences in physicochemical features is related to the head
of lipid membrane, and this can be in terms of size of the
head, charge and polarity, and also the length, configuration
of isomerism and degree of saturation of the chain of the
fatty acid, fluidity, and permeability of water. The dynamics
of lipid membrane could change simultaneously and surface
chemistry from such membrane could exert great effects on
the dynamics of the membrane. Molecular dynamics (MD)
studied by Nielsen et al, indicated lipid bilayer perturbation
which is as a result of transmembrane presence of nanotube
[36].
The physicochemical interaction between engineered
nanoparticles and plasma membrane are of uttermost
important in understanding the response in cellular function
to the presence of NPs. For biological activities such as
receptor recognition of the ligand on the surface of NPs,
endocytosis and exocytosis are involved. As one of the key
pathways in cellular trafficking, endocytosis facilitate
movement of molecules or particles in the extracellular
environment and it is present in all types of cells found in the
body. The polar macromolecules: protein, growth factors and
hormones that penetrate the amphilic plasma membrane are
transported via membrane bound vesicle formed as a result of
invagination and pinching off of the plasma membrane. The
mechanism used by endocytosis are; phagocytosis and
pinocytosis. Phagocytosis plays vital roles of immunological
activity and inflammatory response against invasion of
foreign pathogen. Another importance is that it triggers
immunological response when exposed to NPs. It currently

has great significance in understanding nanotoxicity
mechanism by toxicologists and immunologists. Pinocytosis
involves fluid uptake from extracellular space to the cell and
this is located in all cell types and this are; macropinocytosis
(phagocytosis),
caveolae-mediated
endocytosis,
clathrin-mediated endocytosis, and clathrin-and caveolae
independent endocytosis. The initiation of all these processes
are by highly specific binding between receptors found in the
endocytotic pit with ligand on the target, clathrin and
caveolae processes which are mediated by endocytosis are
used in carrying material needed by the cell which are LDL,
transferrin, and antibodies growth factors [37].
The homogeneity of NPs with the unstructured surface was
internalized primarily by energy-dependent endocytosis
while the one with structured surface had the ability to
penetrate the plasma membrane at reduced temperature when
activities of the cell such as endocytosis are inhibited [38]. In
biomedical application the NP used interact with fluid in the
body such as blood [39-42], pulmonary lipid surfactant [43],
or gastric mucus [44] before they are absorbed in the tissue
or cell. Interaction of nanomaterials and biological
macromolecules affects the normal function of the molecule;
and can be by binding of protein to NPs which leads to
changes in the secondary structure of protein and these
impair with protein stability and folding; the binding of
unfolded protein to receptor membrane result to immune
response by the cell. The interaction of protein-NPs is termed
as hydrophobic interaction and is driven by means of entropy
with the effect originating from ability of water molecules to
cage in the non-polar surface. Hydrophobic interaction
among protein and NPs could also intergrade the
NPs-to-protein core. Recently, a number of studies have been
conducted regarding the toxicity of engineered nanoparticle
(ENP) which shows that nanomaterials have been identified
as the primary causative agent of toxicity in microorganism,
invertebrate and vertebrate as summarized in Table 2 [56].

Table 2. Toxicity and Interaction of Different Nanoparticles in Different Organism.
NPs

AgNPs

TiO2, SiO2
Amino modified polystyrene
NPs (PS-NH2)

Organism

Toxicity

Intereaction mechanism

Reference

Nitrifying bacteria (N.
Europaea)

Inhibition of N. europaea, bacterial
surfaces were adhered by AgNPs and
appeared breakages and Holes, damage of
cell wall, and could result in the leakage of
intracellular contents

physicochemical reaction in the
medium (for example
precipitation and aggregation

[45]

No

Adsorption

[46]

Incubation

[47]

Electrostatic forces, Incubation

[48]

Mytilus edulis (gill
mucus)
Mytilus hemocytes,
hemolymph serum (HS)

Cellular damage, disregulation of p38
MAPK signalling
Generation of reactive oxygen species,
disruptions in cell membrane and increased
permeability

ZnO

Azotobacter and
Pseudomonas, Bacteria

AgNPs

Fish

Dissolved silver, nanoparticle-specific effect

AgNPs

Algae

Dissolved silver

GO-TiO2

E. coli, C. metallidurans

oxidized CNTs

microorganism

Metabolic activity reduction, Growth
inhibitation
Cytotoxicity

Cellular uptake via endocytic
pathways
No cellular uptake, adsorbed on
algal surface

[49]
[50]

van der Waals forces

[51]

