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 2 Chapter 1 

Background 
          Although nanotechnology has gained much momentum in the last two decades, human 
beings have used nanotechnology from antiquity. Nanoparticles (NP) have been used for 
coloring pottery products by Mesopotamians in the 9th century BC1 and medical applications of 
silver NP have also been known since long. Only recently the scientific community, including 
academia and industry, has started putting significant efforts in the development of 
nanotechnology. A growing interest in nanotechnology and nanotechnology-based products 
came with the realization that these materials show a unique range of properties that differ 
significantly from the bulk materials. This makes them exciting from both a scientific and 
application point of view.2 With growing population and shrinking resources, mankind will be 
facing new and unforeseen challenges in the near future and nanotechnology has the capability 
of revolutionizing many facets of technology, ranging from energy generation3 to medicine4 and 
many others. The potential for applications of nanotechnology is unquestionable and hence this 
emerging technology will become increasingly important in the near future. 
          In Greek language, the word “nano” means “dwarf”5 although considering its wide 
application possibilities, it can be stated that, as an emerging technology, the potential and 
expectations of nanotechnology are rather gigantic. In the last couple of decades, becoming an 
instant hit topic in the scientific community, nanotechnology has seen a tremendous surge in 
research as well as funding.6 As a result of the novel inventions, new nanotechnology-based 
products are now-a-days getting frequently introduced into consumer market.7 It is estimated 
that the market for nanotechnology industry will exceed $1.2 trillion only in the USA by 20152 
and will keep on growing at a staggering rate. 
          To better understand this new state-of-the-art, it may be of importance to highlight some of 
the features of nanotechnology as compared to conventional technologies. It is commonly 
accepted that a material with at least one dimension less than 100 nm, can be considered as 
nanomaterial,8 although this delineation is not an uniformly accepted definition, and efforts have 
been dedicated to set a specific range of sizes that define nanomaterials.9 However, from this 
definition it can immediately be noted that the dimensions of nanomaterials are extremely small 
and fall almost within the size-domains of atoms or molecules. These small sizes often provide 
nanomaterials with unique properties compared to bulk materials,10 which form the driver for 
further research. A specific class of nanomaterials is formed by nanoparticles (NP), i.e. objects 
with all three dimensions in the range of one to maximally a few hundreds of nanometers.  
Largely depending on the substrate and the size, these NP display an unparalleled set of 
optoelectronic properties (like fluorescence, high reactivity, super-conductivity, etc.). Such NP 
can be an embedded part of a larger solid, such as the well-studied Si NP that are formed within 
SiO2 upon heating,11 or freestanding and thus an isolable material by itself. This thesis focusses 
solely on the latter, as with this small size, NP pose unconventional health hazards, which were 
largely neither monitored nor regulated until the recent past. 
          The unique material features that start emerging at nanometer-scale dimensions are 
extraordinary.12 It is because of these unconventional properties that nanomaterials are capable 
of serving purposes which can usually not be achieved with conventional or bulk materials. Due 
to their novel properties, nanomaterials are now getting used for multiple purposes, including 
cosmetics, sports equipments, clothing, drug delivery and diagnostics, etc. With more and more 
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unexplored fields of research converging with nanoscience, a considerable growth of the utility 
of this emerging technology can be forecasted.  
          With a highly reactive surface, NP provide ample opportunity for chemical engineering. For 
example, the surfaces of NP can be functionalized by DNA which can then be used for gene-
delivery purposes.13 Similarly, the surfaces of the NP (like silicon NP) can be functionalized with 
different end groups which render them to be carrier of different surface charges.14 With the 
huge possibilities of many more uses of engineered NP, nanotechnology shows promises to 
influence the lives of human beings in a significant way. 
 

Objective of the thesis 
          The objective of this thesis is to understand the role of surface charge and particle size in 
the toxicity and cellular interaction of semiconductor (like silicon) and polymer (like tri-block 
copolymer and polystyrene) NP.  
 
 

Notable surface, physical and chemical properties of 
nanomaterials 
          The % of atoms within a particle that are expressed on the surface is inversely proportional 
to the size of the particle. It is because of this fact that even up to ~50 % of the atoms in a NP 
may be expressed on the surface,15 and the NP present a very high surface area-to-mass ratio. 
This yields a highly surface-reactive material, which is prone to react with a wide variety of 
(bio)molecules.16 Hence, it can be expected that the NP, by virtue of reacting with a variety of 
molecules, can be capable of exerting (cyto)toxicity. This makes the surface chemistry of 
nanomaterials of immense importance in determining the toxicity. For example, factors related 
to the surface - like surface charge,17 crystallinity,18 surface adsorption of other molecules (like 
protein),19 etc. - have all been linked to the toxicity of NP.  
          From physical characteristics of a NP, two important observations are mentioned in 
relation to this thesis: 1) Due to very small size, the NP can get access to those parts of the body 
that are inaccessible to bigger particles (like micro particles); 2) The aspect ratio (i.e. ratio of 
length and width of the nanomaterial) has been found to be important in determining 
cytotoxicity.20 For example, nanomaterials with a high aspect ratio, like carbon nanotubes, have 
been found to be cytotoxic and induce inflammatory responses, like silicosis, in human lungs.21 
          Another important characteristic of NP is that they form colloidal suspensions. However, 
the dispersion states of the NP in liquid, like biological cell culture medium, can vary situation-
wise and dependent on their surface characteristics. It seems that depending on the 
environment (like concentration, dispersion medium, sonication, presence of protein, etc.) the 
NP can exist as monodisperse or agglomerated stages. Interestingly, the agglomeration phase of 
the NP had been found to influence cellular interactions and toxicity,22 which will be discussed in 
more detail in the following sections. 
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Routes of exposure, fate and cellular uptake of NP 
          The exposure to the different NP can happen through multiple routes: 1) inhalational, 
which is the major route of exposure especially in occupational settings, like for ultrafine carbon 
NP;23 2) oral, where NP are getting used in food-based formulations, like silica NP;24 3) dermal, 
where NP are administered on the skin, like C60 NP in cosmetic cream preparations,25 or titanium 
dioxide NP in sunscreens; 4) parenteral, when the NP are introduced in the body by parenteral 
routes (e.g. intravenous), like CdSe/ZnS quantum dots introduced inside the body for bioimaging 
purposes.26 
          The fate of the NP after entering the body depends on the local anatomy and physiology of 
the exposure route, as well as on the surface and physical properties of the NP. For example, 
after inhalational exposure, it has been shown that the NP interact with the mucous layer of the 
respiratory tract depending on the surface charge, particle size and other parameters (like 
viscosity, solubility).27 Similarly, the interaction between food and the NP has been shown to be 
crucial for absorption of the NP from the gastro-intestinal tract after oral exposure.28 
          It is reported that after getting entry into the body, the NP can get access into the blood 
stream and circulate throughout the body. Hence, intravenous exposure gives the highest 
bioavailability (100 %) as this route introduces the NP directly into the blood steam. On the 
other hand, while the bioavailability of NP after inhalational or oral exposure seems to be less 
compared to the intravenous routes and depending on the composition of the NP, there is also 
much less control over the access of such species into the body. Unfortunately and in addition to 
the above, no consistent information is available on the bioavailability in case of dermal 
exposure, with different reports indicating contradicting bioavailability statistics.29,30  
          Irrespective of the exposure route, it has been reported that the macrophage cells were 
activated once the NP reached the blood stream.31 It should be noted that blood, apart from the 
serum proteins, is rich in opsonin proteins (like immunoglobulins), which facilitates the 
phagocytosis of the NP. It has been shown that macrophage cells effectively phagocytosed the NP 
and cleared them from the blood stream.32 However, this phenomenon also depends on the 
surface characteristics and the composition of the NP. For example, it was observed that surface 
modification of the NP with hydrophilic molecules (like polyethylene glycol/PEG) rendered the 
NP less phagocytosed by the macrophage cells and thus, increased their blood circulation time.33 
How this happens is still not clear, although it is suggested that with a different surface coating 
of NP, the group of cell membrane-bound receptors that are activated by the coated NP are also 
different.  
          Several groups of cell membrane-bound receptors (like clathrin, caveolin) had been 
recognized to take part in the cellular internalization of the NP.34 However, it is not clear what 
are the factors that influence this interaction between the NP and the receptors. It is 
hypothesized that even this interaction is influenced by the surface chemistry of the NP and 
hence, any alteration in the surface properties (like surface charge) can change the course of 
interaction and in turn, can influence cellular uptake.35 
          The biodistribution and metabolism of NP inside the body are largely unclear. With the 
available literature, it can be seen that NP do not undergo extensive metabolism in the body 
through major metabolic pathways (like the cytochrome P450 system).36 Instead, depending on 
the size and type of surface coating and other surface characteristics, the NP can be excreted37 or 
accumulated (like in aquatic animals)38 in the body. Recently, it was identified that NP < 5.5 nm 
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in size could be excreted out of the body through renal route.39  NP gaining access into the body 
through inhalation can result in bioaccumulation.40 In fact, a few nanomaterials (like carbon 
nanotubes) have been found to be quite biopersistent and can initiate inflammatory responses, 
like granuloma formation.41 

 

Problem statement 
          With the increasing penetration of nano-based products into consumer markets, it is 
inevitable that consumers will be exposed to nanomaterials and especially NP.42 From a 
toxicological point of view, data on the toxicological effects that these NP can exert on biological 
systems are rather scarce, although research in nanotoxicology has grown markedly in the last 
decade. Furthermore, a lack of uniformity in research protocols as well as an insufficient 
common minimum criteria set for such experiments can be observed.43 The European Food 
Safety Authority (EFSA) has published its revised guidelines for risk assessment of 
nanomaterials applied in the food and feed chain in 2011, including guidelines for both in vivo 
and in vitro experimentation.44 This may be pivotal in bringing back coherence within the wide 
variety of nanotoxicological research efforts that are currently going on. As per the EFSA 
guidelines, a great deal of importance has been put on the in vitro experimentation, which can be 
regarded as a generic shift in approach towards dealing with these unconventional risks posed 
by the upcoming technologies, like nanotechnology. Additionally, the EFSA strongly advocated in 
favor of adequate physico-chemical characterization of the NP before initiating the investigation 
process or making a risk assessment. The frequent lack of proper characterization of NP explains 
the lack of useful nanotoxicological data.45 Different NP behave differently in different biological 
systems (like cell culture medium)46 and it is important to realize what is exactly getting tested 
before exposing cells, or whole organisms to NP. Hence, proper characterization of the NP under 
the relevant testing conditions is essential in nanotoxicological research. 
          Although several groups have reported that NP can exert toxicity, mostly in vitro,47-49 little 
is understood regarding the factors that influence such toxic effects. It is often hypothesized that 
various surface properties50, 51 (like porosity, crystallinity, roughness, surface functionalization) 
and physical properties (like particle size)52 influence the cytotoxicity or cellular interactions. 
Surface and physical properties that have been identified most often by many research groups as 
a factor influencing cellular interactions of NP are surface charge and particle size.43-55 Since NP 
are chemically reactive through their surface groups and their biological interactions occur 
through a chemical interaction with biomolecules or cell constituents, anything that influences 
their reactivity also influences their cytotoxicity. Hence, surface charge and size both can 
influence the behavior of NP in cellular systems. Yet, frequently the experimental conditions are 
still shrouded with so much of uncertainties about the characterization of NP that it is difficult to 
actually form an idea regarding how surface- (like surface charge) or physical properties (like 
particle size) can influence the cellular interaction (like cellular uptake) of NP, or cause toxicity. 

 
Selection of model systems 
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          To achieve the objectives of the present thesis, the model systems to be used for the studies 
had to be defined especially with respect to: 1) the type of NP to be included in the studies, and 
2) the biological model systems and endpoints to be used for characterizing the toxicity and 
cellular interactions of NP. 

 
1) The type of NP to be included in the studies 
 
In these studies silicon NP (Si NP), germanium NP (Ge NP) and polymeric NP (PNP) were 
included. 
 
Si NP and Ge NP 
 
          Silicon NP (Si NP) and germanium NP (Ge NP), which can routinely be prepared in the size 
range of 2 – 20 nm, are inherently fluorescent due to quantum confinement.56 As a result, Si NP/ 
Ge NP can be used for bioimaging purposes and have as an advantage over conventional 
fluorescent molecules that they do not bleach over time, even under high intensity 
illumination.57  
          The surfaces of different Si NP and Ge NP can further be modified with different chemical 
groups in order to generate NP with different properties. One possibility is bioconjugation, i.e. 
functionalization with biologically important molecules, like proteins, DNA and also antitumor 
drugs.58 Due to the small size of the NP, there is a much higher surface area/volume ratio as 
compared to microsized particles or bulk materials,59 which can lead to a size-dependent 
toxicity. 
 
Polymeric NP (PNP) 
 
          Apart from inorganic NP, also organic NP are highly relevant. In this regard, polymeric NP 
(PNP) are of significant interests, specifically because of the rapidly increased control over 
polymer properties by advanced synthetic methods.  This may lead to monomolecular PNP, or to 
multi-molecular PNP, in which the polymer chains are kept together by physical interactions or 
covalent chemical bonds. Recently, PNP prepared from tri-block copolymers that aggregate 
under well-defined conditions, have gained attention. Because of possible higher accessibility to 
different parts of the body due to smaller size compared to the microparticles, as well as 
significant scope for chemical engineering, PNP are presently used for multiple purposes 
including targeted drug delivery.61 Given the wide range of PNP, this class of materials can 
provide a very exciting platform for further research. 
          With the rapid developments in polymer science, tri-block copolymers with well-defined 
monomer compositions and block lengths can be prepared using various controlled 
polymerization techniques. In this way, tri-block copolymer NP with different novel properties 
can be obtained by tuning the synthesis, using monomers with different functionalities or post-
synthesis functionalizations. Perhaps the most important aspect of these tri-block copolymer 
PNP lies in their huge potential in nanomedicinal applications.61, 62 An interesting type of PNP are 
those that are biodegradable. For example, PNP from polycaprolactone-PEG-polycaprolactone 
tri-block copolymers are biodegradable, since the PNP gradually disintegrate within the tissue 
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due to their conversions by proteolytic enzymes (like matrix metalloproteinase)63 releasing the 
cargo of encapsulated drugs (like doxorubicin). Hence, these PNP can be used in targeted drug 
delivery.64 These tri-block copolymers, have a hydrophobic polyester middle block and 
hydrophilic side blocks (like PEG2000), which allows the formation of PNP via nanoprecipitation 
in water, yielding reverse micelle-like structures. Interestingly, by chemical engineering, 
multiple properties of these tri-block copolymer NP can be manipulated. For example, by simple 
alteration of the molecular weight of the hydrophilic side blocks (like using PEG400 instead of 
PEG2000), the size of the resulting PNP can be changed. In the polyester middle block, a 
fluorescent probe can be incorporated, which makes the PNP fluorescent and traceable by 
confocal laser scanning microscopy (CLSM) in biological environments. The terminal hydroxyl 
moieties of the PEG molecules may be converted into other groups (like amines or acids) in 
order to obtain PNP with different surface charges (positive and negative) in aqueous 
suspensions. Thus, via highly tunable chemistry, tri-block copolymers may provide a unique set 
of PNP with different sizes and surface charges, along with added functional properties (like 
fluorescence). These tri-block copolymer NP can encapsulate hydrophobic molecules of interest 
(like anticancer drugs or dye molecules)65 and after administration, can disintegrate gradually in 
order to release the encapsulated molecules. This has special advantages in cancer 
chemotherapy where the drugs used are highly toxic and a PNP-based targeted drug delivery 
approach will reduce the toxic side effects along with increasing the cost-efficiency of 
treatment.66 Apart from tri-block copolymer NP, polystyrene NP may be an interesting class of 
PNP that can be employed in the investigation regarding toxicity of PNP. Wide varieties of 
fluorescent polystyrene NP are commercially available and hence, were tested in different sizes 
(50 and 100 nm) and surface charges (positive and negative). The availability of such well-
characterized PNP can be exploited for further toxicological investigations. 
 

2) The biological model systems and endpoints to be used  

 
          It should be noted that in vitro studies can indicate the toxic potential of a nanomaterial 
with further elucidation of the biological responses and underlying mechanisms. Of course, in 
vitro studies are predominantly useful for screening purposes and do not replace the in vivo 
study models, which are still essential in order to determine the safe exposure levels. Hence, 
coping with the objectives set for this thesis, both in vitro and in vivo model systems were 
needed. For understanding the role of surface charge and particle size in the mode of action 
underlying the toxicity of NP as well as in their cellular uptake, in vitro systems were more 
suitable. However, for validation of in vitro data, in vivo studies are generally required. In order 
to perform the in vitro experiments in a manner that is relevant for mammals, rat alveolar 
macrophage NR8383 and human colonic adenocarcinoma Caco-2 cell lines were chosen. The 
NR8383 cells present an adequate cellular model for in vitro studies on toxicity of different NP. 
As the NR8383 are macrophage cells, an impact exerted on these cells by different NP can be 
extrapolated to the probable effects the NP can have on the macrophage cells, which act as a line 
of defense against foreign pathogens. The Caco-2 cells are derived from human colonic 
adenocarcinoma cells and are a widely accepted in vitro cellular model for human gut 
enterocytes.67 These cells can be grown on transwell inserts and when properly grown, act as an 
in vitro model for the human small intestinal barrier.68 As many PNP are getting developed with 
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applications in food-related or oral delivery formulations in mind, Caco-2 cells and their 
monolayers grown on transwell inserts can be used for in vitro assessment of intestinal 
absorption of different PNP after oral administration. It has been amply reported before that 
when grown as monolayers on transwell inserts, the Caco-2 cells successfully express specific 
ABC (ATP binding cassette) transporters on the apical and basolateral sides of the monolayers 
and can be used to study the role of these transporters in cellular transport and translocation. 
Results from such in vitro studies on transport across an intestinal barrier can subsequently be 
validated by in vivo studies with rats as animal models.  
 

Interaction of NP in biologically relevant media 
          It is relevant to understand how NP behave in biologically relevant media, like cell culture 
medium. In the recent past, a wide variety of cell lines has been tested in vitro with an equally 
diverse range of NP. Typically, in vitro studies use NP suspensions made in cell culture medium, 
like F12-K, DMEM etc., which are usually rich in protein content. Apart from the protein, such 
medium contains a large pool of salts, antibodies, vitamins, etc. After mixing NP with these cell 
culture media, these constituents, mainly protein, may get adsorbed on the surface of NP and 
thereby change the surface characteristics of the NP. Additionally, it can influence the dispersion 
of the NP. For example, it was shown that addition of fetal calf serum, as a vehicle of proteins in 
the cell culture medium, facilitated the monodispersity of the NP.69 On the contrary, in absence 
of proteins, the NP often existed in agglomerated states. Thus, molecules present in the 
surroundings of the NP, influence the surface characteristics of the NP considerably and this has 
an effect on cytological interactions of the NP. Previously, only a few groups have investigated 
the production of reactive oxygen species (ROS), like superoxide, peroxide, hydroxyl radicals, 
after NP coming in contact with cell culture medium in cell-free systems,70 although the results 
failed to show any significant induction of ROS production in such experimental systems. 
 

Outstanding issues 
          A major point of debate regarding the toxicity of NP is the mechanisms by which NP cause 
toxicity. Traditionally, oxidative stress is regarded as the major mechanism of cytotoxicity 
induced by NP,71-73 although it is only very recently that some evidences have emerged 
questioning the role of oxidative stress as the principal or primary mechanism of cytotoxicity.74 
It is known that NP with highly reactive surfaces can produce reactive oxygen species (ROS)75,76 
intracellularly, like hydroxyl, peroxide, superoxide radicals, etc. These ROS can exert oxidative 
stress on the cells resulting in cytotoxicity. However, it still needs to be settled whether 
intracellular ROS production is the cause of cytotoxicity or whether it is the result of preceding 
toxic interactions of the NP with cellular components. Several research groups identified 
mitochondria as one of the intracellular target organelles for especially cationic NP.77 It is known 
that the mitochondrial membrane is the location of the electron transport chain (ETC).78, 79 It 
was reported that especially cationic NP caused a disturbance in the electrochemical gradient 
across the mitochondrial membrane, increasing the permeability of the mitochondrial 
membrane as well as disrupting the ETC.77,80 This has led to some discussion as to whether 
oxidative stress is really the primary mechanism of cytotoxicity caused by NP, because a 
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disruption of the ETC can be expected to result in ATP depletion and ROS production as 
secondary phenomena. An interesting way to investigate the significance of oxidative stress in 
causing cytotoxicity is to check the (protective) effects of anti-oxidants, like vitamin E and C, as 
well as the consequences of modification of the intracellular levels of GSH. Another approach 
would be to compare the cytotoxicity caused by the NP to that caused by an uncoupler of the 
oxidative phosphorylation, like 2,4-dinitrophenol, affecting the mitochondria and disrupting the 
mitochondrial ETC, or to that caused by an agent known to cause toxicity via induction of 
oxidative stress, like hydrogen peroxide, both in presence or absence of anti-oxidants. In this 
way, an idea can be obtained on the role of oxidative stress in causing cytotoxicity in comparison 
to the disruption of mitochondrial ETC.  
          Up to the work in this thesis, nothing concrete is reported on what happens as a 
consequence of these effects of NP on mitochondria, especially after disruption of the ETC or 
increased permeability of the mitochondrial membrane. For example, if the ETC is disrupted, the 
cellular ATP production will be hampered and the cells may not be viable any more simply due 
to ATP depletion. Similarly, despite the fact that some groups mentioned an increase in free 
intracellular free calcium level after exposure to cationic NP,77,81 a systematic investigation 
trying to determine the series of events by which the toxicity arises in cells, is missing. It is 
possible that with increased mitochondrial membrane permeability, the calcium stored within 
mitochondria is released into the cell cytoplasm and triggers cellular apoptosis by cell signaling 
mechanisms. There are different biomarkers, such as TNF-α as pro-inflammatory marker82 and 
caspase-3 as apoptosis marker,83 which can be monitored in order to shed light on the series of 
events that amalgamate into the observed toxicity of NP, although an approach in this direction 
has not yet been adequately explored.           
          How NP enter different cells is largely unknown, although many hypotheses have been 
proposed. From the starting hypothesis that NP enter cells by simple diffusion,84 only recently 
the role of cell membrane-bound receptors in cell-NP interactions has been recognized. It was 
shown that especially cationic NP can interact with and in fact cross the phospholipid-based 
biomembranes.85 A common explanation for this behavior of cationic NP is that the electrostatic 
attraction between the overall negatively charged biomembranes (at physiological pH) and 
cationic NP facilitates the interaction between the two.86 However, this hypothesis fails to 
explain the cellular uptake of anionic NP, as they should be repelled by such negatively charged 
membranes and hence should not (easily) enter cells. Still, it was found that even negative NP 
entered cells in considerable amounts.87, 88 These findings pointed to the role of cell membrane-
bound receptors in the cellular internalization of different NP. In literature, it was already 
reported that different NP can be internalized by receptor-mediated endocytosis pathways.89,90 
Clathrin and caveolin are two important classes of cell membrane-bound receptors that are 
responsible for endocytotic pathways in cells.91, 92 It is known that these cell membrane-bound 
receptors are long protein molecules with embedded pockets of positive or negative charges.93 
With a reactive or charged surface, it is possible that different NP can bind to, or rather act as 
substrates for these receptors to initiate the receptor-mediated endocytotic process. Apart from 
clathrin and caveolin, other cell membrane-bound receptors (like mannose receptors in NR8383 
cells)54 can also play a role in the cell surface receptor-mediated interactions and cellular uptake 
of NP. Furthermore, especially cationic NP can cause a solidification of the lipid structures and 
thus can increase the rigidity of the cell membranes.94, 95 On the other hand, it was found that 
cationic amine-terminated G5 and G7 PAMAM (polyamidoamine) dendrimers were able to 
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create holes in supported lipid bilayers.96, 97 These findings point to the multitude of effects that 
different NP can have on cell membranes. 

 
Outline of the thesis 
          This thesis presents a systematic set of in vitro and in vivo toxicological studies along with 
synthesis and characterization of NP aimed at understanding the role of surface charge and 
particle size in the toxicity and cellular interactions of NP.  These studies are presented chapter-
wise:  
 
          In Chapter 1 (the current chapter), a general introduction is provided in order to give the 
preamble as well as to set the platform for the problem statement, aims and approaches that 
were undertaken in order to investigate the toxicity and bioavailability of different NP both in 
vitro and in vivo, as described in this thesis. 
          In Chapter 2, the cytotoxicity of well characterized, monodisperse (size 1.6 ± 0.2 nm) and 
intrinsically fluorescent (under UV-light excitation) Si NP with amine (positive), azide (overall 
neutral) and acid (negative) surface groups in the human colonic adenocarcinoma Caco-2 cell 
line is described. 
          In Chapter 3, the scope of the toxicity assessment of the Si NP described in the Chapter 2, 
was further broadened by investigating the possible induction of oxidative stress in both Caco-2 
and rat alveolar macrophage NR8383 cells exposed to the differently charged Si NP. An 
investigation on the possible capability of cationic amine-terminated Si NP to induce ROS 
formation in an isolated rat liver mitochondrial fraction was also included. 
          In Chapter 4, a comparative in vitro cytotoxicity study done with both Caco-2 and NR8383 
cells after exposure to Si NP and Ge NP with different surface functionalities and sizes, obtained 
from three acclaimed laboratories from the USA and Canada, is reported. This study was done 
with the aim of comparing the obtained data with the existing information on the toxicity of Si 
NP reported in Chapters 2 and 3, in order to understand how size and surface characteristics of 
Si NP or Ge NP influence their cytotoxicity. 
          In Chapter 5, the synthesis and characterization of both a fluorescent tri-block copolymer 
and PNP (45 ± 5 nm) derived from it, functionalized with different terminal end-groups along 
with their toxicity in both NR8383 and Caco-2 cells are reported. The surface charge-specific 
involvement of clathrin and caveolin receptors in the cellular uptake of these tri-block 
copolymer NP in NR8383 cells was also investigated. 
          In Chapter 6, the synthesis and characterization of tri-block copolymer NP with different 
sizes (sizes 45 ± 5 nm and 90 ± 5 nm) and surface charges are reported. These PNP were tested 
for cytotoxicity in the same way as reported for the PNP in Chapter 5 in order to compare the 
effects of particle size on cytotoxicity and cellular uptake of PNP. The size-specific and surface 
charge-specific activation of clathrin, caveolin and mannose receptors in NR8383 and Caco-2 
cells, as well as induction of intracellular ROS and depletion of cellular ATP after exposure to 
cationic PNP were investigated. 
          Chapter 7 describes the surface charge-specific interaction of tri-block copolymer NP (45 ± 
5 nm) of different surface charges with ABC transporters in Caco-2 monolayers grown on 
transwell inserts, in order to investigate the transport of these tri-block copolymer NP across an 
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intestinal monolayer. This study was done to further extend the knowledge on the capability of 
these PNP to cross the intestinal barriers and on their bioavailability in vivo. 
          Chapter 8, in continuation of the in vitro research reported in Chapter 7, reports an in vivo 
study in rats with oral exposure of fluorescent tri-block copolymer NP (size 45 ± 5 nm) as 
aqueous dispersions. The bioavailability and biodistribution of these PNP, as detected by 
fluorescence, is shown. 
          In Chapter 9, the role of oxidative stress in the mechanism of cytotoxicity of positively 
charged polystyrene NP is investigated based on studying the protective effects of anti-oxidants, 
like vitamin E and C, as well as the consequences of modification of the intracellular levels of 
GSH, and a comparison to similar studies with 2,4-dinitrophenol affecting the mitochondria and 
disrupting the mitochondrial ETC and with hydrogen peroxide, known to cause toxicity via 
induction of oxidative stress.  
          In Chapter 10, the role of surface charge in toxicity and cellular uptake of polystyrene NP 
(50 and 100 nm) along with probing the underlying mode of action of the toxicity is studied in 
further detail. Investigations on the surface charge-specific cytotoxicity, induction of 
intracellular ROS, dissipation of mitochondrial membrane permeability, increase in cytoplasmic 
free calcium, depletion of cellular ATP and holes caused in cell membranes by the cationic 
polystyrene NP mark the highlights of this chapter. Finally, the data obtained in the series of 
experiments in chapter 9 and 10 were summarized and an attempt is made to understand the 
possible cascade of events that result in the cytotoxicity of NP.           
          In Chapter 11, a discussion is included where the results as well as the lessons learned from 
the afore-mentioned chapters in comparison to the available literature are presented. Finally, 
the future perspectives of the work done are added to highlight topics of future interest that 
remain to be elucidated. 
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Chapter 2  
 

Synthesis and cytotoxicity of silicon nanoparticles 
with covalently attached organic monolayers 
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Abstract 

          A series of highly monodisperse silicon nanoparticles (Si NP) with either 
positively (amine), neutral (azide) or negatively  (carboxylic acid) charged 
covalently attached organic monolayers were synthesized and investigated for 
their cytotoxicity.  Infrared data confirmed the presence of these covalently 
attached surface groups. The Si NP were characterized by absorption and 
fluorescence spectroscopy. The cytotoxicity was investigated in Caco -2 cells by 
determining the cell viability and proliferation. The EC50 values for the Si NP 
ranged from 20 μg/l for the amine-terminated Si NP, via 550–850 μg/l for the 
azide-terminated Si NP to non-toxic (no measureable EC50) for the carboxylic acid -
terminated Si NP. These results  indicated a trend in cytotoxicity, depending on 
surface charge, i.e. that positively charged Si NP we re more cytotoxic than 
negatively charged Si NP. Interestingly, it appeared that the cytotoxicity of the 
amine terminated Si NP (Si NP-NH2) depended strongly on the presence of fetal calf 
serum (FCS) in the medium. 
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Introduction 
 
          Compared to the more commonly investigated silica (SiO2) nanoparticles (NP), silicon (Si) 
NP have the advantage that organic groups can be attached to the surface through a very stable 
covalent Si-C bond.1,2 Compared to bulk silicon, silicon NP (Si NP) have interesting optical 
fluorescent properties related to their small size. Quantum confinement effects are expected for 
Si NP smaller than 5 nm,3 which makes the study and synthesis of well-defined and  
monodisperse Si NP in the 1–5 nm range interesting for a variety of opto-electric applications, 
such as fluorescence bioimaging.4-7 An attractive way to obtain these functionalized Si NP is by 
starting from H-terminated Si NP, which are then reacted with terminal alkenes to provide 
stable covalent Si-C bonds, similar to the preparation of functional organic groups on planar H-
terminated silicon surfaces.8-11 The method that probably yields the most well-defined Si NP is 
that of Tilley et al.,12 who reported on the μg-scale synthesis of Si NP via the use of micelles in 
apolar solvents. These Si NP could be made alkyl-terminated and aminoalkyl-terminated.13 
Rosso-Vasic et al.14 have further developed this method to obtain gram-scale yields of well-
defined alkyl-capped Si NP with a Si-core size of 1.6 ± 0.2 nm, which now gives the ability to 
obtain significant amounts Si NP coated with a wide variety of functional groups, making them 
also suitable for a wide range of studies and biological applications.  
          However, little is known about the specific toxicity of NP in biological systems and human 
beings. Many NP proposed for sensing and diagnostics today are semiconductor quantum dots 
(QD) composed of core/shell particles with group II–VI or group III–V elements in the core, such 
as CdSe, CdTe, ZnS, GaAs and InP.15 Many of these core metals are highly toxic in low 
concentrations, such as cadmium, selenium, lead and arsenic.16, 17 The degradation of the core, an 
important factor in the cytotoxicity, is mostly prevented by adding a non-toxic shell to the toxic 
core and thereby slowing down the leakage of the toxic elements. Several studies have shown 
that these NP can indeed be toxic,17,18 although the results of different toxicity studies are 
difficult to compare in the published literature due to differences resulting from using different 
methods, materials and cell lines. In contrast, Si NP have a core of silicon. The absence of toxic 
elements, together with the fluorescent properties and the fact that the surface can be modified 
with strong covalent bonds, make these NP materials potentially very useful as a platform for 
biomedical applications. Recently, Alsharif et al.19 have found no evidence for in vitro 
cytotoxicity of alkyl-capped Si NP. Primarily the shell or surface-covering material is therefore 
expected to be responsible for the potential toxicity of these Si NP.  
          To test the cytotoxicity of the Si NP in a reproducible and quantifiable manner, two 
different assays were chosen in the present study. First, the colorimetric MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay was used, which is a measure for 
the mitochondrial metabolic activity of living cells. This test is used to monitor cell metabolic 
function, cell proliferation or cell activation.20, 21 Secondly, the BrdU (5-bromo-2-deoxyuridine) 
immunoassay was used, which gives an indication of cell proliferation.22 
          The human colonic adenocarcinoma derived Caco-2 cell line was chosen to test the toxicity 
of the Si NP. Caco-2 cells can differentiate into colonic cells with a unique apico-basal 
conformation. Hence, these cells can be used as a model cell line for testing the toxicity of any 
orally administered substance. The cells are robust in nature, grow fast under laboratory 
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conditions and are easy to culture. The huge amount of data available in literature also makes it 
easier to compare the derived data with published data.  
          The aim of this study was to assess the influence of different surface properties, especially 
surface charge, of the Si NP on the cytotoxicity in Caco-2 cells. The used Si NP give the 
opportunity to test the role of surface charge in the cytotoxicity exhibited by NP. Similar 
monodisperse Si NP with amine, azide and carboxylic acid functionalities were prepared and 
their toxicity was tested by MTT and BrdU assays over a wide concentration range (0–2200 
μg/l) in the presence and absence of fetal calf serum (FCS). Under the test-conditions, the amine-
terminated Si NP were positively charged, the azide-terminated Si NP neutral and the carboxylic 
acid-terminated Si NP were negatively charged. 
 
 

Materials and methods 
 

Synthesis and purification of the Si NP-COOH  

          All chemicals were purchased from Sigma-Aldrich and employed without further 
purification unless specified differently. Toluene ([H2O ≤ 0.005 %], ≥ 99.7 % [GC]) was dried 
over sodium wire overnight prior to use. Methanol was distilled and stored over anhydrous 
magnesium sulphate. The 3-butenoic acid was distilled and stored over molecular sieves. 
Dimethyl sulfoxide (DMSO) was purchased from Merck; Dulbecco’s modified eagle medium 
(DMEM), Hank’s buffered salt solution (HBSS), phosphate buffer saline (PBS), trypsin, 
gentamicin and non-essential amino-acids (NEAA) were purchased from Invitrogen.  
          For the synthesis of the NP, dry and oxygen-free conditions are essential. An argon 
atmosphere was used during the whole synthetic procedure. Dry toluene (100 ml) was made 
oxygen-free prior to use by bubbling through argon for 3 h. Tetraoctyl ammonium bromide 
(TOAB, ≥ 99.0 %; 3.0 g, 5.6 mmol) was dispersed in the toluene by 30 min of sonication. SiCl4 
(200 μl, 1.8 mmol) was added via an air-tight syringe, followed by 30 min of sonication. 
Subsequently, a 1 M LiAlH4 (lithium aluminium hydride) solution in tetrahydrofuran (4.6 ml, 4.6 
mmol) was injected via an air-tight syringe, followed by a further 30 min of sonication in order 
to form the H-terminated Si NP. Excess LiAlH4 was quenched by adding dry methanol (30 ml, 
740 mmol) and the reaction mixture was sonicated for 15 min. To obtain the COOH-terminated 
Si NP, 3-butenoic acid (4.4 ml, 0.052 mol) was added, together with a catalytic amount of 
chloroplatinic acid (40 μl; 0.05 M in dry methanol) and the mixture was sonicated for another 30 
min. The resulting Si NP were purified by evaporation of all solvents under reduced pressure. 
Then the material was re-dispersed in water and solid TOAB was removed by filtration. Further 
purification was performed by dialysis using a regenerated cellulose membrane with molecular 
weight cut-off (MWCO) 3500 or 1000, and subsequent filtration through a hydrophilic 450 nm 
polyvinylidene fluoride membrane filter (MILLEX-HV, Millipore).  
          The amine-terminated (Si NP-NH2) and azide-terminated (Si NP-N3) Si NP were synthesized 
by reaction of the H-terminated Si NP with allylamine and 11-azido-undec-1-ene, respectively, as 
described previously and yielded Si NP with a Si core size of 1.6 ± 0.2 nm.23 
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          All measurements were performed at standard pressure and at room temperature. 
Electronic absorption spectra were recorded in a quartz cuvette (1 cm, Hellma), using a Cary 1 
UV-Vis single beam spectrophotometer and were corrected for the solvent absorption. The scan 
range was 600–200 nm with a scan rate of 600 nm/min.  
          Steady-state and time-resolved fluorescence measurements were performed on a Time-
Correlating Single Photon Counting F900 spectrometer (Edinburgh Instruments), with an 
instrument response function for time-resolved measurements of 87 ps. All steady-state spectra 
were corrected for the wavelength dependent sensitivity of the detector and the source by 
recording reference data simultaneously. Additionally, emission spectra were corrected for 
Raman scattering using the solvent emission spectrum.  
          Time-resolved fluorescence measurements were performed with exactly the same 
solutions used for steady-state spectra (absorption was always adjusted to be ≤ 0.2). A pulsed 
light-emitting diode (λex = 283 nm) was used as excitation source and emitted photons were 
collected (4096 channels) until a maximum of 104 counts was reached. Origin Pro (version 8.0) 
software was used to fit the data.  
          For Fourier-transform infrared spectroscopy (Bruker, Vector 22 FTIR spectrometer), thin 
films of Si NP in carbon tetrachloride solution were placed between sodium chloride crystals. 
For each measurement 64 scans were collected and corrected for the background signal. 
 
Solutions of Si NP for the toxicology tests  

          Stock solutions of Si NP-NH2 and Si NP-COOH were made in water and of Si NP-N3 in DMSO. 
In a 24-well plate, dose-response dilutions of the stock solutions of Si NP were made using 
pyrogen-free water. From these solutions, two series of samples were made in the DMEM 
medium, either with or without 10 % heat inactivated FCS. The concentrations of the series 
ranged from 0–185 μg/l for Si NP-NH2, 0–1700 μg/l for Si NP COOH and 0–2200 μg/l for Si NP-
N3.The solutions of the NP with and without FCS showed no visible signs of aggregation or 
precipitation. Inspection by dynamic light scattering (DLS) also showed no clear change in 
particle size upon adding the Si NP to the FCS solution. 
 
Cells and treatments  

          The Caco-2 cells were maintained in incubators with 5 % CO2 in a humidified atmosphere 
at 37 °C. The cells were subcultured at a ratio of 1:10 in DMEM medium in 75 cm2 flasks. The 
Caco-2 cells were grown in DMEM medium, supplemented with 10 % heat-inactivated FCS and 
0.1 % gentamicin. The cells were used in passage 30–40. For the exposure measurements, the 
cells were plated at a concentration of 1 × 105 cells/ml in a 96-well plate (100 μl/well) and were 
incubated for 24 h. Then the Si NP were added to the cells in different concentrations in a total 
volume of 100 μl. After this, the cells were incubated for another 24 h. 
 
Toxicological assays 

MTT assay.  The mitochondrial metabolic activity was determined by the colorimetric MTT 
assay.20 After 24 h exposure to the Si NP, 5 μl MTT solution (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide) in PBS (5 mg/ml) was added to each well and incubated for 4 h. 
Then, the medium was removed and 100 μl of DMSO was added to dissolve the formed formazan 
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crystals. The plates were put in the plate shaker for 5 min. The absorbances at both 562 nm and 
612 nm were measured. The mitochondrial metabolic activity was expressed as the mean % of 
the negative control values. 0.01 % Triton X-100 was used as positive control and only DMEM 
medium without Si NP was used as negative control. Control tests were also done to exclude the 
possibility of formation of crystals after reaction between the Si NP and the MTT solution. For 
this, 100 μl of the tested Si NP solutions were mixed with 5 μl of MTT solution in a 96-well plate 
and subsequently incubated for 4 h. No crystal formation, or change in colour of the solution in 
the wells was observed. 

BrdU assay.  Cell proliferation was quantified using the colorimetric BrdU (5-bromo-2-
deoxyuridine) assay (Catalogue No. 647229001, Roche Diagnostics, Penzberg, Germany). BrdU 
acts as a structural analogue of thymidine and will be incorporated in newly synthesized DNA 
during cell replication. This test indicates cell proliferation. After incubation of the Caco-2 cells 
with the Si NP and BrdU for 24 h, the medium containing the Si NP and BrdU was removed and 
the BrdU labelling solution was added to the wells and incubated for 4 h. Subsequently, the 
immunoassay was performed according to the protocol of the manufacturer. Cell proliferation 
was expressed as the mean % of the negative control values. 0.01 % Triton X-100 was used as 
positive control and medium without Si NP was used as negative control. 
 
Statistical analysis  

          All data from MTT and BrdU assay was statistically analysed by Igor Pro 6 software from 
Wavemetrics Inc. Paired Student’s t-test was performed to determine which data points are 
statistically significantly different from respective control values and noted with asterisk (*) sign 
only when p < 0.05. Results are shown as mean ± standard error of mean (SEM). 
 
 

Results 
 

Synthesis and characterization of Si NP  

          Butenoic acid-terminated Si NP (Si NP-COOH) were synthesized using the method of 
Zuilhof and co-workers14 to obtain H-terminated Si NP, which were converted to carboxylic acid-
terminated Si NP by the direct attachment of 3-butenoic acid. Direct attachment of the carboxylic 
acid has the advantage over attachment of a methyl ester24 that subsequent ester hydrolysis is 
not needed. This circumvents possible incomplete hydrolysis and base-induced or acid-induced 
damage of the monolayer coverage, as was observed during hydrolysis of planar modified Si-
surfaces.25, 26 
          The Si NP-COOH were analysed using infrared (IR)-spectroscopy (Figure 1). The peak at 
1722 cm-1 indicated the carbonyl stretch vibration of the acid, while the broad peak around 3424 
cm-1 indicated the carboxylic acid -OH stretch vibration. Since the peak was not broadened 
beyond 3000 cm-1, the -COOH moieties did not form H-bonded dimers, but were largely present 
as free -COOH groups, which is as expected for surface-bound -COOH groups. As a result, some of 
them will be negatively charged (-COO-) in aqueous media. The anti-symmetric and symmetric -
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CH2 stretching vibrations were clearly visible at 2858 and 2928 cm-1. Furthermore, the -CH3 
stretching vibration was visible at 2956 cm-1. The scissoring vibrations of the Si-C bonds were 
visible at 1466 cm-1. There was only a very small Si-O stretch vibration visible at 1096 cm-1, 
indicating that there is at most only a small fraction of butenoic molecules that have added to the 
silicon through the oxygen groups, or that a very small amount of oxidation of the silicon core 
has occurred. 
 

 

 

 

 

 

 

 

           

          To further characterize the Si NP, both UV-Vis absorption spectroscopy as well as steady-
state and time-resolved fluorescence spectroscopies were performed. The UV-Vis absorption 
spectrum of the Si NP-COOH showed an absorption maximum at 278 nm. The maximum 
fluorescence excitation occurred at the same wavelength, whereas the emission had a maximum 
at 322 nm (Figure 2).  

 

 

  
  

 

 

  

           

          Time-resolved measurements showed that the fluorescence anisotropy decay is strictly 
mono-exponential. This can only be the case when all three perpendicular axes around which 
the Si NP can rotate are the same, i.e., when the Si NP are spherical.14, 27 The fluorescence-related 
data of the Si NP are summarized in Table 1. The fluorescence lifetimes of the Si NP are 
calculated using a stretched exponential: I(t) = I0 × exp[-(t/τ)β]; where I(t) = fluorescence 
intensity at time t; I0 = fluorescence intensity at t = 0; τ = fluorescence lifetime decay constant; 
and β = heterogeneity parameter of the sample (β= 1 means the fluorescence lifetimes of the 

Figure 1: IR spectrum of Si NP-COOH. 

Figure 2: Absorption (grey), excitation  
(black) and emission (dashed) spectra  
of Si NP-COOH. 
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molecules in the sample is homogeneous). The fluorescence data showed that the emission 
characteristics are different (both in energy terms and rates of relaxation to the electronic 
ground state) for all NP under study, despite the fact that the Si-core is identical in all cases. This 
pointed to a clear effect of the terminal substituents on the electronic character of the NP. The 
effect of the terminal substituent was therefore also investigated with respect to the cytotoxicity 
of these NP. 

Table 1:  Summarized data of the luminescent properties of the studied Si NP 

Coating 
Fluorescence maximum 

FWHM (nm) Fluorescence lifetime τ (ns) 
λex (nm) λem (nm) 

C3H6NH2 390 475 98 4.7 ± 0.16; β = 0.75 
C3H6COOH 278 322 32 1.30 ± 0.09; β = 0.98 
C11H22N3 280 315 57 3.13 ± 0.01; β = 0.73 

FWHM, Full width half maximum; ns, nanoseconds. 
 

Effect of Si NP-NH2 on Caco-2 cells 
 
          In Figure 3A, the cell viability in the MTT assay is plotted as a function of the concentration 
of Si NP-NH2. The cells were exposed to the Si NP-NH2 in a concentration range from 0–185 μg/l, 
both in the presence and absence of FCS in the medium. Without FCS, cell viability did not 
decrease up to a concentration of 185 μg/l after 24 h of incubation. Therefore, in this 
concentration range of the Si NP-NH2, no EC50 could be determined and Si NP-NH2 showed no 
cytotoxic effects on the cells. When the cells were incubated in the presence of FCS, a sharp drop 
in cell viability was observed using concentrations of more than 11 μg/l. The EC50 value for 24 h 
incubation in the presence of FCS in the medium was calculated to be 20 μg/l. Figure 3B shows 
the effect of Si NP-NH2 concentration on cell proliferation using the BrdU assay. Without the 
presence of FCS, no effect on the cell proliferation could be measured up to a concentration of 
185 μg/l. In the presence of FCS, a gradual decrease in cell proliferation could be observed – 
down to ~60 % of the values compared to the negative control, where no Si NP-NH2 were added.  
 
 
Effect of Si NP-N3 on Caco-2 cells  
 
          Figure 3C shows the Caco-2 cell viability in the MTT assay plotted as function of Si NP-N3 
concentration, ranging from 0–2200 μg/l, both in the presence and absence of FCS. The presence 
of FCS in the medium almost had no effect on the cytotoxicity of the Si NP-N3. An EC50 of 850 
μg/l could be determined in the presence of FCS and an EC50 of 600 μg/l in the absence of FCS. 
These values were much higher than the EC50 values of the Si NP-NH2, indicating that the Si NP-
N3 were less cytotoxic than Si NP-NH2 in the presence of FCS in the medium. Figure 3D shows 
similar effects of the Si NP-N3 concentration, ranging from 0–2200 μg/l, on the Caco-2 cell 
proliferation in the BrdU test. Similar to the MTT assay, the presence or absence of FCS in the 
medium had hardly an influence on the cytotoxic effects of the Si NP-N3. The calculated EC50 
values were 550 μg/l in the presence of FCS and 570 μg/l in its absence. 
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Figure 3:  Mitochondrial metabolic activity (MTT assay) and cellular proliferation (BrdU assay) of 
the Caco-2 cells after 24 h exposure to Si NP-NH2 (A and B), Si NP-N3 (C and D) and Si NP-COOH (E 
and F). Measurements in the presence (■) and absence (ο) of FCS. Number of experiments (n) in the 
presence and absence of FCS: n = 12 (A and B); n = 9 (C and D); n = 8 (E and F). The asterisk sign (*) 

signifies statistically significantly different (p < 0.05) data from respective control values. 
 