Adsorption

[52]
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NPs

Organism

89 (O-CNTs) were
well-dispersed in polyvinyl
alcohol (PVOH)

Pseudomonas aeruginosa

AuNPs

Shewanella or Bacillus

Carboxyl-CdSe/ZnS core shell Cupriavidus
QDs
metallidurans
Rainbow trout
Tungsten carbide
Oncorhynchus mykiss
extracellular polymeric
Nano-CuO andnano-Fe3O4
substances (EPS) from
algal aggregates
CuO NPs

eukaryotic algae
Chlorella pyrenoidosa

ZnO and TiO2

Picochlorum sp

TiO2

Algal Extracellular
Polymeric Substances

Fe3O4 NPs

Gram positive bacterium
Staphylococcus aureus
and gram negative
bacterium Escherichia
coli

Au@Ag NPs

S. aureus, a pathogen

Zero-valent iron nanoparticles bacterium, P. putida G7

TiO2, microporous and
spherical SiO2, and Al2O3

algal cells (Chlorella
pyrenoidosa)

74

Toxicity

Intereaction mechanism

Reference

Toxicity reduction in the viability of bacteria

Surface binding, electrostatic
interactions

[53]

Loss of membrane integrity

Simple Adsorption

[54]

Toxicity

Simple Adsorption

[55]

Growth inhibition

Simple
Adsorption

[56]

Surface attachment, Deposition,
Direct contact

[57]

Membrane damage, Reactive oxygen
species generation and mitochondrial
depolarization
Negative effect on algal growth and
chlorophyll a concentration,

Negative effect on algal growth
and chlorophyll a concentration,
Electrostatic interactions and
Effect on cellular membranes, toxic for both
chemical bonding
marine and fresh water organisms
(bridge-coordination

No toxic effects observed except the Fe
nanoparticles with other microorganisms
cause inhibition and Toxicity and also
damage to the cell membrane integrity

This review summarizes the NMs most commonly used in
biomedical applications in the past decade. Cellular uptake
behaviors are strongly dependent on size, shape, surface
charge, and chemistry. NPs with diameters <100 nm have
strongly size-dependent intracellular uptakes, elliptical disks
had better targeting efficiency than any other spherical NPs
and positively charged NPs have resulted in higher uptake
rates, efficiency and increased anionic particle adhesion to
cell surfaces.
Owing to the different compositions, physical properties,
and surface properties of these NMs, their use in the
treatment of some chronic diseases has resulted in various
toxic effects. The cytotoxicity of these materials is also
related to several factors, including material compositions,
size, and surface ligands. The physicochemical properties of
NMs should be traced from their synthesized procedures,
intrinsic properties, and surface chemistry. Each material
offers unique properties for use in different applications, but
also has their particular limitations.

[59]

Adsorption due to Electrostatic
[60]
interactions (Coordinate bonding )

Toxic to mammalian cells, dermal
Electrostatic interactions
fibroblasts cell viability decreased
High redox activity, which may cause the
reductive decomposition of functional
Physical interactions
groups from proteins and
lipopolysaccharides of the outer membranes
Derjaguin–Landau–Verwey–
Overbeek (DLVO) colloidal
Toxicity is present
interactions and electrostatic and
hydrophobic interactions

6. Conclusion

[58]

[61]

[62]

[63]

References
[1]

N. J. Hao, L. L. Li, Q. Zhang, X. L. Huang, X. W. Meng, Y. Q.
Zhang, D. Chen, F. Q. Tang and L. F. Li, Shape Control of
Mesoporous Silica Nanomaterials Templated with Dual
Cationic Surfactants and Their Antibacterial Activities.
Microporous Mesoporous Mater., 2012, 162, 14-23.

[2]

X. L. Huang, L. L. Li, T. L. Liu, N. J. Hao, H. Y. Liu, D. Chen
and F. Q. Tang. The shape effect of mesoporous silica
nanoparticles on intracellular reactive oxygen species in A375
cells. ACS Nano, 2011, 5, 5390-5399.

[3]

X. L. Huang, X. Teng, D. Chen, F. Q. Tang and J. Q. He. The
effect of the shape of mesoporous silica nanoparticles on
cellular uptake and cell function. Biomaterials, 2010, 31,
438-448.

[4]

S. E. A. Gratton, P. A. Ropp, P. D. Pohlhaus, J. C. Luft, V. J.
Madden, M. E. Napier and J. M. DeSimoneh. The effect of
particle design on cellular internalization pathways. Proc. Natl.
Acad. Sci. U. S. A., 2008, 105, 11613-11618.

[5]

S. Muro, C. Garnacho, J. A. Champion, J. Leferovich, C.
Gajewski, E. H. Schuchman, S. Mitragotri and V. R.
Muzykantov. Control of endothelial targeting and intracellular
delivery of therapeutic enzymes by modulating the size and
shape of ICAM-1-targeted carriers. Mol. Ther., 2008, 16,
1450-1458.

75

[6]

[7]

Louis Hitler et al.: Mechanism, of Biophysicochemical Interactions and
Cellular Uptake at the Nano-Bio Interface: A Review
L. Florez, C. Herrmann, J. M. Cramer, C. P. Hauser, K. Koynov,
K. Landfester, D. Crespy and V. Mailander. Reversible
activation of pH-sensitive cell penetrating peptides attached to
gold surfaces. Chem Commun (Camb). 2015; 51(2): 273–275.
J. A. Champion and S. Mitragotri. Role of target geometry in
phagocytosis. Proc. Natl. Acad. Sci. U. S. A., 2006, 103,
4930-4934.

[8]

P. Decuzzi, R. Pasqualini, W. Arap and M. Ferrari.
Intravascular delivery of particulate systems: does geometry
really matter? Pharm. Res., 2009, 26, 235-243.

[9]

P. Decuzzi and M. Ferrari. The adhesive strength of
non-spherical particles mediated by specific interactions.
Biomaterials, 2006, 27, 5307-5314.

[10] P. Decuzzi, B. Godin, T. Tanaka, S. Y. Lee, C. Chiappini, X. Liu
and M. Ferrari. Size and shape effects in the biodistribution of
intravascularly injected particles. J. Controlled Release, 2010,
141, 320-327.
[11] R. S. Liu, Controlled Nanofabrication: Advances and
Applications, Pan Stanford Publishing, Singapore, 2013.
[12] E. C. Cho, J. W. Xie, P. A. Wurm and Y. N. Xia. Understanding
the role of surface charges in cellular adsorption versus
internalization by selectively removing gold nanoparticles on
the cell surface with a I2/KI etchant. Nano Lett., 2009, 9,
1080-1084.
[13] C. Wilhelm, C. Billotey, J. Roger, J. N. Pons, J. C. Bacri and F.
Gazeau, Biomaterials, 2003, 24, 1001-1011.
[14] A. L. Martin, L. M. Bernas, B. K. Rutt, P. J. Foster and E. R.
Gillies. Enhanced cell uptake of superparamagnetic iron oxide
nanoparticles functionalized with dendritic guanidines.
Bioconjugate Chem., 2008, 19, 2375-2384.
[15] T. D. Krauss (2009) Biosensors: Nanotubes light up cells. Nat
Nanotechnol 4: 85–86.
[16] R. R. Arvizo, O. R. Miranda, M. A. Thompson, C. M. Pabelick,
R. Bhattacharya J. D. Robertson, V. M. Rotello, Y. S. Prakash
and P. Mukherjee. Effect of nanoparticle surface charge at the
plasma membrane and beyond. Nano Lett., 2010, 10,
2543-2548.
[17] J. P. Ryman-Rasmussen, J. E. Riviere and N. A.
Monteiro-Riviere. Variables influencing interactions of
untargeted quantum dot nanoparticles with skin cells and
identification of biochemical modulators. Nano Lett., 2007, 7,
1344-1348.
[18] O. Harush-Frenkel, N. Debotton, S. Benita and Y. Altschuler.
Targeting of nanoparticles to the clathrin-mediated endocytic
pathway. Biochem. Biophys. Res. Commun., 2007, 353, 26-32.
[19] T. Xia, M. Kovochich, M. Liong, H. Meng, S. Kabehie, S.
George, J. I. Zink and A. E. Nel. Polyethyleneimine Coating
Enhances the Cellular Uptake of Mesoporous Silica
Nanoparticles and Allows Safe Delivery of siRNA and DNA
Constructs. ACS Nano, 2009, 3, 3273-3286.
[20] A. E. Nel, L. Madler, D. Velegol, T. Xia, E. M. V. Hoek, P.
Somasundaran, F. Klaessig, V. Castranova and M. Thompson.
Understanding biophysicochemical interactions at the nano-bio
interface. Nat. Mater., 2009, 8, 543-557.
[21] C. C. Ge, J. F. Du, L. N. Zhao, L. M. Wang, Y. Liu, D. H. Li, Y.
L. Yang, R. H. Zhou, Y. L. Zhao, Z. F. Chai and C. Y. Chen,