Effect of Si NP-COOH on Caco-2 cells 
 
          In Figure 3E the effect of Si NP-COOH concentration, 0–1700 μg/l, on the cell viability as 
measured in the MTT assay and in Figure 3F, cell proliferation as measured with the BrdU assay 
are plotted. Remarkably, no effect of increasing concentration on the cell viability was observed 
even upon incubation with a Si NP-COOH concentration of 1700 μg/l. The results of the MTT 
assay and the BrdU assay were similar and no effect of the presence of FCS was found. These 
results showed that the Si NP-COOH have less cytotoxic effects on Caco-2 cells than Si NP-N3. 
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Discussion 
 
          The synthetic route to make Si NP by reduction of SiCl4 to obtain H-terminated Si NP, 
followed by a surface functionalization reaction with alkenes, was successfully further explored 
by making amine,23 azide and carboxylic acid surface-modified Si NP. The maximum absorption 
and excitation wavelength of the Si NP-COOH were found at 278 nm and the emission maximum 
was at 322 nm. This is comparable to the results of Rogozhina et al.,24 who showed that Si NP 
terminated with pentenoic acid, obtained by the hydrolysis of the corresponding methyl ester, 
had identical absorption and emission wavelengths. Furthermore, these results were also in line 
with computational studies by Li et al.,28 who calculated the absorption and emission 
wavelengths for different sizes of Si NP capped with propionic acid. The Si NP used in this study 
and synthesized using the same literature method,24 showed absorption, fluorescence excitation 
and emission spectra that were characteristic for the type of organic monolayer and the size of 
the Si NP (about 1.6 nm). The fluorescence lifetimes were also characteristic for the studied Si 
NP and fluorescence anisotropy measurements indicated that the particles were spherical. 
          An important result of the present study is that the amine-terminated Si NP-NH2 showed 
cytotoxicity after exposure to Caco-2 cells for 24 h when administered together with FCS. 
However, they showed no cytotoxicity when administered without FCS up to concentrations of 
185 μg/l. These remarkable differences in cytotoxicity caused by the absence or presence of FCS 
are an interesting feature that is still largely unexplained. Previous studies29, 30 suggested that 
the proteins in FCS may interact with NP, so that they are better dispersed and thereby facilitate 
their entry into the cells, thus causing higher cytotoxic effects than in the absence of FCS. Due to 
the small size of the Si NP (~1.6 nm), it is thought that they are adsorbed by the proteins in FCS 
and that by the uptake of the FCS by the cells, the Si NP are also transported into the cells. It is 
known that positively charged molecules get adsorbed to the negatively charged lipid membrane 
of cells, e.g., shown by the interaction of the polycationic polymer chitosan with Caco-2 cells.31 
Because of the positive charge on the Si NP-NH2, they can interact in a similar manner as 
chitosan with the lipid membrane of the cells and when in the cells, have interaction with 
negatively charged components in the cells, such as the cell membrane and DNA backbone. It is 
also possible that reaction with proteins in FCS makes the cationic NP more neutral by charge 
compensation, which might facilitate cellular uptake. 
          The results described above showed that the Si NP-N3 were much less cytotoxic to the 
Caco-2 cells than the Si NP-NH2. The effect of the presence or absence of FCS in the medium was 
less pronounced, but still visible. Furthermore, the transition from cytotoxic to non-cytotoxic 
concentrations is less sharp as compared to the Si NP-NH2. The reason for this could be that the 
neutral Si NP-N3 did not have extensive interactions with the lipid membrane and upon uptake, 
could have less toxic interactions with the contents of the cell. One of the reasons for this limited 
cytotoxicity could be related to the overall neutral charge of the azide (-N=N+=N-) group. The 
lack of cytotoxicity of the azide was also observed upon exposing cell cultures to azido-sugars 
for 1–3 days, after which no cytotoxic effects on the cells were observed.  
          The negatively charged Si NP-COOH showed no cytotoxicity to the Caco-2 cells in the 
current study, both in the presence and absence of FCS. This is in agreement with a study on 
silica nanotubes that showed negatively charged nanotubes were less harmful to cells than 
positively charged NH2-coated nanotubes.32 Although the negatively charged nanotubes still 
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displayed some toxicity, the Si NP-COOH, used in the present study, displayed no measurable 
cytotoxicity over a wide concentration range. There is one report of a toxicity study on alkyl-
terminated silicon NP showing that they were non-toxic. However, these Si NP were not water-
soluble and thus differed from those used in the present study. Furthermore, they were tested at 
only one concentration,19 which makes comparison with our study difficult. 
          The cytotoxicity tests performed in this study indicated that the surface charge of the Si NP 
had a great influence on the cytotoxicity towards the colonic Caco-2 cells. The positively charged 
NH2-terminated Si NP were cytotoxic, whereas the neutral Si NP-N3 were moderately cytotoxic 
and the Si NP-COOH showed no cytotoxicity at all. Charge-dependent cellular uptake and 
associated toxicology has been observed previously in several studies, where positively charged 
molecules, such as polylysine-functionalized silica NP33 or cationic PAMAM-dendrimers34 were 
inherently taken up faster by cells than neutral molecules. In the study on PAMAM-dendrimers, 
it was shown that the positively charged dendrimers had a strong interaction with the 
negatively charged lipid bilayer, while the neutral dendrimers showed little interaction. The 
lipid bilayer described in that study was used as a model for the phospholipid membrane of cells. 
The observations were confirmed by calculations, which showed that bigger (G5 or G7; 10–13 
nm diameter) dendrimers made holes in the lipid bilayer, whereas the smaller (G3; about 3.5 nm 
diameter) dendrimers had interactions but did not make permanent holes. A theoretical study 
confirmed the importance of charge in disrupting membranes by modelling of the specific 
interaction between these membranes and NP in general.35 Their results indicated that the 
higher the charge density, the more phospholipid molecules are detached from the membrane 
and adsorbed on the NP surface. 
          Furthermore, it was shown by atomic force microscopy (AFM) studies that a wide variety 
of cationic NP, including cell-penetrating peptides, polycationic polymers and inorganic NP (Au-
NH2, SiO2-NH2) could induce disruption of supported lipid membranes. These effects were 
observed as formation of holes, membrane thinning and membrane erosion.36 In contrast, a 
recent study on amine-modified or carboxyl-modified CdSe/ZnS QD revealed that the 
intravenous toxicity of the carboxyl-modified QD was much higher than of the amine-modified 
QD.37 Furthermore, it was shown that QD with different surface modifications ended up in 
different organs in the mice. This shows that for in vivo applications of the Si NP, further studies 
are needed. 
          Interestingly, a visible increase in both mitochondrial metabolic activity and cellular 
proliferation was found for low concentrations of Si NP-N3. This initial surge in activity is 
especially clear in the MTT assay, where it also occurred at lower concentrations than in the 
BrdU assay. It should be noted that mitochondrial metabolic activity and cellular proliferation 
are two mutually independent parameters and it is quite possible that the cytotoxicity of these Si 
NP affects the mitochondria of the cells before it influences cellular DNA. Similar reports have 
been published where an initial high mitochondrial activity was observed after exposing cells to 
NP or other toxic agents. Elgrabli et al.38 first found an increased mitochondrial metabolic 
activity at low carbon nanotube concentrations while testing the effect of bovine serum albumin 
on the cytotoxicity of carbon nanotubes in A549 cells. Similar results were found by Ryman-
Rasmussen et al.39 when testing the cytotoxicity of QD on human epidermal keratinocyte (HEK) 
cells. Although not a NP toxicity study, Doig et al.40 found similar results when testing the 
protective effects of N-methylated derivatives of amyloid-β-peptide-β (25–35) on a rat 
pheochromocytoma PC-12 cell line. These findings could be caused by compensatory 
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mechanisms that become activated within the cells to resist the toxicity of these agents at lower 
initial concentrations, which then gets expressed as higher proliferation values in the 
cytotoxicity assays. 
 
 

Conclusion 
          The cytotoxicity of the Si NP is highly dependent on the surface charge of the coating group. 
In addition, the presence of FCS in the cell medium seems to enhance the cytotoxicity. Given the 
non-cytotoxicity of negatively charged Si NP (Si NP-COOH) and because the Si NP show 
photoluminescence, they may be highly promising for bioimaging applications. However, more 
research is required to develop Si NP which are safe and non-toxic for use in human beings. 
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Chapter 3 
 

Role of surface charge and oxidative stress in 
cytotoxicity of organic monolayer-coated silicon 
nanoparticles towards macrophage NR8383 cells  
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Abstract 

          Background: Surface charge and oxidative stress are often hypothesized to 
be important factors in cytotoxicity of nanoparticles  (NP). However, the role of 
these factors is not well understood. Hence, the aim of this study was to 
systematically investigate the role of surface charge, oxidative stress and possible 
involvement of mitochondria in the production of intracellular reactive oxygen 
species (ROS) upon exposure of rat macrophage NR8383 cells to silicon 
nanoparticles (Si NP). For this aim, highly monodisperse (size 1.6 ± 0.2 nm) and 
well-characterized Si-core NP were used with a surface charge that depends on the 
specific covalently bound organic monolayers: positively charged Si NP -NH2, 
neutral Si NP-N3 and negatively charged Si NP-COOH. Results: Positively charged Si 
NP-NH2 proved to be more cytotoxic in terms of reducing mitochondrial metabolic 
activity and effects on phagocytosis than neutral Si NP -N3, while negatively charged 
Si NP-COOH showed very little , or no cytotoxicity. Si NP-NH2 produced the highest 
level of intracellular ROS, followed by Si NP-N3 and Si NP-COOH; the latter did not 
induce any intracellular ROS production. A similar trend in ROS production was 
observed in incubations with an isolated mitochondrial fraction from rat liver 
tissue in the presence of Si NP. Finally, vitamin E and vitamin C induced protection 
against the cytotoxicity of the Si NP-NH2 and Si NP-N3, corroborating the role of 
oxidative stress in the mechanism underlying the c ytotoxicity of these Si NP. 
Conclusion: Surface charge of Si NP plays an important role in determining their 
cytotoxicity. Production of intracellular ROS, with probable involvement of 
mitochondria, is an important mechanism for this cytotoxicity.  
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Introduction 
 
          Silicon (Si) is conventionally regarded as a non-toxic semiconductor material and Si NP are 
proposed as an alternative for the highly toxic heavy metal quantum dots in biological 
applications, such as in food industry and bioimaging.1 However, once exposed to an aerobic 
atmosphere, Si NP readily get oxidized to silica (silicon dioxide; SiO2),2 which is reported to 
result in cytotoxicity.3 The cytotoxicity of silica NP has been reported to be size dependent.4 Data 
on the actual toxicity of Si NP are, however, scarce.  
          Recently, we developed a method for the gram-scale synthesis of Si NP,5 which can be 
coated with a covalently bound organic monolayer with different surface charges.6-8 These Si NP 
have a silicon core of 1.6 ± 0.2 nm, as determined by TEM.7, 8 By attaching alkyl chains to the 
surface of the Si-core with amine (-NH2), azide (-N3) and carboxylic acid (-COOH) terminal 
moieties, Si NP with respectively positive (Si NP-NH2), neutral (Si NP-N3) and negative (Si NP-
COOH) surface charges can be obtained. This coating prevents the oxidation of Si NP to SiO2. Also 
the influence of surface charges on the cytotoxicity remains largely unresolved, although there 
are several research articles pointing at a possible role of surface charge in cellular uptake 
and/or cytotoxicity of NP. Oskuee et al.,9 for example, reported a decrease in cytotoxicity with 
decreasing positive surface charge of polyethyleneimine NP. Sayin et al.10 found that positively 
charged N-trimethyl chitosan NP were more cytotoxic than their negatively charged 
counterparts.  
          A brief overview of some recent articles pointing at the possible influence of surface charge 
of NP on their cellular uptake and/or cytotoxicity is given in Table 1, which summarizes the 
findings reported by different groups. The findings are based on different types of particles 
functionalized with different chemical groups. A consensus regarding the role of surface charge 
on cytotoxicity of NP is therefore hard to reach. Some research groups11,12 observed cytotoxic 
effects of positively charged NP. Mayer et al.13 reported activation of the complement system and 
increased hemolysis in blood samples collected from healthy donors after being exposed to 
positively charged polystyrene NP. Some recent publications14-20 reported different effects of 
surface charges on cytotoxicity, including a higher cytotoxicity of cationic NP as compared to 
anionic NP. Gupta et al.21 recently observed a reduced cytotoxicity for NP with a positive surface 
charge. On the other hand, other research groups22, 23 failed to observe any significant effect of 
surface charge of NP on their cytotoxicity.  
          Previously, we reported the synthesis and cytotoxic effects of differently charged Si NP 
towards human colonic adenocarcinoma derived Caco-2 cells.6 Positively charged Si NP-NH2 

exerted the highest toxicity, whereas the negatively charged Si NP-COOH were hardly toxic and 
the neutral Si NP-N3 showed intermediate toxicity towards the Caco-2 cells. Unfortunately, 
investigations regarding the mechanisms of cytotoxicity of NP are quite limited. Also, different 
research groups use different experimental models. Nevertheless, oxidative stress is proposed as 
one of the most important mechanisms for NP mediated toxicity.24-33 In these studies, a wide 
range of NP were tested in different cellular models. Still, a concerted study on the effect of 
surface charge on the production of intracellular ROS and subsequent oxidative stress and 
cytotoxicity is not available.  
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Table 1 

Brief overview of recent publications pointing at a possible role of surface charge in interaction of 
NP with cells 

Citation 
(Year) NP tested 

Size of 
nanoparticle 

(nm) 

Cell Line 
tested (in 
vitro/in 

vivo) 

Endpoints 
studied Results/Inferences 

Ruizendaal 
et al. 

(2009)6 

Si NP with amine 
(+), azide 

(neutral) and acid 
(-) surface 

functionalization 

1.6 ± 0.2 Caco-2 MTT, BrdU 

Positively charged Si 
NP-NH2 more 
cytotoxic than 

neutral Si NP-N3. 
Negatively charged Si 

NP-COOH did not 
show toxicity. 

Geys et al. 
(2009)11 

Quantum dots 
(amine 

terminated, 
neutral, 

carboxylate 
terminated) 

25 

Primary 
alveolar 

epithelial 
cells 

MTT, TEER, 
sodium 

fluorescein 
leakage, confocal 

microscopy 

Surface charge did 
not show any 
influence on 

translocation through 
the cell line. 

Corsi et al. 
(2009)12 

Iron based 
magnetic 

nanoparticles 
7 ± 3 

MCF7 
carcinoma 

cells 
MTT 

Anionic nanoparticles 
were spontaneously 

internalized. Cationic 
ones were taken up 
by clathrin receptor 

mediated 
endocytosis. 

Sadiq et al. 
(2009)13 Aluminium oxide 179 E. coli 

Bacterial growth, 
Infrared 

spectroscopy 

Interaction between 
positively charged 

particles and bacteria 
was found. 

Xu et al. 
(2009)14 

Hemoglobin 
loaded polymeric 

NP 
< 200 

(MPM) 
cell line 
from SD 

mice 

MTT, in vivo 
biodistribution 

and clearance of 
NP 

No influence of 
surface charge on 
cytotoxicity was 

observed. 

Nafee et al. 
(2009)15 

Chitosan 
modified PLGA 

between 150 
and 250 

COS-1, 
A549, 
Calu-3 

MTT, LDH, ATP, 
TEER, SFM 

Higher ζ-potential 
was connected with 

lower toxicity for 
COS-1, while no effect 
of surface charge was 
found for A549 cells. 

Pathak et 
al. 

(2009)16 

Branched 
polyethylenimine 
with chondroitin 

sulphate 

between 80 
and 190 

HeLa, 
HepG2 

MTT, DNA 
release, protein 

adsorption, 
confocal 

microscopy, 
gene 

transfection, 
radiolabelling, 
biodistribution 

Reduction in positive 
charge by increasing 

the percentage of 
chondroitin sulphate 

decreases 
cytotoxicity. 
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Mayer et 
al. 

(2009)17 
Polystyrene 26, 34, 62, 

160, and 220 
Human 
blood 

Flow cytometry 
for thrombocyte 
and granulocyte 

activation, 
plasma 

coagulation 
assay, light 

microscopy, 
membrane 

integrity assay 

Positive surface 
charge led to 
complement 
activation. 

Zhang et 
al. 

(2009)18 

Amine, PEG and 
carboxylic acid 

terminated CdSe 
quantum dots 
with ZnS shell 

12 × 6 HEK 

TEM, 
quantification of 

quantum dot 
fluorescence, 

immunostaining 

Uptake of amine-
terminated quantum 

dots proceeds by 
caveolin/clathrin 

pathway, while that 
of carboxylic acid 
terminated ones 
proceed by GPCR 

pathway. 

Nam et al. 
(2009)19 

Glycol chitosan 
with 5β cholanic 

acid 
359 HeLa Cellular uptake 

studies 

Increase in positive 
charge results in 

enhanced uptake and 
distribution by 

clathrin, caveolin 
receptor mediated, 
macropinocytosis. 

Gupta et al. 
(2009)20 

Polyacrylic acid 
and YFa 83 ± 8 

HepG2, 
N2a, 

HEK293 

MTT, RBC, WBC, 
platelet count 

from blood 
samples, in vitro 
peptide release 

study 

Positively charged 
particles do not have 
any toxic behaviour. 

Kim et al. 
(2008)21 

Quantum dot 
nanocomposites 104.5 ± 7.8 SNB19 

Scanning 
electron 

microscopy, 
TIRF, cell 
viability 

Cationic coating at 
basic pH, makes the 

NP more 
biocompatible. 

Hauck et 
al. 

(2008)22 

Gold nanorods 
with 

polyelectrolyte 
surface coating 

18 × 40 Vi-cell, 
HeLa 

TEM, Trypan 
Blue exclusion, 

gene expression 

Only CTAB 
(positively charged) 

coated particles were 
toxic in absence of 

FCS. 

Orr et al. 
(2007)23 Silica 100, 500 

C10 
(alveolar 

type II 
epithelial 
cell line) 

X-ray diffraction, 
TEM, DIC, SEM 

Positively charged 
particles can reach 
the cells through 

filopodia and 
microvilli-like 

structures. Positive 
surface charge and 

intact actin filaments 
are essential for 

retrograde 
movement of the 

particles. 
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          Therefore, in the present study we systematically investigated the role of NP surface charge 
and oxidative stress in the rat alveolar macrophage NR8383 cell line. This cell line provides an 
adequate model system for studying the effect of NP on phagocytic cells, which can clarify 
possible effects on the innate immune response. In the current study the mechanism underlying 
the differential cytotoxicity of the various Si NP were investigated, with a focus on the possible 
role for the formation of intracellular ROS and oxidative stress. To this end, the production of 
intracellular ROS in both Caco-2 and NR8383 cells exposed to increasing concentrations of the 
differently charged Si NP was investigated. Also, the degree of protection provided by pre-
incubation of the cells with the antioxidants vitamin E and vitamin C, and the possible role of Si 
NP-induced mitochondrial activity in the production of the intracellular ROS was studied. The 
results indicated how the surface charge of the Si NP influences their capability to induce 
intracellular ROS formation and oxidative stress and pointed at a role of mitochondria in this Si 
NP-induced ROS production at the subcellular level. 

 

Materials and methods 
 

Silicon nanoparticles (Si NP) 

          Si NP-NH2 and Si NP-N3 were prepared and characterized by methods described by Rosso-
Vasic et al.8 and Si NP-COOH were prepared by the method described by Ruizendaal et al.6 All 
three Si NP were of comparable sizes with a mean Si-core diameter of 1.6 ± 0.2 nm, as 
determined by TEM7,8 and all three Si NP were modified by ~25 surface groups.5 Both Si NP-NH2 

and Si NP-COOH were dissolved in ultrapure sterile water, while the stock solution of Si NP-N3 

was dissolved in pure DMSO. The required final concentration ranges of all three Si NP were 
prepared by serial dilution with medium and amounted to 0 - 370 ng/ml for the Si NP-NH2; 0 - 
2200 ng/ml for the Si NP-N3, and 0 - 3000 ng/ml for the Si NP-COOH, which were the final tested 
concentration ranges for each of the assays described in this paper, unless otherwise mentioned. 
No aggregation of these particles was observed with time in medium with DLS for at least two 
weeks and the solutions were vortexed at least for 1 min before use. The solutions were filtered 
through 0.2 μm cellulose filters before cytotoxicity assays to maintain sterility. The amount of 
DMSO in the wells containing Si NP-N3 was calculated to be < 1 % (v/v), at which concentration 
no cytotoxic effect of the DMSO was observed.  

 

Cell Lines and tissue fractions  

NR8383 cells 

          Rat alveolar macrophage cells were obtained from ATCC (Manassas, VA). The cells were 
cultured in 150 cm2 cell culture flasks with 25 ml F12-K culture medium (Gibco 21127) 
supplemented with 10 % (v/v) heat-inactivated FCS in a humidified atmosphere containing 5 % 
CO2 at 37 °C.  
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Caco-2 cells 

          The human colonic adenocarcinoma cells were obtained from ATCC (Manassas, VA). The 
cell line was cultured in a humidified atmosphere containing 5 % CO2 at 37 °C in DMEM medium 
supplemented with 10 % (v/v) heat-inactivated FCS, 1 % (v/v) NEAA and 0.1 % (v/v) 
gentamicin.  

 

Isolation of the mitochondrial fraction from rat liver tissue  

          A Wistar rat of body weight 200 - 250 g was sacrificed by decapitation following anesthesia 
with isoflurane. The liver was excised at 4 °C and homogenized in ice-cold saline using a Potter 
homogenizer with 20 - 25 strokes. The homogenized tissue was then centrifuged at 500 g for 10 
min at 4 °C. The supernatant was then removed and the pellet, after being weighed, was re-
suspended in ice-cold saline and centrifuged at 10.000 g for 10 min at 4 °C. The supernatant was 
removed again and the pellet containing the isolated mitochondrial fraction was suspended in 
phosphate buffered saline (PBS) at 3 mg pellet/ml concentration with the addition of 0.4 mM 
glutamate and 0.4 mM NAD+ as substrates for mitochondrial oxidative phosphorylation. The 
mitochondrial fraction was then kept in an incubator at 37 °C with 5 % CO2 atmosphere for 4 h 
to ensure initiation of mitochondrial respiration.  

 

MTT assay 

Cytotoxicity of Si NP 

          An NR8383 cell suspension was collected and centrifuged at 140 g for 5 min before 
resuspending the cell pellet in medium followed by counting and adjusting the cellular 
concentration to 2 × 105 cells/ml. The cells were then seeded in a 96-well plate (50 μl/well) and 
the plate was kept in a 5 % CO2 incubator at 37 °C for 24 h. Next day, 50 μl of serial dilutions of Si 
NP were added to the wells to obtain the required final concentrations of Si NP and then 
incubated for 24 h. After 24 h, 5 μl of MTT solution in PBS (5 mg/ml) was added to each well and 
the plate was incubated for another 4 h. Then 100 μl of pure DMSO was added to each well to 
dissolve the formazan crystals. Now the absorption of each well was measured at 562 nm in a 
96-well plate reader and the background absorption at 612 nm was subtracted. Mitochondrial 
metabolic activity for each concentration of Si NP was expressed as % of corresponding negative 
control reading. Medium without Si NP and medium with Triton-X (0.01 %) were used as 
negative and positive controls, respectively. Control experiments were done to exclude a 
possible reaction between MTT reagent and Si NP. Additional control experiments were 
performed with stoichiometrically equivalent amounts of the coating materials (allylamine in 
case of Si NP-NH2, 10-undecenyl azide in case of Si NP-N3 and 1-butenoic acid in case of Si NP-
COOH) to exclude cytotoxicity arising from the coating material molecules, possibly remaining in 
the stock solutions of Si NP as impurities. However, at these concentrations no cytotoxic effects 
were found for these coating compounds.  
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Protection by cellular pre-incubation with vitamin E 

          NR8383 cells were plated as described above (1 × 104 cells/well; 50 μl/well) in F12-K 
medium containing 100 μM vitamin E. After 24 h, 50 μl of serial dilutions of Si NP were added to 
the wells to obtain the required final concentrations of Si NP (the final concentration of vitamin 
E upon addition of the Si NP was reduced to 50 μM/well). Upon incubation for another 24 h MTT 
reagent was added and the MTT assay was performed as described above. Control experiments 
were run with vitamin E only or Si NP only; both showed no activity in the MTT test.  

Protection by cellular pre-incubation with vitamin C 

          NR8383 cells were plated in a 96-well plate (1 × 104 cells/well; 50 μl/well) in F12-K 
medium and after 22 h, vitamin C was added to reach a concentration of 1 mM vitamin C. After 2 
more h of incubation, 50 μl of serial dilutions of Si NP were added to the wells to obtain the 
required final concentrations of Si NP (this reduced the final concentration of vitamin C to 500 
μM). Upon incubation for another 24 h, MTT reagent was added and the MTT assay was 
performed as described above. Control experiments were run with vitamin C only or Si NP only; 
both showed no activity in the MTT test.  

Phagocytic Index measurement 

          A NR8383 cell suspension (2 × 105 cells/ml) was plated in a 96-well plate (50 μl/well) in 
F12-K medium, followed by addition of 50 μl/well of serial dilutions of Si NP to obtain the 
required final concentrations of Si NP. Plain F12-K medium without Si NP and medium 
containing 100 μM CuSO4 were used as negative and positive controls, respectively. After 24 h, 
the cells were exposed to yellow green fluorescent latex beads (1 μm size) at a ratio of beads to 
cells in each well of 50:1. After 4 h of incubation, counting samples were taken from the wells 
and viewed first under a fluorescent microscope to visualize the fluorescent beads, followed by 
bright field view to visualize the cells [see Appendix A]. Also samples were taken out of each well 
to assess the cell viability by Trypan Blue Exclusion test. The phagocytic index was determined 
by calculating the average number of fluorescent beads phagocytosed per viable cell and 
expressed as % of the negative control.  

DCFH-DA assay 

NR8383 cells 

          The cell suspension was adjusted to 2 × 105 cells/ml and seeded in a 96-well plate (50 
μl/well) in F12-K medium. 50 μl/well of serial dilutions of Si NP in F12-K medium were added to 
obtain the required final concentrations of Si NP. A final concentration of 10 mM H2O2 was used 
as positive control and F12-K medium without Si NP as negative control. After 6 h of exposure to 
the Si NP, 5 μl of a 20 mM solution of DCFH-DA were added to each well and the plates were 
incubated for another 18 h in a 5 % CO2 atmosphere at 37 °C. The fluorescence was then 
measured on a fluorometer at 485 nm excitation and 538 nm emission wavelengths. The 
fluorescence induction factor for each concentration of Si NP was calculated by dividing the 
reading of each well by the average reading of the negative control and expressed as %. Control 
experiments were performed by incubating the Si NP at their test concentrations with DCFH-DA 



 39 Surface charge and oxidative stress in cytotoxicity of Si NP 

in the absence of cells to check the possibility of a positive fluorescence reading caused by 
reaction with Si NP alone.  

Caco-2 cells 

          The cells were suspended in DMEM medium to a concentration of 1 × 105 cells/ml after 
trypisinization and were plated in a 96-well plate (100 μl/well). After 24 h, the cells were 
exposed to 100 μl/well of final concentrations of Si NP. Following another 6 h of Si NP exposure, 
5 μl of a 20 mM solution of DCFH-DA were added. The plate was further incubated for 18 h 
before measurement of the fluorescence was carried out as described above. Control 
experiments were performed by incubating the Si NP at their test concentrations with DCFH-DA 
in the absence of cells to check the possibility of a positive fluorescence reading caused by 
reaction with Si NP alone.  

Effect on isolated mitochondrial fraction  

          The isolated mitochondrial fraction (3 mg pellet/ml in PBS) was plated in a 96-well plate 
(50 μl/well) and serial dilutions of Si NP and 5 μl of DCFH-DA probe were added. The plate was 
incubated for 90 min at 37 °C in a humidified 5 % CO2 atmosphere. The plate was then measured 
at 485 nm excitation and 538 nm emission wavelength. Medium without Si NP and with 75 μM 
2,4-dinitrophenol (DNP) in DMSO were used as negative and positive controls, respectively. 
Results were expressed as % of negative control.  

Statistical analysis 

          Data were analysed with Origin Pro (version 8.0) graphing software. For statistical analysis 
a student's t-test was performed and data with p < 0.05 (compared to negative control, except 
for Figure 5) are marked with an asterisk (*) sign. Each data point represents the average from 
three independent experiments (n = 3) and is presented as the arithmetic mean ± standard error 
of mean (SEM). 

 

Results 
 

          Figure 1 shows the cytotoxic effect of increasing concentrations of various Si NP on 
NR8383 cells, as detected by the reduction in the mitochondrial metabolic activity (MTT assay) 
of these cells after 24 h exposure. Si NP-NH2 showed the highest cytotoxicity (EC50 value = 12 
ng/ml) followed by Si NP-N3, which were cytotoxic at relatively higher concentrations (EC50 
value = 270 ng/ml). Si NP-COOH failed to show any cytotoxicity up to concentrations of 3000 
ng/ml (Table 2). The effects of increasing concentrations of the differently charged Si NP on the 
phagocytic index of NR8383 cells upon 24 h of exposure are shown in Figure 2. Exposure to Si 
NP-NH2 and Si NP-N3 resulted in a concentration-dependent decrease in the phagocytic index. 
The EC50 value for Si NP-NH2 was 60 ng/ml and for Si NP-N3 it was 320 ng/ml (Table 2). 
Exposure to Si NP-COOH did not result in a decrease in phagocytosis index, but surprisingly, 
even resulted in a steady increase in the phagocytosis index up to ~130 % of the control values.  
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Figure 1: Effect of 24 h exposure of NR8383 cells 
to increasing concentrations of Si NP-NH2 (▲), 
Si NP-N3 (■) and Si NP-COOH (●) on 
mitochondrial metabolic activity (measured by 
the MTT assay). Error bars show standard error 
of mean (n = 3). The asterisk (*) sign signifies p < 
0.05. 

Figure 2: Effect of 24 h exposure of NR8383 cells 
to increasing concentrations of Si NP-NH2 (▲), 
Si NP-N3 (■) and Si NP-COOH (●) on 
phagocytosis (measured as the phagocytic 
index). Error bars show standard error of mean 
(n = 3). The asterisk (*) sign signifies p < 0.05. 

          In Figure 3A the intracellular ROS production (measured by DCFH-DA assay) in NR8383 
cells after 24 h exposure to various Si NP is shown. Exposure of NR8383 cells to Si NP-NH2 
resulted in a dose-dependent increase in intracellular ROS production (EC50 value = 22 ng/ml). 
Upon exposure to Si NP-N3, also an increase in intracellular ROS production was observed (EC50 
value = 190 ng/ml), although the rate of intracellular ROS production was lower than that 
observed upon exposure of the NR8383 cells to Si NP-NH2 (Table 2). Upon exposure of the 
NR8383 cells to Si NP-COOH, no increase in intracellular ROS production was observed. In Figure 
3B, the intracellular ROS production (measured by DCFH-DA assay) in Caco-2 cells after 24 h 
exposure to various Si NP is shown. Upon exposure to Si NP-NH2, intracellular ROS production 
started at low concentrations and then grew rapidly reaching a plateau at concentrations above 
46 ng/ml (EC50 value = 18 ng/ml; Table 2). For Caco-2 cells exposed to Si NP-N3, intracellular 
ROS production increased significantly at concentrations above 50 ng/ml and increased up to 
higher concentrations (EC50 value = 310 ng/ml; Table 2). For Caco-2 cells exposed to Si NP-
COOH, no increase in intracellular ROS production was observed.  
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          In Figure 4, ROS production (measured by DCFH-DA assay) upon 90 min incubation of an 
isolated rat liver mitochondrial fraction with different Si NP is shown. Incubation with Si NP-NH2 

resulted in a concentration-dependent increase in ROS production, which started at 
concentrations as low as 6 ng/ml. The calculated EC50 value for Si NP-NH2 induced 
mitochondrial ROS production was 80 ng/ml (Table 2). Incubation of the mitochondrial fraction 
with Si NP-N3 resulted in a concentration-dependent increase in ROS formation starting at 90 
ng/ml, with an EC50 value of 1050 ng/ml (Table 2). No increase in ROS production was found 
for the Si NP-COOH, even for concentrations as high as 3000 ng/ml.  
          In Figure 5A, the effects of the antioxidants vitamin E and C on the cytotoxicity in NR8383 
cells upon 24 h exposure to Si NP-NH2 are depicted. Pre-incubation of the NR8383 cells with 
vitamin E resulted in a significant reduction in the Si NP-NH2-induced cytotoxicity with EC50 
values of 12 ng/ml and 60 ng/ml (p < 0.05) for NR8383 cells not pre-incubated with 
antioxidants (control) and cells pre-incubated with 100 μM vitamin E, respectively (Table 2). 
Although a higher EC50 value of 32 ng/ml was found for NR8383 cells pre-incubated with 1 mM 
of vitamin C in comparison to NR8383 cells not pre-incubated with antioxidants (control), the 
magnitude of reduction in cytotoxicity for 1 mM vitamin C was less than pre-incubation of 
NR8383 cells with 100 μM vitamin E (EC50 value = 60 ng/ml; Table 2). The effects of vitamins E 
and C on the cytotoxic effects of Si NP-N3 in NR8383 cells are shown in Figure 5B. For cells 
exposed to Si NP-N3, vitamin C offered a significant protection, whereas pre-incubation of the 
cells with vitamin E did not result in protection against the cytotoxicity of the NP. The 
corresponding EC50 values for Si NP-N3 were 270 ng/ml, 310 ng/ml and 510 ng/ml (p < 0.05), 
respectively, for NR8383 cells not pre-incubated with antioxidants (control), cells pre-incubated 
with 100 μM vitamin E and cells pre-incubated with 1 mM vitamin C.  
 

Figure 3: Induction of ROS production (measured using the DCFH-DA assay) in NR8383 (A) and 
Caco-2 (B) cells after 24 h exposure to increasing concentrations of Si NP-NH2 (▲), Si NP-N3 (■) and 

Si NP-COOH (●) on phagocytosis (measured as the phagocytic index). Error bars show standard 
error of mean (n = 3). The asterisk (*) sign signifies p < 0.05. 
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Figure 4: Induction of ROS production (measured using the DCFH-DA assay) upon 90 min 
incubations of an isolated rat liver mitochondrial fraction to increasing concentrations of Si NP-NH2 
(▲), Si NP-N3 (■) and Si NP-COOH (●). Error bars show standard error of mean (n = 3). The asterisk 

(*) sign signifies p < 0.05. 

Figure 5: Protective effect of pre-incubation of NR8383 cells with vitamin E (□) and vitamin C (○) 
against cytotoxicity (measured using the MTT assay) after 24 h exposure to serial dilutions of (A) Si 
NP-NH2 (▲) and (B) Si NP-N3 (■). Error bars show standard error of mean (n = 3). The asterisk (*) 

sign signifies p < 0.05 (compared to data without anti-oxidants). 
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Discussion           

          The surface charge of NP plays an important role in their interaction with cells and 
cytotoxicity. In this paper, the role of surface charge on cytotoxicity was studied and mechanistic 
factors (like oxidative stress) causing this cytotoxicity were probed. The main conclusions are 
that positively charged Si NP-NH2 are more cytotoxic towards NR8383 cells both in terms of 
reducing mitochondrial metabolic activity and phagocytosis, than neutral Si NP-N3, while 
negatively charged Si NP-COOH showed very little or no cytotoxicity. Si NP-NH2 produced most 
intracellular ROS followed by Si NP-N3, with no ROS produced by Si NP-COOH. Part of this ROS 
production probably originated from mitochondria, as a similar trend in ROS production was 
observed in NR8383 cells and in incubations of isolated rat liver mitochondrial fractions with Si 
NP. The Si NP-NH2 and Si NP-COOH were slightly more hydrophilic than Si NP-N3. However, 
since the difference in cytotoxicity and ROS production was much larger between Si NP-NH2 and 
Si NP-COOH than between Si NP-NH2 or Si NP-COOH and Si NP-N3, we conclude that surface 
charge was much more important than differences in hydrophilicity or hydrophobicity.  

Table 2 

The EC50 values (ng/ml) of different Si NP obtained from experiments reported in this article 

Assay Parameter Reference figure Si NP-NH2 
Si NP-

N3 

MTT 
Mitochondrial metabolic 

activity 
Figure 1 12 270 

Phagocytosis 
Index 

Induction Factor Figure 2 60 320 

DCFH-DA 
Intracellular ROS 

production 

Figure 3A (NR8383) 22 170 

Figure 3B (Caco-2) 18 310 

DCFH-DA 
ROS production (from 
isolated mitochondrial 

fraction) 
Figure 4 80 1050 

MTT (in 
presence of 
antioxidants 

vitamin E and 
vitamin C) 

Mitochondrial metabolic 
activity 

Figure 5 (for Vitamin E) 60 310 

Figure 5 (for Vitamin C) 32 510 
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                    The role of ROS was also reflected in the protection against cytotoxicity by Si NP upon 
pre-treatment of the NR8383 cells with vitamin E and C. Interestingly, pre-treatment of the 
NR8383 cells with vitamin E showed more protection towards Si NP-NH2 than vitamin C, while 
vitamin C showed more protection towards Si NP-N3. The mechanism behind this difference may 
be related to the nature of the ROS formed and/or the location(s) and mechanism(s) of this ROS 
formation, although the results of the present study reveal that in both cases, mitochondrial ROS 
production is likely involved. Pan et al.34 previously reported different protective effects offered 
by different antioxidants (N-acetylcysteine, glutathione, triphenylphosphine monosulphonate 
and vitamin C) while studying the cytotoxic effects of gold NP on HeLa cells.  
          The relatively higher cytotoxicity of Si NP-NH2 as compared to Si NP-N3 or Si NP-COOH is in 
agreement with our previous study, where similar effects of these Si NP were observed on 
human colonic adenocarcinoma-derived Caco-2 cells.6 Shiohara et al.35 recently reported the 
synthesis and cytotoxicity of Si NP with different functionalized surfaces containing amine, 
epoxide, diene and diol terminated alkyl chains. These authors also reported a higher toxicity of 
amine-terminated Si NP as compared to the other Si NP. However, the functional groups of their 
Si NP were mostly different from our Si NP. Also, their Si NP were substantially larger (~4 nm in 
size), more polydisperse and prepared by a different synthetic technique. Goodman et al.36 
tested the cytotoxicity of cationic and anionic monolayer-coated gold NP on Cos-1 cells and 
found that cationic particles were toxic, whereas the anionic particles were not toxic at all, which 
matches our observation as well. Table 1 presents an overview of additional literature studies 
on NP, showing the role of surface charge on cellular interaction, including cellular uptake and 
cytotoxicity. It seems that the findings reported in these studies can be summarized to an overall 
match to our results since, mostly positive charged NP were cytotoxic, although the cytological 
and experimental models used and endpoints studied in these reported studies were quite 
different from the ones we applied.  
          Our data also showed that positively charged Si NP-NH2 and the neutral Si NP-N3 decreased 
the phagocytic activity in NR8383 cells, but surprisingly revealed that the negatively charged Si 
NP-COOH increased the phagocytic index significantly. Although the precise mechanism of this 
phenomenon is not fully understood, several indications have been reported in the literature 
that suggested that this in fact is not an unexpected phenomenon. One study reported 
comparable results for etoposide-incorporated tripalmitin NP with positive and negative surface 
charges.37 That study showed that in rats, after 24 h of intravenous administration, the 
concentration of positively charged particles in blood was ~1.64 times that of negatively 
charged ones. Sengupta et al.38 showed that etoposide-incorporated cationic liposomes attained 
a longer t1/2 in blood than anionic liposomes containing etoposide, due to a decreased phagocytic 
activity of macrophages for cationic particles that is not seen in the case of anionic particles. A 
similar charge-dependent increase (for negatively charged liposomes) or decrease (for 
positively charged liposomes) of phagocytosis of liposomes containing stearylamine was 
reported by Levchenko et al.39 Comparable results were reported by Aoki et al.40 while 
investigating the disposition kinetics of liposomes with encapsulated methyl-2-amino-6-
palmitoyl-D-glycoside. They found that the surface charge of liposomes is an important factor for 
phagocytosis of liposomes by the reticule-endothelial system: positively charged liposomes 
decreased phagocytosis, while negatively charged ones did not affect phagocytosis. It should be 
noted that all studies quoted above37-40 were bioavailability studies and only potentially non-
toxic NP were tested irrespective of their surface charge. Furthermore, in most of these studies 
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no proper cytotoxicity tests were performed simultaneously with the bioavailability 
experiments.  
          As the Si NP-COOH proved to exert very little or no cytotoxicity at the tested 
concentrations, the induction of phagocytosis by negatively charged Si NP-COOH may be 
compared with similar findings reported in the above-mentioned studies. However, these 
findings should not be compared with our results on positively charged Si NP-NH2, which are 
cytotoxic within the tested concentration range. Hence, the decrease in phagocytic capability of 
NR8383 cells after exposure to positively charged Si NP-NH2 is the result of the positive surface 
charge and NP cytotoxicity, but does not reflect an absence or induction in cellular uptake. A 
possible explanation for the induction of phagocytosis by negatively charged NP is given by 
Hernandez-Caselles et al.,41 who reported better binding of opsonin serum proteins with 
negatively charged NP than with positively charged NP. As a result, negatively charged NP get 
more covered with opsonin proteins, which stimulates phagocytosis by macrophages. It should 
be noted that the cell culture medium F12-K used in our experiments had fetal calf serum, which 
contained opsonin proteins (like immunoglobulins) in it as well.  
          In order to get more insight in the mechanism behind the cytotoxicity of Si NP towards 
NR8383 and Caco-2 cells, we assessed the production of intracellular ROS. From our results it is 
evident that positively charged Si NP-NH2 were more efficient in producing intracellular ROS 
than the neutral Si NP-N3, which produced ROS only at much higher concentrations and then 
negatively charged Si NP-COOH, that did not produce any intracellular ROS at all. Xia et al.42 did 
an extensive study on murine macrophage RAW 264.7 cells with a broad range of NP (including 
metal oxides like titanium dioxide, fullerols, carbon black and amine terminated polystyrene 
nanoparticles/PS-NH2) and found that only carbon black and cationic PS-NH2 were able to 
generate intracellular ROS production. ROS production by cationic PS-NH2 is in line with our 
study where Si NP-NH2 were also able to induce production of intracellular ROS. Stone et al.43 
also mentioned oxidative stress as an important mechanism for cytological injury caused by NP.          
Previously, Foucaud et al.44 showed that carbon black ultrafine particles are capable of 
producing ROS in biologically relevant medium (like cell culture medium). Additionally, there 
are several other reports in which oxidative stress has been identified as an important 
mechanism for cytotoxicity of NP.45-47 Subsequently, we investigated the capability of 
mitochondria to act as a source for nanoparticle-induced ROS production, since mitochondria 
have previously been recognized as a probable subcellular target of NP.48 The results of our 
study revealed that mitochondria might indeed interact and contribute to the intracellular ROS 
production induced by NP. Karataş et al.49 also reported that the mitochondrial membrane may 
be a target for NP interaction. They used an isolated mitochondrial fraction from A549 lung 
cancer cells incubated with negatively charged 13 nm gold NP and studied the interaction with 
surface-enhanced Raman scattering (SERS). Using AFM and TEM, they also demonstrated 
interaction of the gold NP with the mitochondrial membrane. There is one more report34 in 
which 1.4 nm and 15 nm gold NP were tested on HeLa cells. The 1.4 nm gold NP were coated 
with triphenylphosphine sulphonate groups and their cytotoxic effect on the mitochondrial 
membrane potential (ΔΨm) was compared with bigger 15 nm gold NP. However, that study 
focused more on the size effect of gold NP on the mitochondrial membrane potential and did not 
report the effect of surface charge of NP in interaction of the NP with the mitochondrial 
membrane. To the best of our knowledge, the present study is the first one to show production 
of ROS directly from mitochondria when exposed to NP. The observation that incubation of the 
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mitochondrial fraction with positively charged Si NP-NH2 produced more ROS than incubation 
with neutral Si NP-N3 and negatively charged Si NP-COOH is in agreement with findings reported 
by Xia et al.42 With electron microscopy, they saw that positively charged NH2-PS nanospheres 
completely disrupted the morphology of mitochondria after 16 h of exposure, while negatively 
charged COOH-PS nanospheres did not cause any harm to the mitochondria. They also reported 
a dissipation in mitochondrial membrane potential (ΔΨm) with NH2-PS, but not for COOH-PS 
nanospheres. These data suggest that the interaction of cationic NP with mitochondrial 
membranes exerts significant toxic effects.  

 

Conclusion 
          

          The present study demonstrates the importance of surface charge in the cytotoxicity of NP. 
Dose-dependent and surface charge-dependent production of intracellular ROS further 
emphasizes the role of oxidative stress as an important mechanism for cytotoxicity. 
Mitochondria are likely the target organelles for Si NP in the production of intracellular ROS. The 
negative Si NP-COOH showed potential for further biological applications, whilst positive Si NP-
NH2 should be applied with care.  
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Abstract 
 
          A comparative cytotoxicity study, quantifying nine different cellular endpoints, was 
performed with a broad series of monodisperse, well characterized silicon (Si) and germanium 
(Ge) nanoparticles (NP) with various surface functionalizations. Human colonic adenocarcinoma 
Caco-2 and rat alveolar macrophage NR8383 cells were used, to clarify the toxicity of this series 
of NP. The surface coating on the NP appeared to dominate the cytotoxicity: the cationic NP 
exhibited cytotoxicity, whereas the carboxylic acid-terminated and hydrophilic PEG- or dextran-
terminated NP did not. Within the cationic Si NP, smaller Si NP were more toxic than bigger 
ones. Manganese-doped (1 % Mn) Si NP did not show any added toxicity, which favours their 
further development for bioimaging. Iron-doped (1 % Fe) Si NP showed some added toxicity, 
which may be due to the leaching of Fe3+ ions from the core. A silica coating seemed to impart 
toxicity, in line with the reported toxicity of silica. Intracellular mitochondria seem to be a target 
organ for the toxic NP since a dose-, surface charge- and size-dependent imbalance of the 
mitochondrial membrane potential (ΔΨm) was observed. Such imbalance leads to a series of 
other cellular events for cationic NP, like decreased mitochondrial membrane potential (ΔΨm) 
and ATP production, induction of ROS generation, increased cytoplasmic Ca2+ content, 
production of TNF-α and enhanced caspase-3 activity. Taken together, the results explain the 
toxicity of Si NP/ Ge NP largely by their surface characteristics, provide insight in the mode of 
action underlying the observed cytotoxicity and give directions on synthesizing non-toxic Si and 
Ge NP, as this is crucial for bioimaging and other applications in for example, the field of 
medicine. 
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Introduction 
           
          Nanoparticles (NP) with their unconventional properties,1 and ability to interact with a 
wide variety of biomolecules, have the potential to revolutionize medicine, including diagnostics 
and therapeutics.2,3 Unfortunately, often the applicability of different NP is hampered by their 
toxicity.4,5 Hence, there is a rapidly growing interest in understanding the toxicity of such NP in 
more detail, with the aim to control and minimize this toxicity. 
          Semiconductor quantum dots (SCQD), like silicon NP (Si NP) or germanium NP (Ge NP), 
have recently received significant attention because they can be made into multipotent and 
biocompatible NP.6,7 Si NP or Ge NP can be used as vehicles for drug delivery,8 but perhaps the 
most exciting application of SCQD can be foreseen in the field of bioimaging.9,10 The Si NP or Ge 
NP, due to their very small sizes (< 5 nm) and intrinsic fluorescence, enjoy an edge over other NP 
(like polymer NP (PNP)11 and carbon NP12) that need to be functionalized to be fluorescent.  
          The potential to provide intrinsically non-toxic NP also makes Si and Ge NP highly 
interesting systems. Unlike many PNP or carbon NP, Si NP and Ge NP are non-biopersistent and 
exhibit sufficient biodegradability.13-15 For example, in human beings, Si is converted to 
orthosilicic acid/Si(OH)4 and is excreted in the urine.15,16 Moreover, since they can be 
synthesized with diameters < 5 nm, the sizes of Si NP and Ge NP are often below the size 
threshold for renal clearance for NP (< 5.5 nm) enabling renal elimination.17 In addition, unlike 
the popular but intrinsically toxic Cd-based bioimaging agents, such as CdSe/ZnS quantum dots 
(QD),15 Si or Ge are mostly non-toxic. In line with this, it has been reported for a set of well-
characterized, monodisperse (size 1.6 ± 0.2 nm) and fluorescent Si NP,18,19 that Si NP may 
display toxicity or non-toxicity, against human colonic adenocarcinoma Caco-2 and rat alveolar 
macrophage NR8383 cells, depending on their surface functionalization (Si-C3H6-NH2, Si-C4H8-N3 
and Si-C11H22-COOH).9,18,20,21 It was found that cationic Si NP-NH2 were toxic,21,22 while the 
anionic Si NP-COOH displayed no discernible toxicity in two different toxicity tests (MTT and 
BrdU).21 
          It has been proposed that the surface properties of NP determine their interactions with 
biological systems,23-25 although little data based on systematic investigations are available. 
Fortunately, a wide array of synthetic methods has become available for the preparation of 
surface-functionalized Si NP and Ge NP.26,27 Therefore, a comparative study is now possible, in 
which the toxicity of the different Si NP and Ge NP can be determined with respect to their 
surface characteristics. This can help to gain insight in how surface factors of these NP can 
influence the toxicity. To obtain a generally applicable hypothesis, we therefore performed a 
systematic investigation in which, a large series of Si NP and Ge NP with different properties 
(sizes, synthetic origin and surface functionalities) were tested for their possible adverse cellular 
effects. 
          Rat alveolar macrophage NR8383 and human colonic adenocarcinoma Caco-2 cells provide 
two adequate in vitro testing models for the Si NP and Ge NP. The NR8383 lung cells, being 
macrophage cells, act as the first line of defense against air-borne foreign pathogens and a toxic 
effect imparted on them by the NP, can give an idea on how the NP can influence the innate 
immune system. Similarly, eyeing the increasing number of food-based applications of different 
NP (like silica NP), Caco-2 cells being a human colonic cell line, can be an excellent model to test 
cytotoxicity and extrapolate the data to in vivo situations. Due to the ample reported data on the 
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toxicity of NP on these two cell lines,11,20,28 a systematic and comparative toxicity testing with a 
mechanistic perspective can be performed. It is yet not fully clear what might be the mechanism 
of cytotoxicity for NP. Although oxidative stress has been recognized as a mechanism,29,30 some 
recent reports counter this view and identified intracellular mitochondria as the target and 
perhaps the starting point of cytotoxicity.11 Bhattacharjee et al.20 have shown that an isolated 
mitochondrial fraction from rat liver, produced reactive oxygen species (ROS) after being 
exposed to cationic Si NP-NH2. A recent hypothesis to explain the cytotoxicity of especially the 
cationic NP is that the cationic NP can interfere with the mitochondrial membrane and decouple 
the electron transport chain (ETC).31,32 This in turn may lead to an induction of intracellular ROS 
(like superoxides, peroxides, hydroxyls) production as well as to leaching out of the sequestered 
calcium from the mitochondria into the cytoplasm. Interestingly, this can lead to a cytoplasmic 
free calcium overload and initiation of apoptotic cascades. Additionally, a de-coupling of the ETC 
can cause a decreased cellular ATP production, which may compromise the cellular viability. 
          The objective of the current paper is thus to investigate the cytotoxicity of a broad series of 
Si and Ge NP. To this aim, the following features were measured in both the NR8383 and Caco-2 
cells after 24 h exposure to the different Si NP or Ge NP: 1) cell viability by MTT assay,33 2) cell 
proliferation by BrdU assay,21 3) induction of ROS from isolated rat liver mitochondrial fraction 
by DCFH-DA assay,20 4) change in mitochondrial membrane potential (ΔΨm),31 5) cellular ATP 
content,31 6) cellular ROS production by DCFH-DA assay,20 7) cytoplasmic free Ca2+ 
concentration,34 8) caspase-3 activity31 as a biomarker for apoptotic pathways and 9) production 
of TNF-α,35 as a pro-inflammatory marker. Finally, the obtained data were assembled to propose 
a series of events that ultimately lead to the toxicity (or lack thereof) of surface-functionalized Si 
and Ge NP and to provide directions to obtain non-toxic Si and Ge NP. 
 
 
 

Materials and methods 
 

Si NP and Ge NP 

 
          The fully characterized different Si NP and Ge NP were obtained as aqueous dispersions. 
Exposure ranges of the different Si NP and Ge NP (concentration 0-100 μg/ml) were prepared by 
mixing the aqueous dispersion of NP with cell culture media (F12-K or DMEM). 
 
NR8383 cells 

 
          Rat alveolar macrophage (NR8383) cells were obtained from ATCC (Manassas, VA). The 
NR8383 cells were cultured in 150 cm2 cell culture flasks with 25 ml F12˗K culture medium 
(Gibco 21127) supplemented with 10 % (v/v) heat inactivated fetal calf serum (FCS) in a 
humidified atmosphere containing 5 % CO2 at 37 °C.11, 20 The cells were sub-cultured every two 
weeks. Cells with passage numbers 30-40 were used. 
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Caco-2 cells  

 
          The Caco-2 cells were obtained from ATCC (Rockville, MD) and were cultured in DMEM 
medium (Gibco), fortified with 10 % (v/v) heat-inactivated fetal calf serum (FCS) and 50 mg/ml 
gentamicin, in a humidified atmosphere at 5 % CO2 and 37 °C in 75 cm2 flasks.11, 20 After reaching 
~70 % confluence, the Caco-2 cells were sub-cultured, after rinsing with phosphate buffered 
saline (PBS), using trypsin (Gibco, Paisley, UK). Only cells within passage numbers 30-40 were 
used. 
 