Proc. Natl. Acad. Sci. U. S. A., 2011, 108, 16968-16973.
[22] S. J. Tan, N. R. Jana, S. J. Gao, P. K. Patra and J. Y. Ying.
Surface-Ligand-Dependent Cellular Interaction, Subcellular
Localization, and Cytotoxicity of Polymer-Coated Quantum
Dots. Chem. Mater., 2010, 22, 2239-2247.
[23] B. Naim, D. Zbaida, S. Dagan, R. Kapon and Z. Reich. Cargo
surface hydrophobicity is sufficient to overcome the nuclear
pore complex selectivity barrier. EMBO J., 2009, 28,
2697-2705.
[24] E. R. Zubarev, J. Xu, A. Sayyad and J. D. Gibson.
Amphiphilicity-Driven Organization of Nanoparticles into
Discrete Assemblies. J. Am. Chem. Soc., 2006, 128,
15098-15099.
[25] H. W. Duan, M. Kuang, D. Y. Wang, D. G. Kurth and H.
Mohwald. Novel triblock copolymers to modify the nanoiron
surface chemistry. Chem. Int. Ed., 2005, 44, 1717-1720.
[26] M. T. Ortega, J. E. Riviere, K. Choi, N. A. Monteiro-Riviere
Bio corona formation on gold nanoparticles modulates human
proximal tubule kidney cell uptake, cytotoxicity and gene
expression. Accepted date: 13 April 2017.
[27] Nouf N. Mahmoud, Khaled M. Al-Qaoud, Amal G. Al-Bakri,
Alaaldin M. Alkilany, Enam A. Khalil Colloidal Stability of
Gold Nanorod solution Upon Exposure to Excised Human Skin:
Effect of Surface Chemistry and Protein Adsorption Accepted
date: 23-2-2016.
[28] Nanoparticle-allergen interactions mediate human allergic
responses: protein corona characterization and cellular
responses. Particle and Fibre Toxicology, 2016, DOI:
10.1186/s12989-016-0113-0
[29] Isabella Radauer-Preiml, Ancuela Andosch, Thomas
Hawranek, Ursula Luetz-Meindl, Markus Wiederstein, Jutta
Horejs Hoeck, Martin Himly, Matthew Boyles and Albert
Duschl. Understanding and controlling the interaction of
nanomaterials with proteins in a physiological environment.
Chem Soc Rev. 2012, 41(7): 2780-99.
[30] F. Mousseau, R. Le Borgne, E. Seyrek, and J.-F. Berret
Biophysicochemical Interaction of a Clinical Pulmonary
Surfactant with Nanoalumina. Langmuir, 2015, 31 (26), pp
7346–7354.
[31] T. Xia, M. Kovochich, M. Liong, L. Ma¨ dler, B. Gilbert, H. Shi,
J. I. Yeh, J. I. Zink, and A. E. Nel Comparison of the
Mechanism of Toxicity of Zinc Oxide and Cerium Oxide
Nanoparticles Based on Dissolution and Oxidative Stress
Properties. American Chemical Society, 2008, 2(10):
2121-2134.
[32] S. Stankic, S. Suman, F. Haque, and J. Vidic. Pure and multi
metal oxide nanoparticles: synthesis, antibacterial and
cytotoxic properties. Journal of Nanobiotechnology, 2016,
14(73): 1-20.
[33] X. Jiang, S. Weise, M. Hafner, C. Röcker, F. Zhang, W. J. Parak,
and G. U. Nienhaus. Quantitative analysis of the protein corona
on FePt nanoparticles formed by transferrin binding. J R Soc
Interface. 2010, 7 (Suppl 1): S5-S13.
[34] P. Maffre, K. Nienhaus, F. Amin, W. J. Parak, and G. U.
Nienhaus. Characterization of protein adsorption onto FePt
nanoparticles using dual-focus fluorescence correlation
spectroscopy. Beilstein J Nanotechnol. 2011, 2: 374-383.

European Journal of Biophysics 2017; 5(4): 66-78

[35] I. Lynch, A. Salvati, and K. A. Dawson. Protein-nanoparticle
interactions: what does the cell see? Nat Nanotechnol. 2009, 4:
546-547. 10.1038/nnano.2009.248
[36] A. E. Nel, L. Mädler, D. Velegol, T. Xia, E. M. V. Hoek, P.
Somasundaran, F. Klaessig, V. Castranova, and M. Thompson,
“Understanding biophysicochemical interactions at the
nano-bio interface.,” Nature Materials, vol. 8, no. 7, pp. 543–
57, Jul. 2009.
[37] S. O. Nielsen, B. Ensing, V. Ortiz, P. B. Moore, and M. L. Klein,
“Lipid bilayer perturbations around a transmembrane nanotube:
a coarse grain molecular dynamics study.,” Biophysical
Journal, vol. 88, no. 6, pp. 3822–8, Jun. 2005.
[38] S. D. Conner and S. L. Schmid, “Regulated portals of entry into
the cell.,” Nature, vol. 422, no. 6927, pp. 37–44, Mar. 2003.
[39] A. Verma, O. Uzun, Y. Hu, Y. Hu, H.-S. Han, N. Watson, S.
Chen,
D.
J.
Irvine,
and
F.
Stellacci,
“Surface-structure-regulated cell-membrane penetration by
monolayer-protected nanoparticles.,” Nature Materials, vol. 7,
no. 7, pp. 588–95, Jul. 2008.
[40] N. B. Shah, G. M. Vercellotti, J. G. White, A. Fegan, C. R.
Wagner, and J. C. Bischof, “Blood-nanoparticle interactions
and in vivo biodistribution: impact of surface peg and ligand
properties.,” Molecular pharmaceutics, 2012, 9(8): 2146-2155.

76

[48] A. Boddupalli, R. Tiwari, A. Sharma, S. Singh, R. Prasanna,
and L. Nain. Elucidating the interactions and phytotoxicity of
zinc oxide nanoparticles with agriculturally beneficial bacteria
and selected crop plants. Folia microbiologica, 2017, 62(3),
253-262.
[49] Y. Yue, X. Li, L. Sigg, M. J. Suter, S. Pillai, R. Behra, and K.
Schirmer. Interaction of silver nanoparticles with algae and fish
cells: a side by side comparison. Journal of nanobiotechnology,
2017, 15(1), 16.
[50] E. Tegou, M. Magana, A. E. Katsogridaki, A. Ioannidis, V. Raptis,
S. Jordan, and G. P. Tegos. Terms of endearment: Bacteria meet
graphene nanosurfaces. Biomaterials, 2016, 89: 38-55.
[51] B. Bukowski and N. A. Deskins. The interactions between TiO
2 and graphene with surface inhomogeneity determined using
density functional theory. Physical Chemistry Chemical
Physics, 2015, 17(44), 29734-29746.
[52] D. G. Goodwin Jr, K. M. Marsh, I. B. Sosa, J. B. Payne, J. M.
Gorham, E. J. Bouwer, and D. H. Fairbrother. Interactions of
microorganisms with polymer nanocomposite surfaces
containing oxidized carbon nanotubes. Environmental science
& technology, 2015, 49(9), 5484-5492.

[41] A. V. Bychkova, O. N. Sorokina, A. L. Kovarskii, V. B.
Leonova, and M. A. Rozenfel’d. “Interaction between blood
plasma proteins and magnetite nanoparticles,” Colloid Journal,
vol. 72, no. 5, pp. 696–702, Oct. 2010.

[53] V. Z. Feng, I. L. Gunsolus, T. A. Qiu, K. R. Hurley, L. H.
Nyberg, H. Frew, K. P. Johnson, A. M. Vartanian, L. M. Jacob,
S. E. Lohse, M. D. Torelli, R. J. Hamers, C. J. Murphy, and C.
L. Haynes. Impacts of gold nanoparticle charge and ligand type
on surface binding and toxicity to Gram-negative and
Gram-positive bacteria, Chemical Science, 2015, Advance
article, doi: 10.1039/C5SC00792E

[42] J. Deng, G. Mortimer, T. Schiller, A. Musumeci, D. Martin, and
R. F. Minchin, “Differential plasma protein binding to metal
oxide nanoparticles.,” Nanotechnology, 2009, 20(45), p.
455101.

[54] V. N. Moos, P. Bowen, and V. I. Slaveykova. Bioavailability of
inorganic nanoparticles to planktonic bacteria and aquatic
microalgae in freshwater. Environmental Science: Nano, 2014,
1(3): 214-232.

[43] A. Kapralov, W. H. Feng, A. Amoscato, N. Yanamala, K.
Balasubramanian, D. E. Winnica, E. R. Kisin, G. P. Kotchey, P.
Gou, L. J. Sparvero, P. Ray, R. K. Mallampalli, J.
Klein-Seetharaman, B. Fadeel, A. Star, A. Shvedova, and V. E.
Kagan, “Adsorption of surfactant lipids by single-walled
carbon nanotubes in mouse lung upon pharyngeal aspiration.,”
ACS Nano, 2012, (6): 4147–4156.