MTT assay  
 
A. NR8383 cells.  In this assay, the mitochondrial activity is determined photometrically by 
measuring the amount of MTT salt converted to insoluble formazan crystals by mitochondrial 
reductase enzymes. An NR8383 cell suspension was collected and centrifuged at 140 g for 5 min 
before resuspending the cell pellet in medium followed by counting and adjusting the cellular 
concentration to 2 × 105 cells/ml.20 The cells were then seeded in a 96-well plate (50 μl/well) 
and the plate was kept in a 5 % CO2 incubator at 37 °C for 24 h. Next day, 50 μl of serial dilutions 
of Si NP or Ge NP were added to the cells to obtain the required final concentration range (0-100 
μg/ml) of Si NP or Ge NP and then the plates were incubated for 24 h. After 24 h, 5 μl of MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) solution in PBS (5 mg/ml) was 
added to each well and the plate was incubated for another 4 h. Then 100 μl of pure DMSO was 
added to each well to dissolve the formazan crystals. Now the absorption of each well was 
measured at 562 nm in a 96-well plate reader and the background absorption at 612 nm was 
subtracted. Mitochondrial metabolic activity for each concentration of Si NP was expressed as % 
of the value of the corresponding negative control. F12-K medium without NP and medium with 
Triton-X (0.01 %) were used as negative and positive controls, respectively. Control experiments 
were done to exclude a possible reaction between MTT salt and Si NP or Ge NP by mixing test 
concentration of the Si NP or Ge NP with MTT reagent.  
 
B. Caco-2 cells.  The Caco-2 cells were plated at a concentration of 105 cells/ml in a 96-well 
plate (100 μl/well) and were incubated for 24 h.20 Then the Si NP or Ge NP were added to the 
cells in a total volume of 100 μl at final exposure concentrations of 0-100 μg/ml. After this, the 
cells were incubated for another 24 h. After 24 h exposure to the Si NP or Ge NP, 5 μl MTT 
solution in PBS (5 mg/ml) was added to each well and incubated for 4 h. Then, the medium was 
removed and 100 μl of DMSO was added to dissolve the formed formazan crystals. The plates 
were put in the plate shaker for 5 min. The absorbance at both 562 nm and 612 nm was 
measured. The mitochondrial metabolic activity was expressed as the mean percentage of the 
negative control values (0 μg/ml). 0.01 % Triton-X was used as positive control and DMEM 
medium without Si NP or Ge NP was used as negative control. Control tests were also done to 
exclude interfering reactions between the NP and the MTT solution. 
 

BrdU assay  
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A. NR8383 cells.  The NR8383 cells were plated and exposed to Si NP or Ge NP (final exposure 
concentration 0-100 μg/ml) as described before. Cell proliferation was quantified using the 
colorimetric BrdU (5-bromo-2-deoxyuridine) assay (Catalogue No. 647229001, Roche 
Diagnostics, Penzberg, Germany). BrdU acts as a structural analogue of thymidine and will be 
incorporated in newly synthesized DNA during cell replication and hence indicates cell 
proliferation.21 After 24 h incubation with NP and BrdU, 100 μl of the BrdU labeling solution was 
added to each well followed by an incubation for 4 h. The immunoassay was then performed as 
instructed by the manufacturer. A 0.01 % Triton-X solution in F12-K medium was used as 
positive control and F12-K medium without Si NP or Ge NP was used as negative control.  
 
B. Caco-2 cells.  The Caco-2 cells were plated and exposed to Si NP or Ge NP as described 
before.21 After incubation of the Caco-2 cells with the Si NP or Ge NP and BrdU for 24 h, the 
medium containing the Si NP or Ge NP and BrdU was removed and the BrdU labeling solution 
was added to the wells and incubated for 4 h. Subsequently, the immunoassay was performed 
according to the protocol of the manufacturer. Results were expressed as the mean percentage 
of the negative control (0 μg/ml) values. 0.01 % Triton-X (in DMEM) and DMEM medium 
without Si NP or Ge NP were used as positive and negative controls, respectively. 
 
Induction of ROS from isolated mitochondrial fraction from rat liver by DCFH -
DA assay  

          An isolated mitochondrial fraction from rat liver tissue was prepared as described before.20 
The isolated mitochondrial fraction (3 mg pellet/ml in PBS) was plated in a 96-well plate (50 
μl/well) and serial dilutions of Si NP or Ge NP and 5 μl of 20 mM DCFH-DA (2',7'-
dichlorofluorescein diacetate) probe (Catalogue No. D6883/ Sigma Aldrich Chemie BV) was 
added. The plate was incubated for 90 min at 37 °C in a humidified 5 % CO2 atmosphere. The 
plate was then measured at λex = 485 nm and λem = 538 nm. Medium without Si NP or Ge NP and 
with 75 μM DNP (2,4-dinitrophenol) in DMSO were used as negative and positive controls, 
respectively. Results were expressed as % of negative control (0 μg/ml). 
 
Measurement of the mitochondria membrane potential (ΔΨm) 

 
          The NR8383 and Caco-2 cells were plated as described above and exposed to serial test 
concentrations of NP (0 - 100 μg/ml). The mitochondrial membrane potential (ΔΨm) was then 
measured by a commercially available kit from Invitrogen (MitoProbeTM Transition Pore Assay 
Kit; Catalogue No. M34153) and the results were expressed as % of the negative control (0 
μg/ml). A 100 μM solution of F12-K or DMEM medium containing ionomycin and medium 
without NP were used as positive and negative controls, respectively.  
 
 
Measurement of intracellular ATP content  

 
          The NR8383 and Caco-2 cells were seeded in a 96-well plate and exposed to different Si NP 
or Ge NP as mentioned before. After 24 h, the intracellular ATP content of each well was 
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measured by a commercial ATP measuring kit (Sigma Aldrich, Product No. FLASC) and results 
were expressed as % of the negative control (0 μg/ml). Cells exposed to medium without NP and 
to medium with 75 mM DNP were used as negative and positive controls, respectively. 
 
Measurement of cytoplasmic free Ca 2+ content 
 
          The NR8383 and Caco-2 cells were plated and exposed to the serial test concentration 
range of Si NP/ Ge NP before measuring the cytoplasmic free calcium content by a commercially 
available kit from the Invitrogen (Fluo-4 DirectTM Calcium Assay Kit; Catalogue No. F10472). 
Only F12-K or DMEM medium without NP (0 μg/ml) was used as negative control and the 
results were expressed as % of the negative control. 
 
Measurement of intracellular ROS by DCFH-DA assay  

A. NR8383 cells.  The cell suspension was adjusted to 2 × 105 cells/ml and seeded in a 96-well 
plate (50 μl/well) in F12-K medium. 50 μl/well of serial dilutions of Si NP or Ge NP in F12-K 
medium were added to obtain the required final concentrations of Si NP or Ge NP. A final 
concentration of 10 mM H2O2 in F12-K medium was used as positive control and F12-K medium 
without NP as negative control. After 6 h of exposure to the Si NP or Ge NP, 5 μl of a 20 mM 
solution of DCFH-DA were added to each well and the plates were incubated for another 18 h in 
a 5 % CO2 atmosphere at 37 °C. The fluorescence was then measured at λex = 485 nm and λem = 
538 nm. The fluorescence induction factor for each concentration of Si NP or Ge NP was then 
calculated by dividing the reading of each well with the average reading of the negative control 
(0 μg/ml) and expressed as %. Control experiments were performed by incubating the Si NP or 
Ge NP at their test concentrations with DCFH-DA in the absence of cells to check the possibility 
of a positive fluorescence reading caused by reaction with NP alone.  
 
B. Caco-2 cells.  The cells were suspended in DMEM medium to a concentration of 1 × 105 
cells/ml after trypsinization and were plated in a 96-well plate (100 μl/well). After 24 h, the 
cells were exposed to 100 μl/well of final concentrations of Si NP or Ge NP. Following another 6 
h, 5 μl of a 20 mM solution of DCFH-DA in DMSO was added to each well. The plate was further 
incubated for 18 h before measurement of the fluorescence was carried out as described above. 
Control experiments were performed by incubating the Si NP or Ge NP at their test 
concentrations with DCFH-DA in the absence of cells to check the possibility of a positive 
fluorescence reading caused by reaction with Si NP or Ge NP alone. 
 
Measurement of TNF-α 
 
          The NR8383 and Caco-2 cells were seeded in a 96-well plate and exposed to different Si NP 
or Ge NP as mentioned before. After 24 h, the TNF-α content of each well was measured by a 
commercial TNF-α measuring kit (Invitrogen, Catalogue No. KRC3011) and results were 
expressed as % of negative control (0 μg/ml). Medium without NP and medium with 0.1 μg/ml 
lipopolysaccharide were used as negative and positive controls, respectively. 
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Measurement of caspase-3 activity 
 
          With prior plating and exposure of the NR8383 and Caco-2 cells to serial test 
concentrations of Si NP or Ge NP, the caspase-3 levels were measured by a commercially 
available kit from Sigma Aldrich Chemie BV (Catalogue No. CASP3C). Results were expressed as 
% of negative control (0 μg/ml). 
 
Statistical analysis  

The data were analyzed and plotted with the Origin Pro (Version 8.0) software. The results were 
presented as arithmetic mean of three independent observations (n = 3) ± standard error of 
mean. 
 
 

Results and Discussion 

The Si NP and Ge NP 

 
          The Si NP and Ge NP under investigation were obtained via four different synthetic 
approaches 18, 21,36-38 in order to have a diverse mix of NP with a wide range of surface properties. 
These NP were all prepared from a Si or Ge core, which were subsequently surface-
functionalized with different groups. The detailed characterization data including the 
abbreviations used for each of them are given in Table 1. This collection of Si NP and Ge NP could 
be classified into four groups based on their sources: (1) Si NP (1.6 ± 0.2 nm), synthesized from 
SiCl4, with surface functionalizations of amine (Si(1.6) NP-NH2), carboxylic acid (Si(1.6) NP-
COOH) and azide (Si(1.6) NP-N3).18, 21 These Si(1.6) NP showed emission in the blue region upon 
excitation with UV light and their toxicity or lack thereof, has been reported before.20, 21 These 
data are added for reference. The Si(1.6) NP-NH2 were the only cytotoxic NP within these three 
Si(1.6) NP, whereas the Si(1.6) NP-COOH did not show any cytotoxicity up to 3 μg/ml 
concentration.20, 21 The Si(1.6) NP-N3 were toxic only at higher concentrations of > 2 μg/ml. (2) 
Amine-terminated Si NP (3.9 ± 1.3 nm) synthesized from Zintl salts (NaSi1-x, x = 0.05, 0.1, 0.15), 
further on referred to as: Si(3.9) NP-NH2. The synthetic route used allowed the doping of these Si 
NP with 1 % manganese (Si/Mn(3.9) NP-NH2) or 1 % iron (Si/Fe(3.9) NP-NH2). These three Si 
NP were then also coated with dextran, referred to as Si(3.9) NP-NH2-Dex, Si/Mn(3.9) NP-NH2-
Dex and Si/Fe(3.9) NP-NH2-Dex. (3) Ge NP (average size 7.5 ± 2.5 nm) with surfaces 
functionalized with polyethylene glycol (Ge NP-PEG) or N,N,N-trimethyl-3(1-propyne) 
ammonium iodide (Ge NP-TMPA) and Si NP,  surface-functionalized with PEG (Si NP-PEG). (4) Si 
NP (average size 2.1 ± 0.6 nm) functionalized with undecenylic acid (Si NP-UDA) or linked via a  
dodecyl chain to a coating of poly(maleic anhydride)-based amphiphilic polymer (Si NP-Pol)38, 
or silica (Si NP-Sil)39 with average sizes of 17.8 ± 0.4 nm and 35 ± 5 nm, respectively. All the Si 
NP and Ge NP were well characterized. More extensive characterization of the NP involved can 
be found elsewhere.21, 36, 37 For the cluster of Si(1.6) NP-NH2, Si(1.6) NP-COOH and Si(1.6) NP-N3, 
the published reports20, 21 already provided us with knowledge on the toxicity which will be 
discussed in later sections. In the next group comprising of Si(3.9) NP-NH2, Si/Mn(3.9) NP-NH2, 
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Si/Fe(3.9) NP-NH2 and dextran coated Si(3.9) NP-NH2-Dex, Si/Mn(3.9) NP-NH2-Dex, Si/Fe(3.9) 
NP-NH2-Dex, the comparison can be useful in several ways. As this group contained Si(3.9) NP-
NH2 bigger in size than Si(1.6) NP-NH2, an indication of the influence of NP size on their 
cytotoxicity can be obtained. The toxicity of the Mn or Fe doped Si(3.9) NP can be compared to 
both Si(1.6) NP-NH2 and Si(3.9) NP-NH2 to find if the Mn or Fe dopants had any added toxic 
effects. This is important to learn, as the Si/Mn(3.9) NP-NH2 and Si/Fe(3.9) NP-NH2 have 
tremendous potential to be developed as bioimaging agents in the future and hence, an 
exacerbated toxicity is undesirable. The dextran-coated Si NP gave an interesting scope to 
compare the toxicity and find out whether the dextran coating can alleviate the toxicity. For the 
following group of Ge NP-PEG, Ge NP-TMPA and Si NP-PEG, a comparative investigation may 
reveal several important things. It has been claimed before that the balance between the 
hydrophilicity and hydrophobicity of NP surface coatings is important for the NP to exert 
cytotoxicity.40,41 The Ge NP-PEG, Ge NP-TMPA, Si NP-Pol and Si NP-PEG differ in hydrophilicity 
and hence, an idea can be developed on the role of hydrophilicity on the toxic effects of Si NP or 
Ge NP. Furthermore, to investigate what effect the addition of PEG to the surface has, the toxicity 
of Si NP-PEG can be compared with Si(1.6) NP-NH2 or Si(3.9) NP-NH2. In case of the group of Si 
NP-UDA and Si NP-Sil, it is relevant to investigate if toxicity is detected, in spite of the fact that 
the Si NP-Sil had a non-toxic Si-core, as silica is often reported to be toxic.42,43 
 
MTT assay 

 
          The MTT assay measures the mitochondrial metabolic activity of the cells and this can be 
expressed as % cell viability of the negative control. In this study, the MTT assay was performed 
on both NR8383 and Caco-2 cells exposed to serial dilutions of Si NP or Ge NP (Figure 1) for 24 
h. From the results, it could be seen that only Si(3.9) NP-NH2, Si/Mn(3.9) NP-NH2, Si/Fe(3.9) NP-
NH2, Ge NP-TMPA and Si NP-Sil caused a dose-dependent reduction in cell viability, whereas the 
remaining Si NP/ Ge NP did not show any toxicity within the tested concentration range (0 - 100 
μg/ml). In a study by Bhattacharjee et al.,20, 21 among the Si(1.6) NP-NH2, Si(1.6) NP-N3 and 
Si(1.6) NP-COOH, only Si(1.6) NP-NH2 was found to be toxic, followed by Si(1.6) NP-N3 though 
only at comparatively high concentrations (> 2 μg/ml). While the toxicity of amine-terminated 
NP is thus in line with previous observations, it is noteworthy that the addition of Mn-dopant did 
not cause any increased toxicity of Si/Mn(3.9) NP-NH2 in comparison to Si(3.9) NP-NH2. Such an 
increased toxicity upon doping was, however, observed for the iron-doped Si/Fe(3.9) NP, which 
may be attributed to the leaching out of Fe ions from the Si-core to the cellular environment or 
to the NP surfaces, being responsible for the concomitant increase in overall toxicity. Perhaps 
the most relevant finding of this test was that coating the NP with PEG or dextran reduced the 
toxicity to nearly nil, even if the NP was doped with Fe or Mn. Apparently, the coating effectively 
blocks any leaching out in the case of Fe-doped Si NP and/or removes any toxicity of the 
remaining amine-groups or surfaced Fe ions ‘hidden’ under the polymeric coating. The EC50 
values of all the NP measured by the MTT assay are given in Table 2 for comparison. 
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Figure 1: MTT assay on NR8383 and Caco-2 cells after 24 h exposure to: (A) Si(1.6) NP-NH2 (■), 
Si(1.6) NP-N3 (▲) and Si(1.6) NP-COOH (●); (B) Si/Fe(3.9) NP-NH2 (■), Si(3.9) NP-NH2 (▲), 

Si/Mn(3.9) NP-NH2 (●), Si/Fe(3.9) NP-NH2-Dex (□), Si(3.9) NP-NH2-Dex (Δ) and Si/Mn(3.9) NP-
NH2-Dex (○); (C) Ge NP-TMPA (■), Ge NP-PEG (▲) and Si NP-PEG (●); (D) Si NP-Sil (■), Si NP-UDA 

(▲) and Si NP-Pol (●). Results are shown as mean ± SEM (n = 3). 
 
BrdU assay  

 
          5-Bromo-2-deoxyuridine (BrdU) is a structural analogue of the thymidine base of DNA and 
gets incorporated within the strands of the DNA of proliferating cells and the amount of 
incorporated BrdU can then be measured spectrophotometrically.44 As an adjunct to the MTT 
assay, which gives an idea on the effect on mitochondrial metabolic activity, the BrdU assay 
displays a DNA-based degree of continuing cell divisions, with the results presented as % of the 
negative control. The results obtained after 24 h exposure of NR8383 and Caco-2 cells towards 
different Si NP and Ge NP are shown in Figure 2 and the EC50 values are given in Table 2. From 
Figure 2, it can be seen that apart from the amine-terminated Si(3.9) NP-NH2, Si/Mn(3.9) NP-
NH2, Si/Fe(3.9) NP-NH2 and Ge NP-TMPA, only Si NP-Sil were slightly cytotoxic, which matched 
well with the MTT assay data. The Si/Mn(3.9) NP-NH2 did not show any added toxicity over 
Si(3.9) NP-NH2, which encourages their further development as imaging agents. The Si/Fe(3.9) 
NP-NH2 again showed enhanced toxicity compared to the Si(3.9) NP-NH2, which – as discussed 
with the MTT assay – can be an effect of the leaching Fe3+ ions from the core to the cellular 
environment or NP surfaces. In line with what was observed in the MTT assay, the dextran 
coating curbed the toxicity of not only Si/Fe(3.9) NP-NH2, but also of the Si(3.9) NP-NH2 and 



 61 Cytotoxicity of surface functionalized Si NP and Ge NP 

Si/Mn(3.9) NP-NH2. The slight toxicity of Si NP-Sil can be attributed to the silica shell of these 
NP. All the other Si NP/Ge NP were found to be non-toxic. In contrast to the positively charged 
NP, the -OH or -COOH terminated Si NP/ Ge NP did not show any effect on cell proliferation.45 A 
possible reason behind lesser cytotoxicity is the comparatively reduced cellular uptake of 
anionic NP compared to the cationic NP. Various groups have observed such surface charge-
dependent cellular uptake11, 46, 47 and this phenomenon could also affect the toxicity of NP and 
the role of surface properties in it. 
 

 
 

Figure 2: BrdU assay on NR8383 and Caco-2 cells after 24 h exposure to: (A) Si(1.6) NP-NH2 (■), 
Si(1.6) NP-N3 (▲) and Si(1.6) NP-COOH (●); (B) Si/Fe(3.9) NP-NH2 (■), Si(3.9) NP-NH2 (▲), 

Si/Mn(3.9) NP-NH2 (●), Si/Fe(3.9) NP-NH2-Dex (□), Si(3.9) NP-NH2-Dex (Δ), and Si/Mn(3.9) NP-
NH2-Dex (○); (C) Ge NP-TMPA (■), Ge NP-PEG (▲) and Si NP-PEG (●); (D) Si NP-Sil (■), Si NP-UDA 

(▲) and Si NP-Pol (●). Results are shown as mean ± SEM (n = 3). 
 

Induction of Reactive Oxygen Species (ROS) from isolated rat liver 
mitochondrial fraction by DCFH-DA assay 

 
          The mitochondrial fraction of liver tissue from a Wistar rat was prepared as reported 
before20 and these isolated mitochondria were incubated with serial dilutions of Si NP and Ge 
NP. DCFH-DA was used for the detection of reactive oxygen species (ROS). DCFH-DA is cleaved 
by nonspecific intramitochondrial esterases48 to form DCFH. DCFH is further oxidized by ROS to 
form the fluorescent compound DCF (2’,7’-dichlorofluorescein), which was then measured (λex = 
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485 nm; λem =538 nm); the results are shown in Figure 3 and the EC50 values are given in Table 
2.  
 

 
 

Figure 3: DCFH-DA assay on isolated rat liver mitochondrial fraction after 1.5 h exposure to: (A) 
Si(1.6) NP-NH2 (■), Si(1.6) NP-N3 (▲) and Si(1.6) NP-COOH (●); (B) Si/Fe(3.9) NP-NH2 (■), Si(3.9) 

NP-NH2 (▲), Si/Mn(3.9) NP-NH2 (●), Si/Fe(3.9) NP-NH2-Dex (□), Si(3.9) NP-NH2-Dex (Δ) and 
Si/Mn(3.9) NP-NH2-Dex (○); (C) Ge NP-TMPA (■), Ge NP-PEG (▲) and Si NP-PEG (●); (D) Si NP-Sil 

(■), Si NP-UDA (▲) and Si NP-Pol (●). Results are shown as mean ± SEM (n = 3). 
 
           
          From our data, it is clear that only the cationic Si(3.9) NP-NH2, Si/Mn(3.9) NP-NH2, 
Si/Fe(3.9) NP-NH2, Ge NP-TMPA and the hydroxyl-capped Si NP-Sil induced ROS production 
upon incubation with the isolated mitochondrial fraction. PEG-terminated Ge and Si NP 
displayed no discernible ROS production. The ROS production induced by all the Si(3.9) NP-NH2, 
Si/Mn(3.9) NP-NH2 and Si/Fe(3.9) NP-NH2 were decreased to almost none by the covalently 
bound dextran coating. How cationic NP show enhanced ROS production when incubated with 
isolated mitochondria is not fully understood, although as hypothesized for the outer cell 
membrane, electrostatic interaction between the negative lipid bilayer membranes and positive 
NP may be a cause. Such interaction between mitochondria and especially cationic polystyrene 
NP has been noted before,31 although to the best of our knowledge, this is one of the first cases 
where such an interaction between intracellular mitochondria and semiconductor quantum dots 
were shown. 
 
 
 



 63 Cytotoxicity of surface functionalized Si NP and Ge NP 

Measurement of mitochondrial membrane potential (ΔΨm) 

 
          The change of the mitochondrial membrane potential (ΔΨm) can be an important 
parameter in understanding the mechanism of toxicity of NP. A change in ΔΨm indirectly showed 
the alteration in the mitochondrial membrane permeability and might caused disruption of the 
electron transport chain (ETC). This may subsequently yield a decrease in ATP production and 
induction of ROS production. The ΔΨm in both the NR8383 and Caco-2 cell lines was measured 
after 24 h exposure to different Si NP and Ge NP, and the results along with the corresponding 
EC50 values are shown in Figure 4 and Table 2, respectively. Only exposure of the cells to the 
cationic amine-terminated NP as well as to the Si NP-Sil resulted in a decrease in the ΔΨm in 
contrast to exposure of the cells to anionic or PEG-terminated Si NP and Ge NP. Interestingly, a 
dextran coating over the Si(3.9) NP-NH2, Si/Mn(3.9) NP-NH2 and Si/Fe(3.9) NP-NH2 minimized 
also the effects on ΔΨm. 
 

 
 

Figure 4: Mitochondrial membrane potential (ΔΨm) in NR8383 and Caco-2 cells after 24 h 
exposure to : (A) Si(1.6) NP-NH2 (■), Si(1.6) NP-N3 (▲) and Si(1.6) NP-COOH (●); (B) Si/Fe(3.9) NP-

NH2 (■), Si(3.9) NP-NH2 (▲), Si/Mn(3.9) NP-NH2 (●),Si/Fe(3.9) NP-NH2-Dex (□), Si(3.9) NP-NH2-
Dex (Δ) and Si/Mn(3.9) NP-NH2-Dex (○); (C) Ge NP-TMPA (■), Ge NP-PEG (▲) and Si NP-PEG (●); 

(D) Si NP-Sil (■), Si NP-UDA (▲) and Si NP-Pol (●). Results are shown as mean ± SEM (n = 3). 
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Measurement of intracellular ATP production 

 
          To investigate more deeply the effects of the interaction of the different Si NP and Ge NP 
with mitochondrial membranes and the probable disruption of the ETC, the intracellular ATP 
content was measured. The results are shown in Figure 5 and the EC50 values are given in Table 
2. In line with the observations made before, only exposure to the cationic Si(1.6) NP-NH2, 
Si(3.9) NP-NH2, Si/Mn(3.9) NP-NH2, Si/Fe(3.9) NP-NH2, Ge NP-TMPA, apart from the Si(1.6) NP-
N3 and Si NP-Sil, resulted in a decrease in intracellular ATP production.  
 

 
 

Figure 5: Cellular ATP content in NR8383 and Caco-2 cells after 24 h exposure to: (A) Si(1.6) NP-
NH2 (■), Si(1.6) NP-N3 (▲) and Si(1.6) NP-COOH (●); (B) Si/Fe(3.9) NP-NH2 (■), Si(3.9) NP-NH2 
(▲), Si/Mn(3.9) NP-NH2 (●), Si/Fe(3.9) NP-NH2-Dex (□), Si(3.9) NP-NH2-Dex (Δ) and Si/Mn(3.9) 

NP-NH2-Dex (○); (C) Ge NP-TMPA (■), Ge NP-PEG (▲) and Si NP-PEG (●); (D) Si NP-Sil (■), Si NP-
UDA (▲) and Si NP-Pol (●). Results are shown as mean ± SEM (n = 3). 

  
 
          This further strengthened our hypothesis that the interaction of cationic NP with the outer 
layer of mitochondrial membranes disrupts the ETC, which then results in a decreased ATP 
production. Interestingly, depletion of ATP can be a contributing factor to the toxicity of the Si 
NP or Ge NP. In line with the MTT and the BrdU assay data, the dextran coating basically 
removed the toxicity of Si(3.9) NP-NH2, Si/Mn(3.9) NP-NH2 and Si/Fe(3.9) NP-NH2. While similar 
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findings have been reported for 60 – 300 nm polystyrene NP31 and polydisperse (6 – 20 nm) 
starch-coated Ag NP,49 this is the first report of the effect of NP with different surface charges on 
the cellular ATP production for NP that are smaller than the critical diameter of 5.5 nm, which is 
required for efficient renal clearance.18 

 
Measurement of cytoplasmic free Ca 2+ 

 
          The cytoplasmic free calcium concentration is important in many aspects regarding the 
physiology of the cells. An increased free calcium content can not only disturb the ionic contents 
(K+, Na+, etc.) of the cellular cytoplasm, but can also trigger the apoptotic cascade that leads to 
programmed cell death. Here, the NR8383 and Caco-2 cells were exposed for 24 h to different 
test concentrations (0 - 100 μg/ml) of Si NP and Ge NP and cytoplasmic free Ca2+ levels were 
quantified. The results are shown in Figure 6. The corresponding EC50 values are given in Table 
2. The cationic NP and Si NP-Sil showed mild to moderate increase in cytoplasmic free calcium 
(order: (Si/Fe(3.9) NP-NH2 > Si(1.6) NP-NH2 = Si/Mn(3.9) NP-NH2 > Si(1.6) NP-N3 > Ge NP-
TMPA > Si NP-Sil) whereas no such increase could be seen for the anionic NP or PEG-terminated 
and dextran-coated NP. 
 

 
 

Figure 6: Cellular free calcium in NR8383 and Caco-2 cells after 24 h exposure to: (A) Si(1.6) NP-
NH2 (■), Si(1.6) NP-N3 (▲) and Si(1.6) NP-COOH (●); (B) Si/Fe(3.9) NP-NH2 (■), Si(3.9) NP-NH2 
(▲), Si/Mn(3.9) NP-NH2 (●), Si/Fe(3.9) NP-NH2-Dex (□), Si(3.9) NP-NH2-Dex (Δ) and Si/Mn(3.9) 

NP-NH2-Dex (○); (C) Ge NP-TMPA (■), Ge NP-PEG (▲) and Si NP-PEG (●); (D) Si NP-Sil (■), Si NP-
UDA (▲) and Si NP-Pol (●). Results are shown as mean ± SEM (n = 3). 
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Measurement of intracellular ROS production 

 
          In order to better understand our findings of especially cationic NP causing induction of 
ROS production in mitochondria along with causing a reduction in the cellular ATP 
concentration, the intracellular ROS concentration was measured. With data pointing towards 
possible damage caused by cationic Si NP and Ge NP on the mitochondrial membrane and 
decoupling of the ETC, it is possible that the exaggerated production of ROS may cause oxidative 
stress. Several groups have hypothesized oxidative stress as the mechanism of NP cytotoxicity,50-

52 although the source of ROS is still not clear. It is possible that damaged mitochondria with 
compromised outer membrane integrity can be a source for the production of intracellular ROS. 
This would also suggest that intracellular oxidative stress is rather a secondary mechanism, 
which appears as a follow-up event to that of the mitochondrial interaction with cationic Si NP 
or Ge NP. The results of the DCFH-DA assay performed to measure the intracellular ROS 
production are shown in Figure 7, with the EC50 values given in Table 2. In line with previous 
results, exposure of the cells to Si NP-Sil and the cationic Si(3.9) NP-NH2, Si/Mn(3.9) NP-NH2, 
Si/Fe(3.9) NP-NH2 and Ge NP-TMPA resulted in an increase in intracellular ROS production. The 
negatively charged Si (1.6) NP-COOH, Si NP-UDA, and the dextran- or PEG-coated Si or Ge NP did 
not induced ROS production.  
 

 
 

Figure 7: DCFH-DA assay on NR8383 and Caco-2 cells after 24 h exposure to: (A) Si(1.6) NP-NH2 

(■), Si(1.6) NP-N3 (▲) and Si(1.6) NP-COOH (●); (B) Si/Fe(3.9) NP-NH2 (■), Si(3.9) NP-NH2 (▲), 
Si/Mn(3.9) NP-NH2 (●), Si/Fe(3.9) NP-NH2-Dex (□), Si(3.9) NP-NH2-Dex (Δ) and Si/Mn(3.9) NP-

NH2-Dex (○); (C) Ge NP-TMPA (■), Ge NP-PEG (▲) and Si NP-PEG (●); (D) Si NP-Sil (■), Si NP-UDA 
(▲) and Si NP-Pol (●). Results are shown as mean ± SEM (n = 3).
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Measurement of TNF-α 

 
          As a result of the oxidative stress and the injury inflicted by the different ROS radicals, an 
inflammatory response can be anticipated. The cytokine TNF-α (tumor necrosis factor-alpha or 
cachectin) is a pro-inflammatory biomarker that can be measured to identify an inflammatory 
response (see Figure 8). Only the amine-terminated NP (Si(1.6) NP-NH2, Si(3.9) NP-NH2, 
Si/Mn(3.9) NP-NH2, Si/Fe(3.9) NP-NH2, Ge NP-TMPA) and Si NP-Sil caused an induction in the 
TNF-α production. The corresponding EC50 values are given in Table 2.  
 

 
 
Figure 8: Cellular TNF-α in NR8383 and Caco-2 cells after 24 h exposure to: (A) Si(1.6) NP-NH2 (■), 

Si(1.6) NP-N3 (▲) and Si(1.6) NP-COOH (●); (B) Si/Fe(3.9) NP-NH2 (■), Si(3.9) NP-NH2 (▲), 
Si/Mn(3.9) NP-NH2 (●), Si/Fe(3.9) NP-NH2-Dex (□), Si(3.9) NP-NH2-Dex (Δ) and Si/Mn(3.9) NP-

NH2-Dex (○); (C) Ge NP-TMPA (■), Ge NP-PEG (▲) and Si NP-PEG (●); (D) Si NP-Sil (■), Si NP-UDA 
(▲) and Si NP-Pol (●). Results are shown as mean ± SEM (n=3). 

 
Measurement of caspase-3 enzyme 

 
          The caspase-3 enzyme is an important biomarker for the apoptotic (self-programmed cell 
death) cascade. The caspase-3 activity was measured in NR8383 and Caco-2 cells after 24 h 
exposure to the different Si NP and Ge NP and the results are shown in Figure 9 with the EC50 
values enlisted in Table 2. In line with the data obtained from the previously mentioned results 
in this paper, apart from the Si NP-Sil, only exposure to the cationic Si NP/Ge NP resulted in an 
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increase of the caspase-3 activity. The observed order was Si/Fe(3.9) NP-NH2 > Si(1.6) NP-NH2 = 
Si/Mn(3.9) NP-NH2 > Si(1.6) NP-N3 > Si(3.9) NP-NH2 > Ge NP-TMPA > Si NP-Sil, but the 
differences between these NP were all relatively small. Characteristically, the Fe-containing NP 
yielded the highest caspase-3 induction. On the other hand, none of the anionic NP, dextran-
coated or PEGylated NP showed any increase of the caspase-3 activity. 
 

 
 
Figure 9: Cellular caspase-3 activity in NR8383 and Caco-2 cells after 24 h exposure to: (A) Si(1.6) 
NP-NH2 (■), Si(1.6) NP-N3 (▲) and Si(1.6) NP-COOH (●); (B) Si/Fe(3.9) NP-NH2 (■), Si(3.9) NP-NH2 

(▲), Si/Mn(3.9) NP-NH2 (●), Si/Fe(3.9) NP-NH2-Dex (□), Si(3.9) NP-NH2-Dex (Δ) and Si/Mn(3.9) 
NP-NH2-Dex (○); (C) Ge NP-TMPA (■), Ge NP-PEG (▲) and Si NP-PEG (●); (D) Si NP-Sil (■), Si NP-

UDA (▲) and Si NP-Pol (●). Results are shown as mean ± SEM (n=3). 
 
 

Analysis of toxicity tests  

          Upon comparison, it can be seen that, apart from Si NP-Sil, only cationic Si NP/Ge NP 
induced signs of cytotoxicity and effects on the nine endpoints evaluated in this study. The 
surface charge of NP has been hypothesized to be an important factor in cytotoxicity of NP.25, 53-55 
Typically, positive NP were found to be toxic whereas the anionic ones were not, which is in 
agreement with the current data. A detailed discussion on why positive surface charge-
containing NP are toxic in contrast with the negative NP is beyond the scope of this chapter. 
However, it can be stated that positive NP get electrostatically attracted towards the negative 
cell membrane,56 thereby initiating cell membrane-bound receptor-mediated interactions and 
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possibly also cell signaling cascades.31 Within the group of amine-terminated Si NP, the smaller 
Si(1.6) NP-NH2, in line with previously reported relationships between the size and toxicity of 
NP,57-60 were found to be more toxic than the bigger Si(3.9) NP-NH2. One possible explanation for 
this size-dependence of toxicity of NP is that smaller NP can have better access to different parts 
of the cells. Additionally, smaller NP have more reactive surface area.61  
          It was interesting to find that Mn-doped Si/Mn(3.9) NP-NH2 did not show a higher 
cytotoxicity than either of the Si(3.9) NP-NH2. This result is exciting in view of the potential of 
Mn-doped Si NP for bimodal bioimaging.36 However, the Fe-doped Si/Fe(3.9) NP-NH2 did show a 
higher cytotoxicity than Si(3.9) NP-NH2. It was already reported that Fe has a tendency to leach 
out from the core of NP as ions and cause toxicity.62 The toxicity caused by the Fe3+ ions can be 
due to first their reduction to Fe2+ (by acidic lysosomes) and then reacting with mitochondrial 
and nuclear hydrogen peroxide to produce ROS via Fenton reaction.63, 64 Remarkably, the toxicity 
could be diminished significantly when the Si/Fe(3.9) NP-NH2 was coated by a covalently linked 
dextran coating. The dextran coating also abolished the toxicity of the other two toxic Si NP: 
Si(3.9) NP-NH2 and Si/Mn(3.9) NP-NH2. This showed that a surface coating with a biocompatible 
material, like dextran, can strongly reduce the overall toxicity and perhaps even turn the NP 
(nearly) non-toxic. The Si NP-Sil showed signs of toxicity although the toxicity was 
comparatively much lower. It has been reported that silica NP are toxic,42, 43, 65 and this can also 
be linked to the toxicity of Si NP-Sil. It was highly relevant to note that the carboxylic acid-
terminated and hydroxyl-terminated Si NP-PEG, Ge NP-PEG, Si NP-UDA and Si NP-Pol did not 
show any toxicity within the tested concentration range. It has been reported that negative Si NP 
were much less toxic compared to the positive ones.20-22 This may be due to the fact that 
negative NP get repelled by the negatively charged cell membranes, which hinders their cellular 
interactions. It has also been observed that the positive and negative NP followed different 
endocytic uptake patterns in cells via activation of distinct groups of cell membrane receptors.45, 

60, 66, 67 Interestingly, the interactions between lipid bilayer membranes and cationic NP are of the 
same nature as the interactions between mitochondria and charge-bearing NP. It is reported 
that cationic NP caused an imbalance of the normal electrochemical gradient (80 - 130 mV)68 
across the outer mitochondrial membrane69 and thus yielded an ionic imbalance and increased 
permeability. This can cause decoupling of ETC and cause an increase of intracellular ROS as 
well as a depletion of intracellular ATP production. Therefore we studied the effect of these NP 
on the mitochondrial membrane potential and on the intracellular ATP production.  
          A silica coating on an intrinsically less or non-toxic Si-core would be of both chemical and 
toxicological interest investigating the effect of surface coating on toxicity of NP as silica NP have 
been reported to be toxic.70 For such hybrid SiO2/Si NP, the presence of an organic coating is 
relevant, as this allows tuning of the hydrophilicity/hydrophobicity of the surfaces, which is 
reported to play an important role in the cellular interaction and uptake. Silica NP have been 
reported to cause induction of intracellular ROS,71,72 increase in the cytosolic free calcium 
concentration73 and increased damage to the intra-nuclear DNA.74 It is reported that cationic NP 
(Si21 and ZnO/CeO234) induced intracellular ROS production and this matched with the current 
data. However, how these ROS are formed is yet unclear. It is possible that with reactive nature, 
NP can react with a wide variety of biomolecules inducing production of oxygen and nitrogen 
radicals or that they are the result of uncoupling of oxidative phosphorylation as such. A 
mitochondrial involvement in such induction of ROS production seems to be a feasible 
explanation. It should also be mentioned here that the high induction of ROS production 



 71 Cytotoxicity of surface functionalized Si NP and Ge NP 

following the exposure to the Si/Fe(3.9) NP-NH2 may be due to the leaching of Fe3+ ions from the 
core to the NP surface or cellular environment. The results obtained from the TNF-α 
measurements pointed towards damage caused by the ROS and showed that the inflammatory 
behavior of the cells is a response to the toxic effects caused by the NP. It is documented in 
literature that especially cationic NP (of different compositions, like lipids75 or gelatin76) can 
cause an induction of TNF-α. Our data on the currently studied inorganic NP are in line with the 
available literature. 
          Interestingly, an inverse relationship between the inflicted toxicity and size of the NP can 
also be observed here, as the induction of TNF-α was found to be larger for the smaller Si(1.6) 
NP-NH2 compared to the bigger Si(3.9) NP-NH2, which is in line with literature available for 
polystyrene77 or metallic NP.53 The induction of TNF-α by the cationic Si NP, found in the present 
study, also strengthened the idea that the inflammatory responses of the cells are caused by 
various radicals and ions. This can be pivotal in understanding the mechanism of cytotoxicity of 
different NP. 
 
Compilation of the available data and strategy to design more biocompatible Si 
NP or Ge NP 

 
          An analysis of the reported data in this article can not only lead to a better understanding 
of the mode of action underlying the cytotoxicity of these NP, but may also help to develop 
smarter Si NP or Ge NP in future. In this article, we tried to show that the cell-NP interaction can 
be evaluated on the basis of their surface properties and hence it is of utmost importance that 
the surface chemistry of both the exposed cells and the NP are known in detail. It has been 
reported that NP interact preferentially with cell membrane-bound receptors.11 In fact, by 
computational chemistry, the characteristics of these types of interactions between the cell 
membrane and NP have recently been probed.78 Besides that, cationic surface charge has been 
recognized as an important factor in causing toxicity of NP. A surface charge-dependent cellular 
uptake pattern, with cationic NP showing higher cellular uptake compared to the anionic ones,11 
has also been observed. Interestingly, these two phenomena may be counteracting each other, as 
for targeted drug delivery it is important that the NP combine a high cellular uptake with 
minimal toxicity. Hence, the finding that cationic NP are usually more toxic can be a limiting 
factor for their possible applications in biological systems.  
          Recently, it was shown that an alleviation of the toxicity of cationic NP could be achieved by 
increasing the steric bulk around the positive charge of the NP.11 In the current study, the 
positive charge on the Ge NP-TMPA was also sterically hindered and by simple comparison of 
EC50 values, it can be stated that in equivalent amounts, the toxicity of these Ge NP-TMPA was 
lesser than that of the other amine-terminated NP. Although this is just only the second example 
of such reduced toxicity, increasing the steric bulk around positive surface charges may thus be 
an interesting way of decreasing the toxicity of cationic NP. More research is surely desired here 
to further delineate this phenomenon.  
          It is also important to have an idea of the surface functionalization of the NP, as from our 
data it can be observed that a silica coating over a Si-core imparted toxic effects. Similarly, a 
coating with biocompatible dextran almost annulled the toxic effects of amine-terminated 
Si(3.9) NP-NH2, Si/Mn(3.9) NP-NH2 and Si/Fe(3.9) NP-NH2. It is possible that the cells recognize 
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the dextran moieties on the NP surface and hence, the cell-NP interactions are immediately 
channeled in a different route, like activation of a different set of receptors. This is important to 
note, as it may provide some initial guidelines for functionalizing the surfaces of Si NP/Ge NP 
which are targeted for biological applications. A review of literature on the toxicity of the coating 
materials as well as some control experiments with only the coating material, can give initial 
predictions on the toxicity of NP coated with the respective material.  
           Taken together, an indication towards surface reactivity-oriented interactions between 
the NP and the cells can be obtained. It suggests to analyze the interactions between the cells 
and the NP on the basis of chemical interactions possible between them. It is reported in 
literature that different cell lines show dissimilar responses after being exposed to similar doses 
of the same NP for the same time points,31 which can be due to the fact that diverse cell lines 
express different cell membrane-bound receptors in varying quantities.52 The interaction of NP 
with cell membrane-bound receptors are quite specific and a variation in the amount of receptor 
protein expressed can also result in a variation of the exhibited toxicity. The battery of tests 
performed in the present study also enables us in getting a clearer picture of the mechanism of 
toxicity of NP. 
          A schematic diagram showing the proposed mechanism of cytotoxicity of cationic Si NP or 
Ge NP is given in Figure 10. It seems that the mitochondria play a pivotal role in the entire 
mechanistic cascade of toxicity, where especially the cationic NP, by creating damage to the 
normal physiology of the outer membrane of mitochondria, propel a series of events (like 
dissipation of ATP production, induction of ROS generation, cytoplasmic free calcium upload, 
oxidative stress, inflammatory response and finally triggering of apoptotic reactions) that 
ultimately sum up as the observed compromised viability of the cells.  
          In summary, in this article we have demonstrated by comparing the data obtained from a 
series of systematically varied Si NP and Ge NP that have been subjected to a systematic set of 
toxicological in vitro experiments, that the toxicity of Si NP and Ge NP is dominated by their 
surface chemistry. Whereas positively charged NP display some toxicity, carboxylic acid-coated, 
dextran-coated and PEG-coated Si and Ge NP display no toxicity in a rat lung and human colon 
cell lines. Such surface-functionalized Si NP or Ge NP are of interest because of their intrinsic 
fluorescence, modifiable surfaces, minimally toxic cores and tunable doping with MRI-active 
elements, such as Mn and Fe. Given the right coating, these are thus highly attractive materials 
for biological and medical applications. Of course, it is not only looks (outside), but also size that 
matters: only smaller NP (< 5.5 nm) are typically effectively cleared via the kidneys.17 Therefore, 
further research into Si or Ge NP with a relatively small core, some bio-inert, neutral coating and 
possibly dopants for bimodal bioimaging seems highly attractive. In addition, if an effective renal 
clearance is undesired, Si NP and Ge NP do provide access to materials that combine a 
substantial larger size with minimal intrinsic toxicity. Finally, with this systematic set of 
toxicological investigations, a clearer idea on the mechanism of cytotoxicity could be achieved, 
which puts intracellular mitochondria as one of the important target organs for the toxicity of 
NP. 
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Figure 10: Schematic diagram showing the proposed mechanism of cytotoxicity for cationic Si and 

Ge NP. 
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Surface charge-specific cytotoxicity and cellular 
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Abstract 

          A series of monodisperse (45 ± 5 nm) fluorescent nanoparticles from tri-block copolymers 
(polymeric nanoparticles (PNP)) bearing different surface charges were synthesised and 
investigated for cytotoxicity in NR8383 and Caco-2 cells. The positive PNP were more cytotoxic 
and induced a higher intracellular reactive oxygen species (ROS) production than the neutral 
and negative ones. The cytotoxicity of positive PNP with quaternary ammonium groups 
decreased with increasing steric bulk. The intracellular uptake and cellular interactions of these 
different PNP were also tested in NR8383 cells by confocal laser scanning microscopy (CLSM), 
which revealed higher cellular uptake for positive than for negative PNP. Also positive PNP were 
found to interact much more with cell membranes, whereas the negative PNP were internalised 
mainly by lysosomal endocytosis. Uptake of positive PNP decreased with increasing steric bulk 
around the positive charge. A surface charge-specific interaction of clathrin for positive PNP and 
caveolin receptors for negative PNP was observed. These findings confirm that surface charge is 
important for the cytotoxicity of these PNP, while they also point to considerable additional 
effects of the steric shielding around positive charges on cytotoxicity of PNP. 
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Introduction 
          With the rapid growth of nanotechnology and its bio-applications, human exposure to 
nanomaterials is dramatically increasing.1 Hence, there are widespread concerns about the 
possible harmful effects that nanomaterials and specifically non-aggregated nanoparticles (NP), 
can exert on living organisms. The small size, high surface area and reactivity of NP can pose 
new and unconventional types of health risks as compared with similar but bigger particles or 
bulk materials. It has been postulated that due to their small size, NP can access parts of the 
body that are inaccessible for bigger particles. Combined with their higher reactivity due to the 
high surface area and therefore higher % of molecules expressed on the surface, NP can pose a 
bigger threat at a lower dose when compared to bigger particles,2 although little experimental 
data exist to substantiate this hypothesis. 
          Surface charge has recently been recognised as an important factor in determining the 
cytotoxicity of NP.3-6 However, as investigations on cytotoxicity have been performed on a broad 
range of NP and the diversity of the investigated cytotoxicity end points is large, it is not easy to 
draw general conclusions. A complicating factor is that in many studies poorly characterised NP 
were used. Performing a study on cellular uptake and cytotoxicity on a well-characterised 
homologous series of polymeric nanoparticles (PNP) with systemic variation in surface charge 
and shielding of that charge will add improved mechanistic insight in the role of surface charge 
in these cellular processes and effects of PNP. 
          So far, positive NP are claimed to be more cytotoxic than negative ones with few 
exceptions.7 A common hypothesis is that positive NP interact more strongly with cells than 
negative ones, because of the electrostatic attraction towards the negatively charged cell 
membranes.8-11 Unfortunately, this hypothesis proved to be insufficient in explaining several 
recent findings. For example, Asati et al.12 and Xia et al.13 reported surface charge-dependent 
cytotoxicity and cellular uptake for both positive and negative NP. In contrast to positive NP, 
negative NP should be repelled by the negative cell membrane, which in turn should restrict 
their intracellular uptake. Thus, the hypothesis mentioned above does not explain the uptake of 
negative NP.  
          Apart from the charge itself (positive or negative), the steric shielding of the charge may 
also play an important role, but surprisingly nothing has been reported on this. While in nearly 
all studies on positively charged NP, primary amines were used as positively charged surface 
groups, in only one study on dendrimers,14 secondary and tertiary amines were also 
investigated. This study indicated that the cytotoxicity of dendrimers with primary amines as 
surface groups was higher than of similar dendrimers with secondary and tertiary amines as 
surface groups. 
          The surface charge-specific intracellular uptake of different NP is also of importance; it has 
been claimed that surface charge can affect cellular uptake of NP.15-17 Interestingly, several 
groups reported on the crucial role of cell surface receptors in cellular interactions and 
intracellular uptake of NP.13, 18 This means that in order to better understand the role of surface 
charge in cytotoxicity of NP, cellular uptake via cell surface receptors also has to be taken into 
account. However, systematic investigations on these aspects are still missing. 
          Several reports indicated that oxidative stress, resulting from the induction of intracellular 
reactive oxygen species (ROS) production, may be relevant for the cytotoxicity of NP.19-21 
Unfortunately, it still remains unclear whether induction of intracellular ROS production is the 
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cause or rather the result of cytotoxicity and through which mechanism(s) this is caused. Several 
publications indicated an effect of surface charge of NP on intracellular ROS production. 
Recently, we showed that silicon NP bearing positive surface charges, induced ROS production in 
isolated rat liver mitochondrial fractions in vitro.5 Xia et al.3 reported that amine-terminated 
positively charged polystyrene latex beads altered the membrane potential of intracellular 
mitochondria and caused formation of vacuoles upon 16-24 h exposure. In an another recent 
article,13 it was reported that these amine-terminated latex beads caused ATP depletion in cells, 
which indirectly pointed towards impairment of the mitochondrial electron transport chain. 
These effects might indeed be caused by induction of intracellular ROS production, whereas on 
the other hand, disruption of the oxidative phosphorylation reaction chain due to the presence 
of PNP may also be the cause for ROS production and ATP depletion. All these reports pointed 
towards surface charge of NP as being important in cellular interaction, cellular uptake and the 
mode of action for cytotoxicity of NP. Increased use of tuneable NP in drug and imaging probe 
delivery can be foreseen in nanomedicine and bioimaging. PNP allow easy variation of their 
composition via the toolbox of organic chemistry and are therefore excellent materials for 
investigation of factors that play a role in cellular uptake and cytotoxic effects and can thus 
provide guidelines for the development of safe PNP. By chemical engineering, many physico-
chemical properties including the surface charge of PNP can be varied, which then may be used 
in studying the effects on cytotoxicity.22 Moreover, the use of fluorescent PNP enables the study 
of cellular uptake and intracellular localization.  
          The PNP used in this study were derived from PEG2000-PHA-PEG2000 of which the terminal 
hydroxyl groups have been converted into carboxylic acid, amine or ammonium groups and the 
poly(hexamethylene adipate) (PHA) middle block was labelled with a fluorescent dye. PNP from 
these tri-block copolymers are considered to be biodegradable and can be used as vehicles for 
encapsulation and release of compounds, like the antioxidant quercetin.23 The surface charge-
specific cytotoxicity, intracellular ROS production and intracellular uptake patterns of these 
well-characterized and fluorescent ~45-nm size PNP with different surface charges were 
systematically investigated in rat alveolar macrophage NR8383 and human colonic 
adenocarcinoma Caco-2 cell lines. These cell lines are especially relevant as lung cell 
macrophages are the first line of body defence against foreign pathogens. Therefore, the effects 
of these PNP on NR8383 cells could indicate how NP interact with this part of the body immune 
system. Studies on Caco-2 cells are useful to assess the toxicity of NP to intestinal cells following 
oral administration, because Caco-2 cells are generally accepted as a model for intestinal cells.24 
Finally, the role of charge of PNP on the cellular uptake by clathrin and caveolin cell surface 
receptors was studied using confocal laser scanning microscopy (CLSM) and selective inhibitors 
of clathrin- and caveolin-mediated uptake. Taken together, this study was performed to 
systematically investigate how surface charge and steric shielding of the charge affect the 
cellular uptake and cytotoxicity of different PNP. All PNP were synthesized from tri-block 
copolymers with the same length and the same content of fluorescent probe in the hydrophobic 
polyester middle block. As a result, they differed only in the nature of their terminal functional 
groups. It was demonstrated how surface charge influences cytotoxicity and cellular uptake of 
PNP and this was related to different internalization pathways. The data obtained from this 
study shed light on the influence of surface charge of NP on their cellular uptake, intracellular 
localization and cytotoxicity.  
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Materials and methods 

Synthesis of tri-block copolymer PEG2000-PHA-PEG2000 with fluorescent probe   
 
          The fluorescent probe was synthesized and characterized as reported previously.25 A dry, 
three-necked 100 ml round-bottom flask containing properly grinded and dried 1,6-hexanediol 
(2.0 g; 17 mmol) and 0.1 mg of fluorescent probe was fitted with a reflux condenser and flushed 
with dry nitrogen for 30 min. The flask was heated on an oil bath of 120 °C with gentle stirring 
until the 1,6-hexanediol melted. To the mixture 50 μl of triethylamine was added, followed by 
drop-wise addition of 3.28 g (17.8 mmol) of dry adipoyl chloride. The mixture was gently stirred 
at 120 °C for 48 h until no more HCl was produced. Now, excess of well-dried PEG2000 was added 
at 120 °C and the reaction mixture was stirred gently for another 48 h. The resulting viscous 
mixture was poured into 50 ml of dry ether and the precipitate was filtered and washed 
repeatedly with dry ether. The precipitate was then stirred with 100 ml of distilled water and 
centrifuged at 4000 rpm for 4 min. This process was repeated thrice. The polymer was finally 
dried by overnight freeze drying and characterised by 1H NMR (Bruker Avance III 400 MHz NMR 
spectrometer; CDCl3), infrared spectroscopy, DSC (differential scanning calorimetry), SEC (size 
exclusion chromatography) and UV–Vis spectroscopy. 

Synthesis of fluorescent PEG2000-PHA-PEG2000 polymer with different end 
groups  

Conversion to amines 

          In a dry, three-necked 100 ml round-bottom flask fitted with a reflux condenser, 400 mg 
(0.03 mmol) of polymer was heated at 120 °C until it melted. While stirring, 11.2 mg (0.1 mmol) 
of chloroacetyl chloride was slowly added. Stirring of the reaction mixture was continued for 
another 6 h. For conversion to the amine-terminated polymers, the mixture was cooled and 6.8 
mg of 25 % w/w aqueous ammonia (0.1 mmol of ammonia) was added. For conversion to the 
dimethylethanolammonium-terminated polymers, 8.9 mg (0.1 mmol) of dimethylethanolamine 
was added at 120 °C. For conversion to the pyridinium-terminated polymers, 7.9 mg (0.1 mmol) 
of pyridine was added at 120 °C. All mixtures were allowed to stir for another 12 h before 
workup. The polymers were purified and dried as described above. 

Conversion to acid 

          In a similar experimental setup as mentioned above, 10 mg (0.1 mmol) of succinic 
anhydride was added in portions to 400 mg (0.03 mmol) of molten polymer and allowed to react 
for 12 h at 120 °C. The purification was performed as described above.  

Estimation of terminal hydroxyl group conversion with trichloroacetyl 
isocyanate26 

          In an NMR tube with polymer sample dissolved in CDCl3, 10 μl of trichloroacetyl isocyanate 
(TAIC) was added and the tube was vortexed for 5 min. After reaction for 10 min, 1H NMR 
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spectra were recorded and the peak appearing at δ = 4.43 ppm was integrated and compared 
with the value obtained from unmodified polymer to obtain the conversion rates. 

 

Synthesis and characterization of NP 

          NP were prepared by the nanoprecipitation method, using a slight modification of the 
method described by Khoee et al.23 A slightly warm (40 °C) solution of 10 mg of tri-block 
copolymer in 2 ml tetrahydrofuran (THF) was injected into 10 ml of vigorously stirred ultrapure 
water in an open beaker. The dispersion was stirred for another 30 min. The THF was then 
removed under reduced pressure and the aqueous dispersion was filtered through 0.2 μm 
cellulose filters. The size of the PNP was determined by DLS (dynamic light scattering) and the 
surface potential by ζ-potential (Malvern Zetasizer) measurements at different pH values.  

 

Scanning Electron Microscopy 

           A clean circular cover glass of 8 mm diameter (Menzel, Brauschweig, Germany) was fitted 
on a sample holder by carbon adhesive tabs (EMS Washington USA). An aqueous suspension of 
PNP (50 μl) was put on the glass and the water was allowed to evaporate until the PNP that 
remained behind were completely dried. The dry sample was sputter coated with 2 nm tungsten 
(MED 020, Leica, Vienna, Austria). Samples were analysed at 2 kV at room temperature in a field 
emission scanning electron microscope (Magellan 400, FEI, Eindhoven, the Netherlands).  

 

Cell lines 

          Rat alveolar macrophage (NR8383) and human colonic adenocarcinoma (Caco-2) cells 
were obtained from ATCC (Manassas, VA). The NR8383 and Caco-2 cells were cultured in 150 
cm2 cell culture flasks with 25 ml F12-K culture medium (Gibco 21127) and DMEM medium, 
respectively supplemented with 10 % (v/v) heat-inactivated FCS and 0.1 % (v/v) gentamicin, in 
humidified atmosphere containing 5 % CO2 at 37 °C.  

 

Cytotoxicity measurement by MTT assay  

NR8383 cells  

          An NR8383 cell suspension was centrifuged at 140 g for 5 min before resuspending the cell 
pellet in medium followed by counting and adjusting the cellular concentration to 2 × 105 
cells/ml. The cells were then seeded in a 96-well plate (50 μl/well) and the plate was kept in a 5 
% CO2 incubator at 37 °C for 24 h. Next day, 50 μl of serial dilutions of different PNP in water 
were added to the cells to obtain the required final concentrations. The plate was further 
incubated for another 24 h, after which 5 μl of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) solution in PBS (5 mg/ml) was added to each well and the 
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plate was incubated for another 4 h. To each well, 100 μl of pure DMSO was added to dissolve 
the formazan crystals. The absorption of each well was measured at 562 nm in a 96-well plate 
reader and the background absorption at 612 nm was subtracted. Mitochondrial metabolic 
activity for each concentration of PNP was expressed as % of the corresponding negative control 
reading. Medium without PNP and medium with Triton-X (0.01 %) were used as negative and 
positive controls, respectively.  

 

Caco-2 cells 

          The Caco-2 cells were plated at a concentration of 105 cells/ml in a 96-well plate (100 
μl/well) and were incubated at 37 °C for 24 h. Different PNP in water were then added to the 
cells (100 μl/well) to achieve the final concentrations followed by further incubation of 24 h at 
37 °C. Each well was then carefully emptied without dislodging the precipitated crystals and the 
crystals were dissolved in pure DMSO (100 μl/well). Each well was measured as mentioned 
above. 

 

Measurement of intracellular ROS by 2 ′,7′ -dichlorofluorescein diacetate assay  

NR8383 cells 

          The cell suspension was adjusted to 2 × 105 cells/ml and seeded in a 96-well plate (50 
μl/well) in F12-K medium. Serial dilutions of PNP (50 μl/well) in F12-K medium were added to 
obtain the required final concentrations of PNP. A final concentration of 10 mM H2O2 was used 
as positive control and F12-K medium without PNP as negative control. After 6 h of exposure to 
the PNP, 5 μl of a 20 mM solution of DCFH-DA (2′,7′-dichlorofluorescein diacetate) in DMSO was 
added to each well and the plates were incubated for another 18 h in a 5 % CO2 atmosphere at 
37 °C. The fluorescence was then measured on a fluorometer at 485 nm excitation and 538 nm 
emission wavelengths. The fluorescence induction factor for each concentration of PNP was 
calculated by dividing the reading of each well by the average reading of the negative control 
and expressed as percentage. Control experiments were performed by incubating the PNP at 
their test concentrations with DCFH-DA in the absence of cells to check the possibility of a 
positive fluorescence reading caused by reaction of DCFH-DA with PNP alone.  

 
Caco-2  cells 

          The cells were suspended in DMEM medium to a concentration of 105 cells/ml after 
trypsinization and were plated in a 96-well plate (100 μl/well). After 24 h, the cells were 
exposed to 100 μl/well of final concentrations of different PNP. Following another 6 h of PNP 
exposure, 5 μl of a 20 mM solution of DCFH-DA were added to each well. The plate was further 
incubated for 18 h before measurement of the fluorescence was carried out as described above.  
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Inhibition of endocytosis in NR8383 cells and analysis by CLSM  

          For performing CLSM, a drop of the NR8383 cell suspension was mounted on a glass slide 
and viewed through an oil immersion lens of a confocal microscope (Zeiss). For assessment of 
the average fluorescence intensity, readings from 30 individual cells (for each type of PNP) from 
10 different fields and 10 different samples in focus were used. All the measurements were done 
at the same excitation wavelength (λex = 488 nm), emission wavelength (λem = 543 nm), focal 
plane, aperture size and image gain. For comparison purposes, maximum intensity projection 
from all the slices was done. The figures from 4′,6′-diamidino-2-phenylindole (DAPI) staining 
and CLSM pictures were overlaid by ImageJ software. To exclude any background fluorescence, 
control samples of NR8383 cells not exposed to the different PNP were also investigated by 
CLSM. These NR8383 cells did not show any auto-fluorescence at the excitation wavelength of 
488 nm. The nuclei of the NR8383 cells were stained by DAPI and visualised under UV excitation 
(λex = 366 nm). To inhibit endocytosis by low temperatures (4 °C), NR8383 cells were seeded 
and exposed to 1 μg/ml concentration of PNP-NH2, PNP-OH and PNP-COOH in a 96-well plate as 
mentioned above and were both pre-incubated and incubated at 4 °C. Endocytosis was also 
blocked by exposing the NR8383 cells to a mixture of 50 mM 2-deoxyglucose and 10 mM sodium 
azide for 30 min at 37 °C before being centrifuged and generously washed with PBS at least 
three times to remove the exposure medium. The cells were then plated and exposed to different 
PNP at 37 °C as described before. Clathrin and caveolin receptor-mediated endocytosis was 
inhibited by exposing the NR8383 cells to 450 mM sucrose and 1 μM methyl-β-cyclodextrin 
(MβCD), respectively for 30 min, before being plated, washed and exposed to different PNP at 37 
°C as mentioned above.  

 

Statistical analysis 

          Data were analysed with Origin Pro (version 8.0) graphing software. For statistical analysis, 
a Student's t-test was performed and data with p < 0.05 (compared with negative control) were 
marked with an asterisk (*) sign. Each data point represents the average from three independent 
experiments (n = 3) and is presented as the arithmetic mean ± standard error of mean (SEM). 

 

Results 
Synthesis and characterization of PEG2000-PHA-PEG2000 with fluorescent probe  

          The synthesis of the PEG2000-PHA-PEG2000 polymer is depicted in Figure 1. From 1H NMR 
data of the polymer (see Appendix B), the molecular weight was estimated to amount to 12.5 
kDa, which was in agreement with the data obtained from SEC (see Appendix B). The 
polydispersity index (of polymer) of 1.53 matched the findings of Khoee et al.23 (Table 1). 
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Figure 1: Scheme of synthesis of PEG2000-PHA-PEG2000 polymer with fluorescent probe and further 
conversion of the terminal hydroxyl moieties to various functional end groups. 

 

Conversion of terminal hydroxyls to different functional end groups  

          The terminal hydroxyl groups of PEG2000-PHA-PEG2000 were converted to different amines 
and ammonium groups by first reacting with chloroacetyl chloride and subsequently adding 
concentrated ammonia (yielding: Pol-NH2), N,N-dimethyl-ethanolamine (yielding: Pol-DMEA) or 
pyridine (yielding: Pol-Py). The resulting polymers had positively charged terminal groups, 
either pH-dependent through the -NH2 group or with a permanent, pH-independent charge 
through the –N+(CH3)2CH2CH2OH or pyridinium group. Similarly, polymers with negatively 
charged carboxylate terminal groups were obtained upon reaction of the terminal hydroxyl 
groups with succinic anhydride. The degree of conversions of the terminal hydroxyl groups were 
assessed through reaction with TAIC. Reaction of TAIC26 with terminal hydroxyl groups gives a 
peak in the 1H NMR spectrum at 4.43 ppm, which can be used to quantify the conversion (Table 
1 and Appendix B). The data regarding the characterization of PEG2000-PHA-PEG2000 polymer 
including the conversion of the terminal hydroxyl groups to different functional groups as well 
as a summary of all the reactions are presented in Table 1 and Figure 1, respectively. The 
melting points of each polymer were determined by DSC and were found to be ~43 °C for all 
polymers. The 1H NMR spectrum of the polymer with pyridinium end groups is provided as 
supplemental information (see Appendix B). Since all polymers were prepared from the same 
batch and the molecular weights do not change much due to the modification reactions, the 
content of the fluorescent groups was approximately the same in all polymers.  
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Table 1. Data for PEG2000-PHA-PEG2000 polymer and end-group conversions. 

Polymer Molecular 
weight (kDa) 

Melting 
point PDI Converted 

to 
Conversion terminal-OH (%; 

determined by TAIC) 

PEG2000-PHA-
PEG2000 

1H NMR  
1.25 × 104 

43 °C 1.53 

Pol-NH2 ~85 
Pol-DMEA ~90 

SEC 1.26 × 104 
Pol-Py 80 

Pol-COOH >90 

PDI, Polydispersity index; TAIC, Trichloroacetyl isocyanate. 

Synthesis and characterization of different PNP 

          The different PNP were prepared by a nanoprecipitation technique, where a solution of 
polymer in THF was injected into vigorously stirred water, converting Pol-X to PNP-X (X = NH2, 
N+(CH3)2CH2CH2OH, pyridinium, COOH) to obtain a stable clear aqueous dispersion of PNP with 
a size of 45 ± 5 nm for each type of PNP, as determined by DLS. Scanning electron microscopy 
(Figure 2) as well as atomic force microscopy (AFM) (see Appendix B) confirmed the presence of 
particles of this size. Time-dependent DLS measurements confirmed that these PNP did not have 
a strong tendency to aggregate in water within 48 h of preparation. The occasional clustering of 
the particles, as seen in Figure 2, is mostly an artefact resulting from sample preparation for 
scanning electron microscopy, i.e. drying of droplets containing particles under vacuum. The size 
and size dispersion of the different PNP were also measured in cell culture media (DMEM and 
F12-K) enriched with 10 % FCS. In both media with 10 % FCS, all PNP showed an increase in size 
due to protein adsorption on their surfaces, although the cationic PNP increased relatively more 
in size than the anionic ones (Table 2). While performing the cellular experiments, the PNP 
dilutions were vortexed for 5 min before adding to the wells. The content of fluorescent dye in 
the different PNP was comparable. This can be derived from the fact that UV–Vis measurements 
showed that solutions of the different PNP prepared at the same concentration have within 5 % 
the same absorption at 465 nm.  
 

           
           

Figure 2: Scanning electron microscopy image 
of monodisperse (45 ± 5 nm)PNP; insert: high-
resolution image of an individual particle. 
Scale bar show 100 nm. 
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          The ζ-potentials of the different PNP were measured at different pH values, ranging from 3 
to 11 and the results are shown in Figure 3. As expected, the PNP-NH2 showed a decrease in 
positive ζ-potential with increasing pH (pKa ~9). However, variation in pH hardly showed an 
effect on the positive ζ-potential of the ammonium-terminated PNP, PNP-DMEA and PNP-Py. For 
PNP-COOH, negative ζ-potentials were obtained at normal physiological pH and as expected, the 
negative ζ-potential values approached zero at lower pH values (pKa ~5). PNP derived from 
unmodified PEG2000-PHA-PEG2000 polymer (PNP-OH) yielded slightly negative ζ-potential values, 
which possibly resulted from remaining hydrolysed acid chloride moieties in the middle block. 
 

 
 
 
 

Table 2. Summary of DLS data of different PNP dispersed in water and in both cell culture 
media (DMEM and F12-K). 

Type of PNP Size in water (nm) (PDI) 
Size in DMEM (nm)  

(after 1 h) 
Size in F12-K (nm)  

(after 1 h) 

PNP-NH2 45 ± 5 (0.016) 98 ± 5 106 ± 5 
PNP-DMEA 45 ± 5 (0.02) 92 ± 6 101 ± 4 

PNP-Py 45 ± 5 (0.023) 89 ± 5 90 ± 6 
PNP-OH 45 ± 5 (0.021) 78 ± 5 79 ± 5 

PNP-COOH 45 ± 5 (0.022) 73 ± 5 67 ± 5 

DLS, Dynamic light scattering. 
 

Evaluation of the cytotoxicity of nanoparticles by MTT assay  

          The cytotoxicity of the different PNP was tested in NR8383 and Caco-2 cells (Figure 4) 
using the MTT assay in the concentration range of 0–400 μg/ml after 24 h exposure. This assay 
measures the mitochondrial metabolic activity of the cells, which was then compared with the 
mitochondrial metabolic activity of the negative control and expressed as cell viability (%). 

Figure 3: pH-dependent ζ-potentials 
for PNP-NH2 (▲), PNP-DMEA (■), 
PNP-Py (Δ), PNP-OH (○) and PNP-
COOH (●) in water. 
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Exposure of the cells to positively charged PNP caused a concentration-dependent increase in 
cytotoxicity, whereas exposure to the negatively charged ones did not result in cytotoxicity. 
Among the positive PNP, the cytotoxicity decreased in the order: PNP-NH2 > PNP-DMEA > PNP-
Py for both NR8383 and Caco-2 cells (see Table 3). The positive control (0.01 % Triton-X) 
showed 0.01 % viability compared with negative control (100 %). 

 

 
 

Figure 4: Cytotoxicity assessment of PNP-NH2 (▲), PNP-DMEA (■), PNP-Py (Δ), PNP-OH (○) and 
PNP-COOH (●) on cell viability measured by the MTT assay in NR8383 and Caco-2 after 24 h 

exposure. The * symbols indicate data points that are statistically significantly different (p < 0.05) 
from negative control (0 μg/ml). 

 

Table 3. The EC50 values (μg/ml) obtained from different assays after 24 h of exposure of NR8383 
and Caco-2 cells to different positively charged PNP. 

Assay Parameter Reference Figure Cell line PNP-NH2 
PNP-

DMEA 

PNP-

Py 

MTT Cell viability Figure 4 

NR8383 31 50 64 
Caco-2 54 75 121 

DCFH-
DA 

Intracellular ROS 
production Figure 5 

NR8383 13 16 28 
Caco-2 21 29 31 

  

Assessment of intracellular ROS production by DCFH -DA assay  

          All the positive PNP, i.e. PNP-NH2, PNP-DMEA and PNP-Py, were able to induce intracellular 
ROS production in both NR8383 and Caco-2 cells, whereas negative PNP, i.e. PNP-OH and PNP-
COOH, did not (Figure 5). Furthermore, in both NR8383 and Caco-2 cells, the strongest induction 
of intracellular ROS production was found with PNP-NH2, followed by PNP-DMEA and then PNP-
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Py. These results matched the MTT assay results and showed the relation between oxidative 
stress and cytotoxicity. The positive control (10 mM H2O2) showed ~643 % of intracellular ROS 
production compared with negative control (100 %). 
 

 
Figure 5: Induction in intracellular reactive oxygen species (ROS) production in NR8383 and Caco-

2 cells after 24 h exposure to PNP-NH2 (▲), PNP-DMEA (■), PNP-Py (Δ), PNP-OH (○) and PNP-
COOH (●). The * symbols indicate data points that are statistically significantly different (p < 0.05) 

from negative control (0 μg/ml). 
 

Assessment of intracellular uptake and localization of different PNP in NR8383 
cells by CLSM  

          The cellular uptake and localization of three positive PNP-NH2, slightly negative PNP-OH 
and negative PNP-COOH after 24 h exposure in NR8383 cells were investigated by CLSM. The 
results are shown in Figure 6. Under normal incubation conditions (37 °C), the positive PNP-NH2 
showed increased uptake levels and more interaction with the cellular periphery as compared 
with negative PNP. Interaction with the cellular periphery can be seen as a halo at the cell 
surface. DAPI staining was used to visualise intracellular ds-DNA (nucleus). Furthermore, the 
pictures obtained from CLSM, bright-field and DAPI staining were overlaid to visualize the 
intracellular distribution of different PNP (Figure 6). For the positive PNP-NH2, the pictures 
revealed an interaction with the cellular nucleus. To confirm that the PNP were inside the cells, 
z-stack imaging from multiple slices were taken to facilitate maximal intensity projection as well 
as three-dimensional views of the cells. A detailed CLSM study demonstrated that positive PNP-
NH2 showed more interaction with all cellular regions than PNP-OH and PNP-COOH. Whereas 
PNP-OH and PNP-COOH were mainly present in the cytoplasm, positive PNP-NH2 were also 
present in relatively high concentrations in the cell nucleus and at the cell membrane (upper 
panels of Figure 7).  
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Figure 6: Upper panel: CLSM pictures of NR8383 cells after 24 h exposure to 1 μg/ml 
concentrations of positive PNP-NH2, slightly negative PNP-OH and negative PNP-COOH (λex = 488 
nm). Lower panel: overlay pictures of confocal laser scanning microscopy, bright-field and 4′,6′-

diamidino-2-phenylindole (DAPI) staining. 
 

 
          Also positive PNP-NH2 were internalised more into the cells than PNP-OH and PNP-COOH 
upon exposure for 24 h. Internalisation of positive PNP varied with the steric bulk around the 
positive charge and followed the order: PNP-NH2 > PNP-DMEA > PNP-Py (bottom panel of Figure 
7). Furthermore, the EC50 values derived from the MTT data (Table 3) showed that no EC50 
values could be ascertained for PNP-OH and PNP-COOH in spite of the fact that both PNP-OH and 
PNP-COOH showed cellular uptake. 
          To investigate the uptake process of PNP in more detail, normal endocytotic processes 
were inhibited either by blocking the metabolic activities including ATP production by 
performing the experiments at a lower temperature of 4 °C (middle panel of Figure 8) or by 
exposing the cells to a mixture of 50 mM 2-deoxyglucose and 10 mM sodium azide (lower panel 
of Figure 8).12 It was observed that in both experiments, the cellular uptake for all three PNP 
decreased, although the decrease was much more pronounced for PNP-OH and PNP-COOH (90 
%) than for PNP-NH2 (45  %). The statistical analysis of the results obtained from blocking 
endocytosis is provided as supplemental information (see Appendix B). 
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Assessment of the role of clathrin and caveolin receptors in the surface charge -
specific intracellular uptake of different PNP  

          Upon blocking the clathrin receptors, the NR8383 cells showed an ~85 % decrease in 
cellular uptake of positive PNP-NH2. For PNP-OH and PNP-COOH, only a small decrease (~20 %) 
in cellular uptake was observed (middle panel of Figure 9). However, upon blocking the caveolin 
receptors, an opposite trend was observed, i.e. the intracellular uptake of positive PNP-NH2 was 
much less hampered (~20 %) as compared with that of PNP-OH and PNP-COOH (bottom panel 
of Figure 9), which decreased by >90 %. The statistical analysis of the results obtained from 
blocking endocytosis is provided as supplemental information (see Appendix B). 

Figure 7: Intracellular uptake and localisation of different PNP in NR8383 cells after 24 h exposure 
assessed from fluorescence measurements (λex = 488 nm). The upper panel shows the localization of 

different PNP at different cellular compartments. The lower panel shows the relative cellular uptake of 
different PNP. Scale bars show 10 μm. Results are calculated from an average of 20 independent fields 

(30 cells) and are shown as mean ± SEM (n = 6). The * indicate data points that are statistically 
significantly different from PNP-NH2 (p < 0.05). 
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Figure 8: CLSM pictures of NR8383 cells after 24 h exposure to PNP-NH2, PNP-OH and PNP-
COOH (λex = 488 nm). Upper panel shows images obtained under normal experimental conditions 

(37 °C) whereas other panels show images obtained after inhibition of endocytosis by low 
temperature (4 °C; middle panel) and administration of 2-deoxyglucose and sodium azide (lower 

panel). Scale bars show 10 μm. 

Figure 9: CLSM pictures of NR8383 cells after 24 h exposure to PNP-NH2, PNP-OH and PNP-
COOH (λex = 488 nm). The upper panel shows the results obtained under normal experimental 

conditions (37 °C) whereas the middle and lower panel show results under inhibition of 
endocytosis by blocking the clathrin and caveolin receptors with 450 mM sucrose and 1 μM 

MβCD, respectively. Scale bars show 10 μm. 
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Discussion 
          Surface charge of NP is one of the important factors influencing cellular interaction of PNP, 
although very little is reported on this topic. To investigate, we hypothesised that surface charge 
influences not only cytotoxicity but also cellular uptake of PNP including their intracellular 
distribution. In order to facilitate our investigation, we successfully synthesized and 
characterized fluorescent tri-block copolymer PNP (size ~45 nm) with different surface charges. 
Our data showed that positive PNP were more cytotoxic than the negative ones. Most recent 
articles, in which the effects of surface charge on cytotoxicity of NP were studied, claimed that 
positive NP were more cytotoxic than negative ones.27-29 Previously, we also reported a higher 
cytotoxicity for positively charged silicon NP than for neutral and negatively charged silicon NP 
(1.6 ± 0.2 nm).5, 6 There are only a few exceptions reported,7, 30 where indications were found 
that negative NP could be more cytotoxic than positive ones. Thubagere et al.7 studied the 
interactions of 20 and 40 nm polystyrene NP with positive and negative surface charges on 
Caco-2 monolayers by CLSM and fluorescence spectroscopy. They observed lower cell viability 
and higher cellular uptake of NP for cells exposed to negatively charged NP than for cells 
exposed to positively charged ones. However, these results were based only on fluorescence 
measurements on Caco-2 monolayers grown on transwell inserts. This method is very different 
from our approach of determining cytotoxicity using MTT assays. This makes a comparison with 
our results difficult. Similarly, Saxena et al.30 reported cytotoxicity of single-walled carbon 
nanotubes that were acid-functionalized to yield a negative surface charge without testing 
positively charged carbon nanotubes. Since the NP used in this study were completely different 
from our PNP and other aspects like shape may play a role, a comparison with our results is 
hampered.  
          Recently, some reports have appeared about the interaction of NP with intracellular 
mitochondria that pointed towards an interaction of positive NP with mitochondria, hampering 
normal mitochondrial functioning.3, 31-33 Surface charge-dependent interactions of PNP with cell 
membranes have been reported before by different groups.34-36 Data derived from computer 
simulations of the interaction of differently charged NP with artificial bilayer lipid membranes 
within an in vitro setup showed that the interactions of NP with cells could be more complicated 
and also case specific.37 These simulation data indicated that cationic gold NP could alter the 
integrity of the cell membrane and create pores in it, whereas the neutral and negative NP could 
not. An interesting finding of our study is the difference in cytotoxicity of the three different 
positive PNP, i.e. PNP-NH2, PNP-DMEA and PNP-Py. It has been reported that primary amines 
were more cytotoxic than secondary and tertiary amines.38 However, nothing was reported so 
far whether the same holds for NP with permanently positively charged surface groups. It can be 
expected that the ammonium/pyridinium-terminated PNP, which carry a positive charge that is 
permanent but also sterically somewhat buried, are more shielded and sterically hindered while 
approaching the cell membranes than the amine-terminated PNP. These results also indicate 
that a charge-driven differential membrane interaction of the PNP with the cell membrane plays 
a crucial role in their cytotoxicity. Very recently, Kim et al.39 reported a similar trend of 
decreased cytotoxicity of amine-modified gold NP (2.5 ± 0.4 nm) with increasing steric shielding 
of the positive charge in the human breast cancer MCF-7 cell line thereby increasing the 
biocompatibility of these gold NP. 
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          To investigate the cytotoxicity of the PNP in more detail, the production of intracellular ROS 
after exposure to different PNP was determined by the DCFH-DA assay. Induction of intracellular 
reactive oxygen radicals leading to oxidative stress has been identified by many groups as a 
possible mechanism of NP cytotoxicity.40-44 Recently, Xia et al.13 showed that cationic polystyrene 
NP were able to deplete the cellular ATP content. Interestingly, they also pointed towards an 
ROS-mediated change in the mitochondrial membrane potential (ΔΨm). It is unclear yet whether 
oxidative stress is the cause or merely an effect of the disruption of the normal mitochondrial 
function resulting in both ATP depletion and ROS production. However, a conclusion in favour of 
ROS being the mechanism of cytotoxicity should not be made. More data are required to 
elucidate whether intracellular ROS production is a cause or rather a consequence of toxicity. 
          From the CLSM data it could be seen that positive PNP showed stronger interactions with 
the cellular periphery. Similar results were previously reported by Rosso-Vasic et al.45 who also 
found strong interactions of amine-terminated silicon NP with the cellular periphery. By 
contrast, the PNP-OH and PNP-COOH displayed only diffuse uptake and did not show any 
particular preference for intracellular localisation. It was confirmed by z-stack imaging that 
these NP were actually present inside the cells and not only on the surface. In contrast, the z-
stack image of an NR8383 cell exposed to PNP-NH2 (provided as supplemental information; see 
Appendix B) showed strong interaction of the PNP with the cell surface. Verma et al.46,47 observed 
a stronger interaction of cationic NP with cell membranes compared with anionic ones as 
studied by CLSM. Apart from the overall electrostatic attraction of positive NP with the negative 
surface charge of the cell membrane, it was also hypothesised that the cationic charges facilitate 
interactions of NP with anionic binding sites on the cell membrane, like sialic acid residues.48 
This interaction results in binding of the positive NP to the cell membrane, which may ultimately 
result in their translocation across the membrane. The present study reveals that in addition to 
the nature of the charge, also the shielding of the charge by bulky groups may affect the 
membrane translocation, since uptake of NP by the NR8383 cells decreased with increasing 
steric shielding, i.e. cellular uptake of positive PNP decreased in the order PNP-NH2 > PNP-DMEA 
> PNP-Py. However, for the negatively charged particles, the affinity of the NP for the negative 
cell membrane is much less. For this situation, we assumed that internalization of negative NP 
occurred via clustering of the NP in localized positive pockets in the cell membrane. Shi et al.49 
suggested that endocytotic processes like pinocytosis or simple diffusion are important 
pathways for cellular uptake of negative NP. In order to correlate the cytotoxicity of different 
PNP (positive and negative) on the basis of their internal cellular concentrations, the EC50 
values were compared with the ratio of intracellular uptake of different PNP (ratio of 
intracellular uptake of PNP-NH2 : PNP-OH : PNP-COOH = 1 : 0.3 : 0.14). It was found that the 
positive PNP-NH2 were intrinsically more cytotoxic than the negative PNP-OH and PNP-COOH as 
both PNP-OH and PNP-COOH failed to show cytotoxicity in spite of cellular uptake. This revealed 
that the positive PNP were intrinsically more cytotoxic compared with the other PNP and that 
the higher toxicity of positive PNP is in part due to the higher intrinsic toxicity once they have 
entered the cells. It should be taken into account, however, when making this comparison based 
on intracellular concentrations, that differences in cellular uptake of PNP are part of the overall 
mechanisms underlying differences in cytotoxicity and thus contribute to overall differences in 
cytotoxicity between differently charged PNP. 
          To investigate the role of endocytosis, the endocytotic processes in NR8383 cells were 
blocked either by incubating the cells at 4 °C or by exposing the cells to a mixture of 2-
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deoxyglucose and sodium azide. Both methods inhibited ATP production within the cells and 
thus all energy-dependent endocytotic processes were inhibited. The inhibition of endocytosis 
severely hampered the cellular uptake of PNP-OH and PNP-COOH, whereas the uptake of 
positive PNP-NH2 was not so much influenced. These experiments showed the differential 
importance of active transport mechanisms in the cellular uptake of different PNP. However, as 
even blocking of the endocytosis could not completely prevent the uptake of PNP (especially for 
positive PNP-NH2), it is apparent that the intracellular internalization of these PNP involved 
more than one process. This is an important finding as it provides additional insight into the 
mode of cellular uptake of NP. Recently, the interactions between cell membranes and positive 
NP were studied using an in vitro modelling system. In one experiment, positively charged 
poly(amidoamine) (PAMAM) dendrimers of different generations were found to produce holes 
in a suspended lipid bilayer, whereas the anionic PAMAM dendrimers failed to do so.50 It was 
also reported that these holes enabled the rapid internalisation of dendrimers inside the cells.51 
The stronger interaction of cationic NP compared with anionic ones and the ability of the 
cationic NP to form holes in lipid bilayers, have also been reported by others.52, 53 It was also 
reported that positive NP reduced the flexibility of the cell membrane by making the liquid 
phase of the lipid membrane more rigid.54 This finding has been supported by experiments with 
NP of different compositions.55 With the help of AFM, Vasir et al.56 demonstrated that the 
adhesive force between positive NP and a cell membrane is much higher than negative NP, 
implying the importance of surface charge. 
          We investigated the role of clathrin and caveolin receptors in cellular uptake of different 
PNP and found an overall surface charge-specific preference of different PNP towards these 
receptors (clathrin receptors for positive and caveolin receptors for negative PNP). Various 
groups reported on the role of clathrin-mediated and caveolin-mediated endocytosis in the 
cellular uptake of NP.57-60 However, no systematic studies on the role of these receptors in a 
macrophage cell line have been reported so far. In this study, the surface charge-specific role of 
clathrin and caveolin receptors was investigated in NR8383 cells. A 450 mM sucrose solution 
was used to provide the necessary hypertonic atmosphere for inhibiting the clathrin receptors 
by causing polymerisation of these receptor proteins.61 Similarly, a 1 μM solution of methyl-β-
cyclodextrin (MβCD) was used to selectively block the caveolin receptors.13 The MβCD causes 
sequestration of sterols from the lipid rafts of the caveolae resulting in its blockade. Harush-
Frenkel et al.62 found a similar dominant role for clathrin receptor-mediated endocytosis when 
they exposed HeLa cells to differently charged PEGylated NP. They reported activation of 
clathrin-dependent endocytosis for cationic NP, which was not observed for anionic NP. In a 
separate study, Huth et al.63 found a clathrin receptor-mediated activation of endocytosis by 
cationic polyethyleneimine-coated NP. Similar findings were reported for Caco-2 cells.64 These 
findings underline the complex nature of interactions that cells can undergo when they are 
exposed to charged PNP. While additional investigations are surely required to outline 
mechanistic details, our observations clarify the role of two of the factors (surface charge and 
degree of steric shielding around the charge) that are important in the cytotoxicity of PNP. 
 

Conclusion 
          A series of monodisperse fluorescent tri-block copolymer NP (45 ± 5 nm) with different 
surface charges (positive, slightly negative and negative) and varying steric shielding around the 
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positive charges (e.g. –NH3+, –N+(CH3)2CH2CH2OH and pyridinium) were prepared and 
characterized. A systematic investigation of their cytotoxicity and cellular interactions including 
intracellular uptake was performed. It was found that the positive charge-bearing PNP were 
more cytotoxic than the negative ones. Also, by increasing the steric shielding of the positive 
charge-bearing groups, a lower cytotoxicity was found. Oxidative stress was found to be an 
important phenomenon associated with cytotoxicity of positive PNP. Positive PNP were 
interacting more strongly with the cell membrane and displayed a much higher cellular uptake 
efficiency than negative PNP. Endocytosis was found to be an important mechanism for 
internalisation of different PNP by the cells, with the positive PNP getting internalized 
predominantly by clathrin receptor-mediated and negative PNP by caveolin receptor-mediated 
endocytosis. These findings confirm that surface charge is important for the cytotoxicity of these 
PNP, while they additionally point to considerable additional effects of the steric bulk around the 
positive charges on PNP cytotoxicity. 
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Abstract 
 
          Background. Polymeric nanoparticles (PNP) are becoming increasingly important in 
nanomedicine and food-based applications. Size and surface characteristics are often considered 
to be important factors in the cellular interactions of these PNP although, systematic 
investigations on the role of surface properties on cellular interactions and toxicity of PNP are 
scarce. Results. Fluorescent, monodisperse tri-block copolymer nanoparticles with different 
sizes (45 and 90 nm) and surface charges (positive and negative) were synthesized, 
characterized and studied for uptake and cytotoxicity in NR8383 and Caco-2 cells. All types of 
PNP were taken up by the cells. The positive smaller PNP45 (45 nm) showed a higher cytotoxicity 
compared to the positive bigger PNP90 (90 nm) particles including reduction in mitochondrial 
membrane potential (ΔΨm), induction of reactive oxygen species (ROS) production, ATP 
depletion and TNF-α release. The negative PNP did not show any cytotoxic effect. Reduction in 
mitochondrial membrane potential (ΔΨm), uncoupling of the electron transfer chain in 
mitochondria and the resulting ATP depletion, induction of ROS and oxidative stress may all play 
a role in the possible mode of action for the cytotoxicity of these PNP. The role of receptor-
mediated endocytosis in the intracellular uptake of different PNP was studied by confocal laser 
scanning microscopy (CLSM). Involvement of size and charge in the cellular uptake of PNP by 
clathrin (for positive PNP), caveolin (for negative PNP) and mannose receptors (for 
hydroxylated PNP) were found with smaller PNP45 showing stronger interactions with the 
receptors than bigger PNP90. Conclusion. The size and surface characteristics of PNP (45 and 90 
nm with different surface charges) play a crucial role in cellular uptake. Specific interactions 
with cell membrane-bound receptors (clathrin, caveolin and mannose) leading to cellular 
internalization were observed to depend on size and surface properties of the different PNP. 
These properties of the nanoparticles also dominate their cytotoxicity, which was analyzed for 
many factors. The effective reduction in the mitochondrial membrane potential (ΔΨm), 
uncoupling of the electron transfer chain in mitochondria and resulting ATP depletion, induction 
of ROS and oxidative stress likely all play a role in the mechanisms behind the cytotoxicity of 
these PNP. 
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Introduction 
          With the rapid appearance of nanotechnology-based products on the consumer market, 
human exposure to nanoparticles (NP) is unavoidable.1 However, a serious lack of knowledge 
regarding the health and safety issues of these nanotechnology-based products is genuinely felt. 
A very important question in nanotoxicological research concerns the factors that determine the 
cytotoxicity of nanomaterials. Obviously, one of the factors is related to particle size. Due to their 
small size, NP have a high surface area to mass ratio, which may play a role in the interactions of 
NP with biomolecules (proteins, cell wall constituents, etc.) and in mechanisms underlying their 
toxicity when compared to undissolved bulk material. These mechanisms can involve chemical 
reactions and physical adsorption processes with different biomolecules. Both can ultimately 
lead to cellular uptake2 and (cyto)toxic effects.3 So far, little is also known on the mechanism of 
cellular uptake and intracellular distribution of different NP inside cells, and how factors like 
size can influence these. 
          Currently, many applications are foreseen in fields like NP-based drug delivery and 
bioimaging,4-6 and for food-based applications.7 Especially for drug delivery applications, the use 
of polymeric nanoparticles (PNP) is emerging as promising.8 Recent advancements in polymer 
science allow synthesis of well-defined polymers (including tri-block copolymers) that can be 
tailor-made for specific purposes, like drug or food ingredient delivery through synthesis and 
use of biodegradable polymers. Additionally, these tri-block copolymers can be tagged with 
fluorescent probes to render them fluorescent and thus, traceable in biological environments. 
Thus, PNP derived from the tri-block copolymer can be utilized in the encapsulation of drugs or 
bioactive food ingredients, and hence can be exciting for drug or food ingredient delivery and 
sustained release preparations. Although much research is done on the synthesis of biologically 
valuable PNP, knowledge is lacking on how chemical and physical characteristics, like size and 
charge, influence the toxicity and bio-interactions of these PNP.  
          Therefore, it is essential to investigate how size and charge affect the cytotoxicity as well as 
other facets of NP-cell interactions, like cellular uptake. In order to interpret the results of such 
studies, it is essential that the investigated NP are well-characterized and comparable, so that 
only the size is different, while other factors like composition, surface groups, charge, etc. remain 
constant. Therefore, in this study particular care was taken that both the polymers and the PNP 
prepared thereof are well-defined and well-characterized to ensure that differences in biological 
properties only result from size differences for particles with the same surface groups.  
          The mechanism of nanomaterial toxicity is not completely clear, and it is possible that more 
than one mechanism is involved. Literature supports oxidative stress as being an important 
factor in the mechanism.9-15 However, it remains to be established if oxidative stress is the 
mechanism underlying the NP induced cytotoxicity or a phenomenon accompanying this 
cytotoxicity. Recently, it was recognized that mitochondria can interact with charged NP, which 
can then influence the electron transport chain (ETC),16 although the mechanism underlying this 
interaction and its exact consequences remain largely unknown. It is possible that due to the 
damage on the mitochondrial membrane as well as the disruption of the ETC caused by the PNP, 
the resulting oxidative stress may cause the production of different cytokines (like tumor 
necrosis factor-α/TNF-α),17 which in turn is known to be a biomarker of inflammation. 
          Previously, it was postulated that NP can enter cells by passive diffusion18 or adhesion.19 
However, this model has proven inadequate in explaining several findings. For example, this 
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model fails to explain why negative NP, which should be repelled by the negative cell membrane, 
can enter cells in overwhelming amounts.20,21 Recently, receptor-mediated endocytosis was 
found to be crucial for the cellular uptake of different NP.2,22,23 It is possible that cellular uptake 
of different PNP occurs through different cell membrane-bound receptors, like clathrin and 
caveolin receptors. These NP-receptor interactions have been related to antigen-antibody 
coupling reactions.24 It is hypothesized that surface-functionalized and charge-bearing NP 
present an “epitope”-like structure, which is recognized and bound to the binding sites of 
different cell membrane-bound receptors. This initiates a cascade of reactions by which the NP 
are internalized. Therefore, a detailed investigation on the role of NP-receptor interactions in the 
cellular uptake of NP is justified with an aim to understand how size and surface charge 
influences cytotoxicity as well as cellular uptake of different PNP. The cellular in vitro models 
chosen were rat macrophage NR8383 cells and human colonic adenocarcinoma-derived Caco-2 
cells. They represent models for two important targets for NP toxicity upon oral exposure 
including the innate immune response by phagocytosing cells and human enterocytes.  
          In this article, a method is described for the synthesis of well-characterized fluorescent PNP 
of different sizes (45 and 90 nm) and different surface charges from their corresponding tri-
block copolymers. The presence of a fluorescent probe in the interior of the PNP makes 
investigations like bioimaging through confocal laser scanning microscopy (CLSM) possible. The 
influence of size and charge of the PNP on cytotoxicity as well as on intracellular uptake was 
studied with a variety of cytotoxicological tools. The influence of cell membrane-bound 
receptors in the internalization of PNP was investigated with receptor blocking studies and 
further visualization with CLSM. 
 

Materials and methods 
Synthesis of the fluorescent tri-block copolymers 

 
          The fluorescent probe, 4-(diethanolamino)-7-nitro-benzo[1,2,5]oxadiazole, was 
synthesized and characterized as reported in literature.25 For the synthesis of Pol400, a dry 100 
ml three-necked round-bottom flask containing properly grinded and dried 1,6-hexanediol (2.0 
g; 17 mmol) and 0.1 mg of fluorescent probe (~4 × 10–4 mmol) was fitted with a reflux 
condenser and flushed with dry nitrogen for 30 min. Subsequently, the flask was heated on an oil 
bath at 120 °C with gentle stirring until the hexanediol melted. Then 50 μl of dry triethylamine 
was added to the mixture followed by drop-wise addition of 3.28 g (17.8 mmol) of dry adipoyl 
chloride. The mixture was gently stirred at 120 °C for 48 h until no more HCl was produced. 
Then, excess (40 g; 100 mmol) of PEG400 (carefully dried under reduced pressure) was added at 
120 °C and the reaction mixture was heated while stirring for another 48 h. The resulting 
viscous mixture was poured into 50 ml of dry ether and the precipitate was filtered and washed 
repeatedly with dry ether. The precipitate was then stirred with 100 ml of distilled water and 
centrifuged at 900 rpm for 4 min. This process was repeated thrice. The resulting polymer was 
finally dried by overnight freeze drying and characterized by 1H NMR (Bruker Avance III 400 
MHz NMR spectrometer; CDCl3), IR (infrared) spectroscopy, DSC, SEC and UV-Vis spectroscopy. 
Pol2000 with the same fluorescent probe was synthesized and characterized as described 
previously.4 
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Synthesis of fluorescent Pol 400 and Pol2000 polymers with different end groups  

 

A. Conversion to amines 

 
          In a dry three-necked 100 ml round-bottom flask fitted with a reflux condenser, 0.03 mmol 
of Pol400 (330 mg) was heated at 120 °C until it melted. Then 11.2 mg (0.1 mmol) of chloroacetyl 
chloride was added slowly under stirring. The mixture was then stirred for 6 h. For conversion 
to the amine-terminated polymers, the mixture was cooled and 6.8 mg of 25 % (w/w) aqueous 
ammonia (0.1 mmol of ammonia) was added. The mixture was allowed to stir for another 12 h 
before workup. The polymer was purified and dried as mentioned before for Pol400. Similarly, 
Pol2000 with amine terminal groups was obtained.4 
 

B. Conversion to acid 

 
          In a similar experimental set up as mentioned for the conversion to the amines, 10 mg (0.1 
mmol) of succinic anhydride was added in portions to 0.03 mmol of molten Pol400 polymer and 
allowed to react for 12 h at 120 °C. The purification was performed as described above.  
 

C. Estimation of terminal hydroxyl group conversion with tr ichloroacetyl 
isocyanate (TAIC) 

 
          In an NMR tube with Pol400 polymer sample dissolved in CDCl3, 10 μl of TAIC was added and 
the tube was vortexed for 5 min.4 Then after another 10 min, 1H NMR spectra were recorded and 
the peak appearing at δ = 4.43 ppm was integrated and compared with the value obtained from 
unmodified polymer to obtain the conversions of the terminal -OH groups.26 
 

Synthesis and characterization of nanoparticles  (NP) 

 
          NP were prepared by the nanoprecipitation method using a slight modification of the 
method described by Khoee et al.27 First, 10 mg of tri-block copolymer (Pol400 or Pol2000 to obtain 
PNP90 and PNP45, respectively) were dissolved in 2 ml THF with mild heating (~35 °C) and the 
solution was then injected into 10 ml of vigorously stirred ultrapure water in an open beaker.4 
The dispersion was stirred for another 30 min. Then THF was removed under reduced pressure 
and the aqueous dispersion was filtered through 0.2 μm cellulose filters. Essentially no material 
remained on the filter. These stock solutions were diluted in measuring flasks to obtain solutions 
with well-defined concentrations. The hydrodynamic radius of the PNP, both in aqueous 
dispersions and in F12-K and DMEM cell culture media were determined by DLS at 90o and their 
ζ-potential was obtained with a Malvern Zetasizer. The cell culture mediums (F12-K and DMEM) 
were also checked by DLS and ζ-potential measurements. While the DLS failed to measure any 
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particulate material > 5 nm in size, the ζ-potential measurements varied between -5 to -10 mV, 
which can be attributed to the anionic protein molecules originating from the FCS. The serial 
dilutions of PNP in F12-K or DMEM media were also checked by DLS to exclude any 
agglomeration of PNP occurring within the tested concentration range. The probability of 
monomers of the tri-block copolymer leaking out of the PNP resulting in the disintegration of the 
PNP was excluded by both the SEC and DLS performed at different intervals. 
 

Scanning Electron Microscopy 

 
          A clean circular cover glass, 8 mm diameter, (Menzel, Braunschweig, Germany) was fitted 
on a sample holder by carbon adhesive tabs (EMS, Washington, USA) and 50 μl of an aqueous 
suspension of PNP was put on the glass and the water was allowed to evaporate until the PNP 
that remained behind were completely dried.4 The dry sample was sputter-coated with 2 nm 
tungsten (MED 020, Leica, Vienna, Austria). Samples were analysed at 2 kV at room temperature 
in a field emission scanning electron microscope (Magellan 90, FEI, Eindhoven, the Netherlands).  
 

Cell lines 

 
          Rat alveolar macrophage (NR8383) and human colonic adenocarcinoma (Caco-2) cells 
were obtained from ATCC (Manassas,VA).14,15 The NR8383 and Caco-2 cells were cultured in 150 
cm2 cell culture flasks with 25 ml F12-K culture medium (Gibco 21127) and DMEM medium, 
respectively, both supplemented with 10 % (v/v) heat-inactivated foetal calf serum (FCS) and 
0.1 % (v/v) gentamicin, in a humidified atmosphere containing 5 % CO2 at 37 °C. 
 

Cytotoxicity measurement by MTT assay  

 
A. NR8383 cells.  An NR8383 cell suspension was centrifuged at 140 g for 5 min before re-
suspending the cell pellet in F12-K medium followed by counting and adjusting the cellular 
concentration to 2 × 105 cells/ml. The cells were then seeded in a 96-well plate (50 μl/well) and 
the plate was kept in a 5 % CO2 incubator at 37 °C for 24 h. Subsequently, 50 μl of serial dilutions 
of freshly prepared and well-vortexed different PNP90 in F12-K medium were added to the cells 
to obtain the required final concentrations.14,15 The concentration range of 0-400 μg/ml was 
chosen because these concentrations appeared to detect the differences in toxic responses of the 
cells to the different PNP. This was followed by incubation for another 24 h after which 5 μl of 
MTT solution in PBS (5 mg/ml) was added to each well and the plate was incubated for another 
4 h. Then 100 μl of pure dimethylsulfoxide (DMSO) was added to each well to dissolve the 
formazan crystals. As the NR8383 cells are a suspension cell line, the medium in the wells of the 
96-well plates could not be evacuated before addition of DMSO to the wells as also described 
before.28 The absorption of each well was measured at 562 nm in a 96-well plate reader and the 
background absorption at 612 nm was subtracted. Mitochondrial metabolic activity for each 
concentration of PNP was expressed as % of the corresponding negative control reading. 
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Medium without PNP and medium with Triton-X (0.01 %) were used as negative and positive 
controls, respectively. Additional control experiments were performed in order to exclude a 
possible interference with the absorption by the PNP themselves by measuring the absorbance 
values in a similar set-up after mixing MTT reagent as well as only F12-K medium with different 
dilutions of PNP90. 
 