[55] H. Xu, J. Pan, H. Zhang, and Yang, L. Interactions of metal
oxide nanoparticles with extracellular polymeric substances
(EPS) of algal aggregates in an eutrophic ecosystem.
Ecological Engineering, 2016, 94: 464-470.

[44] B. C. Tang, M. Dawson, S. K. Lai, Y.-Y. Wang, J. S. Suk, M.
Yang, P. Zeitlin, M. P. Boyle, J. Fu, and J. Hanes,
“Biodegradable polymer nanoparticles that rapidly penetrate
the human mucus barrier.,” Proceedings of the National
Academy of Sciences of the United States of America, 2009,
106(46): 19268–19273.
[45] R. D. Handy, R. Owen, and E. Valsami-Jones. The
ecotoxicology of nanoparticles and nanomaterials: current
status, nowledge gaps, challenges, and future needs.
Ecotoxicology, 2008 (17): 315–325.
[46] A. Bourgeault, V. Legros, F. Gonnet, R. Daniel, A.
Paquirissamy, C. Bénatar, and S. Pin. Interaction of TiO2
nanoparticles with proteins from aquatic organisms: the case of
gill mucus from blue mussel. Environmental Science and
Pollution Research, 2017, 24(15): 1-10.
[47] L. Canesi, C. Ciacci, R. Fabbri, T. Balbi, A. Salis, G. Damonte,
and E. Bergami. Interactions of cationic polystyrene
nanoparticles with marine bivalve hemocytes in a physiological
environment: Role of soluble hemolymph proteins.
Environmental research, 2016, 150, 73-81.

[56] J. Zhao, X. Cao, X. Liu, Z. Wang, C. Zhang, J. C. White, and B.
Xing. Interactions of CuO nanoparticles with the algae
Chlorella pyrenoidosa: adhesion, uptake, and toxicity.
Nanotoxicology, 2016, 10(9), 1297-1305.
[57] L. J. Hazeem, M. Bououdina, S. Rashdan, L. Brunet, C.
Slomianny, and R. Boukherroub. Cumulative effect of zinc
oxide and titanium oxide nanoparticles on growth and
chlorophyll a content of Picochlorum sp. Environmental
Science and Pollution Research, 2016, 23(3), 2821-2830.
[58] A. S. Adeleye, and A. A. Keller. Interactions between Algal
Extracellular Polymeric Substances and Commercial TiO2
Nanoparticles in Aqueous Media. Environmental Science &
Technology, 2016, 50(22), 12258-12265.
[59] Y. Xie, H. Dong, G. Zeng, L. Tang, Z. Jiang, C. Zhang, and Y.
Zhang. The interactions between nanoscale zero-valent iron
and microbes in the subsurface environment: A review. Journal
of Hazardous Materials, 2017, 321, 390-407.
[60] G. Darabdhara, P. K. Boruah, N. Hussain, P. Borthakur, B.
Sharma, P. Sengupta, and M. R. Das. Magnetic nanoparticles
towards efficient adsorption of gram positive and gram negative
bacteria: An investigation of adsorption parameters and
interaction mechanism. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 2017, 516, 161-170.

77

Louis Hitler et al.: Mechanism, of Biophysicochemical Interactions and
Cellular Uptake at the Nano-Bio Interface: A Review

[61] X. Ding, P. Yuan, N. Gao, H. Zhu, Y. Y. Yang, and Q. H. Xu.
Au-Ag core-shell nanoparticles for simultaneous bacterial
imaging and synergistic antibacterial activity. Nanomedicine:
Nanotechnology, Biology and Medicine, 2017, 13(1), 297-305.

[81] X. L. Huang, L. L. Li, T. L. Liu, N. J. Hao, H. Y. Liu, D. Chen
and F. Q. Tang. The shape effect of mesoporous silica
nanoparticles on intracellular reactive oxygen species in A375
cells. ACS Nano, 2011, 5, 5390-5399.

[62] J. J. Ortega-Calvo, C. Jimenez-Sanchez, P. Pratarolo, H. Pullin,
T. B. Scott, and I. P. Thompson. Tactic response of bacteria to
zero-valent iron nanoparticles. Environmental Pollution, 2016,
213, 438-445.

[82] X. L. Huang, L. L. Li, T. L. Liu, N. J. Hao, H. Y. Liu, D. Chen
and F. Q. Tang. The shape effect of mesoporous silica
nanoparticles on intracellular reactive oxygen species in A375
cells. ACS Nano, 2011, 5, 5390-5399.