B. Caco-2 cells.  The Caco-2 cells were plated at a concentration of 105 cells/ml in a 96-well 
plate (100 μl/well) and were incubated at 37 °C for 24 h.14,15 Then different freshly prepared and 
well-vortexed PNP90 in DMEM medium were added to the cells (100 μl/well) to achieve the final 
concentrations followed by further incubation of 24 h at 37 °C. 5 μl of MTT solution (in PBS) was 
then added to each well followed by an incubation of 4 h. Each well was then carefully emptied 
(because unlike NR8383 the Caco-2 cells attach to the bottom of the wells) without dislodging 
the precipitated crystals and the crystals were dissolved in pure DMSO (100 μl/well). Finally, 
each well was measured as mentioned above. Control experiments, as mentioned before, were 
also done. 
 

C. Phagocytic index measurement in NR8383 cells  

          An NR8383 cell suspension (2 × 105 cells/ml) was seeded in a 96-well plate (50 μl/well) in 
F12-K medium, followed by addition of 50 μl/well of serial dilutions of freshly prepared and 
well-vortexed PNP90 in F12-K medium to obtain the required final test concentrations of 
PNP.14,15 Plain F12-K medium without PNP90 and medium containing 100 μM CuSO4 were used 
as negative and positive controls, respectively. After 24 h, the cells were exposed to yellow-
green fluorescent latex beads (1 μm size) at a ratio of beads to cells in each well of 50:1. After 4 h 
of incubation, counting samples were taken from the wells and viewed first under a fluorescent 
microscope to visualize the fluorescent beads, followed by bright-field view to visualize the cells. 
Samples were also taken out of each well to assess the cell viability by trypan blue exclusion test. 
The phagocytic index was determined by calculating the average number of fluorescent beads 
phagocytosed per viable cell and expressed as % of the negative control. Control experiments 
were run with only PNP in absence of fluorescent latex beads (1 μm) and no phagocytic vacuole 
inside the NR8383 cells could be seen. 
 

Measurement of intracellular ROS by DCFH-DA assay 

 
A. NR8383 cells.  The cell suspension was adjusted to 2 × 105 cells/ml and seeded in a 96-well 
plate (50 μl/well) in F12-K medium. 50 μl/well of serial dilutions of freshly prepared and well-
vortexed PNP90 in F12-K medium were added to obtain the required final test concentrations of 
PNP. A concentration of 10 mM H2O2 was used as positive control, and F12-K medium without 
PNP as negative control. After 6 h of exposure to the PNP, 5 μl of a 20 mM solution of DCFH-DA 
was added to each well and the plates were incubated for another 18 h in a 5 % CO2 atmosphere 
at 37 °C. The fluorescence was then measured in a fluorometer (λex = 485 nm and λem = 538 nm). 
The fluorescence induction factor for each concentration of PNP90 was calculated by dividing the 
reading of each well by the average reading of the negative control and expressed as %. Control 
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experiments were performed by incubating the PNP90 at their test concentrations with DCFH-DA 
in the absence of cells to check the possibility of a positive fluorescence reading caused by 
reaction of DCFH-DA with PNP90 alone.14,15 
 
B. Caco-2 cells.  The cells were suspended in DMEM medium to a concentration of 105 
cells/ml after trypsinization and were seeded in a 96-well plate (100 μl/well). After 24 h the 
cells were exposed to 100 μl/well of final concentrations of freshly prepared and well-vortexed 
different PNP90 in DMEM medium. Following another 6 h of PNP90 exposure, 5 μl of a 20 mM 
solution of DCFH-DA was added to each well. The plate was further incubated for 18 h before 
measurement of the fluorescence was carried out as described above. 
 

Measurement of mitochondrial membrane potential (ΔΨm) 

 
          The NR8383 and Caco-2 cells were plated and exposed to serial dilutions of freshly 
prepared and well-vortexed PNP of both sizes (45 and 90 nm) as mentioned before. The 
mitochondrial membrane potential (ΔΨm) was measured by a commercially available kit from 
Invitrogen (MitoProbeTM; Transition Pore Assay Kit; Catalogue No. M34153) and expressed as % 
of negative control (0 μg/ml). A 100 μM solution of ionomycin in DMSO (supplied with the kit) 
and F12˗K or DMEM medium without PNP were used as positive and negative controls, 
respectively. 
 

Measurement of intracellular ATP content  

 
          The NR8383 and Caco-2 cells were seeded in a 96-well plate and exposed to different 
freshly prepared and well-vortexed PNP90 and PNP45 as mentioned before. After 24 h the 
intracellular ATP content of each well was measured by a commercial ATP measuring kit (Sigma 
Aldrich, Product No. FLASC) and results were expressed as % of negative control. Cells exposed 
to medium without PNP and to medium with 75 mM 2,4-DNP (2,4-dinitrophenol) were used as 
negative and positive controls, respectively. 
 

Measurement of TNF-α release in NR8383 cells  

 
          The NR8383 cells were seeded in a 96-well plate and exposed to different concentrations of 
freshly prepared and well-vortexed PNP90 of each type, as mentioned above. After 24 h the 
supernatants were collected, centrifuged at 1000 g for 10 min, and then spectrophotometrically 
analysed for the TNF-α content with a commercial rat TNF-α kit (Invitrogen), using the 
procedure from the manufacturer’s manual. Medium without PNP and medium with 0.1 μg/ml 
lipopolysaccharide (LPS)29 were used as negative and positive controls, respectively. 
 

Confocal laser scanning microscopy (CLSM) 
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          For performing CLSM, a drop of the NR8383 or Caco-2 cell suspension was placed on a 
glass slide and viewed through an oil immersion lens (100×) of a confocal microscope (Zeiss 
Exciter). For assessment of the average fluorescence intensity, readings from 20 individual cells 
from five different optical fields (for each PNP90) in focus selected from five separate 
experiments (n = 5) were used. All the measurements were done at the same excitation 
wavelength (λex = 488 nm and λem = 543 nm), laser power, pinhole opening and detector gain. To 
exclude any background fluorescence, control samples of NR8383 or Caco-2 cells not exposed to 
the different PNP90, were also investigated by CLSM. These NR8383 or Caco-2 cells did not show 
any background fluorescence. Non-fluorescent PNP90 were also tested to exclude any additional 
fluorescence from the PNP. 
 

Effect of inhibition of endocytosis  

A. Inhibition of endocytosis by performing the experiment at 4 °C  

          The NR8383 and Caco-2 cells (after trypsinization) were seeded and exposed to non-toxic 1 
μg/ml concentrations of different PNP90 in a 96-well plate as mentioned above and were both 
pre-incubated and incubated at 4 °C. Results of the CLSM images (λex = 488 nm; λem = 543 nm) 
were compared to results from similar incubations performed at 37 °C.4 A figure of colony of 
NR8383 cells that have taken up fluorescent PNP90-NH2 is provided as supplementary 
information (see Appendix C). Control experiments with cells exposed to PNP without a 
fluorescent probe (non-fluorescent PNP) of similar sizes and surface groups were done. Non-
fluorescent PNP in absence of cellular system were also tested by CLSM and did not show any 
fluorescence signal. The results for PNP90 were then compared with PNP45.4 
 

B. Inhibition of endocytosis by exposure to a mixture of 2-deoxyglucose and 
sodium azide 

          An NR8383 or Caco-2 cell suspension was exposed to a mixture of 50 mM 2-deoxyglucose 
and 10 mM sodium azide30 for 30 min at 37 oC before being centrifuged and generously washed 
with PBS at least three times to remove the exposure medium. Finally, the cells were plated and 
exposed to different PNP90 at 37 °C as described before. The results for PNP90 were then 
compared with PNP45.4 

Inhibition of clathrin and caveolin receptor-mediated endocytosis  

          The NR8383 and Caco-2 cells were exposed to 450 mM sucrose (to inhibit clathrin 
receptors)31 or to 1 μM methyl-beta-cyclodextrin (MβCD) (to inhibit caveolin receptors)32 for 30 
min before being washed, plated and exposed to different PNP90 at 37 °C. Control experiments 
were done by incubating the cells with 10 μg/ml of Alexa Fluor 488 nm-conjugated transferrin 
(known substrate for clathrin/ λex = 495 nm and λem = 519 nm)33 or 5 μg/ml of Alexa Fluor 488 
nm-conjugated cholera toxin subunit-B (known substrate for caveolin/ λex = 495 nm and λem = 
519 nm)33 for 30 min on ice followed by thorough washing with PBS thrice and then performing 
CLSM on the cells in order to confirm the blockade of the clathrin and caveolin receptors. It was 



 110 Chapter 6 

seen that the inhibitors used (sucrose and MβCD) could block > 90 % of the normal uptake of 
transferrin or cholera toxin for both the cell lines (see Appendix C) without any additional 
cytotoxicity. The results for PNP90 were then compared with PNP45.4 
 

Inhibition of mannose receptor mediated endocytosis  

          The NR8383 cells were exposed to a 2 mg/ml concentration of α-mannan for 2 h in order to 
inhibit the mannose receptors34  before being washed, plated and exposed to different PNP90 and 
PNP45 at 37 °C. 

Statistical analysis 

          Data were analysed with Origin Pro (version 8.0) graphing software. For statistical analysis 
a student’s t-test was performed and data with p < 0.05 (compared to negative control) were 
marked with an asterisk (*) sign. Each data point represents the average from three independent 
experiments (n = 3) (for CLSM studies n = 5) and is presented as the arithmetic mean ± standard 
error of mean (SEM). While comparing the effect of size, the results for PNP45 and PNP90 were 
also mutually compared and only the statistically significantly different (p < 0.05) data between 
the two were marked by “†” sign. 
 

Results 
Synthesis of the fluorescent tri-block copolymers 

Synthesis of fluorescent polyethylene glycol 400-polyhexylene adipate-
polyethylene glycol 400 [PEG400-PHA-PEG400] (Pol400) polymer  

          The reaction scheme for the synthesis of Pol400 is depicted in Figure 1. The synthesis is 
similar to the previously reported4 synthesis of fluorescent Pol2000 polymer [polyethylene 
glycol2000-polyhexylene adipate-polyethylene glycol2000]. From proton nuclear magnetic 
resonance (1H NMR) (see Appendix C) analysis of the polymer, an estimation of the molecular 
weight (~9 kDa) was made, which was in agreement with the data obtained from size exclusion 
chromatography (SEC) (see Appendix C). From the infrared (IR) spectrum of the polymer (see 
Appendix C) the carbonyl (C=O) stretch from the polyester middle block could easily be seen at 
1737 cm-1. From these combined data, it is inferred that the middle block has about 35-40 
repeating units. From SEC, a polydispersity index (PDI = Mw/Mn where Mw = molecular weight; 
Mn = relative molecular weight) of 1.47 was obtained for Pol400 (Table 1). Based on the average 
chain length of the polymer molecules as well as the initial amount of probe, it is estimated that 
roughly ~1 % of the polymer molecules contained a fluorescent probe, embedded in the 
hydrophobic middle block. 
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Figure 1:  Overview of the synthesis of PEG 400-PHA-PEG400 (Pol400) polymer with 
fluorescent probe and further conversion of the terminal hydroxyl groups to different 

functional end groups.  

 

 

Conversion of terminal hydroxyls to differently charged end groups  

 
          The terminal hydroxyl (-OH) groups of Pol400 were converted into an amine by first 
reacting the polymer with chloroacetyl chloride and subsequently adding concentrated 
ammonia, which yielded Pol400-NH2. Reacting the polymers with succinic anhydride yielded 
Pol400-COOH. In contact with water at neutral pH, this means that the terminal groups will be 
either positively charged (-NH3+) or negatively charged (COO–) due to the pKa values of these 
groups. The degree of conversions of the terminal hydroxyl groups was assessed by reaction 
with trichloroacetyl isocyanate (TAIC).26 Reaction of TAIC with terminal hydroxyl groups gives a 
characteristic peak in the 1H NMR spectrum at δ = 4.43 ppm. Upon converting these -OH groups 
to amino or carboxylate moieties, this reaction with TAIC is not possible anymore, and this peak 
is thus smaller or even absent, depending on the conversion to -NH3+ or -COO–. This analysis was 
used to quantify this conversion (Table 1 and Appendix C), which turned out to be almost 
quantitative for all polymers. The data on the characterization of Pol400, including the 
conversions of the end hydroxyl groups to different functional groups (-NH2 and -COOH) are 
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given in Table 1. The melting points of all polymers were determined by differential scanning 
calorimetry (DSC) and were found to be ~43 °C for all polymers. This indicates that the melting 
point is only determined by the middle block, which has the same length in all synthesized 
polymers. 
 

Table 1: Data of Pol400 with its end group conversion rates. 

Polymer Molecular 
weight (kDa) 

Melting 
point (oC) PDI Converted to Conversion 

(%) 

Pol400 

1H NMR 
9.0 43 1.47 

Pol400-NH2 > 90 

SEC 
9.0 Pol400-COOH > 90 

 
 

Synthesis and characterization of different PNP  

 
          The different PNP90 were prepared by nanoprecipitation, where a solution of Pol400 
polymer in tetrahydrofuran (THF) was injected into vigorously stirred water. Similarly, different 
PNP45 were obtained from Pol2000.4 This resulted in a stable clear aqueous dispersion of PNP90-X 
or PNP45-X (X = NH2, OH and COOH). The size of PNP90 was 90 ± 5 nm as determined by scanning 
electron microscopy and supported by dynamic light scattering (DLS). Both DLS and scanning 
electron microscopy (Figure 2) data showed particles of comparable size and also revealed that 
their structural integrity is maintained, even upon drying. The scanning electron microscopy 
pictures of PNP90-NH2, PNP90-OH and PNP90-COOH are provided in Appendix C. The average ζ-
potentials of these PNP90 in aqueous dispersions (0.1 μg/ml) were found to be +22 mV for 
PNP90-NH2, -4 mV for PNP90-OH and -19 mV for PNP90-COOH. The hydrodynamic sizes of these 
PNP were also determined by DLS in F12-K and DMEM medium (0.1 μg/ml) that contained fetal 
calf serum (FCS). Upon addition of these PNP90 into cell culture mediums, the sizes increased 
mainly due to surface adsorption of proteins although the polydispersity did not increase 
considerably. The DLS data of different PNP90 are given in Table 2. 
 

Table 2: DLS data of PNP90. 
 

Type Size in water 
(nm)  

Size in F12-K 
(nm) (after 1 h)  

Size in DMEM 
(nm) (after 1 h)  

PNP90-NH2 90 ± 5 145 ± 5  140 ± 5  
PNP90-OH 90 ± 5  115 ± 5  120 ± 5  

PNP90-COOH 90 ± 5  120 ± 5  130 ± 5  
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Figure 2: Scanning electron microscopy image of monodisperse PNP90 (90 ± 5 nm) and PNP45 (45 

± 5 nm) (as insert). Scale bars show 100 nm. 
 

Evaluation of the cytotoxicity of nanoparticles  

A. MTT assay.  The cell viability of the different PNP90 was determined in two different cell 
lines, i.e. NR8383 and Caco-2 cells. The PNP90 were studied in the concentration range of 0-400 
μg/ml after 24 h exposure and the results were compared with the data obtained previously for 
PNP45.4 These data are shown in Figure 3. Positively charged PNP90-NH2 were cytotoxic within 
the tested concentration range, whereas the negatively charged ones were not. The PNP45-NH2 
were more cytotoxic than PNP90-NH2 as can be seen from the EC50 values (Table 3). Upon 
exposure to the positive control Triton-X (0.01 %), NR8383 and Caco-2 cells both showed a cell 
viability of ~1 % compared to their viability upon exposure to the negative control (0 μg/ml). 
 

 

Figure 3: Cytotoxicity of PNP90-NH2 (▲), 
PNP90-OH (■) and PNP90-COOH (●) on  
NR8383 and Caco-2 cells as measured  
by the MTT assay after 24 h exposure.  
The * sign signifies p < 0.05 compared  
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B. Phagocytic Index (PI) measurement.  The PI for macrophage NR8383 cells was 
determined by measuring the capability of the cells to phagocytose 1 μm 
fluorescent latex beads (see Figure 4). Like in the MTT assay, the positive PNP 
showed signs of cytotoxicity by causing a decrease of the PI upon increasing the 
concentration of PNP, whereas the negative PNP  did not show any effect at all in 
the tested concentration range. The PNP 45-NH2 was relatively more cytotoxic than 
PNP90-NH2, as can be derived from the EC50 values (Table 3). The NR8383 cells 
exposed to the positive control (100 μM CuSO 4) showed ~1 % PI compared to the 
NR8383 cells exposed to the negative control (0 μg/ml).  

 

Figure 4: Phagocytic Index (PI) in NR8383 cells after 24 h exposure to different PNP45 (Δ) and 
PNP90 (▲). The * sign signifies p < 0.05 compared to negative control (0 μg/ml). 

 

Assessment of intracellular reactive oxygen species (ROS) production by DCFH -
DA assay  

          PNP with chemically reactive surfaces can interact with biological molecules resulting in 
production of radicals including reactive oxygen species (ROS), which in turn can cause toxicity. 
Production of ROS can be tested with the DCFH-DA assay, which measures the intracellular 
production of ROS. Positive PNP90-NH2 were able to induce intracellular ROS production in both 
NR8383 and Caco-2 cells, whereas negative PNP (both PNP90-OH and PNP90-COOH) did not 
(Figure 5). Furthermore, in both NR8383 and Caco-2 cells, the induction of intracellular ROS 
production with PNP45-NH2 was stronger than with PNP90-NH2 (see Table 3 for EC50 values). 
These results matched the results of the MTT assay and indicate a possible relation between 
oxidative stress and cell viability. Exposure of the NR8383 and Caco-2 cells to the positive 
control (10 mM H2O2) caused  ~1000 % and ~900 % induction of ROS production, respectively, 
compared to the level of ROS production (100 %) in cells exposed to the negative control (0 
μg/ml). 
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Figure 5: Intracellular ROS induction in NR8383 and Caco-2 cells after 24 h exposure to PNP90-NH2 
(▲), PNP90-OH (■) and PNP90-COOH (●). The * sign signifies p < 0.05 compared to negative control 

(0 μg/ml). 
 
 
 

Table 3: EC50 values (μg/ml) obtained from different assays after 24 h exposure of NR8383 and 
Caco-2 cells to positively charged PNP454  and PNP90. 

 

 
 
 

Assay Parameter 
Reference 

figure 
Cell line 

PNP90-NH2 

(90 ± 5 nm) 
PNP45-NH2 

(45 ± 5 nm) 

MTT Cell viability 3 
NR8383 55 31 
Caco-2 68 54 

PI Phagocytosis 4 NR8383 80 64 

DCFH-DA 
Intracellular 

ROS 
production 

5 
NR8383 23 13 

Caco-2 33 21 

Mitochondrial 
membrane 
potential 

(ΔΨm) 

Mitochondrial 
membrane 
potential 

6 
NR8383 5 2 

Caco-2 6 3 

ATP 
Cellular ATP 

content 
7 

NR8383 26 14 
Caco-2 62 36 

TNF-α TNF-α release 8 
NR8383 37 25 
Caco-2 63 32 
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Assessment of mitochondrial membrane potential (ΔΨm) 

 
          Figure 6 shows the results from assessment of the mitochondrial membrane potential 
(ΔΨm) in NR8383 and Caco-2 cells exposed to increasing concentrations of PNP45 or PNP90 with 
different charges. Only the cationic PNP (-NH2 terminated) of both sizes, showed signs of 
decreasing the ΔΨm  for both the NR8383 and Caco-2 cells, whereas the anionic ones (-OH and -
COOH terminated) did not show any effect. The EC50 values are given in Table 3. The smaller 
cationic PNP45 were more effective, reflected by lower EC50 values, compared to the bigger 
PNP90. This reduction in mitochondrial membrane potential (ΔΨm) may affect ATP generation in 
the cells, thereby contributing to the mode of action for the cellular toxicity. Exposure of the cells 
to the positive control (100 μM ionomycin) caused a decrease of ΔΨm to < 2 % of the ΔΨm  
detected in cells exposed to the negative control (0 μg/ml). 
 

 
 

Figure 6: Mitochondrial membrane potential (ΔΨm) of NR8383 and Caco-2 cells after 24 h 
exposure to different PNP45 (Δ) and PNP90 (▲) as % of negative control (0 μg/l). The * sign signifies 

p < 0.05 compared to negative control (0 μg/ml). The “†” sign signifies p < 0.05 when compared 
between the PNP45 and PNP90. 

 

Assessment of intracellular ATP content  

 
          As a consequence of interaction of charged NP with mitochondria, disruption of the 
electron transport chain reflected by a reduction of the mitochondrial membrane potential 
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(ΔΨm) can occur. This may result in ROS production and in depletion of the cellular ATP content, 
the latter being an (additional) possible mechanism of cytotoxicity. Therefore, the intracellular 
ATP content of cells after exposure to PNP was determined. The intracellular ATP content after 
24 h exposure to different PNP90 and PNP45 is shown in Figure 7 and the EC50 values are given in 
Table 3. Both NR8383 and Caco-2 cells showed a gradual dose-dependent decrease in 
intracellular ATP content only upon exposure to the positive PNP. This ATP depletion was more 
profound for PNP45 than for PNP90. Exposure of the cells to the positive control (75 mM 2,4-
dinitrophenol/DNP) caused a decrease of intracellular ATP to < 2 % of the levels in cells exposed 
to the negative control (0 μg/ml). 
 

 
 

Figure 7: Effect on cellular ATP content in NR8383 and Caco-2 after 24 h exposure to different 
PNP45 (Δ) and PNP90 (▲) as % of negative control (0 μg/l). The * sign signifies p < 0.05 compared to 

negative control (0 μg/ml). The “†” sign signifies p < 0.05 when compared between the PNP45 and 
PNP90. 

 

Assessment of TNF-α production 

 
          TNF-α is a major biomarker cytokine for pro-inflammatory response. It can stimulate an 
acute phase reaction as well as apoptosis in living tissue.35 Hence, a surge in the production of 
intracellular TNF-α indicates inflammation, which can also be a factor for the toxicity caused by 
PNP. The TNF-α production in NR8383 cells was measured for both sizes of PNP (45 and 90 nm) 
after 24 h exposure (see Figure 8). Only positive PNP of both sizes showed significant induction 
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of the TNF-α production. As found in the other cytotoxicity experiments, the results again 
indicate that the smaller positive PNP45 were more toxic than positive PNP90. The corresponding 
EC50 values are listed in Table 3. Exposure of the cells to the positive control 
(lipopolysaccharide/LPS) caused an increase of TNF-α to > 900 pg/ml in both the NR8383 and 
Caco-2 cells. 
 

 
 
Figure 8: Comparison of TNF-α release induced by PNP45 (Δ) and PNP90 (▲) in NR8383 and Caco-2 
cells after 24 h exposure. The * sign signifies p < 0.05 compared to negative control (0 μg/ml). The 

“†” sign signifies p < 0.05 when compared between the PNP45 and PNP90. 
 

Intracellular uptake of PNP 90 

 
          The intracellular uptake of different PNP90 could be monitored by CLSM (λex = 488 nm and 
λem=543 nm) as these PNP carried a fluorescent probe. All the CLSM experiments were 
performed at a concentration of 1 μg/ml of PNP that was non-toxic, as determined by the MTT 
assay. In Figure 9 (Upper layer) representative CLSM images are given that show the relative 
intracellular uptake of these three different PNP. From the quantitative uptake results in Figure 
9 (Lower layer) it follows that all PNP90 were taken up intracellularly, with PNP90-NH2 showing 
the highest and PNP90-COOH the lowest cellular uptake. Interestingly, a surface charge-
dependent intracellular distribution of these PNP is observed. Only the positive PNP90-NH2 
showed stronger interactions with the cellular periphery, whereas the PNP90-OH and PNP90-
COOH showed a more diffuse uptake in the cytoplasm. Upon exposure of the cells to equal 
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concentrations of the different PNP and integration of the fluorescence over several cells, a 
comparison between the uptake of the PNP90 and PNP45 particles with different surface charges 
could be made (see Figure 9 lower layer). The CLSM data were normalized for the uptake of 
PNP45-NH2. It is seen from this figure that the intracellular uptake of PNP45-NH2 was about three 
times (for NR8383) and two times (for Caco-2) higher than of PNP90-NH2. Similar size-dependent 
effects were found for both -OH and -COOH terminated PNP. 

 
Figure 9: (Upper layer) CLSM pictures of NR8383 and Caco-2 cells after 24 h exposure to non-

toxic concentration of 1 μg/ml of different PNP90 (λex = 488 nm and λem = 543 nm) with phase 
contrast figures given as inserts. (Lower layer) Relative cellular uptake of different PNP454  and 

PNP90 in NR8383 and Caco-2 cells after 24 h exposure with the PNP45-NH2 (1 μg/ml) values taken 
as 100 % (n=5). The * sign signifies p < 0.05 when compared to the data for PNP45-NH2. The “†” sign 

signifies p < 0.05 when compared between the PNP45 and PNP90. 
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Effect of size and surface charge on endocytosis -based cellular uptake of PNP 

 
          The role of endocytosis in the cellular uptake of different PNP90 was tested by inhibiting 
endocytotic pathways either by lowering the experimental temperature to 4 oC or by exposing 
the cells to a mixture of 2-deoxyglucose (2-dOG) and sodium azide (NaN3) (see Figure 10). The 
blocking of endocytosis by either procedure drastically reduced the cellular uptake of PNP90, 
irrespective of the surface charge. However, the decrease was much stronger for PNP90-OH and 
PNP90-COOH (>80 %) than for PNP90-NH2 (~50 %). It was observed that the blockade of 
endocytosis had higher effect on the uptake of PNP90-OH and PNP90-COOH compared to the 
PNP90-NH2. To confirm that the PNP were inside the cells and not bound to the cell membrane, z-
stack imaging was done. Such a z-stack imaging figure is provided in Appendix C and shows that 
PNP were inside the cells apart from being attached to the surface. 
 

 
 

Figure 10: Comparison of uptake of different PNP454  and PNP90 in NR8383 and Caco-2 cells (1 
μg/ml) as % of unperturbed uptake upon 24 h exposure after blocking the endocytotic uptake 
(n=5) at 4 oC or by a mixture of 2-deoxyglucose and sodium azide. The * sign signifies p < 0.05 

compared to unperturbed uptake. 
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Effect of size and surface charge on clathrin and caveolin mediated endocytosis  

 
          The size and charge-dependent involvement of clathrin and caveolin receptors in 
endocytosis of different PNP was tested by selectively blocking the clathrin and caveolin 
receptors and the results are shown in Figure 11. The clathrin receptors were inhibited by 
exposing the cells to a hypertonic 450 mM sucrose solution, as this causes polymerization and 
subsequent inactivation of clathrin receptors.36 From the results (Figure 11A), it is clear that the 
positive PNP-NH2 of both sizes showed a considerably reduced uptake upon blocking the 
clathrin receptors (effect: PNP45 > PNP90). In contrast, the uptake for both hydroxylated and acid 
terminated PNP was only affected to a milder extent (reduction to ~65 % and ~75 % of the 
original values for PNP-OH and PNP-COOH of both sizes, respectively). An opposite effect was 
seen when the caveolin receptors were blocked by exposing the cells to MβCD16  as seen from 
Figure 11B. A profound decrease in the cellular uptake of both the negative PNP could be seen 
after blocking the caveolin receptors while uptake of PNP-NH2 was only affected slightly. Here 
also a stronger decrease in uptake was found for the smaller PNP45 than for the larger PNP90.  
 

 
 

Figure 11: Comparison of uptake of different PNP454  and PNP90 in NR8383 and Caco-2 cells (1 
μg/ml) upon 24 h exposure after blocking the clathrin (A) and caveolin (B) receptors (n=5). The * 

sign signifies p < 0.05 when compared to unperturbed uptake. 
 



 122 Chapter 6 

Effect of size and surface charge on mannose receptors  

 
          The role of mannose receptors in the intracellular uptake of different PNP was investigated 
by inhibiting the mannose receptors by exposing the cells to a high concentration of α-mannan 
(see Figure 12). It can be seen that inhibition of the mannose receptors decreased the 
intracellular uptake for all PNP, but the largest effects were seen for the negative PNP (PNP-OH > 
PNP-COOH), especially for the smaller ones (PNP45 > PNP90). 
 

 
 

Figure 12: Comparison of the uptake of different PNP45 and PNP90 in NR8383 cells (1 μg/ml) upon 
24 h exposure after blocking the mannose receptors (n = 5). The * sign signifies p < 0.05 compared 

to unperturbed uptake. 
 

Discussion 
          Due to the nature of the tri-block copolymers synthesized and used in the present study, 
which have a hydrophobic middle block and hydrophilic terminal blocks, the PNP that were 
formed out of these polymers in water had a hydrophobic core and a hydrophilic corona. The 
size of the PNP depends largely on the size of the polymers and the ratio between their 
hydrophobic middle and hydrophilic terminal blocks.37 The hydrophobic middle blocks (the 
polyhexylene adipate polyester) avoid contact with water, whereas the hydrophilic (PEG) blocks 
try to remain in contact with the water. This means that for the polymers with the larger 
hydrophilic blocks, the aggregate surface becomes crowded with PEG groups faster and the 
particles stop growing sooner than for the polymers with the smaller terminal groups. The 
polymers with the smaller PEG groups grow into larger particles, because in that case the 
surface does not get so easily crowded and more polymer molecules will add to the forming 
nanoparticle. The MTT assay data suggest that the positive PNP45 were more cytotoxic than the 
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positive PNP90. Both the smaller and larger negative PNP did not induce any significant cytotoxic 
response at concentrations up to 12.5 μg/ml. Although some studies have been performed on 
the size-dependent cytotoxicity of NP, such studies on PNP are rare. In the present study the 
PNP45 and PNP90 that were used have very similar properties in surface charge density. To the 
best of our knowledge, this is the first report in which the effect of size on cytotoxicity of PNP is 
systematically investigated, while keeping the surface characteristics and PNP composition 
unchanged.  
          For inorganic NP, more is known on the effect of size on cytotoxicity. Recently, it was 
reported that smaller gold NP (1.4 nm) were much more cytotoxic than bigger (15 nm) ones.38 In 
a similar experiment, silver NP of three different sizes (15, 30 and 55 nm) were tested on a rat 
alveolar macrophage cell line, which is comparable to the NR8383 cell line used in this study. 
The cytotoxicity of the smallest (15 nm) particles was highest and of the biggest ones (55 nm) 
the lowest.39 The cytotoxicity of a wide size-range of silica NP (30, 48, 118 and 535 nm) was 
tested on a mouse keratinocyte HEL-30 cell line. A clear size-dependent cytotoxic pattern was 
reported. The smaller (30 and 48 nm) silica NP showed a much higher toxicity than the bigger 
(118, 535 nm) ones.40 For copper NP, similar results were reported.41 Some other reports also 
indicated an inverse relationship between size and toxicity of different NP including PNP.13,42 
Auffan et al. hypothesized that inorganic NP smaller than 30 nm are chemically very unstable 
due to the presence of many high energy surface states which makes them extremely reactive, 
which again results in an enhanced cytotoxicity.43 However, many of the surface properties of 
inorganic NP are significantly different from the surface properties of organic PNP. Therefore, 
although our results match the findings for inorganic NP, a true comparison is difficult. 
          It should be noted that in all the cellular experiments reported in this article, cell culture 
media (DMEM and F12-K) contained FCS rich in proteins (like albumin). It has been observed 
before that the presence of FCS can cause an increase in the sizes of these PNP by surface 
adsorption of proteins although, the PNP, in this case, still remained highly monodisperse.4 The 
presence of serum, by virtue of being high in protein content, has been reported to influence the 
toxicity and cellular uptake of NP.3 This protein adsorption can be of influence on cellular uptake 
and toxicity, but it is expected that such protein effects will also occur in the gastrointestinal 
tract upon oral exposure to PNP. Thus, testing in the presence of serum reflects the physiological 
conditions better for PNP that may be developed with food-based applications in mind.  
          Two series of PNP were investigated that differed in size and within each series PNP with 
different surface charges (-NH2, -OH and -COOH) were investigated. A distinct size-dependence 
was observed. For instance, although both amine-terminated PNP were toxic, the smaller PNP45 
were more cytotoxic than the larger PNP90. Hence a size-dependent effect for PNP with 
comparable surface charge and surface functionalization was observed. In equivalent masses, 
the smaller PNP45 (45 nm) presented eight times more surface area compared to the bigger 
PNP90 (90 nm). Upon expressing the toxicity data based on surface area, it was found that the 
toxicity increased with an increase in PNP surface area. 
          Production of intracellular ROS after exposure to different NP has been amply reported.44-48 
It is thought that these ROS push the cellular physiology to the limits by inducing oxidative 
stress. Our data, obtained from the DCFH-DA assays, showed that only positive PNP induced 
intracellular ROS production with the smaller PNP showing a higher effect. These findings also 
matched the pattern of cytotoxicity (MTT assay) for these PNP. In literature, systematic studies 
on the effect of size on the intracellular ROS production are rare. Jiang et al.49 investigated the 
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effect of size on intracellular ROS production by testing a wide range of titanium dioxide NP (4-
195 nm) and reported the highest ROS induction for NP of 30 nm size. In a separate study, silver 
NP of 4, 20 and 70 nm were tested on macrophage U937 cells.50 It was found that the 20 nm 
silver NP were the most capable of producing oxidative stress. A similar study by Choi et al.51 
showed that within a series of different sizes of silver NP tested, the smallest (5 nm) NP were the 
most capable of inhibiting the growth of nitrifying bacteria through production of ROS. 
Landsiedel et al.52 also mentioned an inverse relationship between the size of NP and their 
induction of intracellular ROS in their comprehensive review on different metal oxide NP (like 
CeO2, TiO2, SiO2, ZrO2). 
          The decrease of the mitochondrial membrane potential (ΔΨm) by cationic PNP is an 
important finding. It shows that cationic PNP can indeed interact with intracellular mitochondria 
and compromise their integrity. The decrease in ΔΨm after exposure to cationic PNP can have 
further consequences. This compromised state of the mitochondrial membrane can increase its 
permeability which may result in leaching of the mitochondrial calcium to the cytoplasm causing 
a cellular overload of calcium, release of cytochrome c and subsequently trigger apoptosis.32 
Similarly, a compromised mitochondrial membrane can also hamper the normal electron 
transport chain. This can result in decreased ATP production. The finding of ATP depletion of 
cells upon exposure to cationic PNP matched well with the observed effect on the mitochondrial 
membrane potential (ΔΨm). Previously, Bhattacharjee et al.14 reported that positive silicon NP 
(1.6 ± 0.2 nm) were able to induce ROS production in isolated mitochondrial fractions from rat 
liver tissue. Similarly, Xia et al.53 observed that cationic polystyrene nano-beads could interact 
with and subsequently harm intracellular mitochondria. Due to the continuous involvement of 
mitochondria in the respiratory cycle by virtue of the electron transport chain (ETC) processes 
occurring on the outer membrane, it was suggested that interaction of positive NP with 
mitochondrial membranes can disturb the mitochondrial membrane potential. This was shown 
in the present study to occur upon exposure of the cells to positive PNP. As a result, positive PNP 
might uncouple the cascade of reactions in the ETC and thus, not only hamper ATP production 
but also increase the intracellular ROS production.14 A recent study reported that intracellular 
ATP depletion occurred upon exposure of human endothelial EAhy926 cells to differently sized 
polystyrene NP.54 The data obtained in the present study are in line with the literature and this 
could shed some light on the poorly understood mechanism of intracellular ROS production 
induced by NP. In our opinion, reduction of the mitochondrial membrane potential (ΔΨm) 
followed by intracellular ATP depletion, as observed after exposure to cationic PNP, may also be 
a mechanism of cytotoxicity, related to or independent of intracellular ROS production and 
warrants further investigation. 
          It has been reported that several NP can induce production of pro-inflammatory cytokines, 
like TNF-α in different cell lines, including a primary rat brain microvessel cell line and human 
alveolar epithelial A549 cells.35,55,56 However, a comparative study on the effect of NP size on 
TNF-α induction is rare, especially for PNP. Recently, size-dependent TNF-α induction was 
reported when titanium dioxide NP (5 and 200 nm) were intra-tracheally instilled in rats.57 It 
was observed that 5 nm particles were much more effective in inducing TNF-α than 200 nm 
ones. A similar type of inverse relationship between size of NP and TNF-α production was 
reported by Hanley et al.58 for silver oxide NP. Our data on TNF-α production matched these 
reported literature data and pointed towards an inverse relationship between size of PNP and 
TNF-α production.  
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          Our data on the cellular uptake showed that smaller PNP45 (45 nm) were taken up in 
appreciably larger amounts (as determined by CLSM) than the bigger PNP90 (90 nm), 
irrespective of surface charge. Win et al.59 reported a similar type of inverse relationship 
between size of PNP and cellular uptake in Caco-2 cells. Recently, fluorescent and carboxyl-
terminated polystyrene NP of 20 and 200 nm sizes were tested on both rat and human primary 
hepatocyte cells60 and it was found that the smaller 20 nm polystyrene NP showed a higher 
intracellular uptake than the bigger ones. Many other groups reported a higher intracellular 
uptake for smaller NP.59,61-63 Zhang et al.64 performed a molecular modelling and 
thermodynamics, study to understand this size dependence. From calculations and 
thermodynamics they predicted that NP of ~22 nm radius (i.e. ~44 nm in size) are more easily 
internalized by cells. Similarly, other computational models65-67 also predicted an energetically 
favourable receptor-mediated intracellular uptake for NP of 30-50 nm sizes. These authors were 
also able to predict an upper threshold radius of ~60 nm (i.e. ~120 nm size), where receptor-
based endocytosis will not be favourable anymore. These findings fit quite well with our data. 
          The inhibition of endocytosis (by performing the experiments at 4 °C or exposure to a 
mixture of 2-deoxyglucose and sodium azide) had a stronger effect on the uptake of PNP45 than 
on the uptake of PNP90. An explanation may be that smaller PNP enjoy a higher degree of binding 
with cell membrane receptors. Hence, inhibition of receptor-based endocytosis affects the 
cellular uptake of smaller particles more. An optimal size of 50 nm was proposed for uptake as 
well as saturation kinetics of NP uptake by Chithrani et al.68 who investigated the uptake of gold 
NP of three different sizes (14, 50 and 74 nm) in HeLa cells.2 Recently, Jiang et al.69 also reported 
that receptor-based endocytosis was highest for 40-50 nm gold and silver NP tested on herceptic 
receptor ErbB2 expressed on macrophage cells. This preference for 40-50 nm NP also matches 
our data. 
          Like in the general receptor inhibition studies, our data showed that selective blocking of 
the clathrin, caveolin or mannose receptors had in all cases a stronger effect on the uptake of 
smaller PNP45 particles than that of the larger PNP90 particles. These results are independent of 
surface charge of the PNP, although the preference of clathrin receptors for positive PNP and 
caveolin receptors negative PNP is evident from the results. However, it should be also be noted 
that blockers lack absolute specificity and also, other endocytotic pathways for cellular PNP 
uptake remain available after blocking one receptor type. Furthermore, because different in 
vitro cellular systems have different physiologies and have different levels of expression of 
clathrin or caveolin receptors, results from different studies cannot always be easily compared.70 
Whether combined inhibition of the clathrin, caveolin and mannose receptors would completely 
abolish the cellular uptake of the PNP or that residual uptake would remain because also other 
uptake mechanisms are of importance remains to be investigated. There is only a limited 
amount of systematically performed size-dependent analyses on interactions of PNP with 
endocytosis receptors. Rejman et al.71 performed a very extensive study on cellular uptake 
mechanisms of latex particles in murine melanoma B16-F10 cells and found a preference for 
clathrin receptors by smaller and caveolin receptors by bigger PNP. More recently, it was 
reported that carboxyl terminated polystyrene NP of 43 nm size got internalized by the cells 
through a clathrin-dependent pathway.62 Oh et al.72 also found that uptake of smaller metal 
hydroxide nanoparticles (50, 109, 200 nm), when tested on a human osteosarcoma 
(MNNG/HOS) cell line, showed a stronger clathrin receptor dependence of cellular uptake than 
the bigger ones (375 nm). So, although the effects are clearly different for the differently charged 
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PNP and the different receptors, our results seemed to be in line with the findings of the 
majority of these reports that smaller (or medium-sized) NP have stronger interactions with 
endocytosis receptors than larger NP. 
          Mannose receptors are a unique group of receptors that are often expressed on 
macrophage cell surfaces and recognize and endocytose a wide variety of carbohydrates. 
Though it is not clear yet how these receptors recognize such a huge variety of molecules, the 
orientation of the carbohydrate molecule is important. It is also known that hexoses with 
equatorially placed hydroxyl groups have a strong binding affinity towards these receptors.73 
Although our PNP did not contain carbohydrate groups, especially those that contain –OH 
groups on the surface, had some chemical resemblance with carbohydrates with -OH groups. 
The results of the inhibition studies matched with this since the maximum inhibition of 
intracellular uptake was observed for both hydroxyl- or acid-terminated PNP. This once again 
pointed towards a complex range of interactions between PNP and cell membranes and their 
receptors, leading to particle internalization. Although we are the first to actually show that 
inhibition of mannose receptors inhibits cellular uptake of PNP, there have been few reports 
already where these receptors have been targeted for facilitated drug delivery. Park et al.74 used 
mannosylated polyethyleneimine coupled to silica NP to increase the transfection efficiency in 
macrophage cells by targeting the mannose receptors. Similar strategies have been employed by 
other groups to increase the delivery efficacy in biological systems.75-77 Our results on mannose 
receptors are in line with data available in literature that point towards strong NP-receptor 
interactions. These results can further be developed for more sophisticated applications like 
drug delivery or food based delivery of functional ingredients. 
 
 

Conclusion 
          Well-characterized, monodisperse and fluorescent PNP of different sizes (45 and 90 nm) 
and surface properties were synthesized. The PNP exhibited an inverse relationship between 
size and cytotoxicity as well as between size and cellular uptake. A size-dependent induction of 
intracellular ROS production identified oxidative stress as a possible mechanism of cytotoxicity 
with subsequent release of pro-inflammatory cytokines representing another mechanism for NP 
induced adverse effects. Reduction in the mitochondrial membrane potential, uncoupling of the 
electron transfer chain in mitochondria and resulting ATP depletion, induction of ROS and 
oxidative stress likely all play a role in the mode of action for the cytotoxicity of these PNP. 
          Although, at the concentrations tested, only positive PNP showed cytotoxic effects, all PNP 
were taken up by the cells. An involvement of clathrin, caveolin and mannose receptors could be 
seen in cell internalization of PNP with their relative importance depending on the surface 
properties of the PNP. Overall the results presented provide insight in size and surface charge-
specific cellular uptake and cytotoxicity of PNP and possible modes of action underlying these 
effects. Typically, larger PNP and negatively charged PNP are less toxic in our tests than smaller 
and positively charged PNP. Translation of these results to recommendations for their 
preferential use in development of safer NP requires validation of their lower toxicity through in 
vivo studies. 
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Abstract  

          The surface charge-dependent transport of polymeric nanoparticles (PNP) 
across Caco-2 monolayers grown in transwell culture systems as an in vitro model 
for intestinal transport was tested. The transports of well-characterized, 
monodisperse and fluorescent tri -block copolymer nanoparticles (size ~45 nm) 
and polystyrene nanoparticles (size ~50 nm), with different surface charges 
(positive and negative) were quantified. The positive PNP showed a higher 
intracellular uptake and flux across the Caco -2 monolayers than negative PNP. 
Multidrug resistance/P-glycoprotein (MDR1/P-gp), a specific ATP-binding cassette 
(ABC) transporter, was shown to play a major role in the cellular efflux of positive 
PNP, whereas the multidrug resistance protein 1 (MRP1) took part in the efflux of 
negative PNP from Caco-2 cells. The positive PNP also caused an increased cellular 
uptake and apical to basolateral transport of the carcinogen PhIP across the Caco -2 
monolayer. The flavonoid quercetin, which is known to interact with ABC 
transporters, promoted the intracellular uptake of different PNP and interfered 
with the normal distribution patterns of PNP in the transwell system. These results 
indicate that PNP display surface charge -specific interactions with ABC 
transporters and can even affect the bioavailability of toxic food -borne compounds 
(like carcinogens).  
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Introduction 
          Over the last two decades, nanotechnology has become a flourishing field of science and 
the number of nanoparticle applications is increasing rapidly.1 Besides applications in material 
science and medicine, new and interesting uses of nanotechnology are seen in food-based 
applications.2 Although mankind has already been using nanoparticles (NP), like silver,3 from 
antiquity to improve food conservation, the use of newly synthesized and chemically engineered 
NP in food formulations has recently increased. Unfortunately, the behavior and fate of different 
NP in human physiological systems, like the gastrointestinal (GI) system, is still poorly 
understood.4 Although research on such topics has increased in recent years, knowledge on 
interactions between different NP and the GI system remains far from complete. 
 Besides inorganic NP, organic NP and especially polymeric NP (PNP) are interesting for a 
variety of reasons. Through chemical fine-tuning, these PNP can be provided with a large range 
of different and specific surface groups. Furthermore, these PNP do not contain inherently toxic 
elements, such as heavy metals,5 which makes them interesting candidates for food 
applications.6 As a result, PNP are gaining popularity, especially for delivery purposes7 (e.g. 
delivery of probiotics8, 9 or vitamins10). Some formulations are already commercially available 
and it can be expected that more products will reach the consumer market in the near future. 
Hence, research on the interactions of PNP with human intestinal cells is timely and justified. As 
such, it is important to scrutinize the factors that dominate the distinct cellular interactions of 
different PNP. The surface charge of the NP is considered to be important for nanoparticle-cell 
interactions,11-13 although a clear mechanism of this interaction still remains to be elucidated. 
Interestingly, several reports indicated the importance of surface charge-dependent interactions 
of PNP with membrane-bound receptors. 
 Monolayers of human colonic adenocarcinoma-derived Caco-2 cells in a transwell cell 
culture system are a well-accepted in vitro model for assessing gastro-intestinal uptake of 
different materials.14-16 These Caco-2 cells, once cultured under specific conditions, differentiate 
and mimic the enterocytes of the human small intestine.17 Though being used widely for 
assessing the uptake of many orally administered substances, this model has up to now rarely 
been used for experiments with NP.18 The presence of different ATP-binding cassette (ABC) 
transporters – like MDR1/P-gp, multiple drug resistance proteins MRP1, MRP2 and breast 
cancer resistance protein (BCRP) – in the apical and basolateral membranes of the Caco-2 cells19 
makes this model of significant interest to study transporter-based interactions of different NP 
(including PNP). The different efflux pumps expressed in the cultured Caco-2 monolayer in the 
transwell system are well documented.20 ATP transporters preferentially promote the efflux of 
compounds from the intestinal cells. Transport from the intestinal cells promoted by 
transporters in the basolateral membrane of the cells, including MRP1, MRP3 and MRP5,21 is a 
crucial step in the process leading to uptake in the blood. A more efficient transport from these 
intestinal cells thus increases the bioavailability. The reverse transport from the intestinal cells 
back to the intestinal lumen is promoted by transporters located in the apical membrane of the 
cells, including MDR1/P-gp and MRP2. This reverse transport opposes uptake and thereby 
decreases bioavailability.21 It is, for example, well-documented that the apical ABC transporters 
efficiently export many pro-carcinogens, like PhIP (2-amino-1-methyl-6-phenylimidazo[4,5-
b]pyridine), from gut cells to the gut lumen, thus facilitating excretion of toxic compounds from 
the human body and limiting their bioavailability.22 Therefore, the role of ABC transporters is of 
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crucial importance and any interference with the normal function of these transporters will 
render the human body more susceptible to certain toxins that may cause adverse health effects.  
            The objectives of the present study were as follows: 1) To investigate the surface charge-
dependent transport of PNP across the Caco-2 monolayer as an in vitro model for intestinal 
transport; 2) To study the interactions of the different PNP with membrane-bound active ABC 
transport proteins, with the aim to characterize their potential to influence the overall transport 
and thus the bioavailability of other substrates known to be transported by ABC transporters 
across the intestinal barrier; 3) Since, there are several different ABC transporters, the role of 
different ABC transporters in the translocation of the different PNP across the Caco-2 monolayer 
was characterized by using inhibitors that specifically block one or some of these; 4) To study 
whether exposure of the Caco-2 cells to PNP in the presence of quercetin affects their transport 
across the monolayer. This was done because it was previously demonstrated that this food-
borne flavonoid (quercetin) increased the apical to basolateral transport of the flavonoid 
hesperitin across the Caco-2 monolayer and thus pointed at an increased bioavailability upon 
inhibition of the efflux by apical ABC transporters;21 5) To investigate whether PNP influence the 
transport of PhIP, an important food-borne carcinogen, across the intestinal barrier.  
 In this paper, the transport of differently charged PNP over monolayers of Caco-2 cells 
was investigated. For the first time, the surface charge-specific interactions between the PNP 
and ABC transporters were investigated, in which PNP were recognized as a substrate for the 
ABC transporters. In addition it was studied to which degree these PNP affect the bioavailability 
of toxic food-borne compounds, like carcinogens. This adds a new dimension to the hazard and 
risk assessment of the increasingly prevalent PNP. 
 
 

Materials and methods 
Polymeric nanoparticles (PNP) 

          The tri-block copolymer nanoparticles (TCNP) were synthesized and characterized as 
described before.23 In short, these TCNP were prepared by a nanoprecipitation technique using 
tri-block copolymers PEG2000–polyhexylene adipate–PEG2000 with different terminal groups 
(amine, hydroxyl and carboxylic acid). The polystyrene NP (PSNP) were purchased from Sigma 
Aldrich B.V. (product numbers L0780 and L5780 for amine- and carboxylic acid-terminated 
particles, respectively). The size and surface potentials of commercially available PSNP and of 
the synthetized TCNP were quantified by DLS and ζ-potential measurements (Table 2) as 
previously described.23 
 
MTT assay in Caco-2 cells 

          Caco-2 cells were obtained from ATCC (Rockville, MD) and were cultured in DMEM medium 
(Gibco) (fortified with 10 % (v/v) heat inactivated fetal calf serum (FCS) and 50 mg/ml 
gentamicin) in a humidified atmosphere at 5 % CO2 and 37 oC. The cells were subcultured, after 
rinsing with phosphate buffered saline (PBS) using trypsin. Only cells from passage number 37-
42 were used for the experiments. The cell suspension was made up to a concentration of 1 × 
105 cells/ml in DMEM and 100 μl of the cell suspension was plated in each well of a 96-well plate 
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and incubated for 24 h. The cells were then exposed to different dilutions of PNP (in DMEM) and 
incubated again for 24 h. 5 μl of MTT solution in PBS (5 mg/ml) were added to each well 
followed by a 4 h incubation. The wells were then emptied and the violet crystals were dissolved 
in 100 μl of dimethysulfoxide (DMSO) per well before measuring absorption at 562 nm. The 
results were expressed as % of negative control. Plain DMEM medium and Triton-X (0.01 %) 
dissolved in DMEM medium, acted as negative and positive controls, respectively. 
 
Transwell culture with Caco-2 cells 

          For experiments, 1 × 105 cells/cm2 was seeded in Costar 12-well transwell inserts obtained 
from Corning (Corning, NY, product number 3401). The transwell inserts had a polycarbonate 
membrane with a pore size ~0.4 μm and a growth area of ~1.12 cm2. The monolayers were 
maintained with replacement of old with fresh medium thrice per week and the integrity was 
regularly checked by TEER measurements using a Millicell ERS volt/ohmmeter from Millipore 
(Bedford, MA). Only monolayers showing initial TEER values >560 Ω were chosen for transport 
experiments. The integrity of the Caco-2 monolayers were further confirmed by measurement of 
the passage of the fluorescent dye lucifer yellow (λex = 428 nm, λem = 540 nm). 
 
Exposure of Caco-2 monolayers to different PNP 

The different dilutions of TCNP and PSNP were made in phenol red-free DMEM medium. The 
Caco-2 monolayers were washed twice with PBS before exposure. The PNP dilutions, in phenol 
red-free DMEM medium (0.5 ml), were added to the apical compartments in the absence or 
presence of 5 μM PhIP, 10 μM quercetin, 100 μM verapamil,14 24 μM MK571 or 5 μM Ko143 as 
indicated, from 400 times concentrated stock solutions in DMSO. The concentration of the DMSO 
was always kept as 0.5 % in the apical compartments for all the transport experiments. At 
different time points (0.5, 1, 2, 4, 8, 12 and 24 h), aliquots of 150 μl were taken from both the 
apical and basolateral compartments (with immediate replenishment with fresh medium) for 
analysis by fluorescence (for TCNP λex = 488 nm, λem = 543 nm; for PSNP λex = 360 nm, λem = 420 
nm). At 24 h, remaining medium from both the apical and basolateral parts were collected and 
the membrane was dissected with the help of a scissor. The membrane was then dissolved in 
500 μl of 65 % methanol (v/v) in an Eppendorf tube before centrifuging it in order to lyse the 
cells and the supernatant thus obtained, was used for further analysis. Transwells with cells 
exposed to medium without PNP were used as negative control. 
 
Confocal laser scanning microscopy (CLSM) 

          To confirm that the different PNP did enter the Caco-2 cells grown in monolayers after 
exposure, Caco-2 monolayers were trypsinized followed by CLSM for TCNP (λex = 488 nm; λem = 
543 nm). 
 
Statistical analysis 

          Each experiment was repeated three times (n = 3) and the results are shown as mean ± 
standard error of mean (SEM) after analysis and plotting by Origin Pro (version 8.0) software. 
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Data points were taken as statistically significantly different if p < 0.05 compared to the negative 
control (unless stated otherwise) and marked with an asterisk (*) sign. 
 
 

Results and Discussion 
Motivation of choosing ABC transporters  

          The ABC transporters are located in human small intestinal cell membranes and influence 
the bioavailability of food-borne substrates, facilitating either absorption or excretion. A 
schematic representation depicting the location of these transporters and a short summary of 
substrates transported by some major ABC transporters are presented in Figure 1 (Top) and 
Table 1, respectively.14,21 
 

Table 1: Brief summary of different ABC transporters and their substrates.21 

 
Side expressed ABC transporter Physiological substrates 

Apical 

MDR1/P-gp 
(ABCB1) 

Amphipathic drugs, positively charged hydrophobic 
compounds 

MRP2 
(ABCC2) 

Bile salts, xenobiotics, drug-conjugates, glutathione 
(GSH), GSSG, leukotriene-C4 

(LT-C4) 
BCRP 

(ABCG2) 
Amphipathic drugs, organic anions, hydrophilic 

anticancer agents, glutathione conjugates 

Basolateral 

MRP1 
(ABCC1) 

Anionic drug conjugates, GSH, LT-C4, sulphate 
conjugates 

MRP3 
(ABCC3) 

Bile salts, endogenous organic anions 

 
 
Polymeric nanoparticles (PNP) and their characterization  

          Two types of PNP were tested in these experiments: tri-block copolymer nanoparticles 
(TCNP) and polystyrene nanoparticles (PSNP). The TCNP were synthesized and characterized as 
described before,23 and were available with positive TCNP-NH3+ (amine-terminated), slightly 
negative TCNP-OH (hydroxyl-terminated) and negative TCNP-COO– (carboxylic acid-terminated) 
surface charges. The PSNP were commercially available with positive PSNP-NH3+ (amine-
terminated) and negative PSNP-COO– (carboxylic acid-terminated) surface charges. The sizes 
and surface potentials of these PNP were measured by dynamic light scattering (DLS) and ζ-
potential measurements, respectively. A summary of the different PNP used in the experiments 
and their major characteristics is given in Table 2. For the quantification of the transport of all 
PNP in the transwell experiments, fluorescence measurements were used. 
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Figure 1: Schematic representations of: (Top) different ABC transporters in human small intestinal 
cells located in apical or basolateral membranes of Caco-2 cells. (Bottom) The two-compartment 

(apical and basolateral) cell culture system consists of a permeable cell culture insert that is placed 
in a well of a cell culture plate. The Caco-2 cells are seeded on the filter inserts and when grown to 
confluence, the cell layer forms a densely packed cellular barrier between the two compartments. 

 
 

Table 2: Brief summary of the different PNP used in the experiments. 
 

Polymer PNP Surface charge 
ζ-potential 

(mV) 
Size 
(nm) 

Tri-block 
copolymer23 

TCNP-NH3+ Positive 22 ± 5 
45 ± 5 TCNP-OH Slightly negative –8 ± 3 

TCNP-COO– Negative –23 ± 4 

Polystyrene 
PSNP-NH3+ Positive 24 ± 5 

50 ± 5 
PSNP-COO– Negative –21 ± 5 
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Cell viability measurements by MTT assay  

          The cell viability of Caco-2 cells was measured over a wide concentration-range of PNP (0-
100 μg/ml) using the MTT assay. This was done in order to determine a non-toxic concentration 
for all the PNP to be used for transport experiments. The results are shown in Figure 2. For both 
TCNP and PSNP, only exposure of the cells to positive NP resulted in cytotoxicity. From the MTT 
data obtained, test concentrations of 0.5 and/or 1.0 μg/ml were chosen for further experiments, 
as these two concentrations did not show any cytotoxicity to Caco-2 cells for all different PNP. 

 

Figure 2: Cell viability of Caco-2 cells at different concentrations of positive amine (▲), slightly 
negative hydroxyl (■), and negative carboxylic acid (●) terminated tri-block copolymer NP (TCNP) 
and polystyrene NP (PSNP) after 24 h exposure as measured with the MTT assay. Results are shown 

as mean ± SEM (n = 3). The * signifies p < 0.05 compared to the negative control (0 μg/ml). 

 

Transwell culture of Caco-2 cells and exposure to PNP 

          The TEER values of the Caco-2 monolayers were measured upon exposure to different PNP 
for different lengths of time (0.5, 1, 2, 4, 8, 12 and 24 h). For both TCNP and PSNP, only the 
positive NP showed a significant decrease in TEER measurements (Figure 3). Interestingly, the 
dip in TEER values after exposure to positive PNP, partially recovered to ~75 % of its original 
value within 12 h of exposure, although a complete recovery could not be seen even after 24 h. 
Our results are in line with literature reports where a decrease in TEER values of Caco-2 
monolayers following exposure to positive PNP has been described,23-26 while a partial recovery 
was also reported by Sadeghi et al.24 in Caco-2 monolayers exposed to different cationic chitosan 
nanoparticles. The observation that only positively charged NP showed this effect might be 
explained by electrostatic attractions, via which positive NP interacted stronger with the overall 
negative cell membrane than negative NP. Several reports indicated stronger interactions of 
positively charged NP with biomembranes than negative ones.27-30 To ascertain that the decrease 
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in TEER by the different PNP does not influence the integrity of the monolayer barrier, the trans-
monolayer transport of lucifer yellow was tested. Lucifer yellow is a fluorescent dye (λex = 428 
nm, λem = 540 nm) that crosses the Caco-2 monolayer mainly through para-cellular transport. It 
was observed that the presence of even positively charged PNP did not significantly influence 
the passage of lucifer yellow (supplementary information, Appendix D). This showed that the 
integrity of the Caco-2 monolayers remained sufficient upon exposure to PNP of different 
surface charge, in spite of the somewhat reduced TEER values.  
 

 
 

Figure 3: Time-dependent TEER values of Caco-2 monolayers upon exposure to 1 μg/ml 
concentrations of positive amine (▲), slightly negative hydroxyl (■) and negative carboxylic acid 
(●) terminated tri-block copolymer NP (TCNP) and polystyrene NP (PSNP). Results are shown as 

mean ± SEM (n = 3). The * signifies p < 0.05 compared to starting values (t = 0). 
 

Transport of different TCNP and PSNP across Caco -2 monolayers 

          In Figure 4, the time-dependent TCNP and PSNP transport from the apical to the 
basolateral sides across Caco-2 monolayers (at a dose of 1 μg/ml) is presented. At 24 h, ~40 % 
and ~35 % of the amount administered at the apical compartment was transported to the 
basolateral sides for the positive TCNP-NH3+ and PSNP-NH3+, respectively. In contrast, the 
transport rates for negative TCNP (TCNP-OH and TCNP-COO–) and PSNP (PSNP-COO–) were 
lower (transport rate: TCNP-NH3+ > TCNP-OH > TCNP-COO– and PSNP-NH3+ > PSNP-COO–). 
Similar findings of cationic NP showing higher transport than the anionic ones is also reported 
for monolayers of MDCK-II,31 rat alveolar epithelial RAECM,32 buccal mucosal33 and co-cultures 
of Caco-2 and RajiB cells.34 In the present study both the positive TCNP-NH3+ and PSNP-NH3+ 
showed higher transport from the apical to the basolateral compartment than the negatively-
charged TCNP and PSNP. The intracellular content of these positive PNP was also higher than 
that of negative PNP. Several groups also found a comparatively higher intracellular uptake of 
positive NP than of negative ones.35-37 While it is not fully clear how surface charge influences 
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the transport of different PNP across cell monolayers, the electrostatic interaction mentioned 
before may facilitate the interaction between positive PNP and the negatively charged cell 
membrane. This may enhance cellular traffic of positive PNP across the cells. Another 
explanation may be found in possible differential interactions of the differently charged PNP 
with the various cell membrane-bound transporters such as the ABC transporters, which is 
studied in the next section. 
 

 
Figure 4: Time dependent transport of tri-block copolymer NP (TCNP) and polystyrene NP (PSNP) 
(1 μg/ml) with positive amine (▲), slightly negative hydroxyl (■) and negative carboxylic acid (●) 

terminated surface charges across Caco-2 monolayers. Results are shown as mean ± SEM (n=3). 
 

Effect of specific ABC transporter inhibitors on TCNP and PSNP tra nsport 
across Caco-2 monolayer 

          For a better understanding on the possible role of different ABC transporters in the 
transport of PNP with different surface charges, the transwell experiments were repeated in the 
presence of specific ABC transporter inhibitors (100 μM verapamil14 for MDR1/P-gp, which is 
located in the apical membrane; 24 μM MK57114 for MRP1, which is located in the basolateral 
membrane and 5 μM Ko14314 for BCRP, which is located in the apical membrane). The results 
are shown in Figure 5. Verapamil significantly reduced the apical compartment concentration of 
both positive PNP but had no significant effect on the transport of the negative PNP across the 
Caco-2 monolayer. The decreased amounts of positive PNP in the apical compartment was 
accompanied by a significant increase in the intracellular amounts of these PNP. This 
intracellular uptake of positive PNP in Caco-2 cells was confirmed by confocal laser scanning 
microscopy (CLSM) (supplementary information, Appendix D). With MK571, the concentrations 
of negative PNP in the basolateral compartment were significantly reduced, reflecting a 
decreased transport across the Caco-2 monolayer. Blocking BCRP with Ko143 did not show any 
effect on the trans-monolayer transport of any PNP. Based on these results, obtained upon 
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inhibition of specific ABC transporters, it can be concluded that MDR1/P-gp plays a role in the 
cellular efflux of positive PNP and that MRP1 affects the cellular efflux of negative PNP. Although 
an interaction between cationic PNP and MDR1/P-gp has been claimed before,38 to the best of 
our knowledge, this is the first time that it was shown that positive PNP are a substrate for 
MDR1/P-gp mediated transport. 
 

 
Figure 5: Effect of specific ABC transporter inhibitors on the tri-compartmental distribution of 
different tri-block copolymer NP (TCNP) and polystyrene NP (PSNP) across Caco-2 monolayers 

after 24 h at 1 μg/ml. Results are shown as mean ± SEM (n=3). The * signifies p < 0.05 compared to 
negative control (0 μg/ml). 

 
           
          Several experimental and computational studies indicated that the presence of hydrogen 
bond donor moieties makes a molecule a good substrate for MDR1/P-gp.39,40 Similarly, MRP1 
seems to play an important role in the transport of negatively charged PNP. A brief scrutiny of 
the chemical structures of the known substrates of MRP1 (Table 1) reveals an inclination for 
negatively charged molecules. So, our results on the surface charge-specific interaction between 
ABC transporters and PNP are in line with current knowledge on the substrate characteristics 
for the different ABC transporters.  
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Effect of ABC transporter inhibition by quercetin on TCNP transport across 
Caco-2 monolayers 

          To investigate whether the observed interaction of PNP with the different ABC transporters 
is affected by food-borne compounds, trans-monolayer transport of PNP was investigated in the 
presence of the flavonoid quercetin. Quercetin is known to interact with most ABC transporters 
expressed in Caco-2 cells (MDR1/P-gp, MRP2, MRP4 MRP5, BCRP), usually with an inhibitory 
effect.40 Figure 6 shows the tri-compartmental (apical, intracellular and basolateral) distribution 
of PNP upon 24 h exposure of the Caco-2 monolayers to PNP added to the apical side, in either 
absence (control) or presence of 10 μM quercetin. Exposure of Caco-2 monolayers to positive 
PNP, in the presence of quercetin, showed a significant decrease of the positive PNP in the apical 
compartment and a concomitant increase in the intracellular as well as basolateral levels. For 
the negative TCNP-COO-, the co-exposure with quercetin resulted in an overall increase in the 
intracellular levels. This indicated that quercetin influences the transport of especially positive 
PNP by an interaction with the ABC transporters. The obtained data showed that the 
bioavailability of positive PNP is increased by the presence of quercetin as a flavonoid 
component often present in food. 
 

 
 

Figure 6: Tri-compartmental distribution of different surface charge-bearing tri-block copolymer 
NP (TCNP) and polystyrene NP (PSNP) upon incubation of  Caco-2 monolayers for 24 h to the 

different PNP (1 μg/ml) in the absence (control) or presence of 10 μM quercetin. Results are shown 
as mean ± SEM (n=3). The * signifies p < 0.05 compared to control. 
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PhIP transport across Caco-2 monolayers upon co-exposure with different PNP 

          ABC transporters are quite important in protecting the human body from pro-carcinogens, 
like PhIP, as the transporters present on the apical (luminal) side of enterocytes pump the PhIP 
back to the intestinal lumen, thereby reducing its bioavailability. PhIP is a pro-carcinogenic 
heterocyclic amine that is abundantly present in the crust of fried meat22,41 and is reported to 
cause lymphomas in mice and mammary and colon carcinomas in rats.42,43 Figure 7 shows the 
time-dependent transport of PhIP across Caco-2 monolayers, where 5 μM PhIP was added to the 
apical compartment in the absence or presence of different PNP. 
 

 
 

Figure 7: Time-dependent transport of PhIP across Caco-2 monolayers upon apical exposure of the 
cells to PhIP in the absence (♦) or presence of 0.5 μg/ml (■) or 1.0 μg/ml (▲) of: (Upper layer) 

different tri-block copolymer NP (TCNP) and (Lower layer) polystyrene NP (PSNP). The * signifies 
p < 0.05 compared to negative control (0 μg/ml polymeric NP). Results are shown as mean ± SEM 

(n=3). 
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          For both TCNP and PSNP, only the positive NP showed an increase in the transport of PhIP 
across the Caco-2 monolayer from the apical to the basolateral compartments with the effect 
being more pronounced at PNP concentrations of 1 μg/ml than of 0.5 μg/ml. The distribution of 
PhIP over different compartments (apical, intracellular, basolateral) after 24 h exposure to PhIP 
in the presence of various PNP are shown in Figure 8. Interestingly, for both TCNP (Figure 8; 
upper layer) and PSNP (Figure 8; lower layer), the presence of positive PNP decreased the 
amount of PhIP in the apical compartment significantly, whereas the basolateral compartments 
showed a considerable increase in PhIP content. This agrees with the findings that the positive 
PNP interfered with the P-gp transporters. When control experiments were done with 
measuring the tri-compartmental distribution of PhIP in an identical experimental set-up, in 
which P-gp was selectively blocked by verapamil, a similar distribution pattern of PhIP was 
observed. This indicates that a higher bioavailability of compounds, like PhIP, can be achieved by 
inhibition of an apical ABC transporter. For the negative PNP, no significant effect on inter-
compartmental distribution of PhIP could be observed for both TCNP and PSNP. Zhang et al.44 
reported about interactions of poly(ethylene glycol)–polylactide polymer (PEG-PLA) NP (size 
~155 nm) with ABC transporters using a monolayer of HepG2 cells.  
 

 
 
Figure 8: Tri-compartmental distribution of PhIP across Caco-2 monolayers after 24 h exposure to 

5 μM PhIP, in the absence (control) or presence of 1 μg/ml of: (Upper layer) different tri-block 
copolymer NP (TCNP) and (lower layer) polystyrene NP (PSNP). The * signifies p < 0.05 compared 

to negative control (0 μg/ml). Results are shown as mean ± SEM (n=3). 
 

          Similarly, it was recently claimed that blocking of P-gp by iron nanoparticles can be used to 
enhance intracellular delivery of anti-cancer drugs (like doxorubicin) in rat glioma C6 cells.45 
These findings can have important implications for orally administered cancer therapeutics. ABC 
transporters are notorious for causing resistance towards multiple anti-cancer drugs as they 
effectively promote cellular efflux of the drugs.46 With the growing use of PNP in different (like 
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anti-cancer) therapies, our finding can be useful in formulating an effective way of drug delivery 
and reducing multidrug resistance. Positively charged PNP inhibited MDR1/P-gp and can thus 
possibly be used to (partly) overcome multidrug resistance towards certain drugs that are 
otherwise transported out of the cells by MDR1/P-gp. 

          Taken together, the results reported here, characterized for the first time the transport of 
differently charged PNP over a monolayer of Caco-2 human colon cells. They showed that PNP 
display a significant interaction with cellular ABC transporters and thereby can strongly 
influence the overall transport achieved by these transporter proteins.  This effect is typically 
(much) larger for positively charged PNP than for negatively charged PNP, i.e. charge matters.  
This influence of PNP on ABC transporters will strongly affect the bioavailability of materials 
that enter the wall of the intestines and therefore their uptake into the blood stream. These 
conclusions thus add a new dimension to the hazard and risk assessment of PNP. 
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Abstract 

          Background: Tri-block copolymer nanoparticles (TCNP) are increasingly utilized, 
especially in drug delivery and diagnostics platforms. From in vitro studies, surface charge was 
observed to influence the transport of TCNP across Caco-2 monolayers grown on transwell 
inserts. Objectives: To investigate the influence of surface charge on bioavailability and 
biodistribution of TCNP after oral exposure in vivo and compare the results obtained with those 
from the in vitro Caco-2 transwell model. Methods: Monodisperse (45 ± 5 nm), fluorescent and 
differently charged (positive and negative) TCNP were orally administered to inbred Fischer 344 
rats. Blood samples were collected at t = 0, ½, 1, 2, 4 and 6 h followed by sacrifice of the animals 
and collection of the major organs (lungs, liver, kidney, spleen, brain, intestine) and the tibia. 
The quantitative assessments for TCNP in blood, organs and tibia were performed by 
fluorescence measurements. Results: TCNP of both surface charges were absorbed from the gut 
and appeared in the blood within ½ h of oral administration. No significant difference in 
bioavailability and biodistribution could be found between positive and negative TCNP. Both 
TCNP, irrespective of charge, showed accumulation in especially the liver, kidneys and spleen 
while they were also detected in cerebral tissue. TCNP exposure was not accompanied by a 
significant increase in the serum alkaline phosphatase levels, pointing at absence of severe 
hepatotoxicity at the dose levels applied. Conclusion: In contrast to the data obtained in vitro, 
surface charge was not found to influence the in vivo bioavailability of TCNP after oral exposure, 
which may be ascribed to structural modifications induced during passage through the 
gastrointestinal tract. Liver and kidneys were the major sites of bioaccumulation for the TCNP. 
The obtained results encourage further elucidation of factors determining in vivo bioavailability 
which apparently cannot be adequately characterized in the currently often applied in vitro 
Caco-2 transwell model.  
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Introduction 
          With the growing use of nanotechnology-based products, it is necessary to characterize 
their toxic potentials as well as their interactions with living organisms.1 Unfortunately, most of 
the investigations performed so far were based on in vitro experimental platforms comprising of 
a diverse range of nanoparticles (NP). As a result, there is a shortage of in vivo data enabling 
validation of the in vitro results and understanding the bioavailability and biodistribution of NP 
after introduction into the body. Recently, we reported the synthesis of fluorescent, 
monodisperse, well characterized tri-block copolymer [PEG2000-polyhexylene adipate-PEG2000] 
nanoparticles (TCNP) with different surface charges (amine modified positive/TCNP-NH2 and 
acid modified negative/TCNP-COOH) and sizes (45 ± 5 nm and 90 ± 5 nm).2 These TCNP had a 
hydrophobic polyester core protected from the outer aqueous environment by hydrophilic PEG 
tails. Interestingly, by incorporating a fluorescent probe in the polyester middle-block, it is 
possible to render these TCNP3 fluorescent and hence detectable in vivo by fluorescence. The 
availability of these TCNP with different surface charges (positive and negative) allows the 
investigation of how surface charge influences the bioavailability and biodistribution of these 
TCNP after oral exposure. Many of the newly developed NP, including TCNP, were developed 
keeping in mind their potential use in food4 and medicinal applications, like targeted drug 
delivery.5,6 This further increases the possibility of human exposure to comparatively larger 
amounts of different TCNP, especially via oral route, highlighting the need for more in vivo 
studies. 
          In a previous study, surface charge was identified as an important factor in transport of 
TCNP across Caco-2 monolayers, which is a widely accepted in vitro model for human gut 
enterocytes.7 Compared to the anionic NP, the cationic NP demonstrated significantly higher 
transport as well as greater cellular uptake across such transwell Caco-2 monolayer systems. 
Hence, the in vitro data suggested a higher bioavailability for cationic TCNP in vivo after oral 
administration compared to the anionic ones. It is important to investigate this effect of surface 
charge in vivo, as a better understanding on the influence of surface charge on bioavailability of 
TCNP after oral exposure can improve the development of tailor-made TCNP. In vivo data on NP 
described so far are mostly derived from studies with parenteral routes of exposure (like iv, 
sc)8,9 and these cannot be compared to oral exposure scenarios as such. The intrinsic complexity 
of the gastrointestinal (GI) tract (like mucosal barrier, pH, presence of food matrix) can have an 
effect on the absorption of the TCNP. With very little amount of such in vivo data after oral 
exposure of NP available, a need for such an experiment was felt to be justified and timely. 
          The aim of this study was to investigate the role of surface charge in bioavailability and 
biodistribution of TCNP in rats after oral exposure and compare the findings with the available 
in vitro data. In the present study, inbred Fischer 344 rats were chosen due to the abundance of 
bioavailability studies performed on them after oral exposure.10,11 TCNP with intrinsic 
fluorescent labelling and positive or negative charges were used for quantitative assessment of 
bioavailability and tissue distribution upon oral dosing.           
          Keeping in mind the probable uses of these TCNP in food-based formulations and drug 
delivery systems in future, the obtained data on bioavailability and biodistribution can be 
helpful in evaluating the potential of the TCNP for such applications. 
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Materials and methods 
TCNP synthesis and characterization 

          The positive TCNP-NH2 and negative TCNP-COOH of 45 ± 5 nm sizes, were synthesized and 
characterized as described before.2 For the in vivo study, aqueous suspensions of TCNP (3.75, 
7.5 and 30 mg/kg) were used. 
 

Animal experiment 

          The animal experiment was approved by the ethical committee on animal experimentation 
in Wageningen University, the Netherlands and complied with the Dutch law on animal 
experimentation (Stb. 1977, 67; Stb. 1996, 565), revised February 5, 1997. Eight weeks old male 
Fischer 344 rats, with an average body weight of ~200 g were obtained from Harlan (Horst, the 
Netherlands). The rats were divided into groups and housed together under standard conditions 
(22 oC, relative humidity 30-70 %, 12 h light/dark cycle) with ad libitum access to food and 
water. Prior to the oral gavage, rats were fasted for 4 h.  
          First, a pilot experiment was done with 4 rats (2 rats for both positive or negative TCNP) 
for each concentration (3.75, 7.5 and 30 mg/kg) of TCNP (total 12 rats). A single dose of 1.5 ml 
aqueous suspension of TCNP was administered through oral gavage. Blood was collected (150 
μl) from tail veins of the rats in heparinized tubes at t = 0, ½, 1, 2, 4 and 6 h. After 6 h, rats were 
sacrificed under isoflurane anaesthesia and the blood from the aorta (~7 ml) was collected. The 
following organs and tissues were collected: lungs, liver, kidneys, brain, spleen, stomach, small 
intestine, caecum and tibia. The organs and tissues were weighed and preserved in 10 % 
formalin solution before analysis with fluorescence. 
          The pilot experiment was followed by a main experiment of 14 rats: 2 rats as control where 
only 1.5 ml water was administered and 6 rats for both positive and negative TCNP each and 
were given 1.5 ml oral dose of only 30 mg/kg of TCNP. Blood and organs were collected and 
analysed in the same way as described above for the pilot phase. 
 

Quantitative assessment of TCNP by fluorescence measurements  

          The blood samples (150 μl), collected from the tail veins at different time points as well as 
the aorta after sacrifice, were analysed by fluorescence (λex = 488 nm ; λem = 543 nm). The 
amount of TCNP was estimated by a pre-determined calibration curve obtained by mixing 
Fischer 344 rat blood with serial dilutions of TCNP. The data obtained were adjusted to the total 
volume of blood present in the rat (~8 ml)  and the bioavailability was quantified after 
comparison to the administered dose. The preserved pieces of the organs were homogenized 
and a 150 μl aliquot of the homogenized tissue sample was diluted in ice cold nanopure water to 
one ml, before analysing it by fluorescence. The blood contents of the organs were determined 
as described before.12 Calibration curves for each tissue was prepared by mixing known 
amounts of TCNP with homogenized tissue samples. 
 



 153 Surface charge in bioavailability and biodistribution of TCNP in vivo 

Estimation of serum ALP levels  

          The levels of serum ALP were measured by a commercial kit available from the Sigma 
Aldrich Chemie BV (Catalogue No: APF) and measured with fluorescence (λex = 360 nm; λem = 440 
nm). 
 

Statistical analysis 

          The data were plotted using Origin Pro (version 8.0) software. Results were shown as mean 
± standard error of the mean (SEM). Student’s t-test was performed and data points were 
notified with an asterisk (*) when the readings for positive and negative TCNP were significantly 
different (p < 0.05) from each other. 
 

 

Results 
Bioavailability and blood clearance of TCNP  

          The quantitative assessment of TCNP in rat blood at t = 0, ½, 1, 2, 4 and 6 h was done by 
fluorescence and the results are shown in Figure 1. Both the positive and negative TCNP could 
be detected in the blood at t = ½ h. The amount of TCNP in blood increased in a dose-dependent 
way for 2-4 h and then started declining which was slightly more visible for the negative TCNP-
COOH compared to the positive TCNP-NH2. 
 

 
 
 

Figure 1: Time dependent blood levels of positive TCNP-NH2 (▲) and negative TCNP-COOH (■), 
expressed as % of the administered oral dose in rat at t = 0, ½, 1, 2, 4 and 6 h upon administration 
of three different dose levels (3.75, 7.5 and 30 mg/kg b.w.). Results are shown as mean ± SEM. The 
asterisk (*) denotes a statistically significant difference (p < 0.05) between the data for TCNP-NH2 

and TCNP-COOH. 
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Qualitative organ distribution of TCNP  

          As the TCNP contained a fluorescent and UV-active probe, the organs were illuminated 
under UV light to visualise the possible presence of TCNP. The results are shown in Figure 2. 
Both TCNP were mainly deposited in liver and kidneys. Interestingly, some fluorescence could 
also be detected in the brain. The detection of TCNP in the whole caecum indicates that the TCNP 
were displaced from stomach with peristalsis. 
 

 
 
Figure 2: Different organs (L = liver, K = kidney, S = spleen, Br = brain, Lu = lungs, St = stomach, SI 
= small intestine, C = caecum, LI = large intestine) collected from the rats treated with only water 
(control), positive TCNP-NH2 and negative TCNP-COOH under UV-light illumination showing both 

the TCNP to be present mostly in the liver followed by kidneys and brain. Both the positive and 
negative TCNP were detected in the large intestine as well. 

 

Quantitative assessment of organ distribution of TCNP  

          The results from the quantitative assessment of the TCNP in different collected organs are 
shown in Figure 3. It was confirmed that the fluorescence spectrum detected in the various 
tissues (λex=488 nm; λem=543 nm) were similar of the fluorescence characteristics of the dye 
when part of the TCNP and different from those of the free dye molecule (λex=488 nm; λem=566 
nm). The highest amounts of TCNP, irrespective of surface charge, were detected in the liver 
followed by the kidneys and spleen. Some TCNP could also be detected in the lungs, although the 
amounts were much lower compared to those detected in hepatic or renal tissues. Interestingly, 
both TCNP were detected to some extent in the brain. The % of the dose accumulating in the 
various organs were the same for all three dose levels indicating an increase in the accumulated 
contents in the organs with a clear dose-response behaviour. 
          To understand the efficiency of different organs in accumulating the TCNP from the blood 
circulation, the contents of the TCNP in the organs were re-plotted as amount of TCNP per g of 
tissues. The results are shown in Figure 4. It could be seen that when the amount of TCNP was 
expressed per unit mass of tissue, the amounts in spleen and liver were almost the same with 
small but detectable amounts in brain. The rest of the organs also contained TCNP although, the 
levels of accumulation were much lower. 
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Figure 3:  Organ distribution of positive TCNP-NH2 (black columns) and negative 
TCNP-COOH (shaded columns) in Fischer 344 rats at 6 h following ora l 

administration. Three doses of TCNP were applied: 3.75 mg/kg ( top histogram), 7.5 
mg/kg (middle histogram) and 30 mg/kg (bottom histogram) b.w. Results are 

shown as mean % of administered dose ± SEM.  

 

Figure 4:  Organ distribution of TCNP expressed in Fischer 344 rats at per g of tissue 
and as % of liver content (set at 100 %) at 6 h following oral administration to: 3.75 

mg/kg (top histogram), 7.5 mg/kg (middle histogram) and 30 mg/kg (bottom 
histogram) b.w. of positive TCNP-NH2 (black columns) and negative TCNP-COOH 

(shaded columns). Results are shown as mean ± SEM.  
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Measurement of alkaline phosphatase enzyme activity  

          To detect possible hepatotoxicity of the TCNP, serum alkaline phosphatase (ALP) levels 
were measured in the blood samples and the results are shown in Figure 5. Compared to the 
negative TCNP-COOH, the positive TCNP-NH2 caused some increase in serum ALP, only at the 
highest concentration (30 mg/kg) and after 6 h exposure. For other concentrations and time 
points, no effect on serum ALP levels was observed. 
 

 
 

Figure 5: Serum ALP levels in Fischer 344 rats at t = 0, ½, 1, 2, 4 and 6 h following oral 
administration to positive TCNP-NH2 (▲) and negative TCNP-COOH (■) TCNP of 3.75 mg/kg, 7.5 

mg/kg  and 30 mg/kg dose-levels. Results are shown as mean ± SEM. The asterisk (*) denotes 
significant difference (p < 0.05) between the TCNP-NH2 and TCNP-COOH. 

 

Discussion 
          The aim of this study was to check whether surface charge has an effect on the 
bioavailability and biodistribution of TCNP after oral administration in rats and compare the 
data with erstwhile in vitro data compiled from Caco-2 monolayer systems grown on transwell 
inserts. Although pivotal in transport of TCNP in vitro, surface charge was not found to influence 
the bioavailability and biodistribution of TCNP in vivo following oral exposure. Hence, the in 
vitro data based on Caco-2 transwell monolayer systems seemed inadequate in characterizing 
the overall in vivo behaviour of TCNP, including their passage through the GI tract. 
          The stabilities of the various TCNP at different pH (3-11) were confirmed by dynamic light 
scattering (DLS). Control experiments in which Caco-2 cells were exposed in vitro to only the 
fluorescent dye molecules, not being a part of the TCNP, revealed that the dye molecules alone 
did not pass through the cell layer, whereas when part of TCNP they were readily transported 
over the Caco-2 monolayer albeit at a different rate for positive and negatively charged TCNP 
respectively.2 Furthermore, as the dye molecules were covalently attached to the polymer 
molecule, they cannot leak out freely from the polymer molecule. Additionally, the fluorescence 
characteristics of the dye molecule changes when it becomes part of the polymer, which may be 
due to the changes in the electronic environment. Taken together, these clues were used to 
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confirm the stability of the TCNP and exclude loss of the fluorescent dye from the TCNP during 
the in vivo study. 
          The mechanism of absorbance of the TCNP from the gut is still unclear. Few groups have 
proposed the role of intercellular juncture and fenestrations of the endothelia13 apart from the 
role of dendritic cells14 in absorption of NP. An another explanation may be the role of M-cells 
located in the Peyer’s patches.15-17 After being absorbed and thus detectable in blood, both the 
positive and negative TCNP showed an initial increase in amounts present in blood followed by a 
decline. This decline could be due to excretion of TCNP from the body or accumulation in 
different organs. In contrary to the in vitro data – where surface charge played an important role 
in toxicity, cellular uptake and transport across Caco-2 monolayers – there was no differential 
effect of surface charge on bioavailability of TCNP in vivo. One possible explanation for this 
discrepancy between the in vitro and in vivo results may be the other factors (like mucous 
coating over TCNP, pH, food matrix), which are present only in vivo. Although few reports tried 
to shed some light on the role of specific conditions of the GI tract in absorbance of NP,18,19 a true 
understanding of this issue is yet to be achieved. The pH of the gut can also play a role in 
protecting or neutralizing the surface charge depending on the gut physiology. An important 
factor can be the mucous layer present in the GI tract, which is reported to form adsorbed layers 
over the NP and thus to alleviate the surface charge-effect that is otherwise visible in vitro. This 
interference from a mucous layer can be a hindrance to nanoparticle-based drug delivery 
platforms via oral exposure and had already initiated research in finding ways to overcome this 
mucous barrier for orally administered NP.20 Very recently, an experiment with oral exposure 
with positive and negatively charged gold NP of different sizes was reported.21 Interestingly, in 
line with our data, no significant surface charge-dependence in bioavailability or biodistribution 
of gold NP was observed. Similarly, no significant effect of surface charge was found in a report 
by Yamamoto et al.,22 when neutral tyrosine and negative tyrosine-glutamine coated PEG/PDLLA 
nano-micelles were investigated for bioavailability in mice after iv infusion. However, a 100 % 
bioavailability is reached after iv infusion, which is incomparable to the oral exposure and 
makes our study distinct.         
          An interesting observation was the relatively rapid clearance of negative TCNP-COOH from 
the blood compared to the positive TCNP-NH2. Bhattacharjee et al.23 showed that acid 
terminated anionic silicon NP (1.6 ± 0.2 nm) induced phagocytosis in rat alveolar macrophage 
NR8383 cells compared to the positive amine terminated ones. It is often hypothesized that the 
negative NP easily acquire a coating of opsonin proteins in the blood, which induces 
phagocytosis by macrophage cells. Another explanation may be that after reaching the blood, the 
NP get coated with serum proteins, which render the NP to acquire a protein corona24-26 that 
triggers phagocytosis by the macrophages.27-29  
          The high hepatic accumulation of TCNP of both surface charges was expected due to the 
high blood perfusion of the liver. It is suggested that, due to macrophage cells, like the Browicz-
Kupffer cells in the liver,30 the reticulo-endothelial system (RES) has a high capability of 
phagocytosing the TCNP from the blood circulation. Hence, organs like spleen also showed good 
accumulation of TCNP. Previously, Bhattacharjee et al.23 showed that these TCNP can actively 
enter rat macrophage NR8383 cells in vitro. From this, it can be expected that the macrophage 
cells present in the RES can phagocytose the TCNP, thereby eliminating them from the blood 
circulation and causing a deposition of the TCNP in the relevant tissues. Similar accumulation of 
different NP in RES organs, like liver and spleen, has also been reported before. Choi et al.31 
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reported high accumulation of CdSe/ZnS quantum dots in liver and spleen of CD-1 mice after iv 
exposure. Similar involvement of macrophage cells in clearance of NP from the blood circulation 
has been reported before for other cells, like the hepatic macrophages32 and hepatic endothelial 
cells.33,34 For splenic tissue, a role for macrophage cells (dendritic cells) in phagocytosing the NP 
has also been proposed.35 Interestingly, osseous tissue was often omitted in previous in vivo 
studies with NP. In our case, we chose the tibial bone and noticed some bio-accumulation. A 
possible explanation for this may be that bone marrow is also rich in macrophage cells.  
          The quick filtering of the TCNP from the blood stream by the macrophage cells of the RES 
can pose a challenge for targeted drug delivery by decreasing the concentrations of 
nanoparticulate drug formulations in blood. A detailed discussion of the on-going research on 
preventing this problem is beyond the scope of this article. However, it can be said that 
reduction of the phagocytosis of NP via surface modifications, like attaching hydrophilic PEG,36 
looks a promising option. The organ distribution of both types of TCNP showed an overall dose-
dependence with bioaccumulation of the TCNP in each organ increasing with higher 
concentrations.  
          Interestingly, both the TCNP could also be detected in the brain. In the only comparable 
study with oral exposure of NP,21 in contrast to the negative ones, positive gold NP (2.8 nm) 
reached brain. Especially for NP-based drug delivery in brain, where crossing the blood brain 
barrier is crucial, this finding can be of importance. Surface charge seemed not to influence the 
penetration of TCNP across the blood brain barrier. 
          Although TCNP-NH2 showed some increase in serum ALP levels compared to the TCNP-
COOH, the results were inconclusive to indicate hepatic stress for TCNP-NH2. Polystyrene NP 
were reported to be toxic for HepG2 cell lines in vitro.37 However, in vivo data on such hepatic 
stress induced by NP is rare. In an oral 13 weeks exposure study in F344 rats with 56 nm silver 
NP, a mild increase in serum ALP was observed,38 which showed an overall match with our data. 
           

Conclusion 
          In contrast to the in vitro data obtained via transwell Caco-2 cell experiments – surface 
charge does not influence the bioavailability and biodistribution of TCNP after oral exposure in 
vivo. The interaction of TCNP with the GI tract (for example, leading to surface adsorption of 
mucous) can be an explanation for this discrepancy. With high accumulation of TCNP occurring 
in liver and spleen, the RES seems to play an important role in deposition of the TCNP. Other 
organs and tissues (like kidney, lungs, tibia) also showed bio-accumulation of TCNP. The TCNP, 
irrespective of surface charges, crossed the blood brain barrier, which encourages their further 
development as drug delivery vehicles for cerebral tissues. The obtained data pointed the need 
of further in vivo characterizations on the behaviour of orally administered NP, which seemed to 
differ from in vitro Caco-2 transwell systems, possibly due to surface adsorption of mucous. 
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Abstract 

          The present paper probes the importance of the production of reactive oxygen species 
(ROS) and oxidative stress in the mode of action underlying the cytotoxicity of positively 
charged polystyrene nanoparticles (PSNP). Monodisperse, amine-terminated cationic 
polystyrene nanoparticles (PSNP-NH2) were tested for cytotoxicity in macrophage NR8383 cells. 
ROS formation, protection by vitamin E and C, as well as the effect of increased or decreased 
levels of intracellular glutathione on the cytotoxicity were quantified. Results were compared to 
those from similar experiments with the mitochondrial electron transport chain (ETC) 
disrupting agent 2,4-dinitrophenol (DNP), or with the model inducer of oxidative stress 
hydrogen peroxide (H2O2). The induction of ROS and the protection by the various antioxidants 
against the cytotoxicity induced by PSNP-NH2 resembled the results obtained for DNP and not 
those obtained for H2O2. Taken together, the results pointed at a secondary role for oxidative 
stress in the mode of action underlying the cytotoxicity of PSNP-NH2. It is concluded that ETC 
disruption in the mitochondria is the primary cause for cytotoxicity of PSNP-NH2, which 
subsequently leads to ROS production and oxidative stress as a secondary effect. 
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Introduction 
          With significant growth in the number of nanotechnology-based products entering the 
consumer market, exposure to nanomaterials is inevitable. In response to this exposure scenario 
coupled with the health hazards posed by the nanomaterials due to exceptional physico-
chemical properties,1 toxicity investigations on nanomaterials are justified and timely. 
Unfortunately, the knowledge on the mode of action underlying the cytotoxicity of nanoparticles 
(NP) remains far from complete. 
          Oxidative stress has often been hypothesized to be the primary mechanism of cytotoxicity 
of NP.2 A surface chemistry-driven rapid induction in intracellular ROS after exposure to 
different NP was reported.3 However, the source of cellular ROS still remains unclear. It is 
feasible that NP can react with a wide variety of biomolecules producing radicals, like ROS. 
Simultaneously, few recent reports identified intracellular mitochondria as target organs for 
different NP.4 Charged NP can interact with intracellular mitochondria and dissipate the 
mitochondrial membrane potential (ΔΨm). A disturbance in mitochondrial membrane 
physiology can also disrupt the electron transport chain (ETC) and induce the production of ROS 
in addition to causing cellular ATP depletion. Then the question may be raised whether the ROS 
production is the cause of the cytotoxicity or rather a secondary effect occurring after ATP 
depletion or other effects following disruption of the mitochondrial membrane. 
          The aim of the present paper is to investigate the importance of ROS production and 
resulting oxidative stress as a mechanism of cytotoxicity of a selected toxic type of NP. To this 
end well-characterized, monodisperse (50 nm) polystyrene nanoparticles (PSNP) of positive 
charge (as negative PSNP did not show any cytotoxicity) were tested for ROS production and 
cytotoxicity in macrophage NR8383 cells in which antioxidant levels were artificially modified. 
We aimed to elucidate whether the PSNP-NH2 act more as an oxidant causing oxidative stress, or 
rather cause cytotoxicity by disrupting the mitochondrial membrane, disturbing the electron 
transport chain (ETC). Therefore, similar experiments, as done with the PSNP were performed 
using the mitochondrial ETC disrupting agent, 2,4-dinitrophenol (DNP) and with the model 
inducer of oxidative stress, hydrogen peroxide (H2O2). The combined data clarify the degree of 
importance of oxidative stress in the mode of action underlying the cytotoxicity inflicted by 
cationic PSNP-NH2. 
 

Materials and methods 
Polystyrene nanoparticles (PSNP) 

          Monodisperse (50 ± 5 nm) amine-terminated positive PSNP (PSNP-NH2) were bought from 
Sigma Aldrich Chemie BV, and characterized as described before.5 

NR8383 cells 

          The rat alveolar macrophage NR8383 cells were obtained from ATCC (Manassas, VA) and 
were cultured in 150 cm2 flasks in F12-K medium supplemented with 10 % (v/v) FCS.6 The cells 
were maintained under 37 oC and 5 % CO2 atmosphere. 
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Measurement of intracellular ROS production by DCFH -DA assay 

          50 μl of an NR8383 cell suspension (2 × 105 cells/ml) in F12-K medium, containing 100 μM 
vitamin E or 1 mM vitamin C, or no added antioxidants (negative control), was seeded in each 
well of a 96-well plate and incubated for 24.6 The vitamin C was added after 22 h of incubation, 
making the pre-incubation time for vitamin E and vitamin C, 24 h and 2 h, respectively. Different 
DNP, PSNP-NH2 and H2O2 dilutions were then added to obtain the test dilutions (0-75 mM for 
DNP, 0-100 μg/ml for PSNP-NH2 and 0-1 mM for H2O2). 5 μl of a 20 mM DCFH-DA solution in 
DMSO was added to each well after 4 h and incubated for further 4 h (total exposure time of 8 h). 
The fluorescence was measured (λex = 485 nm, λem = 538 nm) and the induction factors for each 
concentration of PSNP were obtained by expressing the readings of the wells as % of the 
negative control. Control experiments were performed by incubating the DNP, PSNP-NH2and 
H2O2 at their test concentrations with DCFH-DA to exclude any interference with the 
fluorescence. 
 

MTT assay to investigate protective effects of vitamins E and C against the 
cytotoxicity of DNP, PSNP-NH2 and H2O2 

          The NR8383 cells were pre-incubated with vitamins E or C and then exposed to DNP, PSNP-
NH2 and H2O2 as described above. After 4 h, 5 μl of MTT solution in PBS (5 mg/ml) was added to 
each well and the plate was incubated for another 4 h. The purple formazan crystals were then 
dissolved in 100 μl/well DMSO and measured at 562 nm and 612 nm (as background). The 
reading of each well was expressed as % of the negative control (0 μg/ml). 
 
MTT assay with pre-exposure to BSO or N-acetyl cysteine (NAC) to investigate 
the protective role of cellular GSH 
 
          The NR8383 cells were plated with medium containing BSO (100 μM/well) to reduce 
cellular GSH levels7 or NAC (10 mM/well) to increase cellular GSH levels8 for 24 h and 1 h, 
respectively, before being exposed to DNP, PSNP-NH2 and H2O2 and performing the MTT assay 
as before. 
 

Statistical analysis 

          Each experiment was repeated three times (n = 3) and data are presented as mean ± 
standard error of mean (SEM) before analysing with OriginPro software (version 8.0). Results 
significantly different (p < 0.05) from the negative control (for Figure 1) and from the data for 
DNP, PSNP-NH2 or H2O2 (for Figures 2, 3) were marked with an asterisk (*) sign. 
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Results 
Induction of intracellular ROS measured by the DCFH -DA assay 

          Figure 1 shows the induction of ROS in NR8383 cells after 4 h exposure to serial dilutions 
of DNP, PSNP-NH2 and H2O2. In the absence of vitamins E or C, H2O2 showed maximal induction 
of ROS production (> 1100 %) followed by the PSNP-NH2 (~563 %) and DNP (~500 %), all 
compared to the negative control. Vitamins E and C suppressed the inductions of ROS for all 
three exposure agents markedly, to a level hardly above control values. The corresponding EC50 
values are given in Table 1. The pattern of ROS production induced by PSNP-NH2 resembled that 
of the ETC uncoupler DNP more than that of the oxidative stress model compound H2O2. 
 

 
 

Figure 1: Effects of vitamins E (■) and C (●) on the intracellular ROS induction in NR8383 cells 
after 4 h exposure to serial dilutions of DNP (0-75 mM), PSNP-NH2 (0-100 μg/ml) or H2O2 (0-1 μM) 
(▲) as measured by the DCFH-DA assay (n = 3). The asterisk (*) sign marks significant differences 

(p < 0.05) compared to the negative control (0 μg/ml). 
 

MTT assay to investigate protective effects of vitamins E and C against the 
cytotoxicity of DNP, PSNP-NH2 and H2O2 

          The NR8383 cells were pre-incubated with vitamins E or C and then exposed to DNP, PSNP-
NH2 and H2O2 as described above. After 4 h, 5 μl of MTT solution in PBS (5 mg/ml) was added to 
each well and the plate was incubated for another 4 h. The purple formazan crystals were then 
dissolved in 100 μl/well DMSO and measured at 562 nm and 612 nm (as background). The 
reading of each well was expressed as % of the negative control. 
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Figure 2: Effects of vitamins E (■) and C (●) on cell viability in NR8383 cells after 4 h exposure to 
serial dilutions of DNP (0-75 mM), PSNP-NH2 (0-100 μg/ml) or H2O2 (0-1 μM) (▲) as measured by 

the MTT assay (n = 3). The asterisk (*) sign marks significant differences (p < 0.05) compared to the 
corresponding values without vitamin E or C. 

 
 
Effect of exposure to BSO or NAC on the cytotoxicity caused by DNP, PSNP -NH2 
and H2O2 

 
          The effect of co-exposure to BSO or NAC on the cytotoxicity caused by DNP, PSNP-NH2 and 
H2O2 are shown in Figure 3 with the EC50 values given in Table 1. Both decreasing the 
intracellular glutathione levels by incubation with BSO and increasing these levels by incubation 
with NAC, did not result in respectively a significant (p < 0.05) increase or decrease in 
cytotoxicity in case of DNP and PSNP-NH2. However, for H2O2 the exposure to BSO and NAC 
significantly increased and decreased the cytotoxicity, respectively. Also, in these experiments 
the pattern of cytotoxicity and cellular protection observed for PSNP-NH2 resembled that of the 
ETC uncoupler DNP more than that of the oxidative stress model compound H2O2. 
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Figure 3: Effects of BSO (■) and NAC (●) on cell viability in NR8383 cells after 4 h exposure to 
serial dilutions of DNP (0-75 mM), PSNP-NH2 (0-100 μg/ml) or H2O2 (0-1 μM) (▲) as measured by 

the MTT assay (n = 3). The asterisk (*) sign marks significant differences (p < 0.05) compared to the 
corresponding values without BSO or NAC. 