[63] S. Ma, K. Zhou, K. Yang, and D. Lin. Heteroagglomeration of
oxide nanoparticles with algal cells: effects of particle type,
ionic strength and pH. Environmental science & techn 2014, 2:
932-939.

[83] X. L. Huang, X. Teng, D. Chen, F. Q. Tang and J. Q. He. The
effect of the shape of mesoporous silica nanoparticles on
cellular uptake and cell function. Biomaterials, 2010, 31,
438-448.

[64] S. Hong, P. R. Leroueil, E. K. Janus, J. L. Peters, M.-M. Kober,
M. T. Islam, B. G. Orr, J. R. Baker and M. M. Banaszak Holl,
Bioconjugate Chem., 2006, 17, 728–734.

[84] S. E. A. Gratton, P. A. Ropp, P. D. Pohlhaus, J. C. Luft, V. J.
Madden, M. E. Napier and J. M. DeSimoneh. The effect of
particle design on cellular internalization pathways. Proc. Natl.
Acad. Sci. U. S. A., 2008, 105, 11613-11618.

[65] Y. Li and N. Gu, J. Phys. Chem. B, 2010, 114, 2749–2754. J.
Lin, H. Zhang, Z. Chen and Y. Zheng, ACS Nano, 2010, 4,
5421–5429.
[66] R. R. Arvizo, O. R. Miranda, R. Bhattacharya, M. A.
Thompson, J. D. Robertson, V. M. Rotello, C. M. Pabelick, Y. S.
Prakash and P. Mukherjee, Nano Lett., 2010, 10, 2543–2548.
[67] R. Bhattacharya, C. R. Patra, A. Earl, S. Wang, A. Katarya, L.
Lu, J. N. Kizhakkedathu, M. J. Yaszemski, P. R. Greipp, D.
Mukhopadhyay and P. Mukherjee, Nanomed.: Nanotechnol.,
Biol. Med., 2007, 3, 224–238.

[85] S. Muro, C. Garnacho, J. A. Champion, J. Leferovich, C.
Gajewski, E. H. Schuchman, S. Mitragotri and V. R. Muzykantov.
Control of endothelial targeting and intracellular delivery of
therapeutic enzymes by modulating the size and shape of
ICAM-1-targeted carriers. Mol. Ther., 2008, 16, 1450-1458.
[86] L. Florez, C. Herrmann, J. M. Cramer, C. P. Hauser, K. Koynov,
K. Landfester, D. Crespy and V. Mailander. Reversible
activation of pH-sensitive cell penetrating peptides attached to
gold surfaces. Chem Commun (Camb). 2015; 51(2): 273–275.

[68] M. Laurencin, T. Georgelin, B. Malezieux, J.-M. Siaugue and C.
Menager, Langmuir, 2010, 26, 16025–16030.

[87] J. A. Champion and S. Mitragotri. Role of target geometry in
phagocytosis. Proc. Natl. Acad. Sci. U. S. A., 2006, 103,
4930-4934.

[69] T. Tanaka and M. Yamazaki. Membrane fusion of giant
unilamellar vesicles of neutral phospholipid membranes
induces by La3+. Langmuir, 2004, 20(13), 5160–5164.

[88] B. Naim, D. Zbaida, S. Dagan, R. Kapon and Z. Reich, EMBO
J., 2009, 28, 2697-2705.

[70] B. Wang, L. Zhang, S. C. Bae and S. Granick, Proc. Natl. Acad.
Sci. U. S. A., 2008, 105, 18171–18175.
[71] Y. Roiter, M. Ornatska, D. R. Heine, A. R. Rammohan, S.
Minko and J. Balakrishnan, Nano Lett., 2008, 8, 941–944.
[72] M. R. R. de Planque, S. Aghdaei, T. Roose and H. Morgan,
ACS Nano, 2011, 5, 3599–3606.

[89] E. R. Zubarev, J. Xu, A. Sayyad and J. D. Gibson, J. Am. Chem.
Soc., 2006, 128, 15098-15099.
[90] H. W. Duan, M. Kuang, D. Y. Wang, D. G. Kurth and H.
Mohwald, Angew. Chem. Int. Ed., 2005, 44, 1717-1720.
[91] H. Wang, Y. Zhao, Y. Wu, Y. L. Hu, K. H. Nan, G. J. Nie and H.
Chen, Biomaterials, 2011, 32, 8281-8290.

[73] R. Lipowsky and H. G. Dobereiner, Europhys. Lett., 1998, 43,
219–225.

[92] Q. H. Miao, D. X. Xu, Z. Wang, L. Xu, T. W. Wang, Y. Wu, D.
B. Lovejoy, D. S. Kalinowski, D. R. Richardson, G. J. Nie and
Y. L. Zhao, Biomaterials, 2010, 31, 7364-7375.

[74] M. Breidenich, R. R. Netz and R. Lipowsky, Mol. Phys., 2005,
103, 3169–3183.

[93] A. Don Porto Carero, P. Hoet, L. Verschaeve, G. Schoeters and
B. Nemery, Environ. Mol. Mutagen., 2001, 37, 155-163.

[75] H. Noguchi and M. Takasu, Biophys. J., 2002, 83, 299–308.

[94] L. Braydich-Stolle, S. Hussain, J. J. Schlager and M. C.
Hofmann, Toxicol. Sci., 2005, 88, 412-419.

[76] A. Verma and F. Stellacci, Small, 2010, 6(1), 12–21. 1 R.
Brayner, Nanotoday, 2008, 3, 48–55.
[77] Z. Yang, Z. W. Liu, R. P. Allaker, P. Reip, J. Oxford, Z. Ahmad
and G. Ren, J. R. Soc. Interface, 2010, 7, S411–S422.
[78] N. Lewinski, V. Colvin and R. Drezek, Small, 2008, 4, 26–49
[79] Y. Pan, S. Neuss, A. Leifert, M. Fischler, F. Wen, U. Simon, G.
Schmid, W. Brandau and W. Jahnen-Dechent, Small, 2007, 3,
1941–1949.
[80] Y. Pan, S. Neuss, A. Leifert, M. Fischler, F. Wen, U. Simon, G.
Schmid, W. Brandau and W. Jahnen-Dechent, Size-dependent
cytotoxicity
of
Gold
nanoparticles.
DOI:
10.1002/smll.200700378 2007, 3, 1941–1949.

[95] Y. Zhang, S. F. Ali, E. Dervishi, Y. Xu, Z. Li, D. Casciano and
A. S. Biris, ACS nano, 2010, 4, 3181-3186.
[96] S. Hirano, Y. Fujitani, A. Furuyama and S. Kanno, Toxicol.
Appl. Pharmacol., 2010, 249, 8-15.
[97] B. Zhong, W. Whong and T. Ong, Mutat. Res. Gen. Tox. En.,
1997, 393, 181-187.
[98] L. Meng, R. Chen, A. Jiang, L. Wang, P. Wang, C. Li, R. Bai, Y.
Zhao, H. Autrup and C. Chen, Small, 2012, ASAP. DOI:
10.1002/smll.201201388.
[99] N. W. S. Kam, T. C. Jessop, P. A. Wender and H. Dai, J. Am.
Chem. Soc., 2004, 126, 6850-6851.

European Journal of Biophysics 2017; 5(4): 66-78

78

[100] L. W. Zhang, L. Zeng, A. R. Barron and N. A.
Monteiro-Riviere, Int. J. Toxicol., 2007, 26, 103-113.

generation or scavenging activity. Free Radical Bio. Med.,
2006, 40, 1227-1233.

[101] A. A. Shvedova, A. Pietroiusti, B. Fadeel and V. E. Kagan,
Toxicol. Appl. Pharmacol., 2012, 261, 121-133.

[104] L. Meng, A. Jiang, R. Chen, C. Li, L. Wang, Y. Qu, P. Wang, Y.
Zhao and C. Chen, Toxicology, 2012, ASAP. DOI:
http://dx.doi.org/10.1016/j.tox.2012.11.011.

[102] C. C. Ge, Y. Li, J. J. Yin, Y. Liu, L. M. Wang, Y. L. Zhao and C.
Y. Chen, Npg Asia Mater., 2012, 4, e32. L. Ming, R. Chen, L.
M. Wang, P. Wang, C. Z. Li, R. Bai, Y. L. Zhao, H. Autrup and
C. Y. Chen, small, ASAP. DOI: 10.1002/smll.201201388.
[103] I. Fenoglio, M. Tomatis, D. Lisbon, A. Fenoseca, J. B. Nagy,
and B. Fubini. Reactivity of carbon nanotubes: free radical

[105] S. A. Love, M. A. Maurer-Jones, J. W. Thompson, Y. S. Lin, C.
L. Haynes. Annu Rev Anal Chem. 2012; 5: 181–205. [PubMed]
[106] M. A. Maurer-Jones, I. L. Gunsolus, C. J. Murphy, and C. L.
Haynes. Toxicity of Engineered Nanoparticles in the
Environment. Analytical Chemistry, 2013, 85(6), 3036–3049.