 
 

Table 1: The EC50 values obtained from different end-points reported in this article. 
 

End point Agent Figure 
Without 

agent 
Vitamin E Vitamin C BSO NAC 

ROS 
induction 

DNP 

1 

33 mM 43 mM 48 mM 

 

PSNP-NH2 41 μg/ml 57 μg/ml 61 μg/ml 

H2O2 0.4 mM 1.7 mM 2.2 mM 

Cell viability 

DNP 

2 

28 mM 34 mM 26 mM 

PSNP-NH2 33 μg/ml 37 μg/ml 41 μg/ml 

H2O2 0.2 mM 0.7 mM  0.8 mM  

Protection 
by changing 
cellular anti-

oxidant 
levels 

DNP 

3 

28 mM 

 

22 mM 37 mM 

PSNP-NH2 33 μg/ml 28 μg/ml 39 μg/ml 

H2O2 0.2 mM 0.05 mM 1.2 mM 
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Discussion 
          The results presented in this paper indicated that the pattern of ROS production, 
cytotoxicity and cellular protection against the cytotoxicity by antioxidants observed for PSNP-
NH2 resembled the pattern observed for the ETC uncoupler DNP more than that observed for the 
oxidative stress model compound H2O2. Based on these results, it is concluded that for cationic 
PSNP-NH2, instead of being the primary mode of toxic action, ROS production and oxidative 
stress rather emerge as an aftermath of direct or indirect mitochondrial interaction with cationic 
PSNP-NH2. Hence, oxidative stress is a consequence rather than the major cause of cytotoxicity 
for cationic PSNP. 
          With reference to several recent reports, a surface charge-driven interaction between 
PSNP-NH2 and the mitochondrial membrane may be suggested as the major mode of action 
underlying the cytotoxicity of cationic PSNP-NH2.3,4 Simultaneously, it was also mentioned that 
oxidative stress failed to explain several findings (like the NF-κB expression) related to the 
primary mechanism of cytotoxicity for NP.9 The experiments with DNP and H2O2 were therefore 
intentionally chosen in order to delineate the role of intracellular ROS and oxidative stress. It 
was observed that the damage done by H2O2, which is a known inducer of oxidative stress, can 
be mitigated effectively by both the vitamins E and C. In contrast, these vitamins failed to 
significantly (p < 0.05) reduce cytotoxicity caused by DNP or PSNP-NH2. In fact, the protection 
patterns exhibited by the vitamins E and C against the cytotoxicity of DNP and PSNP-NH2 showed 
an overall resemblance with each other and were clearly different from those obtained for H2O2.  
          The data obtained by decreasing or augmenting the cellular glutathione levels further 
supported the notion. It is reported that cationic PSNP-NH2 caused a depletion of cellular GSH 
levels.10 Hence, external application of NAC should have largely curbed the cytotoxicity of PSNP-
NH2 if oxidative stress was the main driving event behind cytotoxicity. In literature, although 
there are reports available on protective effects of externally applied anti-oxidants against 
cytotoxicity of NP, the results are often confusing and not consistent for the different end points 
measured.  
          Our data showed for the first time, through systematic investigations, that for cationic 
PSNP-NH2, it is not oxidative stress but the mitochondrial dysfunction with cationic PSNP-NH2 
(with possible ETC disruption) that propels the cytotoxicity pathway, including the induction of 
ROS. PSNP-NH2 had been shown to produce other toxic manifestations, like genotoxicity or 
production of cytokines (like interleukins) through involvement of transcription factors (like 
NF-κB).11 Oxidative stress can be pivotal in such cellular events, as reflected in the protection by 
antioxidants against these different cellular events. Given the interplay between these various 
biological processes, it is clear that further data are desirable to understand in more detail the 
role of ROS in such manifestations. 
          Taken together, the results of the present paper point to ETC disruption in the 
mitochondria by the interaction between PSNP-NH2 and mitochondria as the primary cause for 
the cytotoxicity of PSNP-NH2. This disruption of the ETC then leads to ROS production, with 
oxidative stress as a secondary effect. Given the complexity, this does not present an estimate of 
the relative importance of the various effects, but clarifies the order of toxicity-inducing events 
for these cationic PSNP. 
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Abstract 

          To assess the role of surface charge and particle size on the cytotoxicity and cellular uptake, 
monodisperse, fluorescent, positive and negative polystyrene nanoparticles (PSNP) of 50 and 
100 nm sizes were tested in macrophage NR8383 cells. Only cationic PSNP showed cytotoxicity 
and a reduction in phagocytic index. Exposure to cationic PSNP also resulted in inductions of 
intracellular ROS production, cytoplasmic free Ca2+, TNF˗α, caspase-3 and NF-κB levels while 
decreasing the mitochondrial membrane potential (ΔΨm) as well as intracellular ATP content; 
with 50 nm PSNP showing larger effects. By confocal laser scanning microscopy (CLSM), higher 
cellular uptake for cationic PSNP was found. By atomic force microscopy (AFM), the cationic 
PSNP were found to increase the roughness of the cell membrane more, compared to the anionic 
PSNP. The results showed the importance of surface charge in determining the cytotoxicity and 
cellular uptake of PSNP, while identifying mitochondria and cellular membranes as important 
targets. 
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Introduction 
          In recent years nanotechnology has experienced unprecedented growth with its 
applications ranging from energy production to food and medicine. The increase in 
nanotechnology-based products also raises concerns for health-related aspects1,2 with regard to 
the inevitable human exposure. Among the less understood topics related to nanotoxicological 
research are the factor(s) that influence the interaction between nanoparticles (NP) and cells. 
Surface charge and particle size are often hypothesized as important factors in such 
interactions.3 Although several studies reported the influence of surface charge4-6 and particle 
size7,8 on cellular interactions of NP, concrete and systematic investigations on this issue are 
scarce. Recently, several reports have been published on the interactions of different NP with 
cell membrane-bound receptors,9-11 although most of the reports focused on inorganic NP with 
very little data available on polymeric nanoparticles (PNP). 
          With polymer chemistry and engineering, different PNP with diverse physico-chemical 
properties (like surface properties, size, biodegradability, fluorescence, etc.) can be synthesized. 
This provides a unique tool to investigate how surface charge and particle size influence cellular 
interactions and toxicity of PNP. Such studies are also important considering the growing use of 
PNP in bioimaging and drug delivery.12,13 Hence, an investigation into the role of surface charge 
and size on the cellular interactions of PNP is timely and justified. The aim of the present paper 
is to present such a systematic investigation on the role of surface charge and size of PNP on 
several related endpoints for cellular interaction and toxicity. Such a systematic in vitro study 
provides further insight in the possible mode of action underlying the cellular toxicity of these 
PNP. 
          The model PNP used in the present study were polystyrene nanoparticles (PSNP) which are 
available commercially in different sizes and surface properties. These PSNP are highly 
monodisperse and due to an embedded fluorescent probe, can be traced in biological 
environments through confocal laser scanning microscopy (CLSM). The model in vitro system 
used was the rat lung alveolar macrophage NR8383 cell line. This cell line is an adequate and 
widely accepted in vitro model. As these NR8383 cells are macrophage cells, a toxic effect 
exerted on them by the PSNP could also give some prediction towards toxicity that might be 
caused by PSNP on the innate immune system. 
          Oxidative stress caused by the induction of intracellular reactive oxygen species (ROS) 
production by different NP is a popular model to explain the cytotoxicity.14-16 However, 
controversy exists whether ROS production is the cause or just a secondary consequence of the 
mode of action for cytotoxicity. Recently, some groups have claimed that especially for cationic 
NP, intracellular mitochondria are a target organelle.17,18 It is possible that this interaction of 
PSNP with mitochondria, with possible disruption of its membrane permeability can decrease 
the cellular ATP content as well as increase the ROS production by uncoupling the electron 
transfer chain (ETC). To investigate the inflammatory response, at least partially caused by the 
ROS, tumor necrosis factor˗alpha (TNF˗α) can be a useful pro-inflammatory biomarker. The 
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) is often associated with 
such stress responses19 and hence, can be monitored while investigating the implications of 
oxidative stress. 
          Furthermore, as intracellular mitochondria are an important storage site for calcium, it can 
be expected that upon exposure to charged PSNP and subsequent deterioration of the 
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mitochondrial membranes, the mitochondrial calcium can get access to the cellular cytoplasm 
causing a cytoplasmic free calcium overload, which can subsequently trigger apoptotic 
pathways.20 Previously, some groups have reported such an increase in intracellular free calcium 
after exposure to cationic NP.21,22 Regarding activation of the apoptosis, caspase-3 can be an 
important biomarker. 
         With CLSM, a detailed investigation of the interactions of the different PSNP with the 
cellular system as well as cellular uptake is possible. This is of interest given the growing 
evidence that different NP show interactions with various cell membrane-bound receptors (like 
clathrin, caveolin, mannose and other receptors).23 A common hypothesis put forward to 
describe cell-NP interactions states that the positive NP get electrostatically attracted towards 
the cell membranes because at normal physiological pH, cell membranes are overall negatively 
charged.24,25 It has been shown by different groups that positive NP and not negative NP, cause 
holes or pores in suspended lipid bilayers (as an in vitro mimic of the lipid bilayer 
biomembranes of cells or mitochondria).26,27 Recently, Verma et al.28 showed that cationic gold 
NP can create transient pores in the cell membrane. This is an important finding as formation of 
such pores in biomembranes could actually contribute to the cytotoxicity of NP. However, so far 
the creation of holes in the cell membranes of living cells upon exposure to positive NP was not 
reported.  
          In the current paper, we present a systematic investigation of the surface charge and size-
dependence of the cytotoxicity of PSNP using an extensive series of cellular end points (MTT, 
phagocytic index, mitochondrial membrane potential measurement (ΔΨm), intracellular ATP 
concentration, DCFH-DA assay, cytoplasmic free Ca2+ levels, TNF-α, caspase-3 and NF-κB 
expressions) in rat alveolar macrophage NR8383 cells. These experiments were complemented 
by AFM and CLSM techniques that - for the first time - allowed direct imaging of the cell 
membrane topography of live cells and the disruption thereof upon exposure to differently 
charged PSNP. By combining these experiments we further extended the understanding of the 
effects of surface charge of PSNP with cellular membranes. 
 

Materials and methods 
Polystyrene nanoparticles (PSNP) 

          Fluorescent PSNP of two different surface charges (positive and negative) and sizes (50 and 
100 nm) were purchased from Sigma Aldrich Chemie BV. The positive and negative PSNP were 
amine and carboxylic acid modified, respectively. The PSNP were characterized in three ways: 1) 
the size and polydispersity index (PDI) were obtained by dynamic light scattering (DLS) 
followed by analysis using the CONTIN algorithm; 2) the surface potential (as an indicator for 
surface charge) was determined by ζ˗potential measurements; and 3) imaging was performed by 
scanning electron microscopy.  
 

NR8383 cells 

          Rat alveolar macrophage (NR8383) cells were obtained from ATCC (Manassas, VA). The 
NR8383 cells were cultured in 150 cm2 cell culture flasks with 25 ml F12˗K culture medium 
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(Gibco 21127) supplemented with 10 % (v/v) heat inactivated fetal calf serum (FCS) in a 
humidified atmosphere containing 5 % CO2 at 37 °C.  

MTT assay 

          An NR8383 cell suspension was centrifuged at 140 g for 5 min before resuspending the cell 
pellet in F12˗K medium followed by counting and adjusting the cellular concentration to 2 × 105 
cells/ml.29 The cells were then seeded in a 96˗well plate (50 μl/well) and the plate was kept in a 
5 % CO2 incubator at 37 °C for 24 h.29 Subsequently, 50 μl of serial dilutions of different PSNP in 
F12˗K medium were added to the wells to obtain the required final concentrations (0˗100 
μg/ml) on the time of incubation. This was followed by incubation for another 4 h after which 5 
μl of MTT solution in PBS (5 mg/ml) was added to each well and the plate was incubated for 
another 4 h. Then, 100 μl of pure dimethysulfoxide (DMSO) was added to each well to dissolve 
the formazan crystals. The absorption reading of each well was measured at 562 nm in a 96˗well 
plate reader and the background absorption reading at 612 nm was subtracted. Mitochondrial 
metabolic activity for each concentration of PSNP was expressed as % of the negative control (0 
μg/ml) reading. Medium without PSNP and medium with Triton-X (0.01 %) were used as 
negative and positive controls, respectively. 

Phagocytic index (PI) measurement 

          An NR8383 cell suspension (2 × 105 cells/ml) was seeded in a 96˗well plate (50 μl/well) in 
F12˗K medium, followed by addition of 50 μl/well of serial dilutions of different PSNP in F12˗K 
medium to obtain the required final test concentrations of PSNP (0˗100 μg/ml) on the time of 
incubation as reported before.17 Plain F12˗K medium without PSNP and medium containing 100 
μM CuSO4 were used as negative and positive controls, respectively. After 4 h, the cells were 
exposed to yellow green fluorescent latex beads (1 μm size) at a ratio of beads to cells in each 
well of 50:1. After 4 h of incubation (total exposure time 8 h), counting samples were taken from 
the wells and viewed first under a fluorescent microscope to visualize the fluorescent beads, 
followed by bright field view to visualize the cells. Samples were also taken out of each well to 
assess the cell viability by trypan blue exclusion test. The trypan blue exclusion test was 
performed by adding trypan blue dye with cell suspension (1:1) before measuring the amount of 
viable cells under light microscope. The phagocytic index was determined by calculating the 
average number of fluorescent beads phagocytosed per viable cell and expressed as % of the 
negative control (0 μg/ml). 

Measurement of mitochondrial membrane potential (ΔΨm) 

          The NR8383 cell suspension was adjusted to 2 × 105 cells/ml and seeded in a 96˗well plate 
(50 μl/well) in F12˗K medium. A 50 μl/well of serial dilutions of different PSNP in F12˗K 
medium were added to obtain the required final test concentrations of PSNP (0˗100 μg/ml). 
After 4 h incubation, the mitochondrial membrane potential (ΔΨm) was measured by a 
commercially available kit from Invitrogen (MitoProbeTM Transition Pore Assay Kit; Catalogue 
No. M34153) and expressed as % of the negative control (0 μg/ml). A 100 μM solution of 
ionomycin in DMSO (supplied with the kit) and F12˗K medium without PSNP were used as 
positive and negative controls, respectively. 
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Measurement of cellular ATP content  

          The NR8383 cell suspension was adjusted to 2 × 105 cells/ml and seeded in a 96˗well plate 
(50 μl/well) in F12˗K medium. A 50 μl/well of serial dilutions of different PSNP in F12˗K 
medium were added to obtain the required final test concentrations of PSNP (0˗100 μg/ml). 
After 4 h incubation, the cellular ATP was then measured by a commercially available kit from 
Invitrogen (Catalogue No. FLASC) and expressed as % of negative control (0 μg/ml). A 75 mM 
solution of 2,4-dinitrophenol (in DMSO) and F12˗K medium without PSNP were used as positive 
and negative controls, respectively. 

Measurement of intracellular ROS by the DCFH ˗DA assay 

          The NR8383 cell suspension was adjusted to 2 × 105 cells/ml and seeded in a 96˗well plate 
(50 μl/well) in F12˗K.2 50 μl/well of serial dilutions of different PSNP in F12˗K medium were 
added to obtain the required final test concentrations of PSNP (0˗100 μg/ml). A concentration of 
10 mM H2O2 was used as positive control and F12˗K medium without PSNP as negative control. 
Immediately after exposure to the PSNP, 5 μl of a 20 mM solution of DCFH˗DA (in DMSO) was 
added to each well and the plates were incubated for 4 h in a 5 % CO2 atmosphere at 37 °C 
making the total exposure time of 8 h. The fluorescence was then measured on a 
spectrofluorometer at λex = 485 nm and λem = 538 nm. The fluorescence induction factor for each 
concentration of PSNP was calculated by dividing the reading of each well by the average 
reading of the negative control (0 μg/ml) and expressed as % of the control. Control 
experiments were performed by incubating the PSNP at their test concentrations with DCFH˗DA 
in the absence of cells to check the possibility of a positive fluorescence reading caused by 
reaction of DCFH˗DA with PSNP alone. 

Measurement of cytoplasmic calcium 

          The NR8383 cell suspension was adjusted to 2 × 105 cells/ml and seeded in a 96˗well plate 
(50 μl/well) in F12˗K medium. A 50 μl/well of serial dilutions of different PSNP in F12˗K 
medium were added to obtain the required final test concentrations of PSNP (0˗100 μg/ml). 
After 4 h incubation, the cytoplasmic free calcium was then measured by a commercially 
available kit from Invitrogen (Fluo-4 DirectTM Calcium Assay Kit; Catalogue No. F10472) and 
expressed as % of negative control (0 μg/ml). F12˗K medium without PSNP was used as 
negative control. 

Measurement of TNF˗α 

          The NR8383 cell suspension was adjusted to 2 × 105 cells/ml and seeded in a 96˗well plate 
(50 μl/well) in F12˗K medium. A 50 μl/well of serial dilutions of different PSNP in F12˗K 
medium were added to obtain the required final test concentrations of PSNP (0˗100 μg/ml). 
After 4 h incubation, the TNF˗α was then measured by a commercially available kit from 
Invitrogen (Catalogue No. KRC3011) and expressed as % of negative control (0 μg/ml). A 
concentration of 10 mM H2O2 and F12˗K medium without PSNP were used as positive and 
negative controls, respectively. 

Measurement of caspase-3 activity 
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          After plating the NR8383 cells and exposing them to serial dilutions of PSNP for 4 h as 
described above, the cellular caspase-3 activities were measured by a commercially available kit 
(Catalogue No. CASP3C) from Sigma Aldrich Chemie BV. The results were expressed as % of the 
negative control (0 μg/ml). 

Measurement of NF-κB 

          The NR8383 cells were plated and exposed to serial dilutions of different PSNP for 4 h as 
described above. Following exposure, the NF-κB levels were measured by a kit from Invitrogen 
(KHO 0371) and the results were expressed as % of the negative control (0 μg/ml). 

Confocal laser scanning microscopy (CLSM) 

          The NR8383 cell suspension was adjusted to 2 × 105 cells/ml and seeded in a 96˗well plate 
(50 μl/well) in F12˗K medium. A 50 μl/well of serial dilutions of different PSNP in F12˗K 
medium were added to obtain a required non-toxic concentration of PSNP (1 μg/ml). After 4 h of 
exposure, samples were taken out and put on a glass slide before examining them under oil 
immersion microscope (100×) and then visualizing the cells under a Zeiss confocal laser 
scanning microscope (λex = 543 nm; λem = 620 nm). Different samples were measured with the 
same resolution, laser and detector settings, aperture width and image gain. The relative cellular 
uptake of 100 nm cationic and anionic PSNP were expressed as an arithmetic mean of data 
obtained from 20 individual cells from at least five different experiments (n = 5). Cells exposed 
to only F12˗K medium were used as control. 

Calcein assay 

          The NR8383 cell suspension was adjusted to 2 × 105 cells/ml and exposed to 1 μM 
concentration of calcein-AM (calcein-acetomethoxy) for 1 h. The cells were then washed with 
PBS by repeated centrifugation and then exposed to non-toxic concentration of PSNP (1 μg/ml). 
After 4 h of exposure, samples were taken out and put on a glass slide before examining it under 
oil immersion microscope (100×) and then visualizing the cells under a Zeiss confocal laser 
scanning microscope (λex = 488 nm; λem = 538 nm). Different samples were measured with the 
same set up of similar resolution, aperture width and image gain. Cells exposed to only calcein 
were used as control. 

Atomic force microscopy (AFM) 

          After exposure to PSNP (1 μg/ml) for 4 h, samples were taken from a NR8383 cell 
suspension (2 × 105 cells/ml) before placing it on mica slides. The samples were then checked by 
AFM in contact tapping mode with a silicon nitride tip and an average diameter of 30 nm. Each 
time an area of 2 × 2 μm was scanned and height tracings and three dimensional images of the 
surfaces were made. The roughness (r) was calculated for the area scanned by the IgorPro 3.0 
computer software. 

Statistical analysis 

          Each experiment was repeated three times (n = 3) and the results are shown as mean ± 
standard error of mean after analysis and plotting by Origin Pro (version 8.0) software. Data 
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points were taken as statistically significantly different if p < 0.05 compared to the negative 
control (unless stated otherwise) and marked with a * sign. Results are shown as mean ± 
standard error of mean (SEM). 
 

 

Results 
Characterization of PSNP 

          The PSNP were terminated with amine (PSNP-NH2) or carboxylic acid (PSNP-COOH) 
moieties, rendering them positively (PSNP-NH3+) or negatively (PSNP-COO˗) charged in aqueous 
dispersions. The characterization results are provided as Table 1. The PSNP can clearly be 
visualized, and were found to be overall monodisperse. The monodispersity of the PSNP was 
also confirmed by DLS and the PDI of the PSNP in aqueous dispersions were determined to be < 
0.1 for all for samples. 
 

Table 1: Physico-chemical characterization of the different PSNP. 

Polymer PSNP Surface charge ζ-potential 
(mV) 

Hydrodynamic 
size (nm) 

Polystyrene 

PSNP-NH2 Positive 
24 ± 5 50 ± 5 

23 ± 5 100 ± 5 

PSNP-COOH Negative 
˗21 ± 5 50 ± 5 

˗24 ± 5 100 ± 5 

 

 

Cytotoxicity measurement by MTT and phagocytic index (PI) assay  

          The cytotoxicity of the PSNP was measured by both the MTT (Figure 1) and the PI (Figure 
2) assay. In the MTT and PI assay, the mitochondrial metabolic activity and phagocytic 
capabilities were measured upon exposure of the cells to the PSNP in the concentration range of 
0 ˗ 100 μg/ml. At the concentrations tested, only the cationic PSNP showed signs of cytotoxicity 
for both these assays (see Figures 1 and 2, for MTT and PI assays, respectively). For the anionic 
PSNP, no cytotoxicity could be observed in the tested concentration range. The EC50 values 
obtained from the MTT and PI assays are presented in Table 2. Although not always statistically 
significant (p < 0.05), a size-dependent effect on the cytotoxicity of PSNP could be observed. In 
this case, the smaller cationic PSNP (50 nm) were relatively more cytotoxic than the larger ones 
(100 nm).  
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Figure 1: Cell viability measured by the MTT assay and expressed as % of negative control (0 

μg/ml) after 4 h exposure of NR8383 cells to positive and negative PSNP of 50 (▲) and 100 (■) nm 
sizes. The * sign signifies statistical difference from the negative control at p < 0.05. Results are 

shown as mean ± SEM (n = 3). 
 
 

 
Figure 2: Phagocytic index (PI) expressed as % of negative control (0 μg/ml) after 4 h exposure of 

NR8383 cells to positive and negative PSNP of 50 (▲) and 100 (■) nm sizes. The * sign signifies 
statistical difference from the negative control at p < 0.05. Results are shown as mean ± SEM (n = 3) 
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Mitochondrial membrane potential (ΔΨm) assessment 

          In order to investigate the possible effect of different PSNP on intracellular mitochondria, 
the change in mitochondrial membrane potential (ΔΨm) was measured by a commercially 
available kit. The obtained results are shown in Figure 3. The cationic PSNP of both sizes (with 
50 nm NP being more effective than 100 nm NP) caused a reduction in the ΔΨm within the tested 
concentration range (0 ˗ 100 μg/ml) in contrast to the anionic ones, which did not show any 
effect on the ΔΨm.  The EC50 values are given in Table 2.  
 

 
Figure 3: Change in mitochondrial membrane potential (ΔΨm), expressed as % of negative control 
(0 μg/ml) after 4 h exposure of NR8383 cells to positive and negative PSNP of 50 (▲) and 100 (■) 
nm sizes. The * sign signifies statistical difference from the negative control at p < 0.05. Results are 

shown as mean ± SEM (n = 3). 

 

Measurement of intracellular ATP content  

          The intracellular ATP was measured in NR8383 cells after 4 h exposure to different PSNP in 
order to further extend the scope of ongoing investigations on the interaction of different 
surface charge-bearing PSNP with intracellular mitochondria. The results are shown in Figure 4 
with the corresponding EC50 values being presented in Table 2. For the cationic PSNP, a dose-
dependent decrease in the cellular ATP content was observed, with the 50 nm PSNP being more 
effective than the 100 nm particles. In contrast, the anionic PSNP failed to induce any such 
decrease in cellular ATP content at the concentrations tested.  
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Figure 4: Cellular ATP content expressed as % of negative control (0 μg/ml) after 4 h exposure of 

NR8383 cells to positive and negative PSNP of 50 (▲) and 100 (■) nm sizes. The * sign signifies 
statistical difference from the negative control at p < 0.05. Results are shown as mean ± SEM(n = 3). 

Measurement of intracellular ROS 

          The DCFH˗DA assay was used to assess any induction in intracellular ROS production by 
different PSNP. The results of the DCFH˗DA assay are shown in Figure 5. In contrast to the 
anionic PSNP, which showed no response, the cationic PSNP of both sizes showed induction in 
ROS production, with the 50 nm PSNP being more active than the 100 nm. The corresponding 
EC50 values are given in Table 2. 

 
 

Figure 5: Induction of intracellular ROS production expressed as % of negative control (0 μg/ml) 
after 4 h exposure of NR8383 cells to positive and negative PSNP of 50 (▲) and 100 (■) nm sizes. 

The * sign signifies statistical difference from the negative control at p < 0.05. Results are shown as 
mean ± SEM (n = 3). 
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Measurement of intracellular calcium 

          The results are shown in Figure 6 and the corresponding EC50 values are given in Table 2. 
As expected, only the cationic PSNP, with 50 nm PSNP showing a higher effect than 100 nm 
PSNP, caused a dose-dependent increase in the cytoplasmic free calcium levels, whereas no such 
effects were observed for anionic PSNP. 

 
Figure 6: Cytoplasmic free calcium content expressed as % of negative control (0 μg/ml) after 4 h 
exposure of NR8383 cells to positive and negative PSNP of 50 (▲) and 100 (■) nm sizes. The * sign 

signifies statistical difference from the negative control at p < 0.05. Results are shown as mean ± 
SEM (n = 3). 

Measurement of cellular TNF˗α  

          The probability of inflammation following such a compromised state of normal cellular 
physiology including oxidative stress cannot be ruled out. Hence, as a biomarker of 
inflammatory response, cellular TNF˗α production by the cells exposed to PSNP was measured. 
The results are shown in Figure 7 and the corresponding EC50 values are given in Table 2. An 
increase in the cellular TNF˗α production could be seen only upon exposure to cationic PSNP. 
The anionic PSNP did not show any induction of TNF˗α production. For the cationic PSNP, the 50 
nm PSNP induced a higher TNF˗α production compared to the 100 nm PSNP. 
 

Effect on caspase-3 activity  

          The effects on the activity of caspase-3 after 4 h exposure of NR8383 cells to the positive 
PSNP are shown in Figure 8 with the EC50 values enlisted in Table 2. From the results obtained, 
it can be seen that exposure of the cells to cationic PSNP increased the caspase-3 activity 
compared to the negative control (0 μg/ml) with smaller 50 nm PSNP showing a higher effect 
compared to the bigger 100 nm PSNP. For cells exposed to anionic PSNP, in comparison to the 
control values no significant changes could be seen with the test concentrations. 
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Figure 7: Cellular TNF˗α expressed as % of negative control (0 μg/ml) after 4 h exposure of 
NR8383 cells to positive and negative PSNP of 50 (▲) and 100 (■) nm sizes. The * sign signifies 

statistical difference from the negative control at p < 0.05. Results are shown as mean ± SEM(n = 3). 
 
 

 

Figure 8: Cellular caspase-3 activity expressed as % of negative control (0 μg/ml) after 4 h 
exposure of NR8383 cells to positive and negative PSNP of 50 (▲) and 100 (■) nm sizes. The * sign 

signifies statistical difference from the negative control at p < 0.05. Results are shown as mean ± 
SEM (n = 3). 
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Effect on NF-κB levels 

          The effect on NF-κB levels are shown in Figure 9 with the EC50 values given in Table 2. The 
cationic PSNP caused an increase in the levels of NF-κB whereas the anionic PSNP did not show 
any such effects compared to the negative control (0 μg/ml) after 4 h exposure. The smaller 50 
nm cationic PSNP showed higher effects compared to the larger 100 nm cationic PSNP. 
 

 
 

Figure 9: Cellular NF-κB expressed as % of negative control (0 μg/ml) after 4 h exposure of 
NR8383 cells to positive and negative PSNP of 50 (▲) and 100 (■) nm sizes. The * sign signifies 

statistical difference from the negative control at p < 0.05. Results are shown as mean ± SEM(n = 3). 
 

Table 2: The EC50 values (μg/ml) obtained from different experiments on NR8383 cells after 4 h 
exposure to the test concentrations (0˗100 μg/ml) of cationic PSNP. No EC50 values are given for 

anionic PSNP due to their non-toxicity in the tested concentration range. 
 

Assay Figure 
EC50 (μg/ml) 

50 nm 100 nm 
MTT 1 33 35 

PI 2 56 62 
ΔΨm 3 34 38 
ATP 4 63 65 

DCFH˗DA 5 54 68 
Calcium 6 62 88 
TNF˗α 7 66 96 

Caspase-3 8 69 74 
NF-κB 9 65 77 
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Investigation of the role of surface charge on cellular uptake and cellular 
distribution of PSNP by CLSM 

          The NR8383 cells were exposed to a non-toxic concentration (1 μg/ml) of both cationic and 
anionic 100 nm PSNP for 4 h before checking the cellular uptake and cellular distribution of the 
PSNP. The CLSM technique was employed in order to investigate the uptake patterns as well as 
to perform quantitative uptake analyses of the PSNP of different surface charges. The results are 
shown in Figure 10A, in which the nucleus is observed as a dark space inside the cells. The 
results from at least 20 individual cells from three separate experiments were counted. The 
uptake of cationic PSNP was almost twice the uptake of anionic PSNP (Figure 10B). It was found 
that cationic PSNP showed mainly interaction with the cellular periphery with the fluorescence 
halo visible from the cell membrane. For anionic PSNP, no such enhanced interaction between 
the PSNP and the cell membrane was observed. Differences could also be seen in the 
intracellular distribution patterns of the two different surface charge-bearing PSNP. For anionic 
PSNP, small vesicular structures could be seen inside the cells; this was not the case for the 
cationic PSNP. For the cationic PSNP, the NP were found to be diffusely spread across the 
cytoplasm and also in the peri˗nuclear regions. 
 

 
 

Figure 10: (A) CLSM images of NR8383 cells (λex = 543 nm, λem=620 nm) after 4 h exposure to 
positive (amine-terminated/PSNP-NH2) and negative (acid-terminated/PSNP-COOH) 100 nm 

PSNP. (B) Relative cellular uptake of 100 nm cationic and anionic PSNP in NR8383 cells after 4 h 
exposure to non-toxic 1 μg/ml concentrations. Results are shown as mean ± SEM. The uptake of the 
cationic PSNP was taken as 100 %. The results were expressed as an arithmetic mean of the CLSM 

data obtained from 20 individual cells from five separate experiments (n = 5). 
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Integrity of cell membrane after exposure to PSNP  

Calcein assay 

          The results are shown in Figure 11 and reveal that the cationic PSNP (at a non-toxic 
concentration of 1 μg/ml) created membrane-bound pouches of calcein leaking out of the cell 
membrane, suggesting a compromised structure of the cell membrane. In contrast, for the 
anionic PSNP (also at 1 μg/ml), the integrity of the cell membrane was maintained, and 
comparable to that of a normal NR8383 cell (control).  

 
 

Figure 11: Calcein assay (λex = 488 nm, λem = 538 nm) of NR8383 cells after 4 h exposure to non-
toxic (1 μg/ml) concentrations of positive (amine-terminated/PSNP-NH2) and negative (acid-

terminated/PSNP-COOH) 100 nm PSNP. 
 

Atomic force microscopy (AFM) 

          The results of the AFM investigation are shown in Figure 12. The cationic PSNP-NH2 caused 
a higher disruption of cell surface topography and increased the overall roughness of the 
surface. The normal mean roughness of NR8383 cells was found to be ~5.3 nm, whereas after 
exposure to the cationic PSNP the mean roughness showed an almost five-fold increase (~24.7 
nm). Additionally, pores or holes of different sizes (at least ~150 nm in size) could be observed 
on the surface. In contrast, anionic PSNP-COOH caused a much smaller increase in roughness of 
the NR8383 cell surface (~10.2 nm) and no hole formation could be observed. 
 

Discussion 
          The aim of this study was to systematically probe the influence of surface characteristics 
(like surface charge) and physical properties (like particle size) of PSNP in the cytotoxicity 
inflicted towards macrophage NR8383 cells. To this point, various cellular endpoints were 
identified in order to better understand the mechanism of such toxicity. The major observations 
were: 1) the cationic PSNP showed higher cytotoxicity as well as cellular uptake compared to the 
anionic PSNP showing an effect of surface charge; 2) a size-effect was also found since smaller 
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50 nm cationic PSNP were found to be more toxic compared to the bigger 100 nm cationic PSNP; 
3) especially positive PSNP caused a disruption of the membrane integrity and pore formation 
could be visualized; 4) intracellular mitochondria were identified as a major target organelle in 
the cytotoxicity causing pathway; 5) based on these investigations, a pathway resulting in 
cytotoxicity of cationic PSNP can be proposed. 
 

 
           
          Our cytotoxicity data, based on the MTT and phagocytic index measurements, were in line 
with the literature, where cationic NP showed greater cytotoxicity compared to the anionic ones, 
both for polymer30 and inorganic NP.31 It is still not clear on mechanistic grounds, why cationic 
NP, in general, are more cytotoxic than the anionic ones. A hypothesis that has been put forward 
is that the cationic NP experience electrostatic attraction towards the (overall) anionic cell 
membrane and other lipid-based biomembranes, which makes their interactions with 
biomembranes much easier compared to that of the anionic ones.32-34 A similar size-dependent 
cytotoxicity of different NP (with cytotoxicity inversely related to the sizes of NP) was also 
reported for other types of NP. A clear understanding of the mode of action underlying this size 

Figure 12: AFM (contact tapping mode) 
images of NR8383 cells placed on mica 
surface after 4 h exposure to non-toxic 
(1 μg/ml) concentrations of positive 
(amine-terminated) and negative (acid-
terminated) 100 nm PSNP. The controls 
were cells that were not exposed to 
PSNP. The average roughness was 
calculated by the IgorPro 3.0 software 
and denoted as “r”. 
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effect on the cytotoxicity of NP is lacking, although a hypothesis has been put forward that with 
decreasing size, NP are more reactive, and hence can react with a wider variety of biomolecules 
causing toxicity.35 It is also possible that with decreasing size, a higher percentage of the 
molecules in the NP get expressed on the surface, making smaller NP more reactive per gram of 
material than the larger ones.36 Alternatively, one may suggest that for the smaller NP with 
higher reactivity, the interaction between the membrane phospholipids and the NP becomes 
more favorable. 
          The induction of the intracellular ROS production in NR8383 cells only after exposure to 
cationic PSNP, can cause oxidative stress. It has been hypothesized that oxidative stress is the 
mechanism of cytotoxicity of different NP including PSNP.37-39 Our results are therefore in line 
with reported literature. However, there is still controversy about what may be the source of the 
production of intracellular ROS. Some groups have reported that intracellular mitochondria can 
be a target organ for NP.40,41 The size-dependence that we observed (smaller PSNP causing more 
induction of intracellular ROS production than the larger PSNP) also matches with literature.42,43 
          The finding of cellular ATP depletion in NR8383 cells after 4 h exposure to only cationic 
PSNP (and not anionic ones) is interesting for various reasons. It showed that PSNP can interact 
with intracellular mitochondria, hampering their normal membrane physiology. ATP gets 
produced as a result of the ongoing ETC cycle in the mitochondrial membrane, and thus a 
reduction in the ATP production points towards a compromised ETC. These results fit well with 
the data on the effects of the PSNP on the mitochondrial membrane potential and strengthen the 
idea that cationic PSNP hamper the integrity of the mitochondrial membrane and disrupt the 
ETC. This can also lead to increased ROS production inside the cells.44,45 In a recent study by Xia 
et al.,17 a reduction in cellular ATP was also reported in RAW 264.7 murine macrophage cells 
after exposure to cationic 60 nm PSNP. This decrease in cellular ATP content after exposure to 
cationic PSNP matched well with our data.           
          With evidence pointing towards cationic PSNP causing a deteriorating effect on the 
mitochondrial membrane, it is possible that mitochondrial calcium can leak out into the 
cytoplasm.46 To investigate this to a further extent, the cellular calcium content was measured 
and the results matched our expectations and corroborated with our findings on mitochondrial 
membrane potential (ΔΨm) which decreased after exposure to cationic and not anionic PSNP. Xia 
et al.17 reported such an increase in cytoplasmic calcium levels in RAW 264.7 cells upon 
exposure to cationic PSNP of 60 nm sizes which matched well with our results. This effect on 
cytoplasmic calcium caused by cationic PSNP, pointed towards an interaction between the 
mitochondria and PSNP further confirming that mitochondria are a target cellular organelle. The 
increased levels of cytoplasmic calcium can subsequently trigger apoptotic pathways and this is 
corroborated by our data showing an increased caspase-3 activity, as caused only by the cationic 
PSNP.           
          Previously, several groups reported that cationic NP caused an induction of TNF˗α 
production whereas anionic NP did not.18,47,48 Similarly, it was also reported that smaller NP can 
display a higher cytotoxicity compared to larger NP. Hence, our data match well with literature. 
An increase in the production of TNF˗α pointed towards an inflammatory response that may be 
caused by the ROS, although taking the compromised state of the mitochondria into account, the 
cause of this oxidative stress can be attributed to a variety of reasons and may not be exclusively 
due to ROS production. 
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          The induced ROS in the cytoplasm can send signals to the nucleus via up-regulation of 
different transcription factors to produce various pro-inflammatory and inflammatory 
cytokines, including TNF-α. Our data on NF-κB support this mechanism where an increase in the 
transcription factor NF-κB can be seen as a predecessor to the acceleration of TNF-α. The 
increase in such transcription factors by cationic NP is rarely reported before.49 Similar reports 
exist50 where up-regulation of transcription factors were noted in case of exposure to the NP. It 
had also been shown before that the fluctuation of cytoplasmic contents including the ROS and 
free calcium can also influence the signaling to the nucleus at post-translational level,51 although 
more data are required before drawing firm conclusions. 
          The findings on the role of surface charge in the intracellular distribution patterns can have 
further implications. In a recently published study, Bhattacharjee et al.52 showed that surface 
charge played an important role in cellular interactions as well as cellular uptake of tri-block 
copolymer NP in NR8383 cells.29 These cationic NP interacted strongly with the cellular 
periphery (cell membrane) and were even found to enter the cellular nucleus, whereas the 
anionic NP were preferably located inside vesicular structures within the cells. It was also 
shown by Bhattacharjee et al,52 a surface charge-specific activation of clathrin (for cationic NP) 
and caveolin (for anionic NP) receptors occurred, which played a significant role in the cellular 
uptake of NP. Similar surface charge-dependent involvement of clathrin and caveolin receptors 
was already reported before.52 
          It was reported before that cationic NP can cause holes in lipid bilayers and structured 
biomembranes,33,34,36 although no reports are available that this is also true for cationic PSNP 
and living cells. To investigate this to a further extent, a calcein assay was employed in which a 
non-fluorescent calcein˗AM (acetomethoxy) salt was administered that after entering cells is 
converted into calcein by intracellular esterases and thus becomes fluorescent. The calcein 
content inside the cells could then be visualized with CLSM. This is a standard technique for 
testing the integrity of the cell membrane.28 This once again showed that cationic PSNP harm the 
structural integrity of the cell membrane. 
          Although the calcein assay only gives an indirect assessment of the compromised cell 
membrane integrity after exposure to especially cationic PSNP, more direct evidence for 
disturbance of the membrane structure could be obtained by AFM. Some groups have already 
advocated the use of AFM in imaging the surface topography of biological samples, including 
cells.53,54 An advantage of AFM is that it can be performed under water-rich biological conditions, 
making the technique suitable for imaging the surface characteristics of cells. This is preferable 
over conventional electron microscopy measurements that require ultra high vacuum conditions 
and low temperatures during sample preparation, which may deform cell membranes. 
          To the best of our knowledge, this is the first time the effect is imaged of the interaction of 
NP with different surface charges on the topography of the cell membrane surface of living cells. 
It also gave direct evidence for pore creation caused by the interaction of cationic NP with the 
cell membranes. The observation that hole-like structures are created in the cell membrane by 
cationic PSNP can add to the mechanistic understanding of the cytotoxicity of cationic PSNP. The 
concentrations applied were non-toxic (1 μg/ml) and hence this deterioration of the cell 
membrane is not due to necrosis. By creating holes in the cell membrane, the cationic PSNP can 
cause an increase in the cell membrane permeability and thereby disturb the normal transport 
of molecules in and out of the cells and thus eventually lead to cytotoxicity at higher 
concentrations. Why cationic PSNP caused punctures in the cell membrane is not well 
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understood. Based on computational studies, it was argued that due to the electrostatic 
attraction between the cationic PSNP and the (overall) anionic cell membrane, a part of the cell 
membrane protrudes to first cover the PSNP and then gradually incorporates the PSNP into the 
lipid bilayer structure of the cell membrane. Then, this membrane-bound pouch containing the 
cationic PSNP enters the cell.  In this process membrane molecules are apparently bound 
stronger to positively charged PSNP than – via van der Waals forces – to each other, which leads 
to a disruption of the cell membrane, i.e. the formation of the hole-like structures. In contrast, it 
was reported in literature that anionic PSNP got embedded within the membrane lipid bilayer 
and did not form holes like the cationic ones.55,56 Although such explanations for the formation of 
the holes in the cell membrane by cationic PSNP need further evidence, the current data point at 
pore formation as a possible mode of action for the adverse effects of cationic PSNP on cell 
membrane integrity.  
          Based on these obtained data, a pathway of the toxicity caused by the cationic PSNP in 
NR8383 cells after 4 h exposure is proposed (Figure 13). The proposal classifies the pathway 
into three broad phases: 1) Pre-mitochondrial phase, where the cationic PSNP interacts with the 
cell membrane with activation of cell membrane-bound receptors (facilitating cellular uptake) 
and compromised cell membrane integrity. 2) Mitochondrial phase, where a surface charge-
driven interaction between the mitochondrial membrane and cationic PSNP occurs. This 
interaction results in dissipation of the mitochondrial membrane potential indicating 
deterioration of the mitochondrial membrane, disruption of mitochondrial ETC causing cellular 
ATP depletion, induction of ROS production and increase in cellular free calcium levels. 3) Post-
mitochondrial phase, where the increased free calcium and high ROS in cellular cytoplasm impart 
stress on the cells including oxidative stress. Due to these stress conditions and (probably) with 
involvement of transcription factors (like NF-κB), the expression of pro-inflammatory markers, 
like TNF-α, is enhanced. On the other hand, the increased free calcium in cellular cytoplasm can 
activate the caspase-dependent apoptotic pathways. Altogether the results showed the 
importance of surface charge in determining the cytotoxicity and cellular uptake of PSNP, while 
identifying mitochondria and cellular membranes as important targets. 
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Figure 13: Schematic representation of the proposed pathway of cytotoxicity caused by cationic 

PSNP in NR8383 cells after 4 h exposure. 
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 In this thesis, investigations are described that probe the interactions of nanoparticles 
(NP) with biological systems at multiple levels. The ultimate aim of the thesis was to investigate 
the role of surface properties (like surface charge) and physical properties (like size) in 
cytotoxicity and cellular uptake of NP in vitro before extending the scope of the research to in 
vivo conditions. In Chapter 1 of the thesis, the aim is introduced and background information 
with respect to the NP and the in vitro and in vivo models used in the present thesis was 
presented. In line with the order of the chapters, the research done with inorganic silicon 
nanoparticles (Si NP) and germanium nanoparticles (Ge NP) will be discussed first (Chapters 2-
4), followed by research done with different polymer nanoparticles (PNP), including tri-block 
copolymer NP (Chapters 5-8) and polystyrene NP (Chapters 7, 9 and 10).  

The Si NP and Ge NP were obtained via a variety of synthetic routes and their surfaces 
were densely packed with a monolayer of alkyl chains ending in different terminal functional 
groups as described in Chapters 2-4.1-3 As a result, these Si NP and Ge NP had different surface 
charges in aqueous suspensions at physiological pH. Being semiconductor quantum dots, these 
Si NP are fluorescent and emit in the blue region when excited with UV-light. It is because of 
their inherent and non-bleaching4 fluorescent properties that these Si NP and Ge NP hold good 
promise to be developed as bioimaging agents in the future. To further increase the scope of 
these semiconductor NP for medical applications and other multimodal imaging experiments, 
the Si core of some batches of the Si NP were doped with paramagnetic atoms, like manganese 
(Mn) or iron (Fe), making these Si NP detectable by magnetic resonance imaging (MRI).5, 6 Taken 
together, these Si NP and Ge NP presented a unique set of well-characterized NP that have good 
potential to be developed as bioimaging tools. A toxicological assessment of these NP thus 
increases the validity of further research in the medical development of these NP. 
 As mentioned in the introductory Chapter 1, surface charge is often proclaimed to be one 
of the major factors in the cellular interactions of NP.7-9 The present range of available Si NP and 
Ge NP presented us with an exciting opportunity to investigate the role of surface charge in 
cytotoxicity. The cytotoxicity of these Si NP was tested on both human colonic adenocarcinoma 
Caco-2 and rat alveolar macrophage NR8383 cells and the results were reported in Chapters 2 
and 3. 
 Only the cationic Si NP-NH2 showed evidence of cytotoxicity in both Caco-2 and NR8383 
cells, whereas the Si NP-N3 showed cytotoxicity only at much higher concentrations (> 2 
μg/ml).7, 8 In contrast, the Si NP-COOH did not show any signs of toxicity within the tested 
concentration range (0-3 μg/ml). Although neutral NP are mostly reported to be non-toxic, the Si 
NP-N3 did show some signs of toxicity, albeit at higher concentrations than the cationic Si NP-
NH2. This is a first indication of the importance of charge on the toxicity of NP. In this case it is 
additionally possible that with time, or under the influence of enzymes, a fraction of the azide 
moieties got reduced to amines. Therefore the observed toxicity of azide-terminated Si NP could 
in fact have appeared as a result of the presence of these terminal amine groups.  
 The DCFH-DA assay showed that only cationic Si NP-NH2 and overall neutral Si NP-N3 (at 
much higher concentrations) induced intracellular reactive oxygen species (ROS) production in 
both Caco-2 and NR8383 cells. The anionic Si NP-COOH failed to induce intracellular ROS 
production in both cell lines. Oxidative stress has been regarded as one of the primary causes of 
cytotoxicity for NP.10-12 Although our data from the DCFH-DA assay supported the formation of 
ROS, this does not necessarily mean that oxidative stress is the principal mechanism of 
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cytotoxicity. Various groups have reported that cationic NP can cause cytotoxicity with induction 
of intracellular ROS production and our data seem to strengthen the reported findings.13, 14 
 Why intracellular ROS production is induced after exposure to especially cationic NP was 
still unclear. From a detailed survey of the literature, it was found that intracellular 
mitochondria are a major target organelle for the NP.15, 16 It was postulated that cationic NP, by 
virtue of their positive charge, can interfere with the mitochondrial membrane. This could affect 
the mitochondrial membrane potential (ΔΨm) and increase the permeability of the 
mitochondrial membrane.17 However, investigations on such interference with intracellular 
mitochondrial homeostasis by inorganic NP (like silicon, germanium) are scarce. Hence, a 
mitochondrial fraction from male Wistar rat liver was isolated and exposed to Si NP-NH2, Si NP-
N3 and Si NP-COOH (Chapter 3). It was observed that only cationic Si NP-NH2 and neutral Si NP-
N3 (at much higher concentrations) could induce ROS production from such isolated 
mitochondrial fractions. This showed that cationic NP could possibly interfere with the electron 
transport chain (ETC) of intracellular mitochondria. The compromised ETC in mitochondria can 
release an array of different ROS into the cytoplasm causing oxidative stress. The affected 
mitochondrial membrane integrity and the ETC can also include a cascade of events causing 
cytotoxicity in other ways. Due to the reduced mitochondrial membrane integrity, the cellular 
calcium supply – which is stored to a significant degree within the mitochondria – can leach out 
of the mitochondria into the cytoplasm, causing a free calcium overload. This increased calcium 
level in the cytoplasm can initiate apoptotic pathways by way of cell signaling. The damaged ETC 
can also cause a serious depletion of cellular ATP and the cellular viability can then get 
compromised due to ATP depletion. Hence, investigation of the interactions of especially cationic 
NP with intracellular mitochondria is crucial in understanding the cascade of reactions resulting 
ultimately in cytotoxicity. 

It became evident from the afore-mentioned experiments that the surface characteristics 
of NP play a salient role in the cytotoxic effects of NP, although a clear mechanistic view on the 
order of events was missing. Hence, in order to broaden the scope of our investigations, a series 
of monodisperse and well-characterized Si NP and Ge NP (obtained from collaborating 
laboratories in the USA and Canada) were included in an even more extensive set of toxicological 
experiments, as described in Chapter 4. Due to their variety of surface functionalizations, these 
Si NP and Ge NP carried different surface groups and surface charges. Hence, the effect of these 
different surface functionalities on the cytotoxicity of Si NP and Ge NP could be investigated to 
obtain information on mechanistic implications as well as their biocompatibility. 
 Only the cationic NP showed cytotoxicity and induction of ROS production, which 
matched with the previously obtained results. The cationic NP also induced a decrease in the 
cellular ATP content. This further strengthens the earlier findings that cationic Si NP interact 
with isolated mitochondrial fractions and also showed that cationic Si NP disrupt the ETC, 
possibly resulting in ATP depletion. It has been reported that cellular ATP depletion occurs upon 
exposure to cationic NP,17,18 although a systematic investigation that probed the cascade of 
events was not reported. These results again indicated that oxidative stress is not the primary 
mechanism of cytotoxicity, but is the result of mitochondrial interactions with NP. It seems that 
the interaction of the cationic NP with intracellular mitochondria acts as the starting point for a 
series of subsequent events. To investigate this cascade of reactions further, tumor necrosis 
factor-alpha (TNF-α) was measured as a biomarker of the inflammatory injury caused by the 
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intracellular ROS production,19 especially in macrophage cells. Induction of the TNF-α was only 
caused by the cationic NP. This is also in line with data reported before.19-21 

Taken together, these detailed investigations on Si NP and Ge NP provided data from 
which surface charge-specific interactions of NP could be seen with cells at different levels. The 
results further indicated that oxidative stress inflicted by intracellular ROS may not be the 
starting point of toxicity but may arise from the initial interactions of NP with mitochondria. 
Surface charge was identified as one of the crucial factors determining cytotoxicity of NP. This 
may have important implications for the development of NP for future medical or, food-related 
applications. It was reported in literature that cationic NP showed a higher cytotoxicity as well 
as cellular uptake when compared to the anionic NP.22, 23 Hence, the knowledge obtained from 
the present work can be used in the development of new NP that are biocompatible with 
minimal toxicity. It was shown in Chapter 4 that, by steric shielding (Ge NP-TMPA), the toxicity 
of Ge NP could be decreased. The results shown in Chapter 5 of this thesis (see below) also 
reveal that by simple steric shielding of the positive charge, the cytotoxicity of PNP could be 
curbed. Similarly, by intelligent chemical engineering the surface characteristics can be 
modulated in a way that could enhance the biocompatibility of NP.  

In order to gain more insight into the interactions of NP with cellular systems, tri-block 
copolymer NP were chosen as a tool for investigation (Chapter 5). The reason for this choice of 
PNP was that the versatility in tri-block copolymer synthesis allowed us to obtain an interesting 
collection of polymers that could successfully be modified to have additional properties, like 
fluorescence. During the synthesis of the polymer, a fluorescent probe was incorporated in the 
middle block, which made these polymers fluorescent and thereof also the PNP derived from 
them through nanoprecipitation in water. An advantage of fluorescent PNP is that they can be 
easily traced in biological systems by confocal laser scanning microscopy (CLSM), which is a 
powerful technique for investigations of cellular systems. The PNP derived from the tri-block 
copolymers can not only be rendered fluorescent, but also be functionalized with a variety of 
terminal groups with different charges. For this, the terminal hydroxyl groups of the tri-block 
copolymer were converted into amine or carboxylic acid groups, rendering the PNP positive or 
negative in water. Interestingly, PNP with both a permanent positive charge and additional 
steric shielding could be prepared by reacting a terminal chloroacetyl group with 
dimethylethanolamine, or pyridine to give ammonium terminal groups.8 
 The results obtained in Chapter 5 indicated that, as with the Si NP, only the cationic PNP 
showed cytotoxicity and induction of intracellular ROS production in both Caco-2 and NR8383 
cells. Interestingly, the cytotoxicity of the cationic PNP decreased with increasing steric bulk 
around the positive charge. Kim et al.24 recently reported similar findings for gold NP. This is 
intriguing since it shows that the shielding of the charge is also important for the cytotoxicity of 
PNP. This can have implications for cationic NP that have significant potential for biomedical or 
food-related applications, but for which the applicability is limited due to their cytotoxicity. By 
shielding the cationic charges as ammonium groups their applicability could be increased.  
 Since these tri-block copolymer NP were fluorescent, extensive studies with CLSM were 
performed (Chapters 5, 6) in order to understand how surface charge and particle size influence 
the cellular uptake of the different NP. It was found that cationic NP showed much more 
interaction with the cellular membranes than the negative ones (hydroxyl and carboxylic acid 
terminated). A possible explanation may lie in the electrostatic attraction between the cationic 
NP and the negatively charged cell membrane.25-27 This is a very interesting point for 
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understanding the pathway through which toxicity is exerted by cationic NP. Some groups have 
done extensive computer modeling of such interactions between cell membrane models (like 
anionic lipid bilayers) and cationic NP.28 These studies showed that the surface charge of the NP 
had a major effect on these interactions. Computational chemistry showed that from a 
thermodynamic point of view, cationic NP not only attach themselves to the cell membrane more 
easily than anionic ones, but also cross the cell membrane faster and enter the cells more 
easily.29 
 Various groups have recognized the role of cell membrane-bound clathrin and caveolin 
receptors in the endocytic cellular uptake of NP,30-32 although systematic investigations with 
well-characterized NP, carrying different surface charges, have not been reported. It can be 
presumed that for different surface charge-carrying PNP, different cell membrane-bound 
receptors can play a role in their cellular interactions. To investigate this, clathrin and caveolin 
receptors were selectively blocked and their role in the cellular uptake of different PNP was 
quantitatively assessed by CLSM studies. A clear difference in the interactions of the PNP with 
the clathrin and caveolin receptors was found, defined by the PNP surface charges. The cellular 
uptake process of cationic PNP was found to be more dependent on clathrin and that of anionic 
PNP more dependent on caveolin receptors (Chapters 5, 6).8 To investigate the role of other cell 
membrane-bound receptors in the cellular uptake of PNP, mannose receptors - which are 
exclusively expressed only in few cells lines (like NR8383 cells) - were also selectively blocked 
(Chapter 6). It was found that the mannose receptors played an important role in the uptake of 
especially hydroxyl-terminated PNP.  
 Apart from surface charge, the size of NP has been claimed to influence cytotoxicity.33, 34 
This may be due to the increasing number of  reactive groups of the NP that is expressed on the 
surface of the NP with decreasing size. Hence, smaller NP are comparatively more reactive than 
bigger ones. In literature, it is reported that smaller NP showed higher cytotoxicity and 
experience higher cellular uptake compared to the bigger NP.35, 36 However, there are indications 
that there is a size threshold for NP, which results in an optimum size for cellular uptake of NP. 
Although this size threshold is not clearly determined, a commonly accepted size range is 
between 30-60 nm.37 Hence, NP with sizes that fall outside this size range, show relatively lower 
levels of cellular uptake. This size threshold concept was also supported by recent 
computational modeling studies where in fact NP with ~25 nm radius (i.e. ~50 nm in size) were 
found to have the maximum chances for getting internalized by cells, because this size fits 
optimally with most of the cell membrane-bound receptors.38 It can be understood that the 
presence of such size threshold once again points towards a delicate interaction between NP and 
the cells and rationalize the selection of NP, which fall within these size thresholds. Interestingly, 
the smaller NP of the two sizes of tri-block copolymer NP (45 and 90 nm) (Chapter 6), or 
polystyrene NP (50 and 100 nm) that were tested, also fell within this optimal size range. It was 
found that smaller PNP were not only more cytotoxic (in case of cationic PNP) but also showed 
higher cellular uptake (for all surface charges) compared to the bigger ones. These findings are 
in line with our expectations and can help in designing future NP for especially medical or food-
related applications. This optimal size range for better cellular uptake of NP and toxicity can be a 
guideline for chemical engineers for designing and synthesizing NP. Besides for cellular uptake, 
the size of the PNP also played an important role in their interaction with specific cell 
membrane-bound receptors. For example, smaller (45 nm) and bigger (90 nm) PNP were found 
to be more reactive towards the clathrin and caveolin receptors, respectively. This size 
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dependency is again of importance for application of biocompatible PNP. A better understanding 
of the interaction of specific cell membrane-bound receptors with PNP can help in designing 
PNP with a better target specificity and higher bioavailability. However, an increased 
bioavailability may also result in a higher toxicity. This can be an interesting direction for future 
research, to carefully and intelligently design PNP, for which the advantages outweigh the 
drawbacks. 
 A detailed discussion on the role of cell membrane-bound receptors in the cellular 
uptake of PNP is given in Chapters 5 and 6. Surface charge and the chemistry of the terminal 
functional groups appeared to have a significant effect on the interaction with the cellular 
receptors. For example, mannose receptors were found to play a dominant role in the cellular 
uptake of hydroxyl-terminated PNP. Normally, sugar molecules with their hydroxyl groups are 
the common substrates for mannose receptors. Therefore, it is possible that the hydroxyl-
terminated PNP interacted more strongly with these mannose receptors than the other PNP. 
Similar types of surface charge-driven interactions of PNP with different cell membrane-bound 
receptors were also reported by other groups and our data are in line with literature reports.39-41 
 To confirm that these surface charge-based effects on cytotoxicity and cell membrane-
bound receptor-mediated interactions of PNP are not only limited to tri-block copolymer NP, 
fluorescent polystyrene NP of different surface charges (positive and negative) and sizes (50 and 
100 nm) were also investigated (Chapters 7, 9 and 10). Overall, the results agreed well with the 
results obtained for the tri-block copolymer NP. Since it was shown that PNP have different 
interactions with clathrin, caveolin and mannose receptors, it can be assumed that PNP can also 
have different interactions with other cell membrane-bound receptors. It is known that different 
multi drug resistance (MDR) transporters are present on the apical and basolateral sides of 
monolayers of Caco-2 cells grown on transwell inserts. These MDR transporters are involved in 
the export of molecules (including important anti-cancer drugs, antibiotics and other  
xenobiotics) from the intestinal cells to either the blood side or back into the intestinal lumen. In 
tumor cells their activity may cause multidrug resistance42,43 and their presence in intestinal 
cells may cause decreased or enhanced bioavailability depending on whether transport is back 
to the intestinal lumen or to the blood side.44,45 Hence, such Caco-2 monolayers grown on 
transwell inserts provide an adequate in vitro system for testing the interactions of PNP with 
different MDR transporters (Chapter 7). 
 It was found that cationic PNP, apart from crossing the Caco-2 monolayers more 
efficiently compared to the anionic ones, also effectively blocked the transporters present on the 
apical side of the cells, while anionic PNP had inhibitory effects more on the transporters 
present on the basolateral side of the cells. This can have implications especially for the 
development of new food or medical technology-based NP, since it is important to understand 
the interactions of these NP with the gut enterocytes. Given their role in the excretion of many 
bio-active compounds, a selective inhibition of these MDR transporters based on the specific 
surface charge of the PNP, can, in principle, be exploited to increase the bioavailability of drugs. 
If further research shows that this hypothesis is correct, this can lead to a decreased cost-benefit 
ratio for application of these drugs as well as a reduction of adverse drug effects due to 
decreased dose regimes. Interestingly, our initial research with quercetin gave indications that 
this approach could be successful. Quercetin is a flavonoid molecule that is present in green 
vegetables and it is popular as a natural antioxidant and thus widely used as an anti-aging 
agent.46 Upon co-administration of quercetin with PNP with different surface charges on the 
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apical side, an increased or decreased amount of quercetin could be recovered from the 
basolateral compartment depending on the type of MDR transporters inhibited by the PNP. 
Hence, an initial indication that this strategy to increase the bioavailability of molecules by 
targeting specific MDR transporters by PNP, could be obtained. However, this needs to be 
further explored before the possibility of such an application of PNP can be considered. The 
results of Chapter 7 also revealed that co-administration of PNP and quercetin influenced the 
bioavailability of different PNP across the Caco-2 monolayers. As quercetin is a known inhibitor 
of various MDR transporters itself,47 this showed that different PNP can act also as substrates for 
the MDR transporters, reconfirming the importance of the interactions between PNP and cell 
membrane-bound receptors.  
 In order to assess the bioavailability and biodistribution of tri-block copolymer NP in 
vivo, an experiment with male Fisher 344 rats was performed (Chapter 8). The rats were given 
oral gavages of aqueous dispersions of both cationic and anionic fluorescent tri-block copolymer 
NP (45 nm). At several time points after exposure, blood samples were taken and 6 h after 
exposure, the rats were sacrificed and the different organs (liver, lungs, kidneys, brains, 
intestines, spleens) and tibial tissues were collected. The PNP content of all samples was 
determined by fluorescence. The results showed an initial increase of PNP in blood, followed by 
a gradual decline. After 24 h, the maximum deposition of PNP was found in the liver, followed by 
kidney and spleen. Interestingly, a small amount of cationic PNP entered the brain. This finding 
is important as it showed that cationic PNP can cross the blood-brain barrier (BBB). This 
capability of crossing the BBB by cationic PNP can be exploited in future for developing PNP that 
are targeted for delivery of medicines in the cerebral tissues. Unfortunately, it is difficult to 
compare our data with literature, since animal experiments with NP through oral exposure are 
very rare as most studies were performed via parenteral routes (like intravenous and 
intraperitoneal administration).48 However, even after parenteral exposure, the maximum 
accumulation of NP was reported in the liver, followed by kidney and spleen. Looking at the 
physiological perspective, this is not totally unexpected, as after becoming bioavailable in blood, 
it is likely that NP will be preferentially distributed to highly blood-perfused organs, like kidney, 
liver and spleen. In a recent study,49 where NP were administered through oral exposure, similar 
distribution patterns with liver and kidney showing the largest deposition of the administered 
NP, followed by spleen and to some extent brain, was reported. Our results matched well with 
this study. A point of debate may be the inconsistency between in vitro and in vivo data. For 
example, the in vitro data obtained with Caco-2 cell monolayers suggested that cationic NP were 
more toxic and were more capable of crossing the intestinal barrier compared to negatively 
charged NP. However, from in vivo studies, no significant difference in the absorption of cationic 
and anionic NP could be observed. A reason for this discrepancy between in vitro and in vivo 
data may be due to the intrinsic physiology of the gut. The gastrointestinal tract is flushed with 
mucous, and it is possible that the PNP after oral exposure become covered with a superficial 
layer of mucous which masks the effects of surface charge. So, the bioavailability of PNP, which 
may be a net outcome of the interactions of PNP with mucous as well as their cellular uptake and 
excretion by these intestinal cells, can be influenced by surface charge of the PNP. An alternative 
explanation for the similar bioavailability of positive and negatively charged PNP in vivo may be 
that cationic PNP, although having a greater capability of crossing the intestinal barriers, also 
showed higher entrapment in the negative mucous layer,50 while the situation is opposite for 
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anionic PNP. The result of these two opposing effects can be an explanation for overall match in 
bioavailability of cationic and anionic PNP. 
               To investigate in some more detail, the possible role of formation of reactive oxygen 
species (ROS) and oxidative stress as a causative factor of cytotoxicity of polystyrene NP, in 
Chapter 9 of the thesis, a carefully designed experiment was performed where the cytotoxicity 
patterns of cationic polystyrene NP (anionic polystyrene NP did not show any cytotoxicity) were 
compared to that of: (1) the mitochondrial ETC disrupting agent 2,4-dinitrophenol and (2) the 
oxidative stress inducing hydrogen peroxide. In addition the protective role of increased levels 
of cellular antioxidants, vitamin C and E, as well as the effects of increased and decreased levels 
of intracellular GSH on the toxicity exerted by these three factors was included in the 
comparisons. Interestingly, the data for the cationic polystyrene NP on the cytotoxicity as well as 
on the protective effects of vitamin E and C and the consequences of increased as well as 
decreased cellular GSH levels resembled those obtained for 2,4-dinitrophenol and not the results 
obtained for hydrogen peroxide. This knowledge coupled with the current data on surface 
charge-driven interactions between mitochondria and cationic polystyrene NP led to the 
conclusion that for cationic polystyrene NP, oxidative stress rather played a subsidiary or 
secondary role in causing cytotoxicity. However, the existence of oxidative stress in the cells 
after exposure to cationic polystyrene NP should not be neglected and more research is 
warranted to understand the true role of oxidative stress. For example, although not a primary 
mechanism of cytotoxicity for polystyrene NP, the induction of intracellular ROS and subsequent 
oxidative stress can still be pivotal in causing other types of toxicities, like genotoxicity. The 
knowledge on such implications of oxidative stress in the context to nanomaterial safety 
deserves attention. 
 With this broad range of information available, it becomes necessary to assemble the 
different scattered pieces of data in a proper way, so that the entire process through which the 
cytotoxicity of NP occurs, becomes understandable (Chapter 10). To illustrate this, it is not 
exactly known what the consequences are of the interactions of the PNP with the intracellular 
mitochondria. From our data on Si NP, Ge NP and tri-block copolymer NP, it was found that 
especially cationic NP disturb the mitochondrial membrane potential. Therefore, both the 
mitochondrial membrane potential and cellular ATP content were measured after exposure to 
polystyrene NP of different surface charges (Chapter 10). Additionally, a surge in cellular free 
calcium content was found upon exposure to cationic PNP.51, 52 This also seemed to identify 
mitochondria as an important intracellular target organelle for PNP. As we found that cationic 
PNP can hamper the homeostasis of mitochondrial physiology by interfering with its membrane 
potential, it is possible that the calcium stored within the intracellular mitochondria is released 
in the cytoplasm and causes the increase in cytoplasmic free calcium levels. The increase in 
intracellular calcium concentration can then activate apoptotic pathways. This was checked by 
monitoring the caspase-3 enzyme activity, which is a reliable biomarker for activation of cellular 
apoptotic processes. It was found that an increase in the cellular caspase-3 activity occurred 
after exposure to cationic PNP. The increased cytoplasmic free calcium levels may lead to the 
activation of apoptotic processes. Assembling these pieces of data together, a picture emerged 
where the intracellular mitochondria were the most important target organelle for PNP.  
 A common point of debate is why only cationic NP show signs of toxicity as well as higher 
cellular uptake in comparison to anionic ones. From CLSM studies, it was found that the cationic 
PNP showed stronger interaction with peripheral areas of the cells whereas the anionic PNP 
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were rather diffusely spread across the cytoplasm (Chapters 5, 6, 10). A clear explanation for 
this surface charge-specific phenomenon remains elusive. A survey of different biologically 
active molecules (like antibiotics) shows that most of these molecules (like penicillin, 
chloramphenicol, anticancer agents) are alkaloids, meaning that they carry nitrogen atoms 
which can render them cationic in aqueous solutions. It is often stated that cationic molecules, or 
cationic NP, show stronger electrostatic attractive interactions with cell membranes simply 
because of the negative charge of cell membranes. For anionic NP the situation is reverse as now 
there is an electrostatic repulsive force between them. For cationic NP the electrostatic 
attraction between the NP and the cell membrane in fact facilitates the interaction between them 
by decreasing the energy barrier.  
 A less understood topic is the observed pattern of intracellular distribution of cationic 
and anionic PNP. CLSM studies showed that especially for anionic PNP, small vesicular 
structures could be observed inside the cells (Chapter 10), whereas the cationic PNP were 
spread evenly across the cytoplasm, although both showed the propensity for receptor-based 
uptake in small vesicular-like lysosomal structures. An explanation put forward by some 
groups53, 54 to explain this disparity in the intracellular distribution is that the lysosomal 
structures containing NP have an acidic interior. Because of their positive surface charges, the 
cationic NP further increase the amount of positive ions inside the lysosomal structures and 
decrease their stability. As a result, the lysosomal structures may rupture and release the 
cationic NP inside the cytoplasm. In contrast, the negative charges on the anionic NP stabilize the 
lysosomal vesicles and hence the lysosomal structures can maintain their structural integrity 
inside the cells. 
 Although it is known that cationic NP show stronger interactions with cell membranes, 
the nature and outcome of such interactions was largely unknown. Some groups55 suggested, 
based on computational studies, that purely as a result of electrostatic attractions, cationic NP 
caused formation of pouches in the lipid bilayer structures and become embedded in the cell 
membranes. These pouch-like structures then detach from the cell membranes to enter the cells 
and leave pores or holes in the cell membrane. Recently, the creation of holes in the cell 
membrane by cationic NP was suggested, although direct evidence for creation of such holes was 
missing.56 With atomic force microscopy (AFM), we were able to map the topography of the 
surface of viable NR8383 cells and to image the damage to surface continuity created on the cell 
membranes by the cationic PNP (Chapter 10). For the anionic PNP this was not observed. This 
once again showed the significant interactions of cationic NP with the cell membrane. 
Interestingly, it was also found that in contrast to anionic NP, the cationic NP increased the 
overall roughness of the cell membrane. This may have explicit consequences for the cytotoxicity 
of NP. Both the holes in as well as the compromised surface continuity of the cell membranes 
play a role in the toxicity of such NP.  
 From the results discussed above, an overall picture of the series of events that follow 
the cellular exposure to different charged NP emerges. Upon integration of the lessons learned 
so far, it can be stated that the interactions of NP with cellular systems are quite complex. The 
interactions with different organelles, like intracellular mitochondria, may act as a starting point 
of the toxicity paradigm. Production of ROS can cause oxidative stress, although from the 
available data, it seems that oxidative stress is not the primary cause of cytotoxicity for 
polystyrene NP. 
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 In summary, with these extensive series of systematic experiments, we tried to probe the 
interactions between NP and biological systems, both in vitro and in vivo. Intracellular 
mitochondria seem to be one of the most important target organelles for the NP and disturbance 
of the mitochondrial membrane may act as a starting point for the disruption of the ETC, 
induction of ROS production (oxidative stress), decrease in ATP production (causing ATP 
depletion), increase in the cytoplasmic free calcium concentration, resulting in triggering of 
apoptotic pathways. The chain of events starts with the surface charge-specific interactions of 
NP with biomembranes. Especially cationic NP can cause damage to the lipid membrane 
structures, causing the toxicity of the NP to exacerbate. Apart from surface charge, size of the NP 
also plays an important role in toxicity as well as cellular uptake. Cell membrane-bound 
receptors play an important role in the cellular uptake of NP and both surface charge and size 
influence these interactions. The effect of NP on the MDR receptors in the gut enterocytes can 
possibly be used in manipulating the bioavailability of ingredients applied orally. This offers 
perspectives for the development of such food-based applications of NP in future.  
 Integrating these findings, it can be stated that the work described in this thesis 
successfully probed the influences of some of the surface properties (like surface charge) and 
physical properties (like particle size) of different NP on the interactions with cells as well as 
their toxicities. A better insight into the mechanistic aspects of the toxicity of NP could be 
achieved based on the data reported in this thesis. With the data and analyses reported in this 
thesis, the knowledge on the toxicity of NP as well as on the intriguing complexity of the cellular 
interactions, was enhanced. This work may provide vital clues for future research. Since the 
work also included in vivo experiments, an idea on the bioavailability of PNP after oral exposure 
can be gained. These data can be pivotal in planning further strategic research in designing 
smarter and tailor-made NP, meant for specific purposes, along with superior biocompatibility.  
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Future perspectives 
          Although the present thesis has extended the understanding and prediction of the 
influences of some of the surface properties (like surface charge) and physical properties (like 
particle size) of different NP on the interactions with cells as well as their toxicities, several 
issues remain to be elucidated to fully understand the hazards of NP to human health and the 
environment. The current section presents some considerations on future topics of importance 
in this field. 
 

1. The toxicity of NP needs to evaluated in terms of surface properties of both the NP (like 
crystallinity, porosity, surface roughness) as well as of the cells (like lipid structure of 
cell membranes, rigidity, types of receptors present etc.). Indications were repeatedly 
gathered, as mentioned in this thesis, that the surface chemistry and properties of both 
the NP and the cells play an important role in determining the interactions. In future 
investigations, a great deal of importance should be devoted towards exploring these 
surface-based interactions, as the cellular events start only after the surfaces of the cells 
and the NP come in contact.  

2. Fortunately, with the advanced software available now, more extensive use of molecular 
modeling is advocated, in order to understand the crucial interactions between the lipid 
bilayer membrane structure of cells and the reactive surfaces of the NP.  

3. It would also be interesting to investigate the mechanism of cytotoxicity of the NP 
deeper. In this regard, the use of physiologically based pharmacokinetic (PBPK) 
modeling should be promoted. Recently, some predictions on NP bioavailability and in 
vivo distribution based on PBPK calculations have emerged57,58 and the results were very 
promising. A simultaneous use of PBPK modeling along with in vitro experiments with 
well-characterized NP could provide a valuable contribution in the field of alternatives 
for animal testing, since such combined in vitro-in silico approaches were recently 
shown to be able to predict in vivo dose response curves for toxicity without the need for 
animal experiments.59 

4. Although intracellular mitochondria were identified as an important component of the 
entire toxicity-causing cascade, a cell-signaling mechanism was also found to be existing. 
It would be exciting to decipher the cell-signaling pathway into more detailed steps, and 
to exactly know the order of the events and the molecular messengers involved. As the 
cell membrane-bound receptors (like clathrin, caveolin) were found to play an important 
role in the cellular interactions of NP, it can be interesting to investigate this in more 
detail. This would not only supply critical basic knowledge, but would also clarify 
interactions between different cell membrane-bound receptors and NP that can be 
further exploited in targeted, NP-mediated drug delivery. Hence, knowing the nature and 
intricacies of such interactions may open up new avenues for designing NP meant for 
specific purposes. 

5. It was shown in this thesis (Chapter 7) that, depending on surface charge and particle 
size, polymer NP can influence the functioning of ABC transporters.  The activity of these 
transporter proteins constitutes one of the major reasons for causing drug resistance by 
decreasing the cellular levels of drugs. It was also found that the interaction of polymer 
NP with ABC transporters can influence the bioavailability of physiologically relevant 
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molecules, like carcinogens or bioactive food ingredients. This should be followed up in 
future to better define possible food-drug, food-food or drug-drug interactions due to 
application of NP formulations. 

6. The synthesis of tri-block copolymer, as described in Chapters 5 and 6, can be improved 
in many ways. Due to the flexibility of block co-polymer synthesis tailor-made polymer 
NP for different purposes can be obtained. A simple variation, like altering the PEG chain 
length, results in a change in the size of NP. Furthermore, the terminal hydroxyl groups 
can for example be tagged with fluorescent or radioactive material (like radioactive 
carbon) which makes the NP detectable and quantifiable. Especially, for research under 
in vivo conditions, this can strongly enhance the applicability of these NP. Similarly, by 
engineering the polyester middle-block, the biodegradability of the tri-block copolymers 
can be increased. Other variations in polymer nanoparticles include incorporation of 
isotopes for PET imaging, crosslinking groups to increase the stability or the use of 
biodegradable constituents to allow time-released degradation and possibly time-
released loss of enclosed drugs.  

7. One of the major concerns in risk assessment of NP lies with the fact that the amount of 
in vitro data largely outweighs the available in vivo data. Hence, the validation of the in 
vitro data remains far from satisfactory. Given the fact that at the present state-of-the-art 
risk assessment practice still requires in vivo data, the limited availability of in vivo data 
and of methods to extrapolate the in vitro data to the in vivo situation acts as a barrier in 
the risk assessment. It is recommended that more in vivo experiments should be 
performed in future or that methods to extrapolate in vitro concentration response 
curves to in vivo dose response curves should be further developed to bridge this gap 
between these two testing systems,  

8. It is quite difficult to adequately characterize the NP in cell culture medium, which makes 
it very hard to understand what is actually being tested. For example, the NP increase in 
size due to protein adsorption, immediately after mixing with the cell culture medium. 
This alters their surface properties (like surface charge) as well as their physical 
characteristics (like particle size). For a clear understanding of the toxicity of NP it is 
therefore of utmost importance that the NP are well-characterized, both before and after 
being suspended in cell culture medium. It should be noted that cell culture media, like 
F12-K or DMEM, contain many different types of molecules, like proteins, amino acids, 
salts etc., which makes them very complicated systems to properly characterize the NP 
in. This may hamper in situ characterizations, but then at least ex situ characterizations 
after exposure to such a medium are critical to at least find out what the actual nature of 
the NP under study is in the relevant media. Similar uncertainties regarding proper 
characterization of NP can be observed for food-based formulations, where it is largely 
unknown how the local milieu in the human gastro-intestinal tract (like mucous layer) 
changes the physical and surface characteristics of NP. In future investigations, this is an 
important issue that should be dealt with. 

9. In continuation to the previous statement, it should also be mentioned that in situations 
where the surfaces of NP are altered due to surface adsorption or deliberate engineering 
(like functionalization), it is crucial from a toxicological point of view to have a clear idea 
of the properties of the surface coating. As mentioned in this thesis (Chapter 4), surface 
coating with biocompatible materials (like dextran) can alleviate the toxicity of NP. This 
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shows great promise for future and such engineering with surface properties of NP 
should be followed up with further research. 

10. One of the most understated facts about nanotoxicological research is the health hazard 
that NP can pose from environmental contamination. Eyeing the increased use of NP in  
industry, food or medical applications, fortunately some policies and guidelines trying to 
regulate the uses of NP had already surfaced. The regulatory aspect of use of NP can be 
expected to improve significantly in future. Unfortunately, the situation is yet rather 
bleak as far as environmental exposure is concerned. Although, some research had 
ushered in such directions, especially in nano-ecotoxicology, mostly the research is 
focused on aquatic toxicology. On a critical survey, a significant vacuum with research in 
other forms of environmental pollution caused by the NP can be noted. For example, soil 
contamination with NP, like silver NP,60 C60,61 can occur which can exert toxic effects on 
soil organisms, like earthworm Lumbricus rubellus. Compared to the need and demand of 
the situation, very little data is actually available addressing these issues. 

11. A rather confusing fact regarding toxicological assessments of NP is that there is 
insufficient understanding of the dosimetry, or the way in which dose metrics influence 
the dose response curves for cytotoxicity. Although many factors (like surface charge, 
charge density, size, surface area, surface functionalization etc.) have been identified as 
having an influence on cytotoxicity of NP, none of the factors by itself showed a linear 
correlation with toxicity. It is possible that, instead of a unique factor, multiple factors 
simultaneously determine the cytotoxicity of NP. In order to obtain a proper risk 
assessment, it is very important that this problem is considered in future.   

 
          The complexity of the mechanisms behind the potential toxicity or non-toxicity of NP is 
great – not only is it very large, but it also provides an excellent field of play for extensive basic 
studies that have a clear eye to societal relevance. Improved use of the interplay between 
detailed toxicology and tailor-made chemistry will thereby also allow the improved and safer 
use of NP, and as such bring closer one of the promises of 21st century nanotechnology: tailor-
made functionality delivered at precisely the right biomolecular or physiological level.  
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Samenvatting 
 
          Door de unieke eigenschappen van nanodeeltjes (NP), biedt de toepassing hiervan, i.e. de 
nanotechnologie, een breed scala aan nieuwe mogelijkheden voor toekomstige ontwikkelingen. 
Helaas gaat de snelle groei van de nanotechnologie, met zijn nieuwe en bijzondere 
mogelijkheden, gepaard met een gebrek aan kennis over de (toxische) effecten die 
nanotechnologische producten kunnen hebben op levende organismen en op het menselijk 
lichaam. Daarnaast is er in deze tak van technologie een gebrek aan diepgaande kennis over 
onderwerpen die relevant zijn voor de toxiciteit van nanodeeltjes, zoals de karakterisering en 
analyse van NPs. Bovendien wordt de situatie nog ingewikkelder als men de interacties van NPs 
met biologische systemen wil karakteriseren en onderzoeken.           
         In diverse rapporten werd al een indicatie gegeven van de toxische effecten van NPs. Echter, 
het ontbreken van een goede karakterisering van de NP, vooral in biologische systemen, samen 
met het gebruik van vele verschillende cellijnen en het gebrek aan coördinatie, leidden ertoe dat 
een goede evaluatie van de resultaten om tot een eenduidige conclusie te komen moeilijk is. 
Ondanks een continue stroom van nieuwe gegevens, roept al dit onderzoek meer vragen op dan 
dat het beantwoordt, zoals hoe de cytotoxiciteit door de NPs op moleculair en cellulair niveau 
wordt veroorzaakt en wat het effect van fysische eigenschappen (zoals oppervlaktelading, 
deeltjesgrootte, enz.) op de cytotoxiciteit is. In dit proefschrift worden deze problemen 
aangepakt met systematisch opgezette experimenten. 
          Hoofdstuk 1 dient als algemene inleiding van het proefschrift, waar basisbegrippen, 
probleemverklaringen en aanpak van onderzoek worden geïntroduceerd. Zoals eerder vermeld, 
is een goede karakterisering van de NPs een probleem dat verder onderzoek vergt, alvorens 
conclusies getrokken kunnen worden over de toxiciteit van NPs. Eén van de factoren die 
bijdragen aan de complexe situatie is, dat op grond van een zeer reactief oppervlak, de NPs 
interacties kunnen vertonen met een breed scala aan biomoleculen (zoals eiwitten). Hierdoor 
verandert de chemie van het oppervlak van de NPs, met name in biologische medium (zoals 
celkweekmedium), door processen zoals oppervlakte-adsorptie van proteïnen. Dit is niet alleen 
van invloed op NPs in een kern-schil structuur, maar ook de manier waarop cellen de NPs "zien". 
Vandaar dat in dit type onderzoek het belangrijk is te weten waar de cellen werkelijk aan 
werden blootgesteld. Daarnaast woedt er een belangrijke discussie over de wijze van interactie 
die leidt tot (cyto)toxiciteit van de NPs. Eerder werd al verondersteld dat oppervlaktelading- en 
deeltjesgrootte-afhankelijke toxiciteit veroorzaakt wordt door een inductie van oxidatieve 
stress. Echter, er is een gebrek aan experimentele gegevens die deze hypothesen ondersteunen. 
In dit hoofdstuk worden deze kwesties, die verband houden met nanotoxicologisch onderzoek, 
samen met de aanpak besproken. 
          In de hoofdstukken 2 en 3, wordt de synthese en cytotoxiciteit van silicium nanodeeltjes (Si 
NP) met covalent gebonden organische monolagen besproken. Deze unieke reeks van goed 
gekarakteriseerde NPs, die fluorescent en monodispers zijn, heeft vele mogelijkheden voor 
verdere oppervlaktemodificaties. Vandaar dat Si NP (1,6 ± 0,2 nm) gemaakt zijn met aan het 
oppervlak een monolaag van amine eindgroepen (kationisch), azide eindgroepen (neutraal) of 
carbonzuur eindgroepen (anionisch). Deze werden gebruikt voor het testen van de toxiciteit bij 
rat alveolaire macrofagen NR8383 en menselijke dikke darm adenocarcinoom Caco-2 cellen. 
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Alleen Si NP met amine groepen aan het oppervlak bleken al bij zeer lage concentraties toxiciteit 
in beide cellijnen te veroorzaken. De Si NP met azide oppervlaktegroepen vertonen alleen 
toxiciteit bij veel hogere concentraties. De anionische zuur getermineerde Si NP vertoonden 
geen cytotoxiciteit. Dit wees in de richting van een oppervlakte lading-afhankelijkheid van de 
cytotoxiciteit van Si NP. Inductie van oxidatieve stress werd ook waargenomen en in verband 
gebracht met de kationische Si NPs. Geïsoleerde mitochondriën van ratten werden blootgesteld 
aan de verschillende Si NPs, waarbij alleen de amine-getermineerde kationische Si NPs inductie 
van productie van reactieve zuurstof species (ROS) laten zien. Dit gaf de eerste aanwijzingen dat 
kationische NP waarschijnlijk kunnen interfereren met de elektronen transportketen (ETC) in 
het buitenste membraan van de mitochondriën en dus dat de inductie van de ROS productie 
wordt veroorzaakt door een verstoring van het ETC. 
          In hoofdstuk 4 werd het effect van oppervlakte-eigenschappen (zoals de oppervlakte 
lading) op de toxiciteit, zoals beschreven in de hoofdstukken 2 en 3, verder uitgebreid door de 
integratie van een breed scala van halfgeleider quantum dots met silicium en germanium kern, 
verkregen uit verschillende laboratoria in de VS en Canada. De Si NP en Ge NP werden verkregen 
in verschillende groottes en met verschillende oppervlaktemodificaties. De NPs werden getest 
op NR8383 en Caco-2 cellen met een systematische en grote verscheidenheid van 
toxiciteitstesten. Ook hier blijken alleen de kationische NP tekenen van toxiciteit te vertonen, 
alsook inductie van cellulaire ROS, afname van het mitochondriale membraanpotentiaal (Ψm), 
uitputting van de cellulaire ATP voorraad, en stijging van zowel het vrije cellulaire 
calciumgehalte als de TNF-α productie. Op basis van deze gegevens werd verondersteld dat 
kationische NPs cytotoxiciteit veroorzaken door te interfereren met de mitochondriale 
fysiologie. Oxidatieve stress bleek ook aanwezig, hoewel dit een effect geweest kan zijn van 
mitochondria-NP interacties. Interessant is dat naast oppervlaktelading, ook deeltjesgrootte een 
belangrijke factor in de cytotoxiciteit speelt. De kleinere NPs bleken meer cytotoxisch dan de 
grotere. Er werd ook waargenomen dat de toxiciteit van kationische NPs afgezwakt zou kunnen 
worden door een verhoging van de sterische omvang om de positieve lading van de 
oppervlaktegroepen. De toxiciteit van kationische NPs kan ook worden verminderd door het 
oppervlak van de NPs te coaten met biocompatibel materiaal, zoals dextran. Uit deze resultaten 
blijkt het belang van de oppervlaktechemie voor NPs in cel-NP interacties en zou gebruikt 
kunnen worden bij het vervaardigen meer biocompatibele NPs. 
          In Hoofdstuk 5 en 6 wordt de synthese van tri-blokcopolymeren met een hydrofoob 
polyester midden-blok en hydrofiele PEG2000 of PEG400 eindblokken besproken. De door 
nanoprecipitatie verkregen monodisperse polymere NPs (PNPs) waren van verschillende 
grootte (45 en 90 nm), afhankelijk van de aard van de PEG blokken en hebben verschillende 
oppervlakteladingen (kationische en anionische). Om deze PNP in de cellen waar te kunnen 
nemen met confocale laser scanning microscopie (CLSM) werd in het middenblok van de tri-
blokcopolymeer een fluorescerende label ingebouwd. Met deze PNPs werden vervolgens een 
reeks systematische cytotoxicologische experimenten uitgevoerd op NR8383 en Caco-2 cellen. 
Alleen de kationische PNP bleken cytotoxisch te zijn, terwijl de anionische PNP dat niet zijn. Een 
oppervlakte lading- en deeltjesgrootte- afhankelijke opname van deze PNP werd waargenomen 
voor celmembraan-gebonden clathrine en caveoline receptoren. De kationische PNPs geven de 
voorkeur aan de clathrine-afhankelijke endocytische route, de anionische werden vooral 
opgenomen in de cellen door de caveoline receptoren. De kationische PNPs geven ook een 
sterkere interactie met het celoppervlak, die voortvloeit uit elektrostatische aantrekking tussen 
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de kationische PNPs en het anionische celmembraan. De toxiciteit van kationische PNPs zou 
kunnen worden verzwakt door het verhogen van de sterische bulk rond de kationische lading. In 
het algemeen geven de kationische en kleinere (45 nm) PNP-deeltjes een hogere cellulaire 
opname dan de anionogene en grotere (90 nm) PNPs. 
          In hoofdstuk 7 wordt de interactie tussen verschillend geladen (kationische en anionische) 
PNPs (tri-blok copolymeer en polystyreen NP) en ATP-binding cassette (ABC)-transporters 
onderzocht. Hiervoor werden Caco-2 cellen gekweekt als monolagen op transwell inserts 
voordat ze werden blootgesteld aan de verschillende PNPs. Kationische PNPs vertonen een veel 
hogere flux in de Caco-2 monolagen dan de anionische PNPs. De verschillende PNPs laten een 
interactie zien met de verschillende ABC-transporters op een oppervlakte lading-afhankelijke 
wijze. De kationische PNPs vertonen voornamelijk interactie met P-gps die tot expressie komen 
op het apicale zijde van de Caco-2 monolaag. Interessant is dat door blokkeren van de 
verschillende transporters met ABC specifieke remmers, het transport en ook de verdeling van 
PNP in de Caco-2 monolagen (apicale, intracellulaire en basolaterale compartiment) na 24 uur 
blootstelling veranderd kan worden. Dit geeft aan dat de PNPs mogelijk kunnen optreden als 
substraten voor deze verschillende ABC-transporters. De PNP veranderen ook de verdeling van 
het pro-carcinogeen PhIP over deze Caco-2 monolagen. Hieruit blijkt dat de PNPs mogelijk de 
opname van verschillende verbindingen, waaronder schadelijke verbindingen zoals PhIP, kan 
beïnvloeden na orale blootstelling. 
          Om de in vitro experimenten met Caco-2 monolagen, die blootgesteld zijn aan verschillende 
PNPs te valideren, werden in een in vivo experiment mannelijke Fischer344 ratten oraal 
blootgesteld aan monodisperse (45 ± 5 nm) fluorescerende tri-blokcopolymeer NPs die zowel 
kationische als anionische oppervlakte-ladingen bezaten. Na de toediening werd bloed 
verzameld door het regelmatig opofferen van de ratten gedurende een blootstelling van 6 uur. 
Hirna werden verschillende organen (zoals lever, nieren, hersenen, longen, etc.) en tenslotte het 
bloed en de ingewanden verzameld en onderzocht op hun PNP gehalte door middel van 
fluorescentie. PNP met beide oppervlakte-ladingen vertoonden absorptie in de darmen na orale 
blootstelling met een maximum accumulatie in lever en nieren. Er werden ook PNPs 
aangetroffen in de milt en in de botten. Interessant is dat zowel kationische als anionische PNPs 
de bloed-hersen barrière (BBB) kunnen oversteken en aangetoond werden in de hersenen. 
Interessant is dat de oppervlakte lading-afhankelijkheid van de opname, zoals waargenomen in 
in vitro studies (hoofdstuk 7), ontbrak in de in vivo studie. Een mogelijke verklaring kan zijn dat 
als gevolg van de aanwezigheid van het slijmvlies in de darm, de PNP een coating krijgen die de 
oppervlakteladingen op de PNP afschermen en dus een verschil veroorzaakt tussen de in vivo en 
de in vitro resultaten.  
          In hoofdstuk 9 wordt een beknopte onderzoek beschreven naar het mechanisme van 
cytotoxiciteit van polystyreen NP (PSNP) met kationische en anionische oppervlakte-ladingen 
(50 nm), uitgevoerd op NR8383 cellen. De cytotoxiciteit van kationische PSNP werd vergeleken 
met die van de mitochondriale ETC verstorende stof 2,4-dinitrofenol (DNP) en het oxidatieve 
stress-inducerend middel waterstofperoxide. De patronen van dosis-afhankelijke cytotoxiciteit 
door de kationische PSNPs kwamen overeen met de werking van DNP en niet met die van 
waterstofperoxide. Nadat de cellen met anti-oxidanten (vitamine E en C) een pre-incubatie 
hadden ondergaan, was er weinig bescherming tegen de cytotoxiciteit van de kationische PSNP, 
dit kwam ook weer overeen met het effect van DNP en niet met dat van waterstof peroxide. Op 
basis van deze observaties werd verondersteld dat het de mitochondriale ETC verstoring en niet 
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oxidatieve stress fungeert als een startpunt in de toxiciteitcascade veroorzaakt voor kationische 
PSNP. 
          In lijn met de resultaten beschreven in hoofdstuk 9, is een diepgaand onderzoek gestart 
naar het effect van verschillende oppervlakte-ladingen van 50 nm PSNPs (kationische en 
anionische) op NR8383 cellen. Alleen de kationische PSNPs bleken het cellulaire ATP gehalte uit 
te putten, de mitochondriale membraanpotentiaal te verlagen, en aan de andere kant de 
cellulaire ROS levels, het cellulaire vrije calcium en TNF-α, caspase-3 en transcriptiefactor NF-kB 
niveaus na 4 uur blootstelling te verhogen. Met behulp van atomic force microscopy (AFM) kon 
de topografie van het NR8383 celoppervlak worden vastgesteld na blootstelling aan kationische 
en anionische PSNP. Het bleek dat de kationische PSNP schade veroorzaken aan de integriteit 
van het celmembraan door verhoging van de ruwheid en zelfs het maken van gaten of poriën in 
het celmembraan. Op basis van deze waarnemingen, kon een route die het werkingsmechanisme 
van de toxiciteit van kationische PSNP beschrijft worden voorgesteld. 
          Tenslotte wordt in hoofdstuk 11 een algemene discussie over de analyse van al de 
resultaten beschreven uit dit proefschrift, samen met enkele toekomstperspectieven. 
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Figure A1: Fluorescence microscopy picture of NR8383 cells with phagocytosed 1 μm latex beads. 
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Figure B1: 1H NMR of PEG2000-PHA-PEG2000 polymer in CDCl3. Integration of the peaks is used to 
calculate the average molecular weight. 
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Figure B2: SEC data of PEG2000-PHA-PEG2000 polymer in THF. 

 

 

 

 

 

Figure B3: 1H NMR data of unmodified PEG2000-PHA-PEG2000 polymer to which TAIC was added; the 
appearance of the trifurcated peak at δ=4.43 ppm is due to reaction of the free terminal hydroxyl 

groups with TAIC. 
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Figure B4: 1H NMR of polymer Pol-Py in CDCl3 showing proton peaks from pyridinium end groups. 

 

 

 

Figure B5: AFM picture of PNP (45 ± 5 nm) on mica surface in tapping mode. 
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Figure B6: Average fluorescence from the NR8383 cells after 24 h exposure to different PNP with 
endocytosis inhibited. The black and red columns represent uptake before and after endocytosis 
inhibition respectively for each PNP. The results are shown as mean ± SEM of 30 individual cells 

(n=6). The * symbol signifies results that are statistically different from results before endocytosis 
inhibition (p < 0.05). 

 

 

 

 

 

Figure B7: Average fluorescence from the NR8383 cells after 24 h exposure to different PNP with 
clathrin and caveolin mediated endocytosis inhibited. The black and red columns represent uptake 

before and after endocytosis inhibition respectively. The results are shown as mean ± SEM of 30 
individual cells (n=6). The * symbol signifies results that are statistically different from results 

before endocytosis inhibition (p < 0.05). 
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Figure B8: z-stack image of a NR8383 cell after 24 h exposure to positive PNP-NH2 showing that 
the PNP were inside the cells and not on the surface. The top left slice (number 1) shows the bottom 

and the bottom right slice (number 12) shows the top of the cell (λex = 488 nm). A halo of 
fluorescence could be seen from the cellular periphery (arrow) showing more interaction of 

positive PNP-NH2 with cell membrane compared to other intracellular compartments. Scale bars 
show 10 μm. 
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Figure C1: 1H NMR spectrum of PEG400-PHA-PEG400 polymer in CDCl3 showing no peak(s) at δ=4.43 
ppm. 
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Figure C2: SEC trace of PEG400-PHA-PEG400 polymer in THF. 

 

 

Figure C3: IR spectrum of Pol400 [PEG400-PHA-PEG400] in carbon tetrachloride (CCl4). 
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Figure C4: 1H NMR spectrum of unmodified PEG400-PHA-PEG400 polymer to which TAIC is added. 
The presence of a trifurcated peak at δ=4.43 ppm results from the reaction of the free terminal 

hydroxyl groups with TAIC. 

 

Figure C5: Scanning electron microscopy pictures of PNP90-NH2, PNP90-OH and PNP90-COOH. Scale 
bars show 100 nm. 

 

Figure C6: z-stack imaging in NR8383 cells after 24 h exposure to the PNP90-OH at 4 oC showing 
that the PNP were actually inside the cells and not bound to the cell membrane (λex=488 nm; 
λem=543 nm). Slide 1 showed the bottom and slide 12 showed the top sections of the cell with 

thickness of each slice ~400 nm. 
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Figure C7: CLSM picture of some NR8383 cells that have taken up fluorescent PNP90-NH2. 

 

 

Figure C8: Uptake of green fluorescent transferrin and cholera toxin subunit-B by NR8383 and 
Caco-2 cells. Control: no blocking of the receptors. Test: Upon selectively blocking the clathrin 

receptors by hypertonic sucrose or caveolin receptors by MβCD. 
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Figure D1: Control test with passage of lucifer yellow (λex=428 nm; λem=540 nm) across Caco-2 
monolayers without and with exposure to different TCNP (upper layer) and PSNP (lower layer) at 1 

μg/ml concentration confirming the integrity of the Caco-2 monolayers (n = 3). 

 

Figure D2: z-stack imaging of a Caco-2 cell (grown in transwell Caco-2 monolayer) after exposure 
to positive TCNP-NH2 at 24 h. The slide 1 shows the bottom and slide 6 shows the top section of the 

cell. Scale bars show 10 μm and embedded in the figures. 
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Abbreviations 
 

μm Micrometer 
ABC-transporter ATP binding cassette-transporter 
AFM Atomic force microscopy 
ATCC American type culture collection 
BrdU 5-bromo-2’-deoxyuridine 
BSO Buthionine sulfoximine 
CDCl3 Deuterated chloroform 
CdSe/ZnS Cadmium selenide/Zinc sulphide 
CLSM Confocal laser scanning microscopy 
DAPI 4',6-diamidino-2-phenylindole 
DCFH-DA 2',7'-dichlorfluorescein-diacetate 
DLS Dynamic light scattering 
DMEM Dulbecco’s Modified Eagle Medium 
DMSO Dimethylsulfoxide 
DNP 2,4-dinitrophenol 
DSC Differential scanning calorimetry 
EC50 Half-maximal effective concentration 
EFSA European Food Safety Authority 
ETC Electron transfer chain 
F12-K Ham's F-12K (Kaighn's) medium 
FCS Fetal calf serum 
FWHM Full width half maximum 
Ge NP Geranium nanoparticles 
GSH Glutathione 
h Hour 
H2O2 Hydrogen peroxide 
HBSS Hank’s balanced salt solution 
HEK Human epidermal keratinocyte 
IL Interleukins 
iv Intravenous 
LiAlH4 Lithium aluminium hydride 
min Minutes 
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
MβCD Methyl-beta-cyclodextrin 
NAC N-acetyl cysteine 
NAD Nicotinamide dinucleotide 
NEAA Non-essential amino acid 
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells 
nm Nanometer 
NMR Nuclear magnetic resonance 
NP Nanoparticles 
ns Nano-seconds 
PAMAM Poly-amidoamine 
PBS Phosphate buffer saline 
PDI Polydispersity index 
PEG Polyethyleneglycol 
PNP Polymeric nanoparticles 
PNP-DMEA Polymeric nanoparticles-dimethylethanolamine 
PNP-Py Polymeric nanoparticles-pyridinium 
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ps Pico-second 
PSNP Polystyrene nanoparticles 
PSNP-COOH Carboxylic acid-terminated polystyrene nanoparticles 
PSNP-NH2 Amine-terminated polystyrene nanoparticles 
QD Quantum dots 
ROS Reactive oxygen species 
SCQD Semi-conductor quantum dots 
SEC Size exclusion chromatography 
SEM Standard error of mean 
SERS Surface-enhanced Raman spectroscopy 
Si NP Silicon nanoparticles 
Si NP-COOH Carboxylic acid-terminated silicon nanoparticles 
Si NP-N3 Azide-terminated silicon nanoparticles 
Si NP-NH2 Amine-terminated silicon nanoparticles 
SiCl4 Silicon tetrachloride 
t1/2 Half-life 
TCNP Tri-block copolymer nanoparticles 
TCNP-COOH Carboxylic acid-terminated tri-block copolymer nanoparticles 
TCNP-NH2 Amine-terminated tri-block copolymer nanoparticles 
TCNP-OH Hydroxyl-terminated tri-block copolymer nanoparticles 
TEER Trans-epithelial electrical resistance 
TEM Transmission electron microscopy 
THF Tetrahydrofuran 
TNF-α Tumor necrosis factor-alpha 
TOAB Tetraoctyl ammonium bromide 
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